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A B S T R A C T   

This study focuses on the difficulty of converting fluorinated rare earth elements into hydroxyl-
ated rare earth elements in rare earth melt electrolysis slag (RMES) and proposes the use of a 
microwave-assisted atmospheric alkaline leaching method for the treatment of RMES. The 
leaching behavior of RMES under microwave-assisted atmospheric alkaline leaching was studied, 
and the optimal reaction conditions were determined. Under the conditions of a reaction tem-
perature of 150 ◦C, initial NaOH concentration of 60 %, NaOH-to-slag mass ratio of 4:1, micro-
wave power of 700 W, reaction time of 120 min, and stirring speed of 300 r/min, the conversion 
rate of fluorinated rare earths reached 99.17 %. The apparent rate equation of the microwave- 
assisted atmospheric alkaline leaching process was obtained by leaching kinetic analysis, and 
the apparent activation energy under this process was calculated to be 54.872 kJ/mol, which was 
12.458 kJ/mol lower than that achieved when conventional heating was used for leaching (67.33 
kJ/mol).   

1. Introduction 

Rare earth elements (REEs), which are known as “industrial vitamins” owing to their unique physical and chemical properties, can 
form a wide variety of new materials with different performance characteristics when combined with other materials. The primary role 
of these industrial vitamins is to significantly improve the quality and performance of other products [1–4]. Owing to the uneven 
distribution of primary mineral resources worldwide and the increasing demand for advanced applications, there is a strong emphasis 
on the development and utilization of rare earth resources; however, this results in large amounts of rare earth solid waste [5]. Current 
mainstream technology for the molten salt electrolysis of rare earth metals usually utilizes fluorinated molten salts. However, the 
recovery rate of REEs during molten salt electrolysis is usually less than 95 %, and most of the lost REEs enter the generated rare earth 
melt electrolysis slag (RMES) [6–8]. As REEs are non-renewable, it is necessary to recycle rare earth solid waste for comprehensive 
utilization [9], which is crucial for green and sustainable development [10].The key to recovering REEs from RMES is to convert the 
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contained rare-earth fluorides into soluble rare earth compounds, which then allows for the leaching extraction of REEs. Tong et al. 
[11] used a combination of CaO and Al2(SO4)3 for co-roasting and activating RMES, which resulted in the conversion of fluorinated 
REEs into soluble sulfated REEs at 900 ◦C. Liang et al. [6] mixed silicate and RMES for the roasting and recovery of REEs; after roasting 
at 850 ◦C for 1.5 h, the fluorinated REE was transformed into an easily acid-leachable silicated REE and NaF, achieving a rare-earth 
leaching rate of 99 %. Wu et al. [12] combined sodium carbonate roasting with hydrochloric acid leaching to recover REEs from RMES. 
The RMES was roasted with sodium carbonate at 700 ◦C for 2 h, which converted the contained rare-earth fluoride into a rare-earth 
oxide and achieved a rare-earth leaching rate of 99 %. Lai et al. [13] reconstructed the mineral phase of the RMES by adding LiOH⋅H2O 
and combined it with vacuum distillation to recover REEs through subsequent roasting at 600 ◦C and distillation at 1100 ◦C. Hu et al. 
[14] and Wang et al. [15] treated RMES with nitric acid and sulfuric acid calcination, respectively, and successfully converted fluo-
rinated REEs into soluble nitric acid/sulfuric acid REEs at around 250 ◦C at a conversion rate of >95 %. Yang et al. [16] mixed 80 % 
concentrated NaOH solution with RMES and achieved a leaching efficiency of REEs of up to 99 % within a reaction time of 3 h at 
200 ◦C. Although the aforementioned methods can achieve relatively high REE leaching rates, they suffer from high reaction tem-
peratures and excessive concentrations of chemical agents, which result in the consumption of large amounts of energy and chemicals. 
In addition, these high-temperature reactions generate toxic and harmful gases that lead to environmental pollution. Therefore, there 
is an urgent need for a green and efficient extraction method to recover Rees. In recent years, many researchers have applied mi-
crowave heating technology to hydrometallurgical leaching processes to improve the leaching rate of useful metals, shorten the 
leaching reaction time, and reduce energy consumption [17]. The heating principles of microwave heating and conventional heating 
are completely different; while conventional heating involves heat conduction, microwave heating involves the direct transfer of 
energy via selective heating, which conventional heating cannot provide [18]. Microwaves are widely used in the fields of thermal 
decomposition, thermal drying, pyrometallurgy, and hydrometallurgy leaching [19,20]. Wen et al. [21,22] studied the 
microwave-assisted leaching of copper from chalcopyrite and found that microwave heating could increase the boiling point of the 
leaching system and promote the leaching of copper by changing the surface structure of the chalcopyrite and reducing the passivation 
layer. Thomas et al. [23] utilized microwave-assisted hydrometallurgical leaching to recover elements such as platinum, rhodium, and 
cerium from spent catalysts without requiring the pretreatment of materials or addition of oxidants. Laubertova et al. [24] showed that 
microwave-assisted leaching can increase the reaction rate by more than two times during the recovery of Zn and Pb from arc-furnace 
dust. Wang et al. [25] found that microwave heating significantly reduced the activation energy of vanadium during the reaction 
process. Huang et al. [26] investigated the microwave-assisted leaching behavior of a mixed rare-earth concentrate, and found that the 
REE leaching rate was 16.49 % higher than that achieved by the traditional leaching method. In the above process, microwave thermal 
decomposition occurs during the heating process, causing the structure of the material to be destroyed with low energy consumption 
and no pollution; such thermal decomposition of minerals has a wide range of application prospects [27]. Owing to these advantages in 
regards to reduction in the amount of chemicals and energy consumed, microwave heating was used in this study to treat the RMES to 
convert the physical phase. In addition, the influence of the experimental conditions on the conversion of fluorinated REEs to hy-
droxylated REEs was investigated, and the leaching kinetics of the fluorinated REE conversion process were analyzed. 

2. Materials and methods 

2.1. Raw materials 

The RMES used in this experiment was provided by a company in Jiangxi, China. The raw material was ground to 200 mesh (<74 
μm) prior to the experiments. The chemical composition was characterized using inductively coupled plasma emission spectroscopy 
(ICP) and atomic absorption spectroscopy (AAS). As shown in Table 1, the atomic composition of RMES was 44.68 % Nd, 12.46 % Pr, 
33.51 % F, 3.62 % Li, 0.93 % Ca, and 0.25 % Al, with the primary REEs being Nd and Pr. X-ray diffraction (XRD) analysis revealed that 
the main components of the RMES were NdF3, PrF3, PrOF, and LiF (Fig. 1). 

2.2. Experimental method 

First, a certain amount of RMES and a certain concentration of NaOH solution were placed in a polytetrafluoroethylene (PTFE) 
flask, which was heated to the experimental temperature in a microwave oven while under stirring by a magnetic stirring rotor; the 
reaction equipment and process are shown in Fig. 2. After the reaction was complete, the products were washed with deionized water 
and the alkaline leaching residue was filtered and dried for solid–liquid separation. Then, the conversion rate of fluorinated REEs to 
hydroxylated REEs was analyzed by performing quantitative and qualitative analyses on the leaching slag through XRD. Additionally, 
the content of F in the aqueous washing solution was detected as an index of the reaction efficiency using equations (1) and (2) as 
follows: the effects of the initial NaOH concentration, NaOH-to-slag mass ratio, microwave power, reaction temperature, reaction time, 
and stirring speed on the conversion rate of the fluorinated REEs were investigated. 

Table 1 
Composition of RMES (wt%).  

Element Nd Pr F Li Ca Al Other 

Content (%) 44.68 12.46 33.51 3.62 0.93 0.25 4.55  
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Conversion rate : η=
(

1 −
M ⋅ W
M0⋅W0

)

× 100% (1)  

Leaching rate : η= C ⋅ V
M0⋅W0

× 100% (2)  

In Eqs. (1) and (2), M represents the mass of the reaction product after alkaline leaching (g), W represents the mass fraction of 
fluorinated REEs in the alkaline leaching products (wt %), C represents the concentration of F in the aqueous washing solution (g/L), V 
represents the volume of the leaching solution (L), M0 represents the mass of RMES used in the alkaline leaching process (g), and W0 
represents the initial mass fraction of fluorinated REEs in the RMES used in the alkaline leaching process (wt %). 

Fig. 1. XRD pattern of RMES.  

Fig. 2. Reaction equipment and process.  
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2.3. Equipment and reagent 

A physical phase analysis of the raw materials and reaction products was performed using an X-ray diffractometer (Ultima IV, 
Rigaku, Japan). The raw materials and reaction products were analyzed using scanning electron microscopy (SEM; MLA650F, FEI, 
USA), energy-dispersive X-ray spectroscopy (EDS; MLA650F, FEI, USA), X-ray photoelectron spectroscopy (XPS; PHI5000VersaProbe, 
Japan) The chemical composition was characterized using inductively coupled plasma emission spectroscopy (ICP; HORIBA, Ultima2), 
atomic absorption spectroscopy (AAS; GGX-600, Hai Guang, China), microwaves (MAS-ll PLUS, China), and ion chromatography (IC; 
Thermo Scientific Integrion ICS-900, America). Sodium hydroxide (XIHUA, China) was used as the primary chemical reagent. 

3. Results and discussion 

3.1. Comparison of microwave-heated leaching with conventional leaching 

To study the differences between microwave-heated leaching and conventional leaching, the effects of the two methods on the 
alkali conversion of fluorinated REEs were analyzed. The leaching rate of F from fluorinated REEs was measured under the same 
experimental conditions: reaction temperature of 110–160 ◦C, microwave heating power of 700 W, initial NaOH concentration of 60 
%, NaOH-to-slag mass ratio of 4:1, and stirring speed of 300 r/min. Conventional heating for alkali conversion was performed in an oil- 
bath heating kettle. As can be seen from Fig. 3, the leaching rate of F from the fluorinated REEs gradually increased with increasing 
reaction time for both methods, reaching a maximum value of 99.17 % at 150 ◦C at 120 min for microwave heating (Fig. 3(a)) and a 
maximum value of 99.08 % at 150 ◦C at 160 min for conventional heating (Fig. 3(b)). Therefore, it was found that under the same 
conditions, the leaching rate of F from fluorinated REEs was significantly improved by microwave heating compared to conventional 
heating. Furthermore, at the selected optimal reaction time of 120 min, the difference in the leaching rate of F was 17.06 %. 

3.2. Effect of reaction factors on the phase transition of fluorinated REEs during microwave heating process 

In this study, the conversion rate of fluorinated REEs into hydroxylated REEs was measured, and the effects of the microwave 
heating reaction temperature, initial NaOH concentration, microwave power, NaOH-to-slag mass ratio, and stirring speed on the 
conversion rate were investigated to determine the optimal reaction conditions. 

3.2.1. Effect of temperature on the conversion of fluorinated REEs 
To investigate the effect of reaction temperature on the conversion of fluorinated rare earth phases, the temperature was varied 

between 110 and 160 ◦C. As shown in Fig. 4, the conversion of NdF3, PrF3 and PrOF in the fluorinated REEs increased from 22.77 % to 
21.49 %–99.21 % and 99.11 %, respectively, as the temperature increased from 110 ◦C to 150 ◦C. This is because the increase in 
temperature was favorable for the diffusion of NaOH in the reactant slurry and the kinematic activity of the fluorinated rare-earth 
molecules, which then led to better contact between the reactants and the alkali medium, thus improving the conversion effi-
ciency. However, when the temperature exceeded 150 ◦C, the conversion rate of the fluorinated REEs increased slowly. Therefore, 
150 ◦C was selected as the optimum reaction temperature. 

3.2.2. Effect of initial NaOH concentration on the conversion of fluorinated REEs 
The effect of the initial NaOH concentration (30–80 %) on the phase conversion of the fluorinated REEs was investigated. As shown 

in Fig. 5, the conversion of NdF3,PrF3 and PrOF in the fluorinated REEs increased from 31.92 % to 30.16 %–99.15 % and 99.12 %, 
respectively, when the initial NaOH concentration was increased from 30 % to 60 %; this was attributed to the increase in NaOH 
concentration facilitating a higher mass-transfer efficiency between the solid and liquid interfaces, which in turn increased the con-
version of the fluorinated REEs. However, when the initial concentration exceeded 60 %, there was no obvious increase in the con-
version rate of the fluorinated REEs. Therefore, 60 % was selected as the optimal initial concentration. 

Fig. 3. Leaching rate of element F in fluorinated rare earths(a) microwave heating conditions; (b) conventional heating conditions.  

Y. Mubula et al.                                                                                                                                                                                                        



Heliyon 10 (2024) e32278

5

3.2.3. Effect of NaOH-to-slag mass ratio on the conversion of fluorinated REEs 
The effect of the NaOH-to-slag mass ratio (2:1–6:1) on the physical phase reconstruction of fluorinated REEs was investigated. As 

shown in Fig. 6, the conversion rates of NdF3,PrF3 and PrOF in fluorinated REEs increased from 34.24 % to 31.46 %–99.21 % and 
99.07 %, respectively, when the NaOH-to-slag mass ratio was increased from 2:1 to 4:1. This is because an increase in the NaOH-to-slag 
mass ratio was conducive to the enhancement of the overall wave absorbance of the reactant slurry, such that the energy transmitted 
by the microwave to the reactant slurry was better transformed into reaction heat energy, thereby improving the conversion rate of the 
fluorinated REEs. However, when the NaOH-to-slag mass ratio was higher than 4:1, the conversion rate of the fluorinated REEs 
decreased. This decline was attributed to the viscosity of the slurry increasing with the NaOH mass ratio, which limited the transfer 
activity of the reactants and media in the reaction system and led to a lower probability of contact between the alkali and slag. 
Therefore, 4:1 was identified as the optimal NaOH-to-slag mass ratio. 

3.2.4. Effect of microwave power on the conversion of fluorinated REEs 
To study the effect of microwave power on the conversion of fluorinated REEs in the physical phase, the microwave power was 

varied between 300 and 900 W. As can be seen from Fig. 7, when the microwave power was increased from 300 W to 700 W, the 
conversion rates of NdF3,PrF3 and PrOF in the fluorinated REEs increased from 83.23 % to 81.11 %–99.21 % and 99.09 %, respectively. 
This is because, as the microwave power increased, more energy was transmitted to the reactant slurry per unit time, which resulted in 
rapid heating of the reactant slurry and provided abundant energy to impart highly active movement to the ions in the reactant slurry, 

Fig. 4. Effect of temperature on the conversion of fluorinated rare earths (NaOH initial concentration:60 %, NaOH-slag mass ratios 4:1, microwave 
power: 700W, stirring speed: 300r/min, time: 120min). 

Fig. 5. Effect of NaOH initial concentration on the conversion of fluorinated rare earths (temperature: 150 ◦C, NaOH-slag mass ratios 4:1, mi-
crowave power: 700W, stirring speed: 300r/min, time: 120min). 
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thus improving the reaction rate. When the microwave power exceeded 700 W, the conversion rate of the fluorinated REEs did not 
increase significantly; therefore, 700 W was selected as the optimal microwave power. 

3.2.5. Effect of stirring speed on the conversion of fluorinated REEs 
The effect of stirring speed (0–500 r/min) on the phase conversion of fluorinated REEs was investigated. As can be seen from Fig. 8, 

when the stirring speed was increased from 0 r/min to 300 r/min, the conversion of NdF3,PrF3 and PrOF in the fluorinated REEs 
increased from 31.44 % to 30.36 %–99.17 % and 99.11 %, respectively. This may be due to the high concentration of the leaching 
system causing stratification when stirring did not occur, which was not conducive to the reaction. Using the appropriate stirring speed 
aided in establishing full contact between the reactants, alkaline medium, and intermediates in the electrolyte, which caused the 
reaction to proceed more thoroughly. However, when the stirring speed exceeded 300 rpm, the conversion rates of Nd and Pr in the 
fluorinated REEs decreased with increasing stirring speed. This is because the minerals rotated with the alkaline medium when the 
speed was too high, forming a relatively static state, which reduced the probability of contact and affected mass transfer effect on the 
suspension; thus, 300 rpm was selected as the optimal stirring speed. 

3.3. Conversion process of fluorinated REEs 

To investigate the phase conversion process of fluorinated REEs into hydroxylated REEs under microwave heating conditions, raw 
ore samples and reaction products were analyzed using SEM, EDS, XRD, and XPS. 

Fig. 6. Effect of NaOH to slag mass ratios on the conversion of fluorinated rare earths (temperature: 150 ◦C, NaOH initial concentration:60 %, 
microwave power: 700W, stirring speed: 300r/min, time: 120min). 

Fig. 7. Effect of microwave power on the conversion of fluorinated rare earths (temperature: 150 ◦C, NaOH initial concentration:60 %, NaOH to 
slag mass ratios:4:1, stirring speed: 300r/min, time: 120min). 
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The XRD (Fig. 1), SEM, and EDS patterns (Fig. 9 (a)) of the raw ore showed that the fluorinated REEs in the RMES were mainly 
NdF3,PrF3 and PrOF, containing 38.02 % F, and their surface morphology comprised irregular and smooth tiny particles. Fig. 9 shows 
the SEM images and EDS spectra and Fig. 10 shows the XRD patterns of the reaction products obtained under the following reaction 
conditions: reaction temperature of 110–150 ◦C, microwave power of 700 W, reaction time of 2 h, stirring speed of 300 rpm, and 
NaOH-to-slag mass ratio of 4:1. When the microwave heating temperature was 110 ◦C, the surface of the ore sample began to be 
damaged—the smooth morphology of the original surface transformed to a rougher morphology—and the content of F decreased, as 
shown by the SEM image and EDS spectrum, respectively (Fig. 9(b)). Furthermore, Fig. 10 shows that the NdF3, PrF3 and PrOF peaks 
gradually weakened, and Nd(OH)3 and Pr(OH)3 peaks began to appear, indicating that the fluorinated REEs began to be converted into 
hydroxylated REEs at 110 ◦C. The EDS results confirmed that the fluorinated REEs were transformed into hydroxylated REEs. When the 
microwave heating temperature was 120 ◦C, there were many holes and cracks on the surface of the ore sample and the F content 
decreased from the original 38.02 %–18.77 % (Fig. 9(c)); furthermore, XRD (Fig. 10) showed that the peaks of Nd(OH)3 and Pr(OH)3 
increased in intensity while the peaks of NdF3,PrF3 and PrOF weakened gradually. When the microwave heating temperature was 
130 ◦C, the ore sample began to significantly decompose and the presence of tiny crystals attached to the surface of the damaged rough 
particles could be observed (Fig. 9(d)). Furthermore, EDS showed that the content of F decreased to 11.97 % (Fig. 9(d)). XRD (Fig. 10) 
showed that a large number of obvious Nd(OH)3 and Pr(OH)3 peaks appeared on the spectra. Simultaneously, a small number of 
characteristic peaks of NdF3, PrF3 and PrOF were detected. When the microwave heating temperature was 140 ◦C, the mineral samples, 
except for some small particles, had transformed into small crystal particles in the form of agglomerates (Fig. 9(e)); furthermore, the F 
content decreased to 6.17 % (Fig. 9(e)). Meanwhile, the XRD pattern (Fig. 10) mainly comprised peaks corresponding to Nd(OH)3 and 
Pr(OH)3, and the characteristic peaks of NdF3, PrF3 and PrOF were not detected. When the microwave heating temperature was 150 ◦C, 
the mineral samples had all turned into small-grained crystals, and the F content decreased from the original 38.02 to 0 % (Fig. 9(f)). 
The XRD pattern (Fig. 10) mainly comprised peaks corresponding to Nd(OH)3 and Pr(OH)3, and the characteristic peaks of NdF3, PrF3 
and PrOF were not detected. This indicates that the fluorinated REEs in the raw material were almost completely converted into 
hydroxylated REEs. In addition, the SEM morphologies showed that increasing the reaction temperature resulted in an increasing 
degree of cracks on the surfaces of the mineral samples, which increased the specific surface areas of the minerals. This may be due to 
the fact that the microwave energy transferred thermal energy through the reaction system, which comprised a specific ratio of mineral 
samples and alkali medium; due to the inhomogeneity of the microwave action, a temperature difference was generated, which in turn 
generated thermal stresses, which increased the specific surface areas of the reactant mineral samples. 

The XPS spectra of the original sample and reaction product (Fig. 11(a)) show obvious F peaks in four places, and that the relative 
atomic composition of F atoms was the highest at 78.1 %; this was due to the chemical bonding in the original samples of NdF3,PrF3 
and PrOF mainly being the ionic bonding between F and the REEs, resulting in the composition of the rest of the elemental atoms being 
lower and their peaks being weaker. Fig. 11(b) shows that the F peak disappeared, resulting in there only being one weak peak at a 
binding energy of 682.4 eV, and the relative atomic composition of F reduced to 1.2 %. In addition, the relative composition of O atoms 
was the highest at 81.7 %, and a new Nd peak was observed; furthermore, the relative compositions of Nd and Pr atoms also increased 
from 7.7 % to 1.7 %–14.2 % and 2.9 %, respectively, because NdF3,PrF3 and PrOF in the pristine samples were almost completely 
converted to Nd(OH)3 and Pr(OH)3. After the microwave heating reaction, under the dual action of mineral decomposition conversion 
and the temperature difference generated by the microwaves, the specific surface areas of the minerals gradually increased with 
increasing temperature, which resulted in the formation of rough cracks and/or pore structures on the originally smooth surfaces of the 
mineral sample particles. This made the minerals looser and easier to decompose and transform, which was conducive to the sub-
sequent reaction proceeding more thoroughly. In this process, as the reaction proceeded, the mineral surface continued to decompose 
and change in structure, while the chemical bonding also changed from ionic bonding between F and the REEs to chemical bonding 

Fig. 8. Effect of stirring speed on the conversion of fluorinated rare earths (temperature: 150 ◦C, NaOH initial concentration:60 %, NaOH to slag 
mass ratios:4:1, microwave power: 700W, time: 120min). 
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between –OH and the REEs. Thus, the microwave heating process successfully realized the decomposition conversion of fluorinated 
REEs into hydroxylated REEs, which guaranteed their subsequent leaching and recovery. 

3.4. Leaching kinetics of alkaline leaching process 

To further analyze the conversion process of fluorinated REEs during the microwave heating reaction, the classical “unreacted 
nucleus contraction model” was used to analyze the leaching kinetics of the conversion process. Hydroxylated REEs and NaF were 
produced during the conversion of fluorinated REEs and fluorinated rare-earth oxides, according to the reaction equations (3)–(6); this 
is essentially a solid–liquid reaction, and the reaction behavior can be described by the unreacted nucleus contraction model [28]. 

Fig. 9. SEM and EDS pattern of (a) raw RMES; (b–f) the reaction products at different temperature (110–150 ◦C), reaction time of 120 min, stirring 
speed of 300 r/min, NaOH to slag mass ratios of 4:1, NaOH initial concentration of 60 % and microwave power of 700W 

Fig. 10. XRD pattern of the reaction products at different temperature (110–150 ◦C), reaction time of 120 min, stirring speed of 300 r/min, NaOH to 
slag mass ratios of 4:1, NaOH initial concentration of 60 % and microwave power of 700W 
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According to this model, the reaction rate between solid particles and the reacting reagent can be controlled by one of the following 
steps: diffusion through the product layer, diffusion through the fluid film, or chemical reactions at the particle surface [29–31]. The 
integral rate equations for these models can be expressed as 1 + 2(1–X) − 3(1– X)2/3 = K1t, 1– (1– X)2/3 = K2t, 1– (1– X)1/3 = K3t,where 
X is the rate of leaching of F from the fluorinated REEs, t is the reaction time, K1 is the rate constant for pore diffusion, K2 is the apparent 
rate constant for diffusion through the fluid film, and K3 is the apparent rate constant for surface chemical reactions.  

NdF3 + 3NaOH––Nd(OH)3 + 3NaF                                                                                                                                           (3)  

PrF3 + 3NaOH––Pr(OH)3 + 3NaF                                                                                                                                             (4)  

PrOF + NaOH + H2O––Pr(OH)3 + NaF                                                                                                                                     (5)  

Li + NaOH––LiOH + NaF                                                                                                                                                         (6) 

To determine the rate-limiting step of the kinetic reaction of the fluorinated REE conversion process, the leaching rate data of F 
from the fluorinated REEs (Fig. 3) were used in calculations with the above model equations and evaluated by linear fitting; the results 
are shown in Fig. 12(a–c). The kinetic equation 1– (1– X)1/3 = K3t was an appropriate fit for the leaching rates of F from fluorinated 
REEs obtained via the microwave and conventional heating methods under different temperature conditions; the correlation coeffi-
cient R2 was above 0.99, owing to which the best linear relationship obtained was1– (1– X)1/3 = K3t. Based on these results, a kinetic 

Fig. 11. XPS pattern of (a) raw RMES; (b) the reaction products at reaction temperature of 150 ◦C, reaction time of 120 min, stirring speed of 300 r/ 
min, NaOH to slag mass ratios of 4:1, NaOH initial concentration of 60 % and microwave power of 700W 

Fig. 12. Plots of 1– (1– X)1/3 = K3t of (a) microwave heating conditions, (b) microwave heating conditions Arrhenius plots of F-element leaching 
from fluorinated rare earths; (c) conventional heating conditions,(d) conventional heating conditions Arrhenius plots of F-element leaching from 
fluorinated rare earths. 
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equation for the process that obeys the chemical reaction on the surface was determined. 
As shown in Fig. 12(a–c), the slopes of the fitted straight lines were linearly fitted to ln K versus 1/T according to the Arrhenius 

equation K = Ae− E/RT to obtain the Arrhenius curves of the reaction rate constants versus temperature for the conversion of fluorinated 
REEs to rare earth compounds under both the microwave and conventional heating processes (Fig. 12(b–d)). The apparent activation 
energy for the conversion of fluorinated REEs to rare-earth compounds was calculated to be E = 54.872 kJ/mol during the microwave 
heating process and E = 67.33 kJ/mol during the conventional heating process; the apparent activation energy of the microwave 
heating method was 12.458 kJ/mol lower than that of the conventional heating method, indicating that the microwave heating 
method effectively reduced the apparent activation energy. Using the above method, the linear fitting curves of ln k versus ln[NaOH], 
ln[MRMES/MNaOH], ln[P], and ln[S] were obtained using Eqs. for the initial NaOH concentration, alkali residue ratio, microwave 
power, and stirring speed, respectively (Fig. 13). The slopes of the fitting curves of the reaction rate constant k with the reaction 
temperature, reaction time, initial NaOH concentration, alkali residue ratio, microwave power, and stirring speed corresponded to the 
reaction levels of the factors in the microkinetic equation for the conversion of fluorinated REEs to rare-earth compounds. Thus, the 
microkinetic equation of the above microwave-enhanced conversion process can be described as follows:  

1– (1– X)1/3 = 56.38[NaOH]2.796[MRMES/MNaOH]1.6727[P]0.4477[S]0.7208e− 54872t/RT                                                                             

4. Conclusion  

(1) After the microwave-assisted atmospheric alkaline leaching process, under the dual effect of RMES decomposition and selective 
microwave heating, the surface of the nonporous RMES particles exhibited a morphology comprising slits or holes; the surfaces 
of the particles were loose and porous, which played a crucial role in improving the conversion efficiency of the fluorinated 
REEs. Under the optimal reaction conditions—reaction temperature of 150 ◦C, initial NaOH concentration of 60 %, NaOH-to- 
slag mass ratio of 4:1, microwave power of 700 W, reaction time of 120 min, and stirring speed of 300 r/min—the conversion 
rate of fluorinated REEs reached 99.17 %.  

(2) A leaching kinetics study showed that the conversion of fluorinated REEs was dependent on the chemical reaction rate at the 
particle surface. The apparent activation energy of the microwave-assisted atmospheric alkaline leaching process was calcu-
lated to be 12.458 kJ/mol lower than that of conventional leaching. The kinetic equation of the microwave-assisted atmo-
spheric alkaline leaching process is 1– (1– X)1/3 = 56.38[NaOH]2.796[MRMES/MNaOH]1.6727[P]0.4477[S]0.7208e− 54872t/RT. 
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