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Abstract

:

The anode effect can occur during neodymium and didymium oxide electrowinning, causing a surge in the electrochemical cell voltage, interrupting the process, and increasing the greenhouse gas emissions. In this work, we develop a mathematical model, based on the mass balance of gas bubbles evolving from the anode, to understand the influence of some process parameters on the anode effect. The anode effect occurs due to bubble coverage and limitations on the mass transfer of the oxide species. Variables such as current density, oxide content, viscosity, and electrolyte composition play an important role in the anodic process. Finally, we propose a mechanism for the occurrence of the anode effect during Nd or Di (Nd–Pr) oxide electrolytic reduction based on models used in aluminum electrolysis.
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1. Introduction


The anodic process is an important part of the electrochemical reduction of neodymium or didymium oxide (a mixture of Nd2O3 and Pr6O11). Depending on process parameters such as oxide concentration, molten salt content, viscosity, and others, the potential at the anode can increase, and consequently the potential of the cell can also increase [1,2,3]. In extreme conditions, the cell operation can be interrupted. The anode effect is also observed in other electrochemical cells such as aluminum reduction cells and is characterized by a surge in potential at the anode [4,5,6,7]. The increase in the potential at the anode is also associated with emissions of perfluorocarbon (PFC), which has a much bigger potential as a greenhouse gas than CO2 [8].



Various mechanisms have been proposed for aluminum reduction, which has been more intensely described in the literature than neodymium reduction [5]. Many publications associate the anode effect with lower wettability, low concentrations of electroactive species, and bubble formation at the anode [6,9,10,11]. The wettability can diminish due to anode polarization [5,6], adsorbed fluoride species on the anode surface (formed probably due to low oxide concentration), and porosity of the anode. At low wettability, bubbles tend to cover the anode area, diminishing the available area for electron transfer and increasing the potential at the anode.



Bubble formation can involve different mechanisms, depending on parameters such as wettability, surface tension, size of cavities on the surface, and others. Jones et al. [12] classified these mechanisms into four different types. Type I refers to homogenous nucleation and consists of the formation of nuclei in the bulk of the liquid. Type II refers to heterogeneous nucleation, where the nuclei are formed on the solid surface, cavities, or particles present in the liquid. Both nucleation mechanisms are based on the classical theory of nucleation. Type III refers to a pseudo-classical theory, where bubbles are formed in pre-existing gas in cavities or on suspended particles by homogenous or heterogeneous nucleation. In Type IV, which relies on non-classical theory, bubble nucleation occurs in cavities where there are pre-existing gases, as in Type III, but for radii of curvature of the gas cavity menisci higher than the critical nucleation value. In this case, no energy barrier needs to be overcome, and nucleation becomes a bubble growth mechanism.



For electrochemical processes, there is no consensus in the literature about which mechanisms prevail. For electrodes with cavities, it is supposed that gas can be formed and nucleation of Type IV prevails because this leads to a minimum energy condition for nuclei formation [13]. If the wettability of the electrolyte on the electrode is small, the energy barrier for nucleation is not negligible, and this higher energy barrier must be overcome as predicted by the classical theory [14,15]. A decrease in wettability due to anodic polarization was observed for molten fluoride aluminum reduction that could lead to complete anode coverage by the gases produced [6,10].



Bubble fluid dynamics at the electrode is also important for the potential of the cell. Vogt [10] showed that the bubble motion under horizontal anodes was important for the cell behavior. The motion of bubbles on vertical anodes is different from that on horizontal anodes [16], but bubbles moving within the mass transfer boundary layer, such as the bubbles growing at the electrode surface, can affect the mass transfer of the electroactive species from the bulk to the electrode [17]. Vogt [10] described by means of a mathematical model the influence of the bubble dynamics over horizontal anodes on the critical current density, where the entire anode can be covered by gases.



Although significant differences are expected in the bubble motion in a vertical neodymium cell anode, a similar approach can be adopted to try to understand the mechanism of the anode effect. In this work, we present a model for the potential of a neodymium electrochemical reduction cell with vertical electrodes. The model is based on the mass balance at a vertical anode. Then, the influence of some cell parameters on nucleation is discussed, and a mechanism is proposed for the anode effect based on models used in aluminum electrolysis.




2. Materials and Methods


2.1. Study on Gas Bubble Evolution


A laboratory-scale cell was assembled at the IPT (Institute for Technological Research of Sao Paulo State) facility to study the reduction of neodymium and didymium oxide. The cell consisted of an Inconel-lined reactor heated by an external furnace to 1050 °C. The experimental procedure consisted of inserting graphite crucibles into the reactor containing approximately 19 kg of salt mixture (LiF-NdF3-PrF3) in different proportions. Each sample was heated up, dried under vacuum for more than 12 h, and melted. A ¼-inch tungsten rod was immersed in the center of the molten salt, surrounded by a cylindrical anode with a 120 mm inner diameter. Both anode and cathode were immersed in the molten salt to a depth of approximately 100 mm. Between the anode and cathode, a platinum rod was installed as a quasi-reference electrode. A small molybdenum crucible was positioned below the cathode to collect the rare earth metal produced.



The reactor lid had a silo containing didymium oxide that was fed to the molten salt at a determined rate through an endless screw feeding system. Continuous current between 80 and 150 A was provided by a CR rectifier (CR Comércio de Retificadores, Charqueada, SP, Brazil).



Previous studies on didymium oxide reduction by molten salt electrolysis have been carried out by this research team, aimed at verifying the influence of some process parameters on the operational stability of the cell [3]. In these studies, it was observed that, for example, while oxide is being fed, the electrochemical reduction process remains relatively stable. However, when there is a lack of oxide, the oxide activity decreases, the process becomes unstable, and the anode effect can be observed, as in aluminum reduction cells.



Some of our visual observations suggested that the bubbles formed at the anode change in size and frequency depending on the operational conditions (Figure 1). Under stable operation, the bubbles at the surface of the electrolyte look bigger and appear with lower frequency compared with unstable operations with significant anode effects, when the bubbles look significantly smaller and appear as a cloud of smaller bubbles. Under unstable conditions, the cell potential is higher than under stable conditions.



Similarly to the case for the horizontal anode [10], the gas evolution rate     V ˙  g    can be described by a mass balance in the vertical anode. Hence, Faraday’s law is given by:


      V ˙  g   A  =      ν g     ν  N d   n         η j  F        Z R T  P    ,  



(1)




where  A  is the total anode area,    ν g    and    ν  N d     are the stoichiometric coefficients of the gas and neodymium or didymium, respectively, according to Equation (2) [2],  n  is the number of electrons in the reaction,  η  is the current efficiency,  j  is the current density,  F  is the Faraday constant,  R  is the gas constant,  T  is the temperature,  P  is the pressure, and  Z  is the compressibility factor.


  N  d 2   O 3  + 3 C   → 2 N d + 3 C O .    



(2)







The gas bubbles formed can nucleate and grow on the anode surface, and the fraction of the area occupied by bubbles  Θ  can be represented as the ratio of the total bubble area on the anode surface and the total anode area, as follows:


  Θ =    n b  π R    t   2   A  ,  



(3)




where    n b    is the total number of bubbles and   R  t    is the mean radius for a given distribution size at time  t . The gas evolution rate can also be described as a function of the volume of bubbles    V b      as follows:


    V ˙  g  =    n b   V b     t  r b     .  



(4)







By substituting Equations (2) and (3) in (1), the fraction of the anode area occupied by bubbles can be expressed as:


  Θ =   3  t  r b     4 R  t         υ  g a s      υ  N d   n         η J  F        Z R T  P     f g  ,  



(5)




where    f g    is the gas evolution efficiency in the anode and is given by [10,18]:


   f g  = 0.55  Θ  0.1   + 0.45  Θ 8  .  



(6)







Bubbles nucleate, grow, and detach from the anode to move to the electrolyte surface. To describe the bubble dynamics at the anode, the residence time was divided into two components:    t  r b _ a     for the residence time while growing to detaching and    t  r b _ b     for the residence time of bubbles after detaching from the anode and moving to the electrolyte surface. The total residence time    t  r b     is the sum of these two components. As bubbles move next to the vertical anode [16], the mass transfer layer is affected [17].



2.1.1. Residence Time Due to Bubble Growth    t  r b _ a    


If nucleation is assumed to be considerably faster than the bubble growth rate, then the total residence time before bubble detachment from the anode is mainly due to bubble growth. Bubbles grow by mass transfer from the dissolved gas molecules in the electrolyte to the bubbles. The driving force for mass transfer is the supersaturation of the gas-forming species and its rate is given by [19]:


  η   I / A   (  υ  N d   n /  υ  g a s   ) F     1 −  2 3   f g    =  k b     C o  −  C  s a t     ,  



(7)




where    C o    is the concentration of the dissolved species at the electrolyte and    C  s a t     is its saturation concentration in mol·m−3. In addition,    k b    is the mass transfer coefficient and can be determined, considering the influence of the area occupied by bubbles, by [20]:


   k b  = 1.65  D S  R  e b  0.5          μ L     ρ L   D s        0.5    Θ  0.5     1 − Θ   /   2 R   ,  



(8)




where     R  e b    is the Reynolds number for the gas bubbles. The mass transfer coefficient is a function of the diffusion coefficient    D S   , viscosity    μ L   , and electrolyte density    ρ L   .



A number of empirical expressions can be found in the literature relating the bubble radius and growth time. In this work the expression proposed by Scriven was adopted due to its high acceptance in the literature [12,21,22]:


  R = 2 β    D S   t  r b _ a     ,  



(9)




where  β  is a nondimensional growth parameter. Based on the study by Scriven, since the relation between the density of the gas and the electrolyte    ρ G  /  ρ L    at high temperatures is negligible, the  β  parameter was fitted to the following expression:


  β =   1.152  ϕ 2  + 801.3 ϕ + 948   ϕ + 879.6   ,  



(10)




where


  ϕ =    ρ L     C o  −  C  s a t        ρ G     ρ L  −  C  s a t       .  



(11)







To calculate the residence time due to bubble growth from Equation (9), supersaturation is calculated by Equations (7) and (8).




2.1.2. Residence Time after Detachment    t  r b _ b    


For a vertical anode immersed in the electrolyte, bubbles are formed at different positions. Bubbles formed at the top of the anode reach the electrolyte surface faster than bubbles formed at the bottom. For a bubble formed at a distance  y  from the top of the anode, ascending with a velocity    v b   , the residence time can be represented by:


   t  r b _ b i   = f    v b  , y   =  y   v b    .  



(12)







By applying the mean-value theorem to Equation (12) and considering that   f    v b  , y     is a continuous function, the mean residence time of the bubbles can be determined by:


   t  r b _ b   =    1   y 2  −  y 1      ∫    y 1     y 2    f    v b  , y   d y .  



(13)







For an anode of length L, Equation (13) can be integrated from length 0 to L, resulting in


   t  r b _ b   =  L  2  v b    .  



(14)







The velocity of an ascending bubble can be determined from a balance of the drag and buoyancy forces applied to the bubble. The relative velocity is, in general, represented as a function of the bubble radius and its drag coefficient      C D    as follows [16]:


   v b  =     8    ρ L  −  ρ G    g R   3  ρ L   C D      .    



(15)




where


   C D  = m a x     24   R  e b      1 + 0 , 1 R  e b  0.75     , m i n    2 3    E o   ,  8 3      .  



(16)







This correlation was proposed by Ishii et al. [23] to estimate the drag coefficient and gave a good result in the simulation of a similar process [16].



The mathematical treatment adopted for the other boundary conditions, namely open circuit potential, ohmic drop, and anodic overpotential, is presented below.





2.2. Overall Cell Voltage


The potential of an electrochemical cell is a summation of different potential components. These are the ohmic potential drop    Δ Φ   , the open-circuit potential E, the gas diffusion overpotential      η  d i f f    , and the charge transfer overpotential      η c   .


   E  c e l l   =  E  +  η  d i f f   +  η c  +  Δ Φ  +    Δ Φ    e l e c t r o d e s    



(17)







2.2.1. Open-Circuit Potential


The open-circuit potential of the reaction represented by Equation (2) is given by the Nernst equation, as follows [2]:


  E =  E 0  −   R T   n F   l n    a  N d  2  .  a  C O  3     a  N  d 2   O 3  .    a C 3    .  



(18)







Considering that the activity values of neodymium metal, CO gas, and carbon are 1 and the activity of neodymium oxide can be represented by the ratio of neodymium concentration and its saturation, the open-circuit potential can be rewritten as [2]:


  E =  E 0  −   R T   n F   l n    1   C  N  d 2   O 3    / C s a  t  N  d 2   O 3        .  



(19)








2.2.2. Ohmic Potential Drop


The resistance to ionic and electronic current leads to an ohmic drop, represented by:


   Δ Φ  = I  R  e l   ,  



(20)




where I is the applied current and Rel is the resistance of the electrolyte or of the electrode material and is dependent on the resistivity    ρ  e l     as follows:


   R  e l   =  ρ  e l     ∫   x 1   x 2     d x   A  x     



(21)







Classical neodymium and didymium reduction cells have a W or Mo cathode rod at the center of the cell, surrounded by a graphite anode. The electrolyte resistance varies with the cathode and the anode diameters, and consequently with the distance between the electrodes x. Considering this cell geometry, the resistance due to the electrolyte can be written as:


   R  e l   =  ρ  e l     ∫   D c   D a     d x   2 π L x   ,  



(22)




where Da and Dc are the internal diameter of the anode and the diameter of the cathode, respectively. Solving the integral and substituting in (20) results in:


   Δ Φ  =    ρ  e l     2 π L   l n     D a   D c     I .    



(23)








2.2.3. Anodic Overpotential


Charge Transfer Overpotential


There is an overpotential attributed to the charge transfer on the anode surface due to diffusion, which can be important to the overall cell voltage. This overpotential can be represented by the corrected concentration form of the Butler–Volmer equation, considering that the current density j is much larger than the exchange current density jo [24]:


   η c  =   R T   α F   l n   j /  j o      1 − j /  j  l i m       ,  



(24)




where  α  is the transfer coefficient at the anode and    j  l i m     is the current density when the concentration of the oxygen-containing species next to the electrode    C w    is zero. Since there are bubbles covering the anode, the real current density can be represented by   j = I / A   1 − Θ    . Similarly to the gas molecule, the mass transfer of the oxygen carrier species can be represented by:


   I    n /  υ  N  d 2   O 3      F   =  k  N  d 2   O 3    A   1 − θ      C  N  d 2   O 3    −  C w    ,  



(25)




where    C  N  d 2   O 3      is the bulk concentration of the electrolyte. As the oxygen carrier species and the gas molecule are different species, their mass transfer coefficients are not necessarily equal [19]. However, due to the lack of enough data and to aid simplification of the model, in this study their mass transfer coefficients were considered similar. Given these considerations, Equation (24) is rewritten as follows:


   η c  =   R T   α F     l n    I  A   1 − Θ    j 0      − l n   1 −    v  N d 2 O 3    n   I  F  k b  A  C  N  d 2   O 3          .    



(26)








Gas Diffusion Overpotential


The overpotential due to the gas diffusion at the anode is also important. Since the dissolved gas is supersaturated and diffuses to the anode resulting in bubble formation and growth, it is probable that the gas concentration at the electrode surface    C s    is close to saturation [24]. Assuming that the reaction at the surface is fast enough for the system to be considered to be in equilibrium, the electrode potential can be represented by the Nernst equation [24]. Thus, the gas diffusion overpotential is written as a function of the gas concentration as follows:


   η  d i f f   =   R T   n F   l n    C o     C s    .  



(27)







As discussed by Vogt and Stephan [20], the mechanism of mass transfer of dissolved gas formed at the electrode must not be represented by the diffusion mass transfer only. The convective component of the mass transfer due to the induced convection resulting from bubble growth, detachment, and ascension is an important part of the dissolved gas transport phenomenon. The dissolved gas concentration depends on this mechanism.



With the aforementioned assumptions and considering the driving force for mass transfer, the gas diffusion overpotential can be written in a simplified form as:


   η  d i f f   =   R T   n F   l n   1 +  I  A F  k b   C  s a t       .  



(28)







Note that the second logarithm terms of Equations (26) and (28) do not contain the correction for the fraction of anode coverage, since it is already considered in    k b   .



The parameters in these equations refer to the neodymium oxide decomposition. However, the same equations can be applied to didymium oxide.



The model presented here is limited to electrochemical cells with vertical anodes. Horizontal anodes are not represented properly by this model due to significant differences in bubble motion and physical interaction with the anode. Another limitation is related to the mass transfer correlation proposed by Vogt and Stephan [20] and adopted here, which considers that convection is induced by bubble evolution at the anode. This correlation is restricted to processes in which free or forced convection is negligible. Finally, as the charge transfer overpotential depends on the current density, meaningless physical results were obtained for current densities lower than 0.05 A/cm2.







3. Results


The geometric and physical properties considered in the simulations are summarized in Table 1 and correspond to the electrochemical cell described.



The fraction of the anode area covered by bubbles is a function of the bubble radius and residence time. Figure 2 shows the variation in bubble coverage as a function of bubble size for a current of 150 A. Figure 2 was obtained by solving Equations (1)–(16) for different values of R.



For large bubble sizes, the bubble coverage is not significant. Bubbles of large size tend to detach easily from the anode. However, bubbles smaller than about 1 mm lead to a large increase in the bubble coverage. Considering that the applied current is constant, and the volume of gas evolving from the anode is also constant, then the total bubble area increases as the bubble size decreases. Furthermore, small bubbles have lower velocities and tend to have a higher residence time at the anode. This may explain the fast increase in bubble coverage for bubble radii less than 1 mm. This behavior is compatible with visual observations.



The cell voltage can be estimated by solving Equations (1)–(26). Figure 3 shows the evolution of the cell voltage as a function of the anode coverage. The simulation considers a neodymium oxide content of 3% by weight.



The cell potential increases gradually up to 80% of anode coverage. After this point, the potential increases faster, and at about 94% of anode coverage, a surge in the potential is observed, similar to the observations of the anode effect in neodymium or didymium reduction [1,3,28] and aluminum reduction [5,6]. These results indicate that the anode effect can occur before the complete coverage of the anode, as reported in the literature for aluminum production. To understand the increase in cell potential as a function of electrode coverage, the overall cell voltage is shown in Figure 4a and the anodic overpotential in Figure 4b, together with the contributions of the main factors considered.



As shown in the model description, the increase in the potential is due to the anodic overpotential when the anode is covered with bubbles. For   Θ < 0.9  , the principal contribution to the cell potential is the ohmic drop in the electrolyte, followed by the open-circuit potential, as observed by Vogel and Friedrich [2]. The ohmic drop due to the electrode material is negligible compared to the other components. Figure 4b shows that the contribution to the surge in the potential at the anode is mainly due to charge transfer of the oxide species and represents 90 to 95% of the anodic overpotential.



The model results were compared with two different experimental situations. The first experiment, with data presented in Figure 5, represents a situation where the operation is stable, with low overall cell potential and no anode effect. The second experiment, in Figure 6, shows high overall cell voltage and unstable operation, with many oscillations due to the anode effect.



In the experiment shown in Figure 5, the cell remained stable for about 200 min, with a short interval for operational adjustments. During the reduction stage, with a cell voltage close to 4 V, the model was fitted to a value of Θ equal to 0.76, that is, 76% anode coverage. At the end of each section, close to the occurrence of the anode effect, the voltage rose to values above 4.5 V. In these cases, for the model to represent this potential, the proportion of the anode area occupied by bubbles must have been 91 and 93%, respectively. At this moment, the oxide content was lower.



Figure 6 shows the time evolution of the current and didymium content for an experiment with a higher oxide feed rate. Thus, the estimated oxide content is high, probably resulting in poor oxide dissolution in the electrolyte, which can cause the formation of insoluble oxyfluorides [29]. This can be the cause of the observed instability and many anodic effects. The overall cell voltage was higher compared to the previous experiment. The model predicts that, when the anodic effect is imminent, the anode coverage by bubbles is nearly 95%, in the unstable region of the potential surge (Figure 6b). Note that the model does not consider PFC formation, which is normally observed during the anode effect [1]. PFC formation may contribute to the increase in the potential as the decomposition potential value of the fluoride species is higher than the potential of the oxide species [1]. In this case, the anode coverage may be lower than shown here.



The insoluble oxyfluoride formed increases the viscosity of the electrolyte, which can affect the bubble dynamics and the mass transfer of the different species. Previous results published by IME Aachen also discussed the alteration of the viscosity due to electrolyte content [30] and the difference in the cell behavior for different LiF contents. Other variables important to the cell operation are the current density at the anode and the oxide concentration. The model was explored to evaluate the sensitivity of the overall cell voltage to the fraction of electrode area covered by gas, Θ. The results are shown in Figure 7.



Figure 7a shows that for higher current densities, corresponding to higher cell voltages, the anode effect can occur at lower values of Θ. This is because for higher current densities, the mass transfer of the electroactive species is increased, and this process can be limited by the electrode area available for mass transfer. The decrease in anode area due to the coverage by bubbles leads to a decrease in the overall mass transfer. As a result, the cell can exhibit the anode effect when lower fractions of the anode are covered by bubbles. Higher current densities can disrupt the electrochemical process when the known critical current density is reached [5].



Like high current densities, low oxide concentrations can also limit the overall mass transfer. Figure 7b shows that the surge in the potential can occur at lower fractions of the area of the anode covered by bubbles when the oxide content is low.



The viscosity, as shown in Figure 7c, also contributes to changes in the cell voltage behavior as a function of the anode coverage. Higher viscosities affect the bubble flow from the anode and can limit the mass transfer process. As a result, as the viscosity increases, the anode effect can occur at lower values of Θ. The curves in Figure 7d correspond to the effect of conductivity due only to different LiF contents. However, the viscosity of the electrolyte can also be affected by the composition, according to Hu et al. [26]. The electrolyte composition can also affect the limit of anode coverage for the anode effect because it can influence the oxide dissolution and the viscosity, as shown by Feldhaus et al. [30].




4. Discussion


The model presented here shows the effect of parameters such as viscosity, current density, oxide content, and electrolyte composition on the anode effect, a characteristic of electrolytic processes that can limit their performance by adding operational instabilities. The anode effect is treated as a function of anode coverage only, without considering nucleation, coalescence, and other phenomena. Although the literature presents empirical equations relating  Θ  to the current density [31], these models are limited, as other parameters and properties are also important to bubble formation, mainly surface conditions, wettability, and surface tension, which in turn depend on the oxide content and electrolyte composition [32].



Low wettability of the electrolyte on the anode, as reported for molten fluoride electrolysis [6], can lead to a high energy barrier that must be overcome to nucleate bubbles [14]. Although no previous study has been published for rare earth electrolysis, due to the similarity between these systems low wettability is likely to be observed on the anode due to anode polarization, fluoride compounds adsorbed on the anode surface, and surface rugosity, among other factors. In this case, the nucleation mechanism could possibly be represented by the classical nucleation theory. In this case, the nucleation rate can be represented by the equation below [15,33]:


  J = C e x p     − 16 π  γ 3  Φ  ϑ    3 k T     S P    2      ,  



(29)




where C is not a constant but its importance is lower than the exponential term and it can be considered as a constant [15], k is the Boltzmann constant, S is the supersaturation, P is the pressure,  γ  is the surface tension, and   Φ  ϑ    is a function of the contact angle  ϑ , represented by:


  Φ  ϑ  =  1 4      1 + c o s ϑ    2    2 − c o s ϑ   .  



(30)







The bubble size depends on the number of nuclei formed on the anode. When many nuclei are formed, the bubbles tend to be smaller than when bubbles nucleate at lower rates. Furthermore, small bubbles tend to coalesce more and form a gas film or occupy a larger area of the anode, as previously mentioned. Equation (29) shows that the nucleation rate depends on the supersaturation, surface tension, and wettability, represented by the contact angle. All these parameters depend on process variables and can affect the nucleation rate of bubbles on the anode. Each parameter is discussed below, considering that the bubble nucleation rate can be represented by classical nucleation theory.



Wettability. A high contact angle or low wettability leads to a high nucleation rate and smaller bubble size. Lower wettability can be caused by fluoride compounds adsorbed at the surface [34], anodic polarization [5,6], and low LiF content [30]. Studies carried out at IPT (not published yet) showed that low neodymium oxide content also leads to low wettability. In this case, as was shown by Vogel et al. [1], low oxide content and/or an increase in the anodic potential can lead to the reaction of fluoride, causing surface adsorption. Lower LiF content can cause oxide dissolution, resulting in low oxide content and low wettability.



Surface Tension. The energy barrier for nucleation is a function of the surface tension. The higher the surface tension, the more difficult it is to overcome this barrier and the lower the nucleation rate [35]. According to the study by Zhu et al. [32], a lower neodymium oxide concentration tends to lower the surface tension of the electrolyte. The surface tension increases as the neodymium oxide concentration increases and decreases when the neodymium oxide is fed in at supersaturation conditions. In this case, insoluble oxyfluorides are likely to be formed.



Supersaturation. Supersaturation is the driving force for bubble formation and growth. According to classical theory, the higher the supersaturation, the higher the nucleation rate. It can be observed from Equation (7) that high current densities lead to high supersaturation, and consequently a high nucleation rate and smaller bubbles. If the viscosity of the electrolyte increases, the diffusivity mass transport decreases, and the supersaturation tends to increase. High viscosities can be caused by insoluble oxyfluorides formed due to neodymium oxide supersaturation or due to high feeding rates [29] and low LiF content, since the electrolyte liquidus temperature increases and thus superheating decreases [30,36].



Some variables can affect the nucleation rate in more than one way, and can also affect the anodic overpotential, leading to a surge in the potential, as shown in Section 3. Hence, the mechanism of the anodic effect is a summation of different factors that are interconnected. Figure 8 summarizes the relations among the several factors considered in this study, and their relations to the anode effect.




5. Summary


In this study, a mathematical model was proposed to estimate the neodymium and didymium electrochemical cell voltage in an electrolytic cell with vertical electrodes as a function of pertinent process variables and parameters. Some parameters affect the anodic process and can lead to a surge in the cell voltage, known as the anode effect. This effect is related to the covering of the electrode surface with gas, and the effects of those parameters affecting bubble nucleation at the anode are discussed. The principal findings are:



	
For high current densities, the anode effect can occur due to mass transfer limitation. High current densities can also increase the bubble nucleation rate, leading to small bubbles and an increase in electrode surface coverage by the bubbles.



	
Low neodymium or didymium oxide content can lead to low mass transfer rates to the anode, which can lead to an increase in the potential due to charge transfer limitations. Low oxide content tends to lower surface tension, increasing the nucleation rate.



	
High viscosity affects the bubble dynamics, increasing the residence time at the anode and consequently the anode coverage. High viscosity also affects the mass transfer coefficient and supersaturation, which can increase the nucleation rate.



	
Electrolyte composition can affect the occurrence of the anode effect by affecting viscosity and neodymium dissolution rate. Viscosity and oxide content can affect bubble nucleation, as previously mentioned.






Thus, a mechanism was proposed for the occurrence of the anode effect, relating this effect to properties and process variables involved in the process, such as viscosity, bubble nucleation, and anode coverage, leading to an increase in the electrochemical cell voltage.
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Figure 1. Bubble evolution during didymium electrolysis in: (a) stable operational conditions; (b) unstable operational conditions. 
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Figure 2. Bubble coverage fraction as a function of bubble mean size. 
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Figure 3. Cell voltage for different anode coverage values. 
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Figure 4. (a) Principal contributions to the overall cell voltage; (b) anodic overpotential due to charge transfer and gas diffusion. 
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Figure 5. (a) Applied current and estimated oxide content evolution with time; (b) measured cell voltage compared to the model for stable operation. 
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Figure 6. (a) Applied current and estimated oxide content; (b) measured cell voltage compared to the model for unstable operation. 






Figure 6. (a) Applied current and estimated oxide content; (b) measured cell voltage compared to the model for unstable operation.



[image: Metals 12 00498 g006]







[image: Metals 12 00498 g007 550] 





Figure 7. Overall cell potential for different: (a) current densities; (b) oxide contents; (c), viscosities; (d) electrolyte compositions. 
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Figure 8. Schematic representation of the relation of the overall cell potential to different factors considered in this study. Arrows in the block:  ↑  —increase;  ↓  —decrease;   ↑ ↑   —high feeding rate or above saturation. 
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Table 1. Electrochemical cell geometry and properties.
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	Cell Data
	





	Anode inner diameter Da [m]
	0.12



	Immersed anode length L [m]
	0.1



	Cathode diameter Dc [m]
	0.00635



	Current I [A]
	25–150



	Temperature T [K]
	1323



	Properties
	



	   ρ L    [kg m−3] [25]
	4040



	   μ L    [Pa s] [16]
	4.95 × 10−3



	 D  [m2 s−1]
	9.9 × 10−9



	   s  e l     ∗   [S m−1] [26]
	   − 2.111 + 0.005323 ∗   T − 273   + 0.0322  P  L i F   − 0.1026  P  N  d 2   O 3      



	jo [A m−2] [2]
	1000



	Csat [mol m−3] [2]
	100



	 α  [27]
	0.5



	  η  
	0.7







∗    ρ  e l   = 1 /  s  e l    .
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