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How to treat radioactive wastewater deeply and efficiently has become the most critical issue in the development of
nuclear energy technology. The radioactive wastewater produced after using nuclear technology has the characteristics of
many kinds, high concentration, and large quantity. Therefore, it is of great significance to study the treatment technology
of radioactive wastewater in reprocessing plants.
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| 1. Introduction

Because of the non-renewability of fossil fuels and the limited availability of renewable energy, nuclear energy has
received growing attention as an essential alternative energy source 2Bl with the development of new nuclear power
plants worldwide, a large amount of radioactive waste, including wastewater, has been generated through various
activities. Radioactive wastewater is generated during the operation of nuclear reactors and the application of
radioisotopes in nuclear power plants. The chemical composition and the radioactivity level of the waste produced depend
on the operation performed. Dissolved radionuclides are mobile in the natural environment. They can enter the agueous
environment, such as rivers and groundwater, if they are not adequately treated. This will inevitably increase the risk of
human exposure to radionuclides [4IEI€! Untreated radioactive wastewater discharged into the external environment will
cause harm to human beings and nature . The treatment of radioactive wastewater has always been the focus of social
attention, and the key is to eliminate its threats to the environment and human health. In addition, the psychological
burden brought by radioactivity to people is minimized.

| 2. Treatment Technologies for Radioactive Wastewater
2.1. lon Exchange

lon exchange is a technology that uses the ions on the ion exchanger to exchange certain ions in the dilute solution to
achieve the purpose of separating and extracting certain specific ions. It is usually suitable for the treatment of waste
liquids with low salt content [, In the post-treatment of radioactive waste liquid, the low-level radioactive waste liquid
undergoes flocculation and sedimentation treatment. Since most particles and colloidal substances are removed after
pretreatment, the remaining trace amounts of ionic nuclides in the solution are suitable for treatment with ion exchangers.
According to the type of material, ion exchangers can be divided into two categories: resins and inorganic materials . In
early research, resin-based ion exchangers have received more attention. Bhattacharyya et al. studied the adsorption
behavior of Th and U on the cation-exchange resin (Dowex50) through batch experiments and column operation
experiments 19, The results showed that Th has a stronger binding force to the resin than U. U can be eluted when the
HNO3 concentration is in the range of 1 to 2 mol-L™%, while Th needs to be eluted at a higher HNO3 concentration (>6
mol). It shows that this resin can be used to separate U from Th according to the difference in elution acidity. Nur et al. [
synthesized a resorcinol-formaldehyde polycondensation resin for the separation of Sr. The results showed that when the
pH is 7.5-8.5, the ion exchange capacity for Sr is as high as 2.28 meqg-g~L.

Although the use of resin-based ion exchangers has achieved good results, there are still some problems in using it to
treat radioactive waste liquid, such as poor radiation resistance, heat resistance and chemical resistance, and high cost.
In addition, the resin used to treat radioactive wastewater is usually not regenerated 2. In comparison, inorganic ion
exchangers seem more suitable for the treatment of radioactive wastewater, because they have higher chemical stability
and radiation resistance and can generally provide higher exchange capacity and selectivity for various monovalent and
divalent metal cations. Common inorganic ion exchangers include zeolite, titanosilicate, hexacyanoferrate metal oxides,
and water-containing metal oxides, bentonite/clay, and ammonium phosphomolybdate (AMPs) L3I14I15116] and so on. To
improve the selectivity to Cs*, Han et al. /4 used vacuum sublimation to encapsulate the sulfur element inside the zeolite.
Although the introduction of sulfur did not provide more adsorption sites, it provided its electronic part to the zeolite. lons



increase the ion exchange selectivity to Cs* by providing additional interactions. El-Naggar et al. 18 studied the
adsorption of cesium (Cs*) in water by zeolite prepared from fly ash. The cation exchange capacity was 4.624 meq-g™%,
and the maximum adsorption rate of Cs* was 64.1%. Galambo et al. 22l used bentonite and montmorillonite to adsorb
187Cs in radioactive wastewater, and the maximum adsorption capacity was 0.88 mmol 3Cs.g”1. However, the
adsorption or ion exchange performance of natural inorganic materials is relatively low. Therefore, natural inorganic
materials are modified for radioactive wastewater treatment. Nerjee et al. 29 prepared a hexacyanoferrate (II) adsorbent
(13X-CFC) by modifying zeolite by an in situ precipitation method and used this adsorbent for pilot tests. Under the
conditions of a 137Cs concentration of 7 Bq:-mL™! and a flow rate of 0.3 Bg-mL™%, the adsorbent was used for a pilot test,
which can treat more than 14,000 wastewater per resin bed volume. In addition, there are also reports of using modified
clay to treat radioactive wastewater containing various concentrations of UO,2* [21. Traditional adsorbent materials have a
slow adsorption rate, poor selectivity (such as clay and zeolite), small pore size (such as carbonaceous materials), poor
regeneration performance (such as organic resin), and low adsorption capacity. Recent studies have shown that metal-
modified nanocomposites and metal-organic framework materials have the advantages of high porosity, large specific
surface area, and stable framework structure and can be used for the treatment of radioactive wastewater. Mobtaker et al.
(221 prepared a cobalt hexacyanoferrate (COHCNF)@polyaniline nanocomposite by chemical co-precipitation method, and
the adsorption capacity for Cs* at room temperature was 92.12 mg-g~1. The manganese dioxide-polyacrylonitrile (MnO,-
PAN) composite material synthesized by Nilchi et al. 23 was used to remove 137Cs, and its adsorption capacity for I~ was
2.42 mmol-g72. Yang et al. [24] prepared sodium hexacyanoferrate (NaCuHCF) functionalized magnetic nano-adsorbent for
efficient magnetic removal of radioactive Cs* from seawater. The Cs* adsorption efficiency was 97.35% within 5 min, and
the maximum adsorption capacity was 166.67 mg-g*. In the presence of various competing ions such as Na*, K*, Mg?*,
and Ca?*, this adsorbent can also selectively adsorb Cs* efficiently, and the removal mechanism is ion exchange. In
addition, the sodium hexacyanoferrate (NaCuHCF) functionalized magnetic nano-adsorbent still shows excellent Cs*
removal performance in seawater, with a removal efficiency of over 99.73%. In addition to physical and chemical
adsorption and ion exchange, biosorbents prepared from natural organic materials have the advantages of low cost,
stable chemical properties, and easy chemical modification. Genevois et al. (23 modified forestry waste with 2, 2,6,6-
tetramethylpiperidine-1-oxyl radical (TEMPO) and nickel hexacyanoferrate (NiHCF) to prepare biosorbents for wastewater
removal of Cs*. The results show that the maximum Cs* adsorption capacity is 1.51 mmol-g™. Similarly, the biosorbent
prepared by Pangeni et al. 28 from persimmon waste also showed a fairly good adsorption capacity for Cs* (0.76
mmol-g71). It can be seen that the application of adsorption and ion exchange in the purification and treatment of
radioactive wastewater has great potential. It should be noted that the ideal adsorbent or ion exchange material not only
needs to have high adsorption or exchange capacity but also should have high stability and be easy to regenerate and
reuse.

2.2. Chemical Precipitation

Chemical precipitation is a technology that reduces the specific activity of radioactive wastewater by co-precipitating the
precipitant and the radionuclides in the waste liquid, thereby achieving the purpose of purification 24281, Because this
method has the advantages of simple process, low cost, and wide application range, it was often used to treat radioactive
wastewater in the early days. Commonly used precipitants include aluminum salts, phosphates, iron salts, soda, etc.
Because most of the carbonate, phosphate, and hydroxide of radionuclides in wastewater are not easily soluble in water,
they can be removed after precipitation. The pH of the solution, the stirring speed and length of time, and the amount of
precipitating agent will all affect the precipitation effect. To enhance the coagulation effect, clay, active SiO,, polymer
electrolyte, and other coagulants can be added 2229, Common precipitating agents have difficulty removing cesium,
ruthenium, iodine, and other radionuclides at the same time, and some special precipitating agents or other methods are
required. For example, cuprous chloride can be used to precipitate radioactive I, which interacts with I~ to form a
precipitate. Under the condition of a cuprous chloride concentration of 150 mg-L™%, the reaction only takes 15 min, and the
removal rate of I~ with an initial concentration of 5.0 to 40.0 mg-L™! is 95.8% 1. However, traditional precipitants have
difficulty removing 137Cs in the waste liquid. Rogers et al. B2 developed a new isotope dilution precipitation method to
remove radioactive cesium from low-level wastewater by introducing non-radioactive 133Cs into the waste liquid. The
increase of stable cesium is used to increase the total cesium concentration, and then sodium tetraphenylborate is used
as the precipitating agent to achieve the purpose of removing a very small amount of 13’Cs from the wastewater. The
experimental results show that the final 137Cs activity can be reduced to the US Department of Energy standard 3.0 x 1078
Ci-mL™%, which makes it possible for wastewater to be directly discharged into sewers or similar disposal methods. The
process is not sensitive to pH and mixing time. However, when determining the initial dosage of precipitant, the influence
of competitive ion potassium must be considered. The process is simple and direct and can be used as a treatment
technology for low-level radioactive waste liquid containing cesium.



Although the flocculation sedimentation method is simple and cost-effective to treat radioactive waste liquid, the difficulty
of solid-liquid separation after use, the large amount of sludge, and the existence of secondary pollution limit the
application of this technology. Based on this, Luo et al. (28 developed a co-precipitation microfiltration (PCM) process to
treat strontium-containing wastewater. The results showed that the average decontamination factor for strontium was 577,
and the concentration factor reached 1958, which solved the difficult situation of solid—-liquid separation, indicating that the
use of the PCM process has greater application prospects for the removal of strontium in the radioactive waste liquid. In
addition, the hydraulic agitation co-precipitation microfiltration process (HPC-MF) proposed by Wu et al. 23] has a process
flow for removing strontium. When sodium carbonate, ferric chloride, and calcium carbonate are used as precipitants,
flocculants, and seeds, the average and maximum decontamination factors are 842 and 1000, respectively, and the
concentration factor (CF) is higher than 2650. The removal effect is further improved than the PCM process.

2.3. Membrane Separation

The membrane is a kind of functional material with selective separation, and its selectivity can achieve separation,
purification, concentration, and other purposes 4. According to different pore diameters, membranes can be divided into
many types, such as reverse osmosis, ultrafiltration, nanofiltration, and microfiltration. Because of its advantages of saving
energy, environmental protection, high efficiency, economy, and easy control, it is widely used in food, hydrometallurgy,
energy, sewage treatment, and so on. Due to the unique structure and performance of the separation membrane,
membrane technology has been widely used in water treatment. It was used in seawater desalination and pure water
preparation in the early stage. Later, with the continuous development of technology, it has also been widely used and
researched in radioactive waste liquid treatment. The membrane process used for treating radioactive waste liquid has the
advantages of a high purification coefficient, large concentration volume, low energy consumption, simple system, flexible
operation, and easy combination. It can be selected according to the composition of the radioactive waste liquid, the state
of the solution, and the type of separation membrane [221[36],

Microfiltration (MF) membranes can retain larger particles or macromolecules with a size of 0.1~1 pm. In nuclear
technology, this process is usually used for pretreatment or filtration of large-particle precipitates produced in the
concentrated liquid after precipitation. Under the action of pressure difference, particles with a particle size larger than the
die hole size are intercepted to achieve a separation effect. Due to the large pore size, it is generally used to remove
suspended solids in the waste liquid and other large particles and cannot directly and effectively remove the radioactive
ions in the waste liquid. It usually needs to be used in combination with other processes. Zhao et al. B4 treated low-level
wastewater containing plutonium by using a combination of flocculation sedimentation and microfiltration. By controlling
the amount of ferrous sulfate and the pH of the solution, a plutonium removal rate greater than 99.9% can be achieved. In
addition, the mixed waste liquid containing uranium, americium, and plutonium is processed. By using the combined
process of flocculation and microfiltration, a single-stage total a removal effect of 99.87% is achieved. For the treatment of
high-level radioactive waste, ceramic filters can be considered to achieve a higher decontamination coefficient and a
higher concentration factor. The pore size of ultrafiltration (UF) membranes is generally 0.001~0.1 ym. Generally, only
soluble compounds are allowed to pass, while colloids and various suspended solids are retained. In post-treatment,
ultrafiltration technology is mainly used to remove colloids and suspended solids in the waste liquid. Ultrafiltration can be
used as a pretreatment stage before reverse osmosis, and can also be combined with adsorption, precipitation, or
complexation. Zhang et al. [28 studied the effect of low-concentration cationic surfactants on the removal rate of metal
ions in the ultrafiltration process. The results show that when the amount of CTAB is lower than the critical micelle
concentration, the removal rate of nuclide Cs* increases from 24% ~33% to 50%. The removal rate of Sr2*, Co?*, and Ag*
is increased to more than 90%. The pore size of nandfiltration membranes is generally 1~2 nm, and most of them are
composite membranes with electric charges. They are functional semi-permeable membranes that only allow certain low
molecular weight solutes, low-valent ions, or solvent molecules to pass through. The retention effect of multivalent ions is
higher than that of monovalent ions B2, Lu et al. % prepared a TiO,-doped ZrO, nanofiltration membrane and used it to
treat simulated radioactive wastewater, achieving a rejection rate of 99.6% for Co2*, 99.2% for Sr?*, and 75.5% for Cs*,
indicating that the nanofiltration membrane is effective for Co?* and Sr?* has a good removal effect. Reverse osmosis is
an operation that uses differential pressure as the driving force to separate the solvent from the solution. It can trap
various inorganic ions in the solution well, has a good concentration and purification effect on the solution, and is widely
used in the treatment of radioactive waste liquid. Gu et al. 4 used a two-stage reverse osmosis device to investigate the
treatment effect of boron-containing radioactive waste liquid. The results showed that the total salt removal rate was
greater than 99.50%, and the total boron removal rate was greater than 84.30%. It has a good effect on both 137Cs and
9gr in wastewater. The removal effect proves that the reverse osmosis method has a good purification effect on the
radioactive waste liquid. In addition to the typical membrane separation techniques described above, electrodialysis,
membrane distillation, supported liquid membranes, etc., have also been extensively studied in the field of radiochemical
separation 42143 | jy et al. 3 used a NaCl solution and simulated seawater as the extraction solution to remove Cs(l)



from radioactive wastewater through three forward osmosis (FO) membranes. Compared with other membrane separation
processes, FO has a higher removal efficiency of Cs(l). The CTA (cellulose triacetate) membrane achieves a high Cs(l)
retention rate of 90.35%-97.15%.

Although membrane separation technology has certain advantages and shows great potential with more environmental
protection advantages, it should be considered in practice that membrane fouling is still a severe problem for maintaining
membrane flux and reducing system maintenance frequency. In addition, for the unique environmental system of
radioactive waste liquid, higher radioactive exposure will inevitably destroy the surface structure of the membrane,
resulting in a decrease in membrane performance and a shortened lifespan 4. The ability of the currently used
membrane materials to withstand harsh environments needs to be further explored. Under relatively high levels of
radioactivity, the surface structure of the membrane will inevitably be destroyed, resulting in impaired performance and
shortened life. Therefore, to overcome the above problems and promote the better development of radioactive wastewater
treatment, on the one hand, we can consider optimizing process parameters, improving the process flow, and reducing
the contact time; on the other hand, we can consider the research and development of anti-fouling membranes, ceramic
membranes, etc. In addition, in the actual radioactive wastewater treatment, membrane technology is limited by the
requirement for rapid removal of nuclides. As subsequent solid—liquid separation units, MF and UF must be combined with
precipitation, adsorption, flocculation, and other methods. Although NF and RO can directly intercept radioactive ions in
water bodies, it is necessary to judge whether a pretreatment process is required according to the water quality. Currently,
some water plants in the United States and Canada have tried applying membrane technology to actual radioactive
wastewater treatment. However, it is still necessary to develop hew membrane materials and membrane technologies to
treat radioactive wastewater to make this technology more efficient.

2.4. Evaporative Concentration

For the treatment and disposal of radioactive waste liquid, evaporation technology is commonly used to concentrate it 421,
The basic working principle is to send the radioactive waste liquid into the evaporator and heat it with an electric heater or
introduce heating steam. The water in the waste liquid is heated to evaporate to form water vapor, which is then cooled by
the condensation system to form condensed water. After passing the test, it is discharged or reused, while the non-volatile
radionuclides remain in the water, are concentrated and discharged, and then undergo subsequent solidification treatment
(48] Evaporative concentration is a proven method that can significantly reduce the amount of radioactive wastewater 44,
It has been widely used in treating radioactive waste liquid, especially for wastes containing relatively high concentrations
and hardly any volatile radionuclides. It has a purification coefficient and the advantages of a high-volume reduction effect,
great flexibility, wide application range, and the ability to be combined with various technologies. At the same time, this
method does not require additives and will not cause secondary pollution 28],

To improve evaporation efficiency and reduce equipment operating costs, researchers have spared no effort in the
development of new evaporators and have achieved remarkable results in the development of various evaporators. Based
on the performance comparison between an externally heated evaporator and a kettle-type evaporator, Hu and Lu et al.
49 proposed the use of a kettle-type evaporator to treat the high-level liquid waste produced by the spent fuel
reprocessing plant in their country. It has unique advantages in the treatment of acidic radioactive waste liquid, such as
the easy realization of the “continuous evaporation-denitration” process. Aiming at a certain amount of gas produced in
the denitration process, the design of the kettle evaporator system structure can also solve the foaming phenomenon
during denitration and reduce the radioactivity of the condensate. Given the production capacity being affected due to the
limited heat exchange area, measures have also been proposed to appropriately increase the internal heating exchange
pipes and stirring equipment to increase the heat exchange area and improve the heat exchange capacity. In the
traditional evaporation and concentration process of radioactive wastewater, the kettle-type, rising-film-type, and natural-
circulation-type evaporators are more used Y. However, the direct heating method during use will lead to the
consumption of a large amount of primary steam or electric energy, which consumes high energy. At the same time, the
consumption of condensate is also large. Compared with traditional evaporation, MVR (mechanical vapor recompression)
technology realizes energy saving based on the principle of the heat pump. The condensate is directly used to preheat the
raw material liquid, eliminating the additional supply of condensate 52 (Xia et al., 2019). Xu et al. (2016) used a set of 50
L-h™ MVR evaporation devices to carry out a simulated wastewater evaporation experiment containing strontium, cesium,
and cobalt nuclides. The results show that the average decontamination factor of the device can reach more than 7 x 10°,
and the energy saving is as high as 88.7% compared with the traditional evaporator, which proves that the MVR device
has great potential in the purification of radioactive sewage. In addition, Wei and Fang et al. 52 developed a vacuum
evaporation and concentration device to treat radioactive wastewater generated by special military tasks. It mainly uses
the lower boiling point of vacuum-state water to achieve the effect of impurity removal and purification through simple
vacuum distillation. Thermal test results show that the total a and B purification coefficients for low-level radioactive waste



liquid reach 3.14 x 10* and 2.49 x 10 respectively, and the total a and B purification coefficients for intermediate-level
liquid waste reach 4.37 x 10* and 2.04 x 108, respectively. The equipment is operating stably. The effluent quality meets
the requirements and meets the relevant discharge standards. In addition to artificial heat sources, heating from solar
energy is also widely considered. Yu et al. 23 designed a monolithic sponge with a three-dimensional porous structure as
a solar evaporator. Under a single sunlight exposure, the sponge has good absorption, light and heat, heat insulation, and
fast water transmission characteristics, so it achieves a fast evaporation rate (1.60 kg m=2 h™1) and a high interfacial water
evaporation efficiency (92%). Solar-driven interface evaporation can effectively treat radioactive wastewater and enrich
various radionuclides in a more energy-efficient way.

In addition, the amount of radioactive waste liquid produced in hospitals, scientific research units, and other places is
usually relatively small, large-scale evaporation devices are used, and equipment investment and construction costs are
relatively high. Here, infrared heaters have many applications. The basic principle of infrared heaters to evaporate liquids
is that water molecules have good infrared absorption performance B4, Xu and Yao et al. B9 used the infrared heating
and evaporation method to treat radioactive wastewater with a purification coefficient of 104. Compared with the
traditional evaporation method, this method only evaporates the surface water without boiling and foaming, and the
purification coefficient is higher; in addition, the equipment is safe and reliable, easy to operate, not easy to corrode, and
has a lower cost. It is a unit that produces a small amount of waste liquid. The evaporation method technology is relatively
mature and a viable choice for treating small-volume and high-level radioactive wastewater. Generally speaking, since
most radionuclides are not volatile in water bodies, the radioactive wastewater can be evaporated and concentrated to
gradually vaporize the water in the wastewater into water vapor, which is then cooled to form condensed water. Most of
the radionuclides are kept in the vaporized residual liquid, and then the concentrated liquid is solidified and isolated to
obtain a higher DF. However, the evaporation method has limitations for removing volatile nuclides in water. For example,
iodide in radioactive wastewater is very easy to volatilize, so the treatment of wastewater containing radioactive iodine
nuclides is not suitable for evaporation. The evaporation method has shortcomings: it consumes energy and low heat.

The evaporation method has the following shortcomings: it consumes a lot of heat energy, has low heat utilization, and is
expensive; it is not suitable for processing waste liquids that easily foam and contain volatile nuclides (such as iodine,
krypton, etc.); when processing acidic high-level waste liquids, the boiling point increases, the efficiency decreases, and
equipment corrosion increases as the acid concentration increases; in addition, the appearance of fouling, explosion, etc.,
should also be considered during design operation 837, Therefore, further development of new high-efficiency
evaporators and exploration of new evaporation technologies will be of great significance to the progress of this
technology.

2.5. Adsorption

The use of adsorption technology to treat radioactive waste liquid generally refers to a technical means of using porous
adsorbent materials to remove radionuclides in the waste liquid. Different types of adsorbents can be selected for the
treatment depending on the nature of the waste liquid. The different types of adsorbent materials can be roughly divided
into inorganic adsorption materials (mainly zeolite, activated carbon, bentonite, etc.), biomass adsorption materials (such
as cellulose, chitosan, etc.), and synthetic polymer materials (such as resins) B8IBBY As far as inorganic adsorbent
materials are concerned, zeolite is cheap and easy to obtain and has a higher decontamination coefficient for
radionuclides in water, between 62 and 68. It is about ten times or even 20 times higher than other materials and has the
functions of ion exchange and filtration €1, Although activated carbon has strong adsorption capacity and good
decontamination and impurity removal, its poor regeneration performance and high cost limit its application. It should be
recognized that natural materials generally do not have high adsorption capacity. Therefore, more energy should be
focused on developing adsorbent materials with high adsorption capacity, high selectivity, and good reproducibility. Yang
et al. [¢2 synthesized a hollow flower-shaped titanium ferrocyanide (hf-TiFC), which was combined with conventional Cs
adsorbents (such as zeolite and crystalline titanate silicate (CST)). Compared with Cs, the adsorption performance of Cs
is significantly enhanced. Compared with two-dimensional TiFC, due to the increase of the effective surface area of hf-
TiFC, the maximum adsorption capacity (454.54 mg-g™?) is significantly increased, which is three times higher than that of
two-dimensional TiFC. In the radioactivity test, even a low-concentration hf-TiFC (0.1 g-L™1) showed excellent removal
performance in simulated seawater and nuclear waste liquid at pH = 1 and 5.7 M Na*, at the initial 3’Cs. When the
specific activity is about 110 Bg-g~%, the removal efficiency exceeds 99.1%. Since strontium has a long half-life, the
removal of strontium is essential for radioactive waste management. Eka et al. [3] synthesized a melamine-styrene-based
polymer (MSBP) with good radiation resistance, which was used to remove Sr?* ions from the solution. The effects of pH
value, adsorbent dosage, initial concentration of Sr?*, contact time, temperature, particle size, etc., on the adsorption were
investigated. The results showed that the maximum adsorption capacity of MSBP adsorbent for Sr?* can reach 142.9
mg-g~%. Yang et al. 62 synthesized copper-sodium ferricyanide (NaCuHCF) functionalized magnetic nano-adsorbent to



remove radioactive cesium from seawater. The results show that the NaCuHCF-PEI-MNC adsorbent can achieve 97.35%
Cs adsorption within 5 min, and the maximum adsorption capacity for Cs can reach 166.67 mg-g™*. The adsorbent has
good selectivity and stability. It can stably exist in the pH range of 4~10. It can also selectively adsorb Cs* in the presence
of competing ions such as Na*, K*, Mg?*, and Ca?". Experiments with real seawater showed excellent removal
performance for Cs+, with a removal rate of over 99.73% and a purification coefficient of over 372.

From the above point of view, there is much room for applying adsorbents in radioactive waste liquid treatment. However,
the components of the radioactive waste liquid system are complex, and the effectiveness of the adsorbent under some
harsh conditions still needs further study. It should be realized that the ideal adsorbent should have high adsorption
capacity and high selectivity. It can maintain stability under various environmental conditions, is easy to regenerate, and
can be reused.

2.6. Biotechnology

Biotechnology removes radionuclides through biotransformation, biosorption, bioaccumulation, sedimentation, and
solubilization mechanisms using plants or microbial cells as media 4. This technology has the advantages of
environmental protection, high efficiency, mildness, low cost, low energy consumption, and no secondary pollution. It
significantly reduces radioactive waste 65,

Biotechnology has been studied for the treatment of low-level radioactive waste liquid since the 1960s, and great progress
has been made at present 8. Ferreira et al. 82 and others cultivated bacterial colonies in uranium mining areas and non-
uranium mining areas to treat radioactive waste liquid. It was found that the colonies cultured in uranium-bearing mining
areas had better radioactive organic waste liquid degradation and radionuclide adsorption capabilities than those cultured
in non-uranium mining areas. Among them, at higher concentrations, the colonies cultured in the soil of uranium-bearing
mining areas can adsorb 92% of uranium and 100% of 2**Am and 137Cs. The above research results indicate that the
colonies cultivated in the soil of uranium-bearing mining areas are very suitable for processing large-volume radioactive
organic waste liquid. Gorbunova et al. €8 used microbial colonies to pretreat the low-level radioactive organic waste
liquid. The results showed that due to the presence of active substances on the biological surface, the microbial colonies
can oxidize 60% of the organic components into water and carbon dioxide, which can effectively reduce the volume of
radioactive waste liquid. The process of using microorganisms to treat radioactive waste liquid is relatively complicated
and is greatly affected by environmental factors such as pH, type of nuclide, treatment time, and initial concentration. In a
study by Liu et al. 89, it was first proposed to use Bacillus subtilis to treat Sr2* in low-level radioactive waste, and the
effects of pH, temperature, and initial ion concentration on the adsorption effect were investigated. It was found that when
pH = 6.3, temperature is 20 °C, initial concentration is 15 mg-L™%, and adsorption time is 24 h, the removal rate can be as
high as 96.3%. Tsezos and Volesky et al. 9 screened some waste microorganisms produced during industrial
fermentation for the treatment of radioactive waste liquid containing thorium and uranium metal ions. The results show
that when pH = 4, the maximum adsorption capacity of Rhizopus for thorium and uranium is greater than 180 mg-g™*, and
the removal rate for uranium is 2.5 and 3.3 times that of ion exchange resin and activated carbon, respectively. The
removal rate of thorium is 20 and 2.3 times that of ion-exchange resin and activated carbon under the same conditions,
respectively. The biosorption of radionuclides such as Th, U, Sr, and Cs by different types of biosorbents has been widely
reported (8. Ahmadpour et al. /4 and others used almond shells, eggplant peels, and moss as biosorbents to treat the
radionuclide strontium in water. It is found that the type of material, the pretreatment method, the amount of the initial
adsorbent, and the concentration of metal ions in the initial solution all have a significant impact on the adsorption effect.
Through comparison of batch adsorption experiments, at 25 °C, almond shells can achieve a 96% removal rate of Sr?* in
2 min, and the maximum adsorption capacity can reach 116.3 mg-g~L.

The use of biotechnology can not only adsorb radionuclides but also reduce and recover uranyl ions through the
intervention of bacteria and other microorganisms 4. This technology can also be used for other radionuclides and some
precious metals. However, the cell damage caused by radiation doses beyond a specific range should also be considered
during use.

2.7. Photocatalysis

Photocatalysis refers to converting solar energy into chemical energy in the presence of a photocatalyst. In this process,
the photocatalyst can chemically change the reactant after absorbing light, and the excited photocatalyst can interact with
the reactant many times. Intermediate substances are produced while ensuring that it remains unchanged before and
after the reaction. When the incident light's quantum energy is equal to or greater than the forbidden bandwidth of the
semiconductor, the valence band electrons are excited to transition to the conduction band, correspondingly generating
holes h+vb in the valence and forming photogenerated electrons e-CB in the conduction band. The photogenerated



electrons formed on the conduction band have reduced reliable power, while the photogenerated holes on the valence
band have solid oxidizing power. They can migrate to the semiconductor surface and undergo corresponding redox
reactions with the contaminants adsorbed on the surface. In the radioactive waste liquid, organic waste liquid and tritium-
containing waste liquid are two special waste liquids. They cannot be processed by evaporation, concentration, ion
exchange, and membrane separation and require exceptional management. Mainly include radioactive waste oil, organic
solvent, waste organic scintillation fluid, and decontamination fluid. Photocatalytic treatment technology can be used for
reference in treating organic wastewater in other fields. The generated photogenerated electrons are mainly transported
to the surface of the semiconductor by transferring electrons and holes in the following forms. Combining electrons and
holes at the impurity or defect in the semiconductor, the recombined electrons and the acceptable electron contaminants
(acceptors) adsorbed on the semiconductor surface undergo a reduction reaction. The holes are transported to the
surface to undergo an oxidation reaction with the donors (donators). In the photocatalysis process, it is essential to
accelerate the separation of electron—hole pairs, reduce the rate of electron—hole recombination, and improve the
efficiency of photocatalysis.

In the research field of photocatalytic reduction of uranium, there are many types of photocatalysts, including TiO, and its
related complexes 87478 jron oxide and its complexes 84 g-C3N, and its complexes Z8IF8 and other
photocatalytic materials. However, most photocatalytic materials have low charge separation efficiency and a low
utilization rate of sunlight, which makes this method yet to be applied to the treatment of natural uranium-containing
wastewater. Therefore, developing a new visual light catalytic reduction system is an important research direction for the
photocatalytic treatment of uranium-containing radioactive wastewater.
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