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Abstract

:

The objective of this work is to analyze the origin of the magnetic concentration gradient force. The force will be studied in a diffusion system where a paramagnetic electrolyte diffuses through a thin, inert membrane under the influence of a homogeneous magnetic field. The force will be analyzed using the theory of magnetic circuits, i.e., by the concept of minimum reluctance principles. In addition, based on some previous studies, it will be discussed whether the minimum reluctance principle can be applied to mass transfer into and out of the diffusion layer at electrode/electrolyte interfaces. The results show that the magnetic concentration gradient force arises as a consequence of the minimum reluctance principle. Applied to the diffusion system, the magnetic concentration gradient force arises in the membrane as a consequence of the concentration gradient and hence, the reluctance gradient. The force acts on the flow in such a way that the reluctance in the membrane is minimized. The force implies two interaction mechanisms: attraction of the paramagnetic electrolyte flowing into the membrane in order to decrease the reluctance, and hindrance of the paramagnetic electrolyte flowing out of the membrane in order to hinder an increase in the reluctance. Based on previous studies, it is shown that the minimum reluctance principle can be applied to mass transfer into or out of the diffusion layer at electrode/electrolyte interfaces as well.
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1. Introduction


Effects of static magnetic fields on electrochemical processes have been extensively investigated and reviewed in detail by several authors [1,2,3,4,5,6,7,8]. The reported experimental and theoretical results include the effects on cathodic metal deposition, anodic metal dissolution, and mass transfer in electrolytes.



Three magnetic driving forces which could be responsible for the observed effects, are proposed: the Lorentz force, the magnetic field gradient force, and the magnetic concentration gradient force.



The Lorentz force, which is due to the interaction of a magnetic field with an electric current, is accepted as the main driving force for the magnetic field effects in electrochemical systems. The effects have been analyzed by well-known electrochemical methods, including voltammetry, which involves applied currents. The effects depend on the direction of the magnetic field relative to the direction of the electric current. Most of the experiments were carried out with the magnetic field being perpendicular to the current, i.e., parallel to the electrode surface. The results show that magnetic fields can modify the existing current in the electrolyte by the increased limiting current. The results are similar to the phenomena observed on a rotating electrode in an electrolyte when the rotation increases [9,10,11]. The magnetic field effect is explained by hydrodynamics using nondimensional numbers as Schmidt, Reynold and Sherwood numbers [5]. The Schmidt number, Sc, is defined as the ratio of kinematic viscosity to the diffusion constant, and is approximately equal 1000 for electrolytes [10]. The Sherwood number, Sh, characterizes the mass transfer on the rotating electrode, and depends on the Reynolds number, Re, and the Schmidt number by the relationship: Sh = KRe1/2Sc1/3, where K describes the flow configuration [5,9].



The magnetic field gradient force, which is due to a field gradient in electrochemical systems when the field is non-uniform, has been investigated and discussed by several groups as well. Their results show a transport of paramagnetic species in electrolytic solutions toward regions of higher magnetic flux densities when exposed to inhomogeneous static magnetic fields [12,13,14,15,16,17].



The magnetic concentration gradient force, also denoted as the paramagnetic gradient force or the paramagnetic force, which arises when a paramagnetic electrolyte has a gradient in its magnetic susceptibility, is exposed to a homogeneous magnetic field, for example at an electrode/electrolyte interface where paramagnetic ions are produced or consumed. Possible effects of this force on mass transfer in electrolytes have been investigated and discussed by several groups [4,18,19,20,21,22,23,24,25,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40]. The effects were studied by well-known electrochemical methods, including voltammetry and electrochemical quartz crystal microbalance (EQCM). The used electrochemical cells consisted of vertical electrodes immersed in paramagnetic or diamagnetic electrolytes. The magnetic fields were applied perpendicular to the electrode surfaces, i.e., parallel to the applied current. The results showed that the magnetic fields modified existing mass transfer rate. Some results show an increase in mass transfer rate, others a decrease. It is indicated that these effects are due to the magnetic concentration gradient force, which causes additional convection of the paramagnetic electrolyte at the electrode surface.



Results from experiments under open circuit conditions, i.e., without any applied currents, indicate that rest potentials of vertical iron electrodes in ferric electrolytes shift in noble direction when exposed to horizontal homogeneous magnetic fields [20,24,25,30]. The results are discussed with respect to the magnetic concentration gradient force that arises from the gradient in the ferric concentration at the electrode surface. Waskaas and Kharkats [22] developed a mathematical model for mass transfer in this system due to the magnetic concentration gradient force. The model is based on the Navier–Stokes equation, Nernst–Planck’s equation, and the electroneutrality of solution as a simplified form of the Poisson equation. The model predicts that the magnetic field causes convection of paramagnetic electrolytes at the electrode surface which leads to a change in the rest potential.



The effects of the magnetic concentration gradient force on mass transfer have not been investigated in electrochemical systems with a rotating electrode, as has been done for studies of the Lorentz force. No experiments for magnetic concentration gradient force studies have been designed in order to determine the Schmidt and Sherwood numbers either. Thus, there are no calculations of these numbers in order to compare the results with results from the Lorentz force studies in the literature.



Svendsen and Waskaas [39] developed a mathematical model for the mass transfer of a paramagnetic electrolyte through a thin, inert membrane from one chamber to another under the influence of a homogeneous magnetic field which was applied perpendicularly to the membrane. The model is based on the magnetic concentration gradient force, the Fick’s law of diffusion, and the Hagen–Poiseuille law for paramagnetic ion transport in the membrane. Simulated results were compared with experimental results [19] and coincide approximately in all points for unstirred solutions. The magnetic concentration gradient force is indicated to be a result of the concept “minimum reluctance principle”, also denoted as the variable reluctance principle, in magnetic circuit theory.



The minimum reluctance principle implies that a magnetic field always tends to bring a moving part (ferromagnetic or paramagnetic) of the magnetic circuit, into the state where the reluctance of the magnetic circuit has its minimum value. This involves two mechanisms of interaction: (1) an attraction mechanism, where the moving part is attracted into the magnetic field; and (2) a hindrance mechanism, where the moving part is hindered from leaving the magnetic field.



The objective of this work is to analyze the origin of the magnetic concentration gradient force. The force will be studied in a diffusion system where a paramagnetic electrolyte diffuses through a thin, inert membrane under the influence of a homogeneous magnetic field. The force will be analyzed using the theory of magnetic circuits, i.e., by the concept of the minimum reluctance principle. In addition, based on some previous studies, it will be discussed whether the minimum reluctance principle can be applied to mass transfer into or out of the diffusion layer at electrode/electrolyte interfaces as well.




2. Materials and Methods: The Concept of Minimum Reluctance Principle


In this section, the concept of minimum reluctance principle is explained by magnetic field theory applied to a simplified magnetic circuit. The minimum reluctance principle is the basis for analyzing the magnetic concentration gradient force.



2.1. Magnetic Field Theory Applied to a Simplified Magnetic Circuit


In this context, three types of magnetic materials are used. Ferromagnetic materials or “magnetic materials”, are limited to a few substances including iron, nickel, cobalt and some alloys. Their magnetic properties such as relative magnetic permeability, μr, and magnetic susceptibility (χ) are much greater than 1, depending on the magnetization. Paramagnetic materials are “weak magnetic materials”, with μr  ≈  1 and 0 < χ < 1. Examples are electrolytes such as iron(III) chloride, nickel(II) chloride, and cobalt(II) sulfate. Diamagnetic materials are nonmagnetic materials with μr = 1 and −1 < χ < 0. Examples are air, water, and electrolytes such as zinc chloride and potassium chloride [22,41].



The theory of magnetic circuits is based on Ampère’s law and Gauss’s law of Maxwell’s equations, and is described in detail elsewhere [41,42,43,44]. Ampère’s law states that the line integral of the magnetic flux density,     B →   , around any closed path is directly proportional to the current, I, encircled by the path [41]:


  ∮  B →  · d  r →  =    μ 0  I  



(1)




where   d  r →    is a segment of the path, and    μ 0    is the magnetic permeability of a vacuum. Gauss’s law for magnetism states that the magnetic flux density is conserved, i.e., that no net flux enters or leaves a closed surface,   A →  , [41]:


  ∮  B →  · d  A →  = 0  



(2)




where   d  A →    is a segment of the surface.



In order to describe the concept of magnetic circuits, reluctance, and the minimum reluctance principle, a simplified magnetic circuit is used, as shown in Figure 1 [42].



Supposing that the magnetic circuit consists of a stator and a rotor made of the same ferromagnetic soft material, for example iron, with a given relative permeability, μr, as shown in Figure 1; the rotor with magnetic pole pieces at its ends can rotate around its axis directed perpendicular to the paper plane between the pole pieces of the stator. The rotor is the moving part of the magnetic circuit.



Consider case A, Figure 1, where the magnetic axis of the stator and that of the rotor is aligned. The mean lengths of the stator and rotor are ls and lr, respectively. The length of each airgap between the stator and rotor is denoted as lg. The cross-sectional area throughout the magnetic circuit is denoted as A. Suppose a current, I, is flowing through the magnetizing coil with N turns and no fringning.



According to Equation (1), the current through the coil, i.e., the magnetomotive force = NI, will set up a magnetic flux, Φ, through the stator, rotor, and air gaps [42,43]:


  Φ =     N I  R   



(3)




where ℛ is the reluctance, i.e., the magnetic resistance for the magnetic flux. According to Equation (2), the magnetic flux will flow in closed path within this system. This is similar to Ohm’s law for electric circuits, where NI corresponds to electric potential, Φ to electric current, and ℛ to electric resistance.



The reluctance is proportional to the length, l, of the closed path for the flux and inversely proportional to the cross-section, A, of the magnetic circuit, and is given by [42,43]:


  R =    l   μ r   μ 0  A    



(4)




where μr = 1 + χmol, where χmol is the magnetic molar susceptibility for the material.



Applied to the system in Figure 1A, the total reluctance for the magnetic circuit will be:


  R =      l  s t a t   +  l  r o t      μ r   μ 0  A   +   2  l g     μ 0  A   =  R  m i n   =      l  s t a t   +  l  r o t      μ r   μ 0  A   +   2  l  g   m i n      μ 0   A  m i n      



(5)




where μr = 1 for air, and lstat and lrot are the mean lengths of the stator and rotor, respectively. In this case, the air gaps have their minimum length, denoted lg min, the cross-section area for the airgaps and rotor is denoted Amin, and the reluctance is denoted ℛmin.



Consider case B, Figure 1, where the magnetic axis of the stator is perpendicular to that of the rotor (θ = π/2). Each gap between the stator and the rotor has its maximum length and is denoted lg max. The area of the rotor side facing the flux is denoted Amax. The effective cross-section area for the airgaps and rotor is denoted Aeff. The width of the rotor is denoted lw. Suppose μr is the same for case A and case B. The reluctance denoted ℛmax, is given by:


   R  m a x   =      l  s t a t      μ r   μ 0  A   +      l w     μ r   μ 0   A  m a x     +   2  l  g   m a x      μ 0   A  e f f        



(6)




where estimated Aeff = ½ (Amin + Amax).



During each rotor revolution, the length of the airgaps varies between lg min and lg max with minimum values at θ = 0, π, 2π …, and maximum values at θ = π/2, 3π/2, 5π/2… Corresponding variations occur with the reluctance of the magnetic circuit. An illustrative example is given in the following.



Suppose lstat = 0.26 m, lrot = 0.04 m, lw = 0.02 m, lg min = 0.001 m, lg max = 0.01 m,



A = Amin = 0.0004 m2, Amax = 0.0008 m2, μr = 2000, and μ0 = 4π·10−7 H/m.



Aeff = ½(Amin + Amax) = 0.0006 m2.



Inputting the values into Equations (5) and (6), the calculated values of the reluctance when stator and rotor are aligned (θ = 0), ℛmin, and when the magnetic axis of the stator is perpendicular to that of the rotor (θ = π/2), ℛmax.



   R  m i n   =   298.  000 + 3.980.000 ≈ 4.3·106 H−1



   R  m a x   =   239.  000 + 9.950 + 26.539.000 ≈ 27·106 H−1



Note that the reluctance is dominated by the air gaps and has a minimum value when the length of the air gap has a minimum value, and a maximum value when the length of the air gap has a maximum value. This is mainly because the relative permeability for iron (here, μr = 2000) is much higher than for air (μr = 1).



A good approximation for the reluctance as a function of θ, Figure 1C, is the following equation:


  R  θ  =    R  m i n   +    R  m a x   −  R  m i n     sin θ  



(7)







When the magnetic axis of the stator and that of the rotor is aligned (θ = 0, π, 2π…), ℛ(θ) = ℛmin. When the magnetic axis of the stator is perpendicular to that of the rotor (θ = π/2, 3π/2, 5π/2…), ℛ(θ) = ℛmax. Using values for ℛmin and ℛmax from the example above, and a small value of θ, for example θ = 12°, the reluctance is calculated by Equation (7):



ℛ(θ = 12°) = [4.3 + (27 − 4.3)·sin (12)]·106 ≈ 9·106 H−1



Note the doubling of the reluctance of the magnetic circuit already at 12° deviation from the alignment position. This is because iron is ferromagnetic and air is diamagnetic.




2.2. The Minimum Reluctance Principle


To describe the minimum reluctance principle, three states for the rotor position are shown in Figure 2 and described as follows:




	A

	
The rotor and stator are aligned, Figure 2A;




	B

	
The rotor is turned to an angle θ and then released, Figure 2B;




	C

	
The rotor is forced to an angle − θ, Figure 2C.









In Figure 2, a segment of the magnetic circuit is shown. The blue lines represent the magnetic flux lines, and the positive rotation direction is clockwise.



Suppose the initial position of the rotor is as shown in Figure 2A. The rotor and stator are aligned, there are no disturbances of the magnetic flux lines, and the reluctance of the magnetic circuit has a minimum value. There is no net force, or torque, on the rotor.



Then, suppose that the rotor is turned to an angle θ and then released, as shown in Figure 2B. The magnetic flux lines are disturbed and the reluctance of the magnetic circuit has increased, as explained in Section 2.1. The rotor poles are now attracted to the stator poles with by a force, or the electromechanical torque, T [44,45]:


  T =   −    T ^  sin 2 θ  



(8)







The negative sign means that the torque acts in the direction to bring the magnetic flux of the stator and rotor into alignment [40], i.e., the state in Figure 2A, where the reluctance has a minimum value.



Finally, suppose that a force, or torque, is turning the rotor an angle, −θ, out of position of alignment, as shown in Figure 2C. The magnetic flux lines are disturbed and the reluctance is increased. The rotation is now hindered by the attraction of the rotor poles to the stator poles by the torque, T [44,45]:


  T =   −    T ^  sin     − 2 θ   =    T ^  sin 2 θ  



(9)







The positive sign means that the torque acts in the direction to bring the magnetic flux of the stator and rotor into alignment [40], i.e., the state in Figure 2A, where the reluctance has a minimum value.



The magnetic field always tends to bring the rotor, or the moving part of the magnetic circuit, into the state where the reluctance of the magnetic circuit has a minimum value. This is the minimum reluctance principle [46]. Many kinds of electric machines are based on this principle [47,48].



The minimum reluctance principle implies two mechanisms of interaction:




	
The attraction mechanism, where a ferromagnetic, or paramagnetic, moving part is attracted into the magnetic field;



	
The hindrance mechanism, where the moving part is hindered from leaving the magnetic field.










3. Results and Discussion


In this section, the magnetic concentration gradient force is analyzed with respect to the minimum reluctance principle. The force will be analyzed by a diffusion system where a paramagnetic electrolyte flows through a thin, inert membrane under influence of a homogeneous magnetic field.



Based on results from previous studies, it is discussed whether the minimum reluctance principle can be applied to mass transfer in the diffusion layer at the electrode/electrolyte interface in two cases: (1) deposition of paramagnetic ions on an electrode surface; and (2) mass transfer of paramagnetic ions from an electrode surface to bulk.



3.1. Diffusion of a Paramagnetic Electrolyte Through a Thin Membrane


This section is based on an experimental study carried out by Waskaas [19], the mathematical model developed by Svendsen and Waskaas [39], and the minimum reluctance principle.



Consider a diffusion system where an unstirred paramagnetic electrolyte is flowing from one chamber (1) with high electrolyte concentration, to another (2) with lower electrolyte concentration, through a thin membrane under influence of a homogeneous static magnetic field, as shown in Figure 3A,B.



The membrane with thickness 150 μm is mounted vertically. The magnetic field was applied horizontally and perpendicular to the membrane and applied continuously throughout the experiment. It is assumed that the diffusion process is due to two mechanisms: Fick diffusion and migration due to the magnetic concentration gradient force. The flow through the membrane is laminar. The Reynold number in the membrane is calculated to be 10−6 with average velocity of the liquid solution 10−6 m/s, pore diameter 0.22 × 10−6 m, and kinematic viscosity of the liquid 10−6 m2/s [39]. The concentration gradient is assumed to be limited to the membrane. The magnetic susceptibility of the electrolyte is proportional to its concentration; therefore, the magnetic susceptibility is higher in chamber 1 than in chamber 2. The gradient of the magnetic susceptibility, and consequently, the magnetic concentration gradient force, is assumed to be limited to the membrane as well. The reluctance of the electrolyte is inverse proportional to its magnetic susceptibility (Equation (4)); therefore, the reluctance is lower in chamber 1 than in chamber 2, and shows a gradient in the membrane as well, as shown in Figure 3C.



The reluctance gradient in the membrane corresponds to the moving part, or rotor, of the magnetic circuit, as described in Section 2.2. Consequently, the minimum reluctance principle which implies the two interaction mechanisms, attraction and hindrance, can be applied.



When the electrolyte is flowing into the membrane under influence of the magnetic field, it is attracted by a magnetic force, which tends to fill the membrane with the paramagnetic electrolyte in order to decrease the reluctance in the membrane. This is in accordance with the attraction mechanism of the minimum reluctance principle. The attraction force (Fa) is just the magnetic concentration gradient force, which has the same positive x-direction as in Figure 3, and is given by [39]:


    F a  = −      χ  mol    B 2    2  μ 0      ∂ c   ∂ x       >   0 ,   because     ∂ c   ∂ x     <   0   



(10)




where   ∂ c / ∂ x   is the concentration gradient of the paramagnetic electrolyte.



The force corresponding to the torque given in Equation (8).



When the paramagnetic electrolyte flows out of the membrane, it is hindered by the magnetic concentration gradient force in order to hinder an increase in the reluctance in the membrane. This is in accordance with the hindrance mechanism of the minimum reluctance principle. The hindrance force (Fh) has the opposite direction from the positive x-direction in Figure 3, and is given by [39]:


   F h  = −    χ  mol    B 2    2  μ 0      ∂ c   ∂ x     <   0 ,   because     ∂ c   ∂ x     >   0  



(11)







This force corresponds to the torque given in Equation (9).



Initially, and during the first part of the diffusion process, the concentration gradient at the inlet of the membrane is extremely high, and the magnetic concentration gradient force plays a significant role for the diffusion process. The force tends to fill the membrane with the paramagnetic electrolyte in order to decrease the reluctance, which is in accordance with the attraction mechanism of the minimum reluctance principle (Section 2.2).



As chamber 2 is filled with electrolyte, the concentration gradient decreases, and hence, both the magnetic concentration gradient forces, Fa and Fh, are diminished. At equilibrium, there is no concentration gradient, i.e., no reluctance gradient, in the membrane, and consequently, no magnetic concentration gradient force. Therefore, the magnetic concentration gradient force is elusive, which is in accordance with the obtained experimental results [19,31].



The direction of the magnetic field relative to the x-axis (Figure 3) is irrelevant for the direction of the magnetic concentration gradient force, because it is proportional to the B square (Equations (10) and (11)). This is confirmed by experimental results [26,32,37] as well.



According to Svendsen and Waskaas [39], the magnetic concentration gradient force attracts the paramagnetic electrolyte flowing into the membrane. However, based on the reasoning presented above, it is emphasized that it is the attraction mechanism of the minimum reluctance principle which dominates the magnetic field effect in these experiments.



The diffusion system is classified as a closed–open vessel, which means that close to the membrane inlet in chamber 1, there is a convective flow. However, both chamber 1 and chamber 2 are regarded as ideal mixing tanks in the model. This is not true in the beginning of the process in each experiment, but appears to be a good approximation after some minutes [39]. The experiments were not designed for convection studies [19]; therefore, it is not relevant to estimate either the Schmidt number or the Sherwood number for this process in order to compare these values with results from Lorentz force studies in the literature.



To summarize, when a paramagnetic electrolyte flows into a range with a concentration gradient, and hence, a reluctance gradient, under the influence of a homogeneous magnetic field, the magnetic concentration gradient force acts on the flow in such a way that the reluctance in the range is minimized. According to the minimum reluctance principle, the force acts by two interaction mechanisms: (1) attraction of the paramagnetic electrolyte flowing into the range in order to decrease the reluctance; and (2) hindrance of the paramagnetic electrolyte flowing out of the range in order to hinder an increase in the reluctance.




3.2. Deposition of Paramagnetic Ions on an Electrode Surface


This section is based on some comprehensive studies carried out by Krause et al. [26,34] and Uhlemann et al. [28,32] concerning magnetic field effects on the deposition of paramagnetic ions on electrode surfaces. The discussion is focused on just those results where it is concluded that the magnetic concentration gradient force is dominating.



Krause et al. [26,34] studied the deposition of paramagnetic Co, Ni, and Cu ions on a vertical plane Au electrode (diamagnetic) in corresponding metal sulphate solutions in magnetic fields. A homogeneous magnetic field, up to 1.2 T, was introduced horizontally, perpendicular to the plane electrode surface. They found that the magnetic field caused a decrease in the depositions of Co and Cu, but not of Ni. They argued that the deposition of Co and Cu are diffusion-controlled, while it is mixed-controlled for Ni (activation-controlled at the beginning and diffusion-controlled after some seconds) and therefore a low concentration gradient in the diffusion layer. Consequently, the reluctance gradient in the diffusion layer is low, and the magnetic concentration gradient force has negligible effect on the deposition.



In addition, experiments where the magnetic field was oriented parallel to the electrode surface were also carried out. It was found that the magnetic field caused an increase in the depositions of all three kinds of ions. It was concluded that the latter effect was due to the Lorentz force and convection phenomena, while the former effect was dominated by the magnetic concentration gradient force. The effects were not discussed in terms of the Schmidt and Sherwood numbers.



The following discussion is focused on the magnetic concentration gradient force that arises as a consequence of the minimum reluctance principle.



The experimental setup and design for the present deposition experiments and the diffusion experiments, described in Section 3.1, are different. The former involves an electrode/electrolyte interface, the latter a membrane.



Despite the differences, however, the following reasoning shows that the magnetic reluctance principle, and hence, the magnetic concentration gradient force, given in Equations (10) and (11), can be applied to the mass transfer in the electrode/electrolyte interface as well.



During the deposition process, there is a mass transfer of paramagnetic electrolytes from bulk to the electrode surface where the paramagnetic ions are consumed. The electrolyte concentration and density near the vertical electrode are lower than in the bulk, i.e., a concentration profile arises from the electrode surface toward bulk, as shown in Figure 4 [49,50].



This electrode/electrolyte interface is denoted the diffusion layer [50] and has a typical thickness of 30 μm [10].



The shape of the concentration profile will cause an upward flow near the electrode, i.e., free convection [10], which may interact with applied magnetic fields. According to Krause et al. [26,34], however, this interaction was neglectable in their experiments.



Concerning electrochemical electrode kinetics, results of comprehensive reviews show that there is no evidence for magnetic field effects on electrochemical kinetics [5,6].



Accordingly, it is assumed that the measured magnetic field effects are due to an interaction between the magnetic field and the mass transfer of electrolyte in the diffusion layer where there is a concentration gradient of the paramagnetic electrolyte. The authors indicate that this concentration gradient corresponds to the concentration gradient in the membrane for the diffusion experiments, described in Section 3.1. Consequently, it is assumed that the magnetic concentration gradient force, given in Equations (10) and (11), can be applied to the mass transfer in the diffusion layer for the present deposition experiments. This applies to the minimum reluctance principle as well.



According to the reluctance argumentation for the paramagnetic electrolyte in Section 3.1, the concentration profile in the diffusion layer causes a reluctance profile in the diffusion layer, as shown in Figure 4.



During the deposition process, paramagnetic electrolyte is flowing from bulk into the diffusion layer and then, out of the diffusion layer for the deposition on the electrode surface.



When the electrolyte containing paramagnetic ions, Co2+ respective Cu2+, is flowing into the diffusion layer under influence of the magnetic field, it is attracted by the magnetic concentration gradient force which tends to fill the diffusion layer with the paramagnetic electrolyte in order to decrease the reluctance. The attraction force (Fa), which is based on the minimum reluctance principle, has the same direction as the positive x-direction and is given in Equation (10) and shown in Figure 4.



When the paramagnetic ions tend to flow out of the diffusion layer for deposition on the electrode surface under influence of the magnetic field, they are hindered by the magnetic concentration gradient force in order to hinder an increase in the reluctance in the diffusion layer. The hindrance force (Fh), which is based on the minimum reluctance principle, has the opposite direction as the positive x-direction and is given in Equation (11) and shown in Figure 4.



The experimental results show a decrease in the deposition of paramagnetic ions under the influence of magnetic fields; therefore, it indicates that the magnetic concentration gradient force hinders the flow out of the diffusion layer for the deposition process. Accordingly, it appears that it is the hindrance mechanism of the minimum reluctance principle that dominates the magnetic field effect in these experiments.



Uhlemann et al. [28,32] studied the deposition of paramagnetic Co ions on horizontal Cu plane electrodes (diamagnetic) in CoSO4 solutions in magnetic fields. A homogeneous magnetic field, up to 13 T, was introduced perpendicular to the plane electrode surface. Two types of cell geometry were used: a flat embedded electrode and a wall electrode which was expected to influence the convection close to the surface. The principle setup is shown in Figure 5.



The experimental methods used were cyclic voltammetry and electrochemical quartz crystal micro-balance (EQCM).



The results show that the current efficiency for the Co deposition on the flat embedded electrode increased for the increasing magnetic flux densities.



This holds for both directions of the magnetic field. For the wall electrode, the results show that the current efficiency for the Co deposition decreased with increasing magnetic flux densities. This holds for both directions of the magnetic field as well.



The authors concluded that results for the flat embedded electrode are mainly explained by macro-magnetoconvection. For the wall electrode where the macro-convection is diminished, the results are explained in terms of the magnetic concentration gradient force. The effects were not discussed in terms of the Schmidt and Sherwood numbers.



The following discussion is therefore focused on the results for the horizontal orientated wall electrode.



Macro-convection is diminished for the wall electrode; therefore, similar diffusion layer with concentration and reluctance profiles as those shown in Figure 4 for the vertical electrode, are assumed to arise at the surface of the horizontal electrode. Due to the reasoning above, it is assumed that the minimum reluctance principle, and hence, the magnetic concentration gradient force given in Equations (10) and (11), can be applied to the mass transfer in the diffusion layer for the wall electrode.



The experimental results show a decrease in the deposition of paramagnetic ions under influence of magnetic fields, which indicates that the magnetic concentration gradient force hinders the flow out of the diffusion layer for the deposition process on the electrode.



Accordingly, it appears that it is the hindrance mechanism of the minimum reluctance principle that dominates the magnetic field effect in these experiments.




3.3. Mass Transfer of Paramagnetic Ions from an Electrode Surface


This section is based on some studies carried out by Leventis and Dass [31] and Leventis and Gao [23], concerning magnetic field effects on the mass transfer of paramagnetic ions from an electrode surface to bulk. The authors explain the effects in favor of the magnetic concentration gradient force. The effects will be discussed in terms of the minimum reluctance principle.



Leventis and Dass [31] and Leventis and Gao [23] demonstrated that paramagnetic ions produced by an electrode, form a diffusion layer with the highest concentration at the electrode/electrolyte interface and fade away in the bulk by natural, or free, convection. When a homogeneous magnetic field T was applied perpendicular to the electrode surface, the paramagnetic ions were held close to the electrode surface.



One experiment was designed as follows [31]. A cylindrical-shaped Au electrode (diamagnetic) was immersed in a CH3CN solution of nitrobenzene (NB). NB was reduced by the electrode into the red colored paramagnetic     NB  −  .   Cyclic voltammetry was used. A homogeneous magnetic field, 3.3 T, was introduced perpendicular to the end of the horizontal orientated cylinder, as shown in Figure 6.



The results are shown in Figure 6B,A, with and without the magnetic field, respectively. In Figure 6A, the produced paramagnetic   N  B −    ions form a diffusion layer with highest concentration at the electrode/electrolyte interface and fade away in the bulk due to free convection. In Figure 6B, the paramagnetic layer is held close to the electrode by the magnetic field. The authors concluded that the force which must oppose the free convection is the magnetic concentration gradient force.



Similar results were obtained using a redox-active substance such as TMPD (Tetramethyl–phenylenediamine), which generates paramagnetic radical TMPD+ at the electrode [23].



Due to the reasoning given in Section 3.2., it is assumed that the minimum reluctance principle, and hence, the magnetic concentration gradient force, given in Equations (10) and (11), can be applied to the mass transfer in the diffusion layer for the present experiments.



During the     NB  −    formation, the concentration and reluctance profiles in the diffusion layer are as illustrated in Figure 7.



When the paramagnetic electrolyte containing NB− ions tends to flow out of the diffusion layer by free convection under influence of the magnetic field, it is hindered by the magnetic concentration gradient force in order to hinder an increase in the reluctance in the diffusion layer. The hindrance force (Fh) which is based on the minimum reluctance principle, has the opposite direction as the positive x-direction, and is given in Equation (11) and shown in Figure 7. According to Ragsdale and White [51], the magnetic concentration gradient force and free convection are of the same order of magnitude.



Accordingly, it appears that it is the hindrance mechanism of the minimum reluctance principle that dominates the magnetic field effect in these experiments.





4. Conclusions


The magnetic concentration gradient force arises as a consequence of the minimum reluctance principle given by the magnetic circuit theory.



The minimum reluctance principle implies two mechanisms of interaction: attraction of a ferromagnetic moving part into a magnetic field and hindrance of this moving part from leaving the magnetic field.



Applied to a diffusion system, the moving part corresponds to the concentration gradient, and hence, the reluctance gradient, in the membrane.



In a diffusion system, the magnetic concentration gradient force acts on the flow in such a way that the reluctance in the membrane is minimized.



The force implies two interaction mechanisms: attraction of the paramagnetic electrolyte flowing into the membrane in order to decrease the reluctance, and hindrance of the paramagnetic electrolyte flowing out of the membrane in order to hinder an increase in the reluctance.



Results of the discussion of some selected studies show that the minimum reluctance principle can be applied to mass transfer into or out of the diffusion layer at electrode/electrolyte interfaces in magnetic fields as well.
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Nomenclature




	A
	Area (m2)



	B
	Magnetic flux density (T)



	c
	Electrolyte concentration (mol/m3)



	F
	Force (N)



	I
	Electric current (A)



	K
	Constant (dimensionless)



	l
	Length (m)



	N
	Number of turns (dimensionless)



	r
	Position vector (m)



	ℛ
	Reluctance (H−1)



	Re
	Reynolds number (dimensionless)



	Sc
	Schmidt number (dimensionless)



	Sh
	Sherwood number (dimensionless)



	T
	Torque (Nm)



	x
	Position (m)



	θ
	Angle (°)



	μ
	Magnetic permeability (H/m)



	Φ
	Magnetic flux (Wb)



	χ
	Magnetic susceptibility (dimensionless)



	0
	Reference value



	1
	Chamber 1



	2
	Chamber 2



	a
	Attraction



	eff
	Effective



	g
	Gap



	h
	Hindrance



	max
	Maximum



	min
	Minimum



	mol
	Molar



	r
	Relative



	rot
	Rotor



	stat
	Stator



	total
	Total



	w
	Width
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Figure 1. A simplified magnetic circuit consisting of a stator and rotor. The rotor’s axis is directed perpendicular to the paper plane. (A) The magnetic axis of the stator and that of the rotor is aligned. (B) The magnetic axis of the rotor is perpendicular to the magnetic axis of the stator. (C). There is an angle θ between the magnetic axis of the stator and the rotor [42]. 
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Figure 2. A segment of the magnetic circuit shown in Figure 1, consisting of the rotor and a small part of the stator. (A) The rotor and stator are aligned. (B) The rotor is turned to an angle θ and then released. (C) The rotor is forced to an angle − θ. The blue lines represent the magnetic flux lines. Positive rotation direction is clockwise. 
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Figure 3. (A) The diffusion process of an unstirred paramagnetic electrolyte from chamber 1 to chamber 2 through a thin, inert membrane under influence of a homogeneous static magnetic field,   B →  . (B) Illustration of the concentration profile from chamber 1 to chamber 2 through the membrane. (C) Illustration of the reluctance profile from chamber 1 to chamber 2 through the membrane [39]. 
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Figure 4. Illustration of concentration profile (black) [49,50] and reluctance profile (red) for deposition of the paramagnetic metal ions on an electrode surface. Fa and Fh (green) represents the magnetic concentration gradient force. The magnetic field,   B →  , was applied perpendicular to the electrode surface. Positive x-direction is indicated. 
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Figure 5. Principle experimental setup. The two working cell geometries used were a flat embedded electrode and a wall electrode. CE is the counter electrode, WE is the working electrode, and RE is the reference electrode. The magnetic field was applied as indicated [28,32]. 
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Figure 6. Photos of the horizontal orientated cylinder electrode in the nitrobenzene (NB) solution with (B) and without (A) exposure of the magnetic field. The direction of the magnetic field is indicated [31]. 
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Figure 7. Illustration of concentration profile (black) and reluctance profile (red) in the diffusion layer. Fh (green) represents the magnetic concentration gradient force. The magnetic field,   B →  , was applied perpendicular to the electrode surface. Positive x-direction is indicated. 
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