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Radionuclides emitted by nuclear power plants may have effects on the environment and public health. At present, research on radioactive material effluent in the industry mainly focuses on the treatment of radioactive effluent and the particle size distribution of the primary circuit. There is little research on the particle size of radioactive material during the migration process outside the primary circuit system, as well as the flocculation precipitation and other enrichment phenomena during the collection process of effluent. Therefore, this study relies on the sampling of effluent from an in-service nuclear power plant to measure its radioactivity level by particle size range. At the same time, the mixing process of effluent is simulated in the laboratory to simulate the adsorption behavior of effluent during the migration process. It was found that in the activity concentration of detectable radioactive nuclides in the effluent samples, more than 95% of radioactive nuclides exist in the liquid with particle sizes less than 0.1μm, while particle sizes greater than 0.45 μm account for less than 5%. After the sample was filtered by the demineralizer, the radioactive activity decreased. The flocculation precipitation in the waste liquid of the waste water recovery system has a certain contribution to the enrichment of nuclides. With the extension of time, the enrichment of transition elements such as cobalt and manganese is particularly obvious, so that it is distributed in the liquid again with a large particle size. In addition, large particle size substances such as colloids in seawater have a certain adsorption effect on radionuclides, which will lead to its aggregation effect again.
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1 INTRODUCTION
The study of the safety of nuclear reactor facilities is of great significance (Qi et al., 2023; Cao et al., 2024). The radioactive nuclides produced by nuclear power plants mainly come from the fission of nuclear fuel and the activation corrosion of Primary circuit structural materials. In terms of effluent, the liquid radioactive nuclides emitted during conventional operation of nuclear power plants include 137Cs, 51Cr, 54Mn, 110mAg, 124Sb, 134Cs, 131I, 90Sr, 103mRh, 58Co, 58Co (Kong et al., 2017). The discharge of liquid effluents from nuclear power plants into the environment under national regulations and standards means that the effluents are safe from a legal perspective (National Nuclear Energy Agency, 2011; Ministry of Environmental and Forestry, 2016; Yuniarto et al., 2016).
However, companies around nuclear power plants hold a questioning attitude towards the safety of effluent, especially those involved in the large-scale use of seawater technology. During the process of seawater reuse in the ocean, radioactivity is trapped and enriched again on the filtering equipment, causing radiation effects on workers. According to theoretical estimation, if the source term of the effluent is measured at a radioactive concentration of 1,000 Bq/L, under extremely conservative assumptions (radioactive nuclides in the effluent are all trapped by the filters of the enterprise’s seawater extraction facilities), the contact dose rate of the filter can reach approximately the level of 10 μSv/h, which corresponds to the dose rate level in the control area (green area) of the nuclear power plant, and is indeed unacceptable for civil enterprises.
It should be pointed out that due to overly conservative assumptions, the possibility of the aforementioned conclusion occurring is unlikely. However, the crux still lies in the lack of understanding of the actual particle size distribution of radioactive substances in the effluent, and the assessment can only conservatively assume that all radioactive substances have been trapped on the filter core. On the other hand, according to feedback from the operation of in-service nuclear power plants, sampling and testing before effluent discharge can indeed detect radioactive hot particles. It should be pointed out that the liquid effluent of nuclear power plants is treated by multiple purification methods such as filtration and desalination of radioactive waste liquid from nuclear power plants. Therefore, it is believed that the effluent is basically non-radioactive. The actual phenomenon of measuring radioactive hot particles indicates that radioactive enrichment may have occurred during the collection process of the effluent, which may have resulted in the regeneration of particles.
Therefore, combining the monitoring methods of effluent (Kang and Cheong, 2022; Wang et al., 2023) and the treatment methods of radioactive nuclides in effluent (Attallah et al., 2019; Bashir et al., 2019; Ahmed et al., 2020; Ma et al., 2020; Tofighy et al., 2020; Gul et al., 2021; Thakur et al., 2022; Nivetha et al., 2023; Oh et al., 2023), mastering the particle size of radioactive substances in effluent, and studying whether the collection process of effluent will produce particulate thermal particles, is the key to more accurate evaluation and reducing the impact of effluent on environmental radiation. The relationship route is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Characteristics, hazards, monitoring and treatment of liquid effluents from nuclear power plants, and study on particle size behavior.
This study relied on the sampling of effluent from an in-service nuclear power plant to measure its radioactive levels in particle size intervals. However, it is also necessary to consider the migration process of effluent into the ocean. At present, research on the particle size distribution and adsorption behavior of radioactive nuclides in seawater has focused on seawater measurement. For example, Yuki Kamidaira et al. established an ocean diffusion model for radioactive nuclides, considering the interaction between dissolved radioactive nuclides and suspended particles and multi-scale seabed sediments (Kamidaira et al., 2021). P. G. Appleby et al. believed that radioactive nuclides are soluble in water and adhere to colloidal sized particles (<0.4 μm) The upper part is basically transported with the water phase. The deposition or outflow of particulate matter largely depends on factors that control the transportation of suspended sediment through water bodies, including particle size distribution, residence time, etc. (Appleby et al., 2019). Therefore, this study also utilized laboratory simulations of the mixing process of effluent to simulate the adsorption behavior of effluent during migration.
It should be pointed out that the research on the particle size of radioactive substances in the industry mainly focuses on the primary circuit (Geraldo et al., 2019; Li et al., 2019; Tessaro et al., 2020; Guo et al., 2022), while there is very little research on the particle size of radioactive substances during the migration process outside the primary circuit system. Studying and analyzing the changes in particle size morphology of radioactive materials throughout the entire life cycle of nuclear power plants is a prerequisite for constructing a full life cycle source term evaluation and radiation protection. It helps to further improve the level of source term management in nuclear power plants, reduce collective doses, and select more favorable and suitable environmental conditions to cope with radiation effects. Therefore, research has long-term significance.
2 MATERIAL DESIGN AND MANUFACTURE
2.1 The object of study
Effluent from the nuclear Island building of a pressurized water reactor nuclear power plant is collected in the liquid waste storage tank of the Nuclear Island Liquid Waste Discharge System (TER) before discharge. The effluent to be discharged is received in the TER system effluent temporary tank from the Radioactive Effluent Treatment System (TEU), the Boron Recovery System (TEP), and the radioactive effluent Recovery System (SRE). In this study, the effluent from a nuclear power unit during the shutdown overhaul in March 2023 was selected for sampling and measurement. Before sampling, the TER waste liquid temporary storage tank was decontaminated to avoid radioactive mixing. Then each strand of waste liquid discharged from TEU, TEP and SRE systems into TER waste liquid temporary storage tank was sampled, and a total of two groups of waste liquid samples were collected. The sampling information is in Table 1.
TABLE 1 | Sampling information of waste liquid discharged into the TER waste liquid temporary storage tank by TEU, TEP, and SRE systems.
[image: Table 1]The sample size of each sample is about 5L, and the sample container is taken from a 1L glass bottle. The inner wall of the bottle is soaked with dilute hydrochloric acid with pH = 1 in advance to reduce the adsorption loss of radionuclides. Seven kinds of radionuclides were measured, including 58Co、60Co、134Cs、137Cs、110mAg、54Mn、124Sb, etc. For particle size, five intervals were separated, respectively: d < 0.1 μm, 0.1 μm ≤ d < 0.45 μm, 0.45 μm ≤ d < 1 μm, 1 μm ≤ d < 5 μm and d ≥ 5 μm.
2.2 Equipment material
The nuclide in the sample was analyzed by using the high-purity germanium gamma spectrometer system produced by ORTEC and CANBERRA. There are 3 sets of measuring instruments (the equipment models are GEM40P4-76, GC4019 and BE3830 respectively), and the drying oven produced by Nabertherm (the model is TR240) was used for sample pretreatment. The sample particle size was separated by microporous filter membrane produced by Hangzhou Anuo Filtration Equipment Co., LTD. (Material was polypropylene, diameter was 75 mm, pore size was 0.1, 0.45, 1.0, and 5.0 μm, respectively). All the devices are used within the verification validity period and can be traced to the national standard.
2.3 Sample particle size separation and measurement methods
The colloids or clusters that may exist in different particle size ranges in the sample are separated by microporous filtration membrane combined with the extraction filtration device, as shown in Figure 2. The process is as follows:
(1) The filter membrane is dried in a drying oven at 110°C to constant weight, and the quality of the filter membrane is numbered and recorded;
(2) According to the filter membrane aperture from large to small in the order of separation, the filter membrane with the corresponding aperture is fixed on the G1 sand core funnel with a clamp, the sample is pumped with a constant pressure filtration device, the pressure is set at 0.7 MPa, and the filter membrane is replaced once every 500 mL sample pumped;
(3) The beaker containing the sample is cleaned more than 3 times with distilled water, and the cleaning liquid is also pumped and filtered, and the volume of distilled water used is recorded;
(4) After the filtration is completed, the same group of filter membranes with the same particle size are placed on the surface dish and numbered, dried at 110°C in the oven to constant weight, and four groups of filter membranes with the particle size of 0.1–0.45 μm, 0.45∼1 μm, 1–5 μm and >5 μm are obtained. After weighing the filter membranes, they are pressed into the sample box of φ75 × 10 and sealed. Put into the specified high purity germanium gamma spectrometer for measurement;
(5) The filtrate after pumping and filtering is shaken and measured 200 mL, weighed and put into the sample bottle and put into the specified high purity germanium gamma spectrometer for measurement;
(6) After filtration, nuclide activity concentrations with particle size distribution less than 0.1 μm can be measured in the filtrate. On microporous filter membranes with pore sizes of 0.1, 0.45, 1.0, and 5.0 μm, four sets of nuclide activity concentrations with particle sizes of 0.1–0.45 μm, 0.45–1 μm, 1–5 μm, and >5 μm can be measured, respectively;
(7) After the separation of each sample was completed, the filtration device was cleaned with dilute hydrochloric acid solution with pH = 1, and washed with distilled water before it could be used for the separation of subsequent samples.
[image: Figure 2]FIGURE 2 | Photo of the filter extraction unit.
2.4 Measurement and treatment of radionuclides adsorbed on the inner wall of the sample container
Although the inner wall of the sample container was treated with anti-adsorption treatment, there were still a small number of nuclides adsorbed on the inner wall of the container. In order to determine the activity of the nuclides adsorbed on the inner wall of the container, the measurement efficiency of the sample container and the corresponding nuclides was established by using LABSOCS software in this experiment, and the results were verified by using Monte-Carlo simulation and different γ spectrometer. The sample container is fully rinsed with distilled water and drained after being placed in the instrument for measurement. The common desorption methods can be roughly divided into physical methods and chemical methods, among which the common physical method is ultrasonic vibration, but the effect is not very good. In chemical methods, acid washing can be used for desorption, and its desorption effect is better than ultrasonic vibration.
After the measurement, 1L of 2 mol/L dilute nitric acid solution was added to each sample container and soaked for about 150 h. The acid solution after soaking was taken for measurement to determine the nuclide activity of the desorbed container wall. After the pH of the acid solution was adjusted to 7∼8 with sodium hydroxide, the particle size was separated and measured. The average desorption efficiency of each nuclide ranged from 80.8% to 90.2%, as shown in Figure 3.
[image: Figure 3]FIGURE 3 | Desorption efficiency of each nuclide container wall in each system.
2.5 Experimental simulation
In order to observe the behavior of radioactive particles adsorbed by colloid in seawater during the migration and mixing process of liquid effluent after discharge, the laboratory used SRE waste liquid with low radioactivity to mix with TEP and TEU waste liquid respectively to simulate the mixing process of waste liquid of different systems in TER waste liquid temporary storage tank. Because the SRE waste liquid contains a certain number of surfactants, the colloidal composition inside the solution is more complex than the natural seawater, and this simulation process also simply represents the mixing process of the effluent and seawater.
A total of six groups of simulated samples were prepared in this experiment, including three groups of SRE and A1TEP001 simulated samples and three groups of SRE and A2TEU001 simulated samples, each group was composed of 500 mL SRE waste liquid and 500 mL TEP and TEU waste liquid. Each group of simulated samples was stirred for 1 min in the morning and evening every day. The simulation duration was 5, 10 and 20 days, respectively. After reaching the simulation time, use the above method to separate and measure the particle size of the sample.
3 RESULT AND DISCUSSION
3.1 Measurement results of each nuclide in the effluent sample
The measurement results of each nuclide in the initial state of the sample are shown in Table 2. The extracted information is plotted as a column chart, as shown in Figure 4. The activity concentration of radioactive nuclides in TEU and TEP wastewater is reduced to varying degrees after being filtered by a desalination device. The measurement results of all nuclides in TER and SRE wastewater, except for 60Co, are below the detection limit.
TABLE 2 | Initial activity concentrations of nuclides in each sample unit: Bq/kg.
[image: Table 2][image: Figure 4]FIGURE 4 | Histogram of initial activity concentration of radionuclides in each sample.
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3.2 Measurement results of activity concentration distribution of various nuclides with different particle sizes in each sample
The activity concentration distribution results of various nuclides with different particle sizes in each sample are shown in Table 3, and plotted as a column chart as shown in Figures 5–8. Except for the SRE system, the measurement results of all other systems with d ≥ 0.45 μm are less than the detection limit. In order to better express the relationship between the main particle size and activity concentration, samples below the detection value in the sample results are omitted from the bar graph.
TABLE 3 | Activity concentrations of different nuclides with different particle sizes in each system.
[image: Table 3][image: Figure 5]FIGURE 5 | Column diagram of activity concentration of different particle sizes of each nuclide.
[image: Figure 6]FIGURE 6 | Histogram of activity concentration of different particle sizes of each nuclide in TEU.
[image: Figure 7]FIGURE 7 | Histogram of activity concentration of different particle sizes of each nuclide in TER.
[image: Figure 8]FIGURE 8 | Histogram of activity concentration of different particle sizes of each nuclide in SRE.
According to Table 3, The proportion of nuclide activity concentrations with particle size distribution less than 0.1 μm in sample A1TEU003 is:
[image: image]
The calculation process for other samples is the same as above, and the calculation results are as follows: pA1TEU004 = 0.956, pA2TEU001 = 0.971, pA1TEP001 = 0.978, pA1TEP005 = 1 pA1TEP003 = 1, pA1TEP006 = 1, pA1TEP002 = 1, pA1TEP004 = 1, pA1TER001 = 1, pA1TER002 = 1, pSRE = 0.387. Obviously, for most samples, the proportion of nuclide activity concentrations with particle size distribution less than 0.1 μm is over 95%.
The reason for the distribution of nuclides within the d ≥ 5.0 μm in the SRE system is that the surfactant in the liquid produces a small amount of flocculent precipitation, which adsorbs a small number of nuclides. The flocculent precipitation at the bottom of the SRE system sample is shown in Figure 9.
[image: Figure 9]FIGURE 9 | Flocculent precipitation at the bottom of the SRE system sample.
In addition, all nuclides in other systems are concentrated within the particle size range of d < 0.45 μm, mainly within the particle size range of d < 0.1 μm. It is worth noting that the sum of activity concentrations for each particle size is not the same as the activity concentration in the initial state of the sample, and each nuclide has a certain loss, possibly due to:
(1) There are a small amount of radioactive nuclides present in the interval d > 0.45 μm, but the activity concentration is lower than the judgment limit measured by the instrument;
(2) During the separation and measurement process, a small number of nuclides are adsorbed on the container wall, causing losses.
3.3 Simulate the measurement results of each nuclide in the sample
The activity concentration distribution of various nuclides with different particle sizes in the simulated sample is shown in Table 4, and the column plots are shown in Figure 10 and Figure 11. With the extension of mixing time, the simulated samples of TEU and TEP showed different degrees of radioactive enrichment in the range of d ≥ 5.0 μm, indicating that the flocculent precipitates and colloids in the SRE waste liquid have a certain degree of enrichment effect on Co and Mn. However, the overall activity of radioactive nuclides in the sample shows a decreasing trend, mainly due to a certain amount of wall adsorption during the mixed enrichment process, resulting in a small amount of nuclide loss.
TABLE 4 | Activity concentrations of different nuclides with different particle sizes in simulated samples.
[image: Table 4][image: Figure 10]FIGURE 10 | Histogram of activity concentration of TEU samples at different enrichment times with different particle sizes of nuclides.
[image: Figure 11]FIGURE 11 | Histogram of activity concentration of each nuclide with different particle sizes at different enrichment times of TEP samples.
4 CONCLUSION
The radioactive nuclides in the effluent samples mostly exist in the liquid with a particle size of d < 0.1 μm, and are almost not distributed in the form of d > 0.45 μm particle size. After the sample is filtered by a desalination device, the radioactive activity is greatly reduced, and the filtering effect of the desalination device on radioactive nuclides cannot be ignored.
The flocculent precipitation in the waste liquid of the SRE system has a certain contribution to the enrichment of nuclides. With the extension of time, its enrichment of transition elements such as cobalt and manganese is particularly significant, causing nuclides to be distributed again in larger particle size forms in the liquid. It can be inferred that after the liquid effluent is discharged into the receiving water body, large particle sized substances such as colloids in the seawater have a certain adsorption effect on radioactive nuclides, which will lead to their aggregation effect again.
Although the liquid effluents from pressurized water reactor nuclear power plants are mainly dispersed in small particle sizes in the TEP and TEU systems, after they merge with SRE liquids containing complex colloids and particles in the TER tank and are stirred by external forces, transition metals such as cobalt and manganese will undergo a small amount of aggregation effect again within a certain period of time. With the extension of time and environmental conditions, after the effluent is discharged into the sea, A small amount of radioactive nuclides will inevitably accumulate in seawater, but the ocean is an extremely complex medium, and nuclides will undergo complex particle size changes as seawater migrates and exchanges with sediment and marine organisms.
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