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Abstract

:

The mechanism and kinetic parameters of the interaction of the FLiNaK–CeF3 melt with water vapors and oxygen in the air atmosphere were determined using Raman and IR spectroscopy, XRD analysis, and thermodynamic modeling of processes. The presence of the 4CeF3(solution) + 6H2O (gas) + O2(gas) = 4CeO2(solid) + 12HF(gas) reaction, which disturbs the fluoride melt homogeneity, was verified in situ by Raman spectroscopy adopted for high-temperature, chemically aggressive fluoride systems. Based on the obtained spectral data, the type of the kinetic equation, order, and rate constant of the chemical reaction were determined. The concentration of cerium dioxide was found to increase linearly in time and a zero reaction order with respect to CeO2 was detected. The change in the concentration of CeO2 over time at T = 510 °C is described by the equation C = 0.085t; the reaction rate constant is 0.085 mol. %∙min−1. The obtained kinetic parameters may be used to model emergencies related with the depressurization of the coolant circuit or the working area of the molten salt reactor.
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1. Introduction


At present, liquid salt nuclear reactors (MSR) are considered as a serious alternative to existing reactors using solid oxide or nitride fuel. MSR is distinguished by its core, in which the nuclear fuel is dissolved in a molten fluoride salt mixture. The main coolant is also a mixture of molten salts, which can operate at high temperatures, while remaining at a low pressure. This reduces mechanical stress and increases the safety and durability of nuclear reactors [1,2,3].



It is assumed that MSR using molten salts as fuel and/or coolant can be implemented in both thermal (Th/U fuel) and fast (U/Pu fuel) neutron reactors.



The design of the MSR and its mode of operation significantly depend on the content of actinides in the fuel. The most important criterion for choosing a salt solvent is the solubility of actinide fluorides in molten salt media. Mixtures of fluoride melts (LiF–NaF–BeF2, NaF–ZrF4, NaF–ZrF4, LiF–BeF2, LiF–NaF–KF) are considered as potential salt solvents [4,5,6].



The use of molten fluoride mixtures in molten-salt nuclear reactors has both undeniable advantages and complex technical problems. First of all, this is the destruction and degradation of materials under the action of chemically aggressive fluoride media. The corrosion of structural materials in fluoride melts is a key problem [7,8]. High temperatures and the concentration of aggressive substances increase the rate of corrosion processes. This negatively affects both the economic aspect and requires special attention to the environmental safety of facilities working with molten salts.



Despite the fact that molten alkali metal fluorides are among the most aggressive environments in terms of structural material degradation, it is these salt melts that have huge advantages due to high thermal conductivity, low viscosity, high boiling points, low vapor pressure, the highest heat capacity, and stability to radiation damage.



A molten mixture of alkali metal fluorides of the LiF–NaF–KF (46.5–11.5–42 mol. %)—FLiNaK eutectic composition is considered as the most promising candidate to be used as a coolant and solvent for nuclear fuel in molten salt nuclear reactors [9]. The contact of the fluoride melt with the air atmosphere might result in the formation of sparingly soluble oxygen-containing impurities and cause a local increase in radioactivity and radiation damage to the structural materials of a nuclear reactor [10]. Furthermore, the presence of oxygen-containing impurities can cause an increase in the corrosion rate [8].



When modeling the physicochemical behavior of plutonium compounds, cerium containing salts can be used as environmentally safe simulators [11,12]. Choi et al. studied the chemical interaction between rare earth metals (Nd, Ce, La) and oxygen ions in Li2O–LiCl–KCl melts [13]. XRD analysis and Raman spectroscopy of solidified melts revealed the presence of the interaction products—oxychlorides LnOCl. A feature for the cerium-containing systems was noted: in addition to CeOCl, the presence of cerium dioxide CeO2 was detected.



Inagaki et al. [14] studied the thermal behavior of cerium fluoride CeF3 using the methods of thermogravimetry and mass spectrometry of the outgoing gases. The authors note that crystalline cerium fluoride is not hygroscopic, but when heated from the room temperature to 1350 °C in the presence of the He–O2 gas mixture, it loses 60% of the mass. Heating a humid CeF3 powder (containing several weight percent of water) to the melting point leads to the formation of CeO2, and fluorine is assumed to be present in the gas phase (according to indirect evidence). The authors point to an anomalously high rate of decrease in the mass of the CeF3 sample when heated in the He–O2 gas mixture compared to the similar process in the helium atmosphere.



The processes of pyrohydrolysis of crystalline REM fluorides LnF3 (Ln = Y, La–Lu) in the humid air atmosphere were studied by thermogravimetry [15]. The mass change curves showed two effects, which the authors attributed to the successive transformation LnF3 → LnOF → Ln2O3. It was suggested that the formation of LnOF oxyfluorides was accompanied by the release of gaseous HF. The authors noted a consistent decrease in the temperature at the beginning of the process with an increase in the atomic number of the lanthanide. It is noted that cerium fluoride CeF3 is an exception to the observed general pattern: one effect of reducing the mass of the sample was recorded at the temperature of 500 °C, which is more than two hundred degrees lower than the temperatures of the first stage of pyrolysis of other REM fluorides. The authors attributed this to a possible change in the oxidation state of Ce3+ to Ce4+. An anomalously high rate of pyrohydrolysis of CeF3 compared to other REM fluorides was noted in [16].



There is a lack of literature data on the interaction between fluoride melts containing cerium ions and gaseous oxygen or water vapor; the mechanism and kinetics of these processes have not been studied. The method of Raman spectroscopy, adapted to work with high-temperature, chemically aggressive media, can be successfully applied to solve such problems [17,18,19,20,21,22].



This paper presents the results of studying the mechanism and kinetics of the interaction of FLiNaK–CeF3 melts with water vapor and oxygen in the air atmosphere by in situ Raman and IR spectroscopy, XRD analysis, and thermodynamic modeling.




2. Materials and Methods


2.1. Reagents Preparation and Certification


The eutectic mixture FLiNaK was prepared using extra pure LiF, NaF, and potassium bifluoride KF·HF (VEKTON Company, Saints Petersburg, Russia). It is known that when heated to 300–400 °C, the acid salt KF·HF decomposes according to reaction (1) with the formation of potassium fluoride and gaseous HF:


KF·HF → KF + HF↑



(1)







The formation of hydrogen fluoride is a positive factor affecting the purity of the obtained FLiNaK [23]. The required weighed portions of the initial reagents (LiF, NaF, and KF HF) were heated in a glassy carbon crucible at a rate of 2.5 K/min to a temperature of 750 °C and kept for 2 h, followed by cooling to room temperature. The obtained fluoride eutectic composition was certified by the thermal analysis method (STA 449C Jupiter, NETZSCH, Selb, Germany). The melting point and enthalpy of melting of the mixture (460 °C and 414 J/g, respectively) are consistent with the reference data [24].



The methods of Raman spectroscopy (Raman microscope spectrometer U1000, Renishaw, Wotton-under-Edge, UK) and XRD analysis (Cu–Kα radiation, Rigaku MiniFlex 600 diffractometer, Tokyo, Japan) were used to certify pure CeF3 (99.9%, CAS 7758-88-5, CHIMKRAFT Company, Kaliningrad, Russia). It is known that cerium fluoride under normal conditions has a crystal lattice of D3d4 symmetry, containing six formula units per unit cell. The selection rules determine 17 active modes (5A1g + 12Eg) in the Raman spectrum [25]. Some of them, apparently, had weak intensity and were not recorded [26]. In accordance with the results of [25], in the recorded spectrum of CeF3 (Figure 1a), the vibrational bands at 396, 240, 295, and 314 cm−1 are associated with the A1g vibrational modes, whereas those recorded at 77, 145, 203, 225, 306, 319, and 386 cm−1 are associated with Eg modes. Vibrational bands related to other phases, as well as bands of adsorbed water, were not found. The XRD analysis of the used CeF3 reagent also confirmed its single-phase nature (Figure 1b). FLiNaK–CeF3 mixtures, containing up to 15 mol. % of cerium fluoride, were prepared in a glove box in an inert atmosphere (Ar, moisture, and oxygen content did not exceed 1 ppm). The mixtures of a given composition were exposed in a glassy carbon crucible for 5 h at the temperatures exceeding the liquidus temperatures of the studied compositions by 150–200 °C [27].




2.2. Technique for Raman Spectra Recording


Raman spectra of the molten FLiNaK and FLiNaK–CeF3 mixtures were recorded using an Ava-Raman fiber-optic spectrometric complex (Avantes, Eerbeek, The Netherlands), which includes a source of monochromatic laser radiation with a power of 50 mW, λ = 532 nm (180-degree scattering scheme), FWHM 0.1 nm, and a cooled CCD-detector. The spectrometer is equipped with a notch filter that cuts off intense Rayleigh scattering in the region below 150 cm−1. The spectrometer is also equipped with a high-temperature focusing probe with an excitation and read fiber for in situ measurements. It can withstand 500 °C, which allowed the probe to be located in the immediate vicinity of the test object. This minimizes the ingress of possible third-party signals into the optical system and increases the reliability of the results obtained. The standard procedure consists of the initial registration of the thermal background from a heated furnace and cell, while the laser beam was being blocked. Then, the Raman spectrum is recorded. AvaSoft-Raman software automatically subtracts the thermal background. A platinum or graphite crucible 15 mm high and 10 mm in inner diameter was used as a container for chemically aggressive fluoride melts. The crucible with the sample was placed in a high-temperature optical attachment made in the form of a duralumin block with a vertical nichrome heater and an upper end quartz window for transmitting incident and scattered light. The device of the optical attachment is described in detail in [28]. The sample was heated in the inert atmosphere (Ar) to the specified temperatures, then the cell was filled with air (PH2O = 2.3 kPa, PO2 = 19.8 kPa). The Raman spectra were recorded in the range of 150–900 cm−1, the recording time of one spectrum did not exceed 10 s. Based on the recorded vibrational spectra, the system components were identified in situ and the interaction process was monitored. The observed quantitative changes in the spectral characteristics were used to calculate the kinetic parameters of the interaction between the FLiNaK–CeF3 melt and components of the air atmosphere. To provide a correct comparison of the vibrational band intensities, there were normalized in each series of experiments: I(ν)norm = I(ν)/Io, where I(ν) is the intensity at the frequency ν and Io is the maximum intensity of the vibrational band in this series of experiments.





3. Results and Discussion


3.1. Mechanism of Interaction between FLiNaK–CeF3 Melts and the Components of the Air Atmosphere


Vibrational bands were not recorded in the Raman spectrum of the molten FLiNaK fluoride system (Figure 2a, inset), which indicates a predominantly Coulomb type of interparticle interaction and absence of any stable complex structural groups [29,30,31]. It should be noted that the spectral pattern remained unchanged upon long-term exposure (for an hour) of the FLiNaK melt in contact with the air atmosphere: vibrational bands, which indicate the interaction between FLiNaK and the components of the air atmosphere, were not detected. In this case, the melt remained colorless and transparent (Figure 2b). In the Raman spectra of the molten FLiNaK–CeF3 mixture, recorded under the air atmosphere, there is a band in the region of 460 cm−1, of which the intensity increases both with an increase in temperature and exposure time under isothermal conditions (Figure 2a,d).



The analysis of the of the molten FLiNaK–CeF3 mixture spectrum, performed by the OriginPro 2015 software package, showed the presence of additional low intensity bands in the region of 411 and 233 cm−1 (Figure 3). In accordance with the data on the Raman spectra of fluoride melts containing rare-earth ions [32,33,34,35,36,37], the high-frequency component is attributed to the symmetrical valence vibration, and the low-frequency component to the bending vibration of the CeF63− complex ion grouping. In [37], the dissolution mechanism and effect of O2− in the FLiNaK–CeF3 melt are investigated by in situ, high temperature Raman spectroscopic and theoretical results. Once the O2− ions are introduced into the melt, the Raman spectrum undergoes qualitative changes: the appearance of additional vibrational bands at 376, 440, and 451 cm–1 was detected. The authors suggested the formation of complex binuclear ionic groups Ce2OF84− and Ce2OF106−. According to the results of our studies, in the Raman spectra of the molten FLiNaK–CeF3 mixture recorded under the air atmosphere, no vibrational bands of this sort were found.



The intense band with a maximum in the region of 460 cm−1 (Figure 3) is attributed to the Ce–O vibration in cerium dioxide (CeO2): during long-term exposure of the FLiNaK–CeF3 melt in contact with the air atmosphere, the formation of thin flakes of a pale-yellow color (Figure 2c), characteristic of crystalline CeO2, was observed at the melt surface. Upon cooling and the subsequent solidification of the melt, the position of the intensity of the band maximum shifts slightly to the region of higher frequencies (Figure 4) and at 20 °C reaches 465 cm−1.



It is known that CeO2 has a cubic crystal lattice of the fluorite type with the symmetry space group Fm3m. According to the selection rules for crystals of this symmetry, two vibrational modes are permitted:


Гvib= F2g + F1u



(2)







One of them (F2g) is active in the Raman spectrum, the other one (F1u) is active in the IR spectrum [38].



The band with a maximum at 465 cm–1 observed in the Raman spectrum of the solidified melt (Figure 5a) is attributed to the F2g vibration of crystalline cerium dioxide CeO2, which agrees with the data reported in [39,40,41,42]. Vibrational bands of cerium fluoride CeF3 [Section 2.1] were not found. Crystalline lithium, sodium, and potassium fluorides have a cubic structure Oh1 symmetry space group and, according to the selection rules [38], do not have active vibrations in the Raman spectra.



The formation of the CeO2 phase upon contact of the FLiNaK–CeF3 melts with the air atmosphere is confirmed by additional analyses performed by the methods of IR spectroscopy (FTIR spectrometer Tensor 27, Bruker Optik GmbH, Ettlingen, Germany) and XRD (Cu–Kα radiation, diffractometer RigakuMiniFlex 600, Rigaku Corp., Tokyo, Japan). To record IR spectra, finely dispersed samples, obtained by grinding the entire volume of the melt, were applied in a thin layer between two plane-parallel optically transparent windows made of single-crystal KBr. In the recorded IR spectrum of the solidified melt, a band at 560 cm−1 (Figure 5b) of the F1u vibrational mode of crystalline cerium dioxide [41,43] was observed. The bands with frequencies of 420 and 480 cm−1 (Figure 5b) belong to the NaF and LiF phases [44], respectively; the absorption band of potassium fluoride is located at lower frequencies that are outside the operating range of the device. For XRD measurements, we used the upper part of the 0.85FliNaK–0.15CeF3 melt obtained after a 2 h exposure in the air atmosphere. The XRD analysis of the sample was carried out in special hermetic cuvettes with a dome cap in the inert atmosphere (Ar). The X-ray diffraction pattern (Figure 5d), in contrast to that of the composition before air treatment (Figure 5c), contains reflections of the crystalline CeO2 phase with a cubic structure. Note that no reflections related to the phases of cerium oxyfluoride CeOF or cerium oxide Ce2O3 were found. To clarify the processes occurring during the interaction of the fluoride melt FliNaK–CeF3 with the components of the air atmosphere, we used the method of thermodynamic modeling. Using the HSC Chemistry 9 software package [45], thermodynamic modeling of possible chemical reactions and possible intermediate stages of the interaction of CeF3 with water vapor and gaseous oxygen was carried out. The calculation results are presented in Table 1.
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Table 1. Thermodynamic parameters of reactions (ΔG denotes the change in Gibbs energy, K is the reaction constant), T = 800 °C.






Table 1. Thermodynamic parameters of reactions (ΔG denotes the change in Gibbs energy, K is the reaction constant), T = 800 °C.











	Reaction
	ΔG, kJ
	K
	Log (K)





	

CeF3 + H2O(g) = CeOF + 2HF(g)



(3)




	−134.173
	3.399 × 106
	6.531



	

2CeF3 + O2(g) = 2CeOF + 2F2(g)



(4)




	472.360
	1.015 × 10−23
	−22.994



	

2CeOF + H2O(g) = Ce2O3 + 2HF(g)



(5)




	496.561
	6.734 × 10−25
	−24.172



	

2CeOF + 2H2O(g) = 2CeO2 + H2(g) + 2HF(g)



(6)




	456.433
	6.049 × 10−23
	−22.218



	

4CeF3 + 3O2(g) = 2Ce2O3 + 6F2(g)



(7)




	640.189
	4.103 × 10−131
	−130.387



	

2CeOF + 2H2O(g) = 2CeO2 + 2H2(g) + F2(g)



(8)




	1015.477
	3.702 × 10−50
	−49.432



	

2Ce2O3 + O2(g) = 4CeO2



(9)




	−457.639
	1.893 × 1022
	22.277



	

2CeOF + O2(g) = 2CeO2 + F2(g)



(10)




	638.095
	8.683 × 10−32
	31.061



	

CeF3 + O2(g) = CeO2 + 1.5F2(g)



(11)




	555.227
	9.387 × 10−28
	−27.027



	

4CeF3 + 6H2O(g) + O2(g) = 4CeO2 + 12HF(g)



(12)




	−1.208
	1.145 × 100
	0.059








An analysis of the obtained results shows that reactions (3), (9), and (12) can occur in the system (ΔG < 0). Note that the formation of cerium oxyfluoride CeOF is possible during the interaction of CeF3 with water vapor (reaction (3)), but not with gaseous oxygen (reaction (4), ΔG > 0). The formation of the final product (CeO2) is also impossible (ΔG > 0) via the intermediate product (CeOF) according to reactions (6), (8), and (10). Cerium oxide Ce2O3 in the presence of gaseous oxygen transforms into dioxide CeO2 according to reaction (9); however, the formation of Ce2O3 from cerium fluoride or oxyfluoride is impossible (reactions (5) and (7), ΔG > 0).



Figure 6 shows the results of calculations of the equilibrium amounts of reacting components and products of the reaction (12) depending on the process temperature.



It can be seen that as the temperature increases, the amount of product of reaction (12), CeO2, increases, which correlates with the results of direct high-temperature spectral studies and phase analysis of solidified melts obtained at the study of the interaction of FLiNaK–CeF3 melts with water vapor and oxygen in the air atmosphere (Figure 2 and Figure 5). The resulting product of the thermodynamically possible reaction (3), CeOF, was not detected in any of the performed experiments. Perhaps this is due to the much lower rate of reaction (3) compared to reaction (12).



Hence, the formation of cerium dioxide during the interaction of a fluoride melt with components of the air atmosphere can be described by the reaction:


4 CeF3 (solution) + 6H2O(g) + O2(g) = 4 CeO2(solid) + 12HF(g)



(13)








3.2. Kinetics of Interaction of FLiNaK–CeF3 Melts with Water Vapor and Oxygen in the Air Atmosphere


When determining the kinetic parameters of reaction (13), the following factors were taken into account: (1) the intensity of the characteristic CeO2 vibrational band is directly proportional to its concentration [46], (2) according to the Equation (13), four moles of cerium dioxide are formed from four moles of CeF3, (3) stabilization in time of the spectral pattern corresponds to the completion of the CeO2 formation during the interaction of the fluoride melt with water vapor and oxygen of the air atmosphere.



Figure 7a exemplifies a part of the Raman spectra recorded during the exposure of the 0.96FliNaK–0.04CeF3 melt in contact with air. As the exposure time increased, a gradual increase and subsequent stabilization of the normalized intensity Inorm of the band in the region of 460 cm−1 was noted. This indicated the completion of the CeO2 phase formation. Figure 7b shows the obtained data on the change in the normalized intensity Inorm of this vibrational band, and Figure 7c illustrates the corresponding values of the CeO2 concentration. It can be seen that during the first 45 min, the concentration of CeO2 increases linearly and then remains practically unchanged. This indicates that the system reached an equilibrium state corresponding to the completion of the interaction of the fluoride melt with water vapor and oxygen of the air, as well as the formation of a heterogeneous oxide–fluoride system FLiNaK(l)–CeO2 (solid).



The linear behavior of the concentration–time dependence (Figure 7c) determines the zero order of reaction (13) with respect to cerium oxide; the change in the concentration of CeO2 over time at T = 510 °C is described by the equation C = 0.085t; the reaction rate constant is 0.085 mol. %∙min−1.



Unfortunately, there are no published data on the possible solubility of CeO2 in the FLiNaK melt. Based on the sensitivity of the Raman method and absence of dynamics of change in the normalized intensity of the characteristic CeO2 band under equilibrium conditions (Figure 7b), it can be assumed that at 510 °C the solubility of cerium dioxide in the FLiNaK melt is insignificant.





4. Conclusions


The study of the mechanism and kinetics of the interaction of the FLiNaK–CeF3 melt with water vapor and oxygen in the air is necessary for modeling processes associated with depressurization of the coolant circuit or the working area of a molten-salt nuclear reactor. Using the methods of in situ Raman spectroscopy, XRD analysis, IR spectroscopy and thermodynamic modeling, the presence of the reaction 4 CeF3 (solution) + 6 H2O(g) + O2(g) = 4 CeO2(s) + 12 HF(g) was verified. This reaction disturbs the homogeneity of the fluoride melt. In situ Raman spectroscopy adopted for high temperature chemically aggressive fluoride systems was used to determine the kinetic parameters of the interaction of the FLiNaK–CeF3 melt with water vapor and oxygen in the air atmosphere. Using the obtained spectral data, the kinetic equation, the order, and the rate constant of the reaction of the chemical interaction of the FLiNaK–CeF3 melt with H2O and O2 in the air atmosphere were determined. It was found that the concentration of the reaction product (cerium dioxide) increases linearly with time, and the order of the reaction with respect to CeO2 is zero. The change in the concentration of CeO2 over time at T = 510 °C is described by the equation C = 0.085t; the reaction rate constant is 0.085 mol. %∙min−1.
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Figure 1. Raman spectrum (a) and XRD analysis (b) of the cerium fluoride. 
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Figure 2. (a) Raman spectra of the melt 0.9FLiNaK–0.1CeF3 (10 min exposure in air atmosphere at a fixed temperature). Inset denotes the Raman spectrum of the FLiNaK melt recorded at 600 °C; (b) image of the FLiNaK melt after 40 min exposure at 700 °C in air atmosphere; (c) image of the 0.85FliNaK–0.15CeF3 melt after 90 min exposure at 700 °C in air atmosphere; (d) Raman spectra of the 0.85FliNaK–0.15CeF3 melt recorded at 550 °C and different exposure times in air atmosphere. 
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Figure 3. Analysis of the contour of the vibrational band in the Raman spectrum of the 0.85FLiNaK–0.15CeF3 composition recorded at 600 °C and 4 min exposure in the air atmosphere. 
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Figure 4. Temperature dependence of the vibration band in the region of 460 cm−1 of the 0.85FLiNaK–0.15CeF3 fluoride composition obtained in the cooling mode. 
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Figure 5. Analysis (at 20 °C) of the solidified 0.85FLiNaK–0.15 CeF3 melt after 1 h exposure in air atmosphere at 700 °C: (a) Raman spectrum; (b) IR spectrum; (c) XRD pattern of the 0.85FLiNaK–0.15CeF3 composition before air treatment; (d) XRD analysis of the solidified 0.85FLiNaK–0.15CeF3 melt after 2 h exposure in the air atmosphere at 700 °C. 
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Figure 6. Equilibrium amounts of reacting components and products of the reaction (12) for various temperatures according to the results of calculations using the HSC Chemistry 8 software package. 
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Figure 7. (a) Raman spectra of the 0.96FLiNaK–0.04CeF3 system for various exposure times in the air at 510 °C; (b) change in the normalized intensity of the vibrational band at 460 cm−1; (c) change in CeO2 concentration with time. 
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