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Abstract


This study focuses on improving the operational properties of a magnesium potassium phosphate (MPP) matrix MgKPO4 × 6H2O for the immobilization of radioactive waste (RW) by introducing detonation nanodiamonds (NDs). The study evaluates the impact of NDs on the phase composition of the resulting composite based on the MPP matrix (further referred to as MPP-ND composite), as well as its compressive and flexural strength, porosity, thermal conductivity, and leaching resistance to actinides (239Pu, 238U) and europium (as a lanthanide simulator). It was found that the optimal content of NDs in the composite is 1 wt%, along with 20 wt% of wollastonite as a reinforcing additive. This MPP-ND composite exhibited high compressive and flexural strengths of 24 and 4 MPa, respectively, a thermal conductivity coefficient of (0.5–1.0) W/(m∙K) in the interval of (47–510) °C, and a minimal open porosity of no more than 5%. An increase in hydrolytic stability to leaching of actinides and europium due to their prior sorption on NDs was observed. The leaching rates of 239Pu, 238U, and Eu from the MPP-ND composite on the 28th day of sample contact with water were 3.5 × 10−6, 1.5 × 10−4, and 4.0 × 10−6 g/(cm2·day), respectively. Thus, for the first time, data on the influence of NDs on the physicochemical properties and hydrolytic stability of MPP-ND composite demonstrating the practical applicability of this composite for RW immobilization have been obtained.
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1. Introduction


It is widely recognized that only nuclear energy can fully satisfy the continuously growing demand for electricity. As a result of the rapid advancement of nuclear energy, one of the key challenges is ensuring radiation and environmental safety when dealing with RW generated during the reprocessing of spent nuclear fuel, the decommissioning of nuclear and radiation hazardous facilities, and waste accumulated by industrial enterprises. RW containing long-lived radionuclides poses a particular radioecological hazard to the population and the environment, as these radionuclides can migrate [1].



Currently, for the long-term controlled storage and/or disposal of RW containing long-lived radionuclides, it is recommended to convert them into solid chemically and radiation-resistant matrices to prevent the migration of radionuclides into the environment [2]. To condition RW of high and intermediate activity levels containing long-lived actinides and fission products, matrices based on aluminosilicate/borosilicate glass and Portland cement, respectively, are used on an industrial scale [3]. It should be noted that the use of these matrices for solidifying some RW types is ineffective or impossible due to their complex chemical composition [4]. Additionally, it is noted in [5] that developing new mineral matrices based on alternative cement-like materials for solidifying various RW types will contribute to further development of waste management options.



In recent years, magnesium potassium phosphate (MPP) composite compounds based on the matrix with a composition MgKPO4 × 6H2O have gathered increasing attention as a material for RW solidification [6,7,8,9,10,11]. This compound has many advantages, primarily radiation resistance [11], high mechanical strength, and frost resistance [12]. However, it has low thermal conductivity [13] and moderate resistance to leaching of fission products at elevated temperatures [14]. In this respect, the introduction of a modifier with adequate thermal conductivity for the immobilization of heat-releasing RW and the ability to firmly retain the long-lived components of the waste is promising.



It is known that radionuclide leaching from cement-like materials can be reduced by adding various modifiers with significant sorption capacity. For example, zeolites, bentonites, titanate, and zirconate sorbents are widely used in the solidification of RW [15,16,17]. Recently, there has been significant interest in research focused on incorporating nanomaterials (particle size up to 100 nm) into cement–concrete composites developed as repair materials for structures that can meet the needs of the construction industry. Commonly used materials include carbon and halloysite nanotubes, nano-SiO2, nano-Al2O3, graphene oxide, nanoclay, nano-TiO2, nano-ZnO2, and nano-Fe2O3 [18].



Among these nanomaterials, carbon nanomaterials are the most promising for use as modifiers in the MPP matrix for RW solidification. They are effective sorbents for concentrating radionuclides in RW, possess a developed surface, radiation, and high-temperature resistance [19], and exhibit high thermal conductivity [20].



There are known studies dedicated to exploring the influence of carbon nanomaterials on the properties of cement materials [21,22,23,24,25]. However, very few studies report on the effect of carbon nanomaterials, such as graphene oxide (GO) [26,27], carbon nanotubes (CNTs) [28], and hybrid GO/CNTs [29], on the properties of the MPP matrix. These studies indicate that the incorporation of GO, CNTs, or hybrid GO with CNTs increases the compressive and flexural strengths of the samples, reduces their porosity, and shows no chemical bonding between the carbon nanomaterials and the hydration products of the MPP matrix. Information regarding the impact of other carbon nanomaterials on the properties of the MPP matrix is absent.



An effective carbon nanosized sorbent for radionuclides is nanodiamonds (NDs). This adsorbent is actively being researched for the extraction of radionuclides (Th, U, Np, Pu, Tc, Ac, Ga, Ra, Bi, Y, Sc, Lu) and heavy metals (Pb, Co, Ni, Zn, Cd, Fe, Cu, Cr, W, Mo, Re, Al, Mn). The advantages of NDs include high radiation and thermal resistance, high sorption capacity, non-toxicity, ease of production on an industrial scale, and the capacity for targeted chemical modification of a surface to achieve the required properties [19]. It should be noted that detonation-synthesized nanodiamonds are more readily available and less expensive than GO and CNTs, as they are produced by explosions in a closed chamber during disposal. In the case of solidifying radioactive waste in the MPP matrix, the availability and cost of the sorbent are critical due to the large volumes of cured solutions. However, there are no published data on the solidification of NDs with immobilized actinides in the MPP matrix. All of these factors together make this work novel. Thus, the aim of this study was to evaluate the impact of NDs on the physicochemical properties and hydrolytic stability of the MPP composite.




2. Materials and Methods


2.1. Synthesis of MPP-ND Composite Samples


In this work, experimental samples of the MPP-ND composite were obtained in accordance with reaction (1) at a mass ratio of MgO:H2O:KH2PO4 = 1:2:3 at room temperature during the solidification of liquid RW simulators, including those containing actinides (uranium and plutonium isotopes) and europium as a simulator of the behavior of lanthanides.


MgO + KH2PO4 + 5H2O → MgKPO4 × 6H2O



(1)







In accordance with the synthesis method indicated in [30], magnesium oxide (MgO, GOST 4526-75 [31], “Rushim” LLC, Moscow, Russia), calcined at 1300 °C for 3 h in a muffle furnace SNOL 30/1300 (AB UMEGA GROUP, Utena, Lithuania), and potassium dihydrogen orthophosphate (KH2PO4, GOST 4198-75 [32], “Rushim” LLC, Moscow, Russia), ground to a particle size of no more than 0.25 mm, were used to obtain the composite samples. To decrease the rate of reaction (1), boric acid (H3BO3, GOST 9656-75 [33], “JSC REAHIM” LLC, Moscow, Russia) was added to the initial mixture in an amount corresponding to about 1.5 wt% content in the sample.



A commercial sample of detonation NDs from DND-STP (FSUE SKTB Tekhnolog, Saint Petersburg, Russia) was used as a sorbent for preliminary sorption of uranium, plutonium, and europium from liquid RW simulators. The NDs sample was partially characterized in our previous works [19,34,35]. The specific surface area of NDs is 260 m2/g [35], and NDs nanoparticles have a spherical shape and a diameter of no more than 10 nm, which in aqueous solutions aggregate significantly and have average aggregate diameters ranging from 220 to 800 nm (Figure 1a). Figure 1b shows the zeta potential on the surface of NDs particles in solutions with different pH values. It can be seen that the point of zero charge of the NDs used in this work is at pH 7.8 [19].



According to neutron activation analysis, the main impurity in NDs is iron, the content of which is about 2 mg/g; the total content of the remaining impurity elements is negligible and amounts to no more than 0.06 mg/g [19]. According to acid–base titration data, the total content of dissociating functional groups on the surface is 540 μmol/g [34], whereas determination of the entire chemical composition of the surface of NDs by FTIR spectroscopy is significantly complicated due to the overlap of signals from a wide range of functional groups. For this reason, in this work, the chemical composition of the surface was determined by using X-ray photoelectron spectroscopy (XPS) on an Axis Ultra DLD spectrometer (Kratos Analytical, Manchester, UK), with AlKα radiation, calibrated at C1s—284.5 eV.



It was previously noted that before incorporating nanoparticles into a cement compound, they must first be dispersed [36], since only dispersion ensures complete mixing of nanoparticles and a liquid phase [37] and uniform distribution in the cement matrix [26]. Various methods are known for dispersing nanoparticles, but the most common is the ultrasonic treatment method [38]. Preliminary experiments demonstrated the need to use NDs dispersion for effective quantitative sorption of radionuclides. Thus, before synthesizing the MPP-ND composite samples, a homogeneous NDs suspension was obtained by adding distilled water to a sample of NDs powder and further mixing for 30 sec in accordance with the procedure in [34] using a MEF93.T ultrasonic disperser (Melfiz-Ul’trazvuk LLC, Moscow, Russia) with a frequency of 28.00 ± 1.65 kHz and a power of 600 W. Ultrasonic exposure was carried out at maximum power with an intensity of 250 W/cm2. Then, the components necessary for obtaining the composite were successively added to the resulting NDs suspension: KH2PO4 was stirred for 10 min, then H3BO3 was stirred for 5 min, and after adding MgO, it was stirred until the temperature reached 37 °C (usually about 10 min). In addition, samples containing wollastonite grade FW-200 (CaSiO3, Nordkalk, Pargas, Finland) with a particle size of ≤0.16 mm were synthesized, which, as we have previously shown [30], leads to an increase in the stability of the MPP matrix. Wollastonite was added to the mixture before adding MgO and mixed for 10 min. The resulting mixture was placed in PTFE molds measuring 3 × 1 × 1 cm3 and 1 × 1 × 1 cm3. After 24 h, the samples were removed from the molds and kept in the air at room temperature for at least 14 days.



To study the resistance of the MPP-ND composite samples to leaching, samples containing 0.05 wt% uranium and 0.04 wt% europium (uranium and europium were introduced into the RW simulator solution in the form of UO2(NO3)2 × 6H2O and Eu(NO3)3 × 6H2O, respectively), as well as the 239Pu (IV) tracer pre-sorbed on NDs for 24 h, were also obtained. The specific activity of 239Pu in the obtained samples was 3.0 × 105 Bq/g.



Thus, in this study, cubic MPP-ND composite samples containing up to 1.5 wt% NDs (Figure 2a) and samples containing both NDs and up to 20 wt% wollastonite (Figure 2b) were obtained. At least three samples were obtained in each batch. After storage, the samples were examined for mechanical strength, porosity, thermal conductivity, and resistance to leaching of radioactive waste components.




2.2. Research Methods of Experimental Samples


The phase composition of the obtained MPP-ND composite samples was controlled by powder X-ray diffractometry (XRD) on a MiniFlex 600 diffractometer (Rigaku, Tokyo, Japan). The obtained data were interpreted and the phase analysis of the samples was performed using the Jade 6 software package (MDI, Livermore, CA, USA) with a connected PDF-2 powder database.



The compressive and flexural strength of the samples were determined according to GOST 310.4-81 [39] on Cybertronic 500/50 kN (Testing Bluhm & Feuerherdt GmbH, Berlin, Germany) and IR-5047-50S (Tochpribor, Saint Petersburg, Russia) testing machines, respectively.



In accordance with the regulatory requirements for ensuring safety during the conditioning of RW in Russia [40], the resistance of the MPP-ND composite to thermal cycles was determined, which was assessed according to their compressive strength. For this purpose, samples were kept in an MK-53 heat and cold testing chamber (Binder, Tuttlingen, Germany) for 30 freeze/thaw thermal cycles in a temperature range from –40 to +40 °C.



The porosity of the MPP-ND composite samples was determined by using the water immersion method based on previously published works [41,42]. The apparent (open) porosity (PA) of the samples was determined by Equation (2) as described in our earlier study [41]. The open porosity of the samples is defined as the ratio of the accessible pore volume to the apparent volume of the material [42]. The samples were weighed in a dry state (Mdry). Then, the samples were immersed in water for 24 h until complete saturation. The mass of each sample after saturation with water (Mi,24h) and the mass of each wet sample (Mwet) were determined.


  P A =      ( M   w e t   −   M   d r y   )     ( M   w e t   −   M   i , 24 h   )    · 100  



(2)







The coefficient of thermal conductivity was determined by using the laser flash method with a DLF-1200 (TA Instruments, New Castle, DE, USA). Measurements were performed in a nitrogen atmosphere over a temperature range of 47–510 °C. The heating rate was 10 °C/min. The charging voltage of the laser capacitor banks was 1200 V. To reduce losses due to laser radiation reflection, a thin layer of graphite aerosol a “GRAPHITE 200” (Cramolin, Mühlacker, Germany) was applied to the ends of the cylinders, which was completely dried before loading the samples into the setup.



The hydrolytic stability of the obtained MPP-ND composite was determined in accordance with the Russian semi-dynamic test GOST R 52126-2003 [43]. Test conditions were as follows: monolithic sample, leaching agent—double-distilled water, temperature—(25 ± 3) °C, ratio of contact solution volume to open geometric surface area of the sample—from 3 to 10 cm. Samples were placed in a fluoroplastic container and filled with leaching agent, which was replaced after 1, 3, 7, 10, 14, 21, and 28 days. At the specified time, the samples were removed from the container, washed with double-distilled water in a volume equal to the volume of the leaching agent, and combined with the solution after leaching. The content of U and Eu in the solutions after leaching was determined by using inductively coupled plasma mass spectrometry (ICP-MS) on a X Series2 spectrometer (Thermo Scientific, Waltham, MA, USA), and the content of 239Pu was determined by using alpha spectrometry on an Alpha Analyst spectrometer (Canberra, Meriden, CT, USA). The hydrolytic stability of the samples was assessed according to the integral rate (Rint) and degree (D) of leaching of radioactive waste components, which were calculated using Equations (3) and (4), respectively.


    R   i n t   =    c · V   S · f · t      ,  



(3)






  D =    m     m   0        · 100 ,  



(4)




where c—the concentration of element in the solution, g/L; V—the volume of double-distilled water, L; S—the area of the open geometric surface of the sample, cm2; f—the content of element in the sample, g/g; t—the duration of leaching from the beginning of the experiment, days; m—the mass of the element in the solution after leaching, g; m0—the mass of the element in the sample, g.





3. Results and Discussion


3.1. Elemental Composition and Functional Groups of NDs Surface


According to XPS data, the surface of NDs consists of carbon, oxygen, and nitrogen. Table 1 shows the chemical bonds and their content obtained by processing the spectra high-resolution lines of the elements shown in Figure S1 (see Supplementary Materials). The XPS spectra were interpreted using known literature data for carbon [44,45], oxygen, and nitrogen [46,47]. The table shows that the majority of the carbon has a diamond structure, which is the core of any NDs, while another 11% is sp2 carbon, which can be found in the amorphous shell of the core or in functional groups on the NDs surface. Furthermore, 3.2 at% of the carbon is found in carboxyl groups on the surface. Oxygen on the NDs surface is part of C–O and C=O groups, which can be related to carboxyl groups, aldehydes, ketones, anhydrides, and other similar structures, including nitrogen-containing ones (amides). It is noted that 0.7 at% of oxygen is part of metal oxides, which can be attributed to the presence of 2 mg/g of iron impurity, indicating that this impurity is located on the surface. At the same time, the presence of iron was not detected in the XPS spectra, which can be explained by the detection limit of the method. Finally, nitrogen on the NDs surface is part of amino, amide, nitroso, and nitro groups. The presence of both carboxyl and amino groups on the NDs surface determines the amphiphilic nature of the material and the ability to bind both cationic and anionic forms of radionuclides, as well as facilitating NDs aggregation in aqueous solutions. The identified chemical composition and functional groups of the NDs surface are typical of NDs obtained via detonation synthesis, and the obtained XPS data are consistent with previously obtained FTIR spectroscopy (Figure S2) and acid–base titration data.



The NDs surface is mostly hydrophobic, although it contains a small amount of hydrophilic functional groups, which is clearly seen from the data in Table 1. Thus, the surface contains only about 4 at% of carboxyl and amino groups which dissociate sufficiently in aqueous solutions (or 540 μmol/g according to acid–base titration data as indicated in Section 2.1). Also, oxygen-containing functional groups can form hydrogen bonds with water, but the total oxygen content on the surface is only 7.8 at%. We previously determined that NDs powder contains about 5 wt% adsorbed water and/or gases on the surface [28], and based on the data we obtained in this work, it is obvious that water and gases are retained in the NDs pores either by hydrogen bonds or mechanically, but are not bound to the surface by chemical bonds. Thus, the absorption of water by NDs during the formation of the MPP-ND composite is unlikely, since during the formation of the main matrix-forming phase MgKPO4 × 6H2O, water is bound by chemical bonds, whereas only weak physical interactions are possible with the NDs surface.




3.2. Choice of Optimal Filling of MPP-ND Composite by NDs


Optimal filling of the MPP-ND composite by NDs was assessed based on the results of studying the phase composition, compressive strength, porosity, and thermal conductivity of the samples.



X-ray diffraction patterns of the obtained composite samples with different NDs contents are shown in Figure 3. When studying the phase composition of the MPP-ND composite, it was found that all samples consist of the main matrix-forming phase of MgKPO4 × 6H2O (PDF No. 35-0812), an analog of the natural mineral struvite—K [48]. All samples also contain the MgO phase (PDF No. 78-0430), which is due to its 10% excess relative to the stoichiometric amount in accordance with the method for obtaining the MPP matrix. It was noted that when adding NDs to the composition of the MPP matrix, unreacted KH2PO4 (PDF No. 35-0807) remains present; the intensity of the main peak (23.87 Å) and, consequently, its content increases with an increase in the content of NDs in the samples. In this case, the addition of more than 1.0 wt% of NDs leads to a decrease in the intensity of the main matrix-forming phase and the formation of various magnesium phosphate hydrates of Mg2KH(PO4)2 × 15H2O (PDF No. 75-2268), Mg3(PO4)2 × 5H2O (PDF No. 35-0329), MgHPO4 × 7H2O (PDF No. 46-1267), which are formed as intermediate phases during the hydration of the MPP matrix, as noted in [49,50]. Thus, the addition of more than 1 wt% NDs to the MPP-ND composite has a negative effect on the formation and crystallization of the main matrix-forming phase of MgKPO4 × 6H2O.



Thus, optimal filling of the MPP-ND composite is no more than 1.0 wt% NDs.



When studying the compressive strength of composite samples with different NDs contents (Figure 4a), it was found that with the introduction of ≤1.0 wt% NDs, the strength of the samples remains virtually unchanged and amounts to values at the level of 12–14 MPa, which is close to the value for a blank sample. With an increase in the NDs content in the composite to 1.5 wt%, the compressive strength of the obtained samples decreases 2.7 times compared to the blank sample, which is probably due to the fact that in addition to the MPP matrix phase, the samples also contain other intermediate phosphate phases (Figure 3).



It should be noted that all samples containing ≤1 wt% NDs are resistant to freeze/thaw thermal cycles. The compressive strength of the samples after thermal cycles decreases by no more than 5% and meets the regulatory requirements for solidified RW in Russia (at least 4.9 MPa [40]).



It can also be seen from Figure 4a that the porosity of the MPP-ND composite samples decreases from 27.5% to 9.7% when adding up to 1.5 wt% NDs to the blank sample. This effect is probably associated with the filling of the pores of the MPP matrix sample with NDs, since, as noted earlier [27], nanosized material easily fills the pores of the cement matrix, which contributes to its compaction. It should be noted that the maximum compressive strength (~14 MPa) of the MPP-ND composite with the addition of 1 wt% NDs in the sample corresponds to its low porosity (~13%).



Figure 4b shows the dependence of the thermal conductivity coefficient of the MPP-ND composite containing 1 wt% NDs on temperature, as well as, for comparison, data for a blank compound that does not contain NDs. It is known that the thermal conductivity coefficient of NDs is about 50 W/(m∙K) [51]. From the data in Figure 4b it can be seen that the thermal conductivity coefficient of the MPP-ND composite increases by 22% with the addition of 1 wt% NDs. The thermal conductivity coefficient of the MPP-ND composite in the range (47–510) °C is at the level of (0.5–1.0) W/(m∙K). It can be noted that these values correspond to the value of the thermal conductivity coefficient for a high-temperature glass matrix ((0.7–1.6) W/(m∙K) [40]), used for the immobilization of heat-generating high-level waste.



Thus, based on the results of the phase composition, compressive strength, porosity, and thermal conductivity of MPP-ND composite samples, it was noted that optimal filling of the MPP matrix is 1 wt% NDs. Therefore, further studies were conducted at the specified NDs content in the samples.




3.3. Choice of Optimal Filling of MPP-ND Composite by Wollastonite


As we have previously noted, the mechanical strength of the MPP matrix can be increased by adding wollastonite [30] due to the needle-shaped form of its crystalline particles [6]. Thus, to determine optimal filling of the MPP-ND composite containing 1 wt% NDs with wollastonite, in this study, the dependance of the compressive strength (Figure 5a), flexural strength (Figure 5b), and porosity (Figure 5c) of the samples on the wollastonite content was investigated. For comparison, the figures also show values for samples without NDs.



From the data in Figure 5 it can be seen that the compressive and flexural strength of the MPP compound samples, including the MPP-ND composite samples containing 1 wt% NDs, increase with an increase in the wollastonite content from 10 to 20 wt%, which confirms its reinforcing effect. Thus, the compressive strength of the MPP compound and MPP-ND composite samples with the introduction of 20 wt% wollastonite is about 21 MPa and 24 MPa, respectively, which is 1.4 and 1.7 times higher than the values recorded for samples without wollastonite (Figure 5a), respectively. It was found that the flexural strength of the MPP-ND composite samples increases 1.7 times with the introduction of 1 wt% NDs, reaching 0.8 MPa (Figure 5b). At the same time, the flexural strength of samples containing 1 wt% NDs and 20 wt% wollastonite increases 5.2 times and is about 4 MPa. The increase in compressive and flexural strength is facilitated by the reduction in apparent porosity of the samples, as shown in Figure 5c. Therefore, wollastonite and NDs fill the pores of the MPP matrix and, due to their combined action, reduce the porosity of the samples from 13% to 5% (Figure 5c).



Thus, it was shown that the MPP-ND composite containing 1 wt% NDs and 20 wt% wollastonite has a maximum compressive strength of 24 MPa (Figure 5a) and a maximum flexural strength of 4 MPa (Figure 5b) with a minimum porosity of no more than 5% (Figure 5c).




3.4. Hydrolytic Stability of MPP-ND Composite


The results of the hydrolytic stability of the MPP-ND composite containing 20 wt% wollastonite and 1 wt% NDs with pre-sorbed 239Pu, 238U, and Eu are shown in Figure 6, Figure 7 and Figure 8. Figure 6, Figure 7 and Figure 8 also show the hydrolytic stability of the MPP matrix containing 20 wt% wollastonite and 239Pu, 238U, and Eu without preliminary sorption of nuclides on NDs.



It was found that the addition of 1 wt% NDs to the MPP-ND composite leads to a decrease in the integral rate and degree of 239Pu, 238U, and Eu leaching of 3.5 (Figure 6), 7.5 (Figure 7), and 5 (Figure 8) times, respectively. The leaching rate of 239Pu, 238U, and Eu from the MPP-ND composite samples on the 28th day of contact with water amounted to values at the level of 3.5 × 10−6 g/(cm2∙day) (Figure 6a), 1.5 × 10−4 g/(cm2∙day) (Figure 7a), and 4.0 × 10−6 g/(cm2∙day) (Figure 8a), respectively. Meanwhile, the leaching degree of 239Pu, 238U, and Eu from the MPP-ND composite samples on the 28th day of contact with water was 0.028% (Figure 6b), 0.64% (Figure 7b), and 0.017% (Figure 8b), respectively. Thus, the low values of the rate and degree of leaching of actinides (239Pu, 238U) and europium from the MPP-ND composite confirm the effective action of NDs during RW solidification using the MPP matrix.





4. Conclusions


It was established that the MPP-ND composite containing 1 wt% NDs has mechanical strength, thermal conductivity, and hydrolytic stability that meets the requirements for solidified RW. The conclusions are drawn as follows:




	
The strength of the MPP-ND composite containing ≤1.0 wt% NDs is about 12–14 MPa;



	
All samples containing ≤1 wt% NDs are resistant to freeze/thaw thermal cycles;



	
The porosity of the samples decreases from 27.5% to 9.7% when introducing up to 1.5 wt% NDs into the blank sample;



	
The thermal conductivity coefficient of the MPP-ND composite increases by 22% with the introduction of 1 wt% NDs and amounts to values at the level of (0.5–1.0) W/(m∙K) in the range (47–510) °C;



	
Based on the results of the phase composition, compressive strength, porosity, and thermal conductivity of the MPP-ND composite samples, it was noted that optimal filling of the MPP matrix is 1 wt% NDs;



	
The MPP-ND composite containing 1 wt% NDs and 20 wt% wollastonite has a maximum compressive strength of 24 MPa and a maximum flexural strength of 4 MPa with a minimum porosity of no more than 5%;



	
The addition of 1 wt% NDs to the MPP-ND composite leads to a decrease in the rate and degree of leaching of 239Pu, 238U, and Eu of 3.5, 7.5 and 5 times, respectively.








Thus, the introduction of NDs into the composite compound is a promising way to improve radioecological safety during RW disposal.
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Figure 1. Average diameter of NDs aggregates in HNO3 and NaOH solutions (a) according to dynamic light scattering method, and zeta potential of their surface (b) [16]. 
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Figure 2. Photos of MPP-ND composite samples containing 1.5 wt% NDs (a), including those containing 20 wt% wollastonite (b). 
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Figure 3. The X-ray diffraction patterns of the MPP compound samples, including those containing up to 1.5 wt% NDs. 
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Figure 4. Compressive strength/apparent porosity (a) and thermal conductivity (b) of composite samples depending on NDs content. 
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Figure 5. Compressive strength (a), flexural strength (b), and porosity (c) of MPP compound samples, including MPP-ND composite samples containing 1 wt% NDs, depending on wollastonite content. 
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Figure 6. Kinetic curve of (a) integral rate and (b) degree of 239Pu leaching from samples. 
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Figure 7. Kinetic curve of (a) integral rate and (b) degree of 238U leaching from samples. 
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Figure 8. Kinetic curve of (a) integral rate and (b) degree of Eu leaching from samples. 
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Table 1. Chemical bonds and their content on NDs surface according to XPS data.
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Spectrum

	
Type of Binding

	
Content, at%






	
C1s

	
C–C (sp2)

	
11.3




	
C–C (diamond)

	
40.3




	
C–C (diamond H-terminated), C–O

	
35.6




	
O=C–O

	
3.2




	
C–C (sp2)

	
0.7




	
O1s

	
O2−

	
3.9




	
O=C

	
3.2




	
O–C

	
11.3




	
N1s

	
NR3

	
0.7




	
NR2C=O

	
0.5




	
R–N=O

	
0.3




	
–NO2

	
0.3
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