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POLARIZATION CHARACTERISTICS OF TIN ELECTROREFINING  

IN CHLORIDE SOLUTIONS 
 

GERGELY B. TÓTH1–MASAHITO UCHIKOSHI2–TAMÁS KÉKESI3 

 
 The refining electrolysis of tin in HCl media is a smart way to process valuable secondary 

resources produced by the use of tin-based soldering materials in the electronic industry. However, 

the structure of the cathodic deposit implies certain difficulties in continuous operation and the 

anodic processes also need clarification. We have focused on the kinetic behavior of the 
technically pure tin cathode and anode by performing potentiodynamic experiments in solutions of 

various Sn and HCl concentrations under stationary conditions and by applying varied stirring 

intensities. The presented diagrams demonstrate the critical influence of ion transport on the 

electrode processes, which determine the properties of cathodic morphology and anodic 

dissolution. 
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Introduction 

 

 An increased amount of scrap of higher tin concentration is generated from lead-

free materials in the soldering technology used in the electronic industry. A novel 

and flexible method of processing the valuable scrap, usually containing tin metal 

and a few percent of silver and copper is hydro-electrometallurgical refining in 

aqueous solution, which offers the additional advantage of producing high purity tin 

in one step [1]. 

 Acidic solutions are used for this purpose rather than alkaline ones, since their 

operation does not require high temperature, and the cathodic deposition takes place 

from divalent tin ions instead of tetravalent species, thereby consumes half as much 

electricity. Sulfuric acid based systems require expensive components and additives 

[1]. Hydrochloric acid solutions offer high solubilities [2] at low acid concentrations 

and higher stability in the absence of expensive additives . Furthermore, chloride salt 

crystals adhering to the cathode metal removed from the cell are eliminated during 

the final melting step. On the other hand, rough cathodic deposition structure still 

causes difficulties. The electrode processes are also hindered by chloro-complex 

formation [3]. When the crystals get in touch with the anode, short circuit arises and 

anodic slime directly contaminates the product. Organic inhibitors (glue, β-naftol, 

gelatin) have little effect on this system [3]. The application of periodically 

interrupted (PIC) or reversed (PCR) currents can provide an alternative for 

influencing the crystal structure [4]. Another practical approach is electromechanical 

systems applied for the cyclical compression of the cathodic deposit [5]. These  
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methods are more efficient than organic inhibitor addition, but the implied 

sophisticated techniques  cause technical difficulties at the industrial level. Therefore, 

the conditions of cathodic deposition and anodic dissolution should be optimized for 

possible applications in the industrial electrorefining of tin. 

The basic structural type of the deposit is determined by the inhibition of the 

neutralized atoms to build into the structure of the cathode and by the overpotential 

[6]. The former is usually controlled by organic additives and the latter is represented 

qualitatively by the ratio of the current density and the concentration of the relevant 

metallic ions, as represented in Fig. 1.  

 

 
 

Figure 1.  Types of polycrystalline cathodic depositions and orientations obtained at 

various overpotentials and inhibition intensities [6] 

However, deposition morphology also depends on ion transport, since the 

concentration of the ions available at the cathode surface at a given current density  

depends on the supply by diffusion. Thus , potentiodynamic studies with solutions 

under various agitation rates are needed to find the most suitable conditions  to get 

denser and finer cathodic deposits. The examination of the anodic process also bears 

importance, not just for the effect on the overall efficiency but also because the types 

of ions produced at the anode may influence the characteristics of cathodic 

deposition. The principally active species are the divalent tin ions, but the  
 

Sn(IV) + Sn = 2 Sn(II)                                                 (1) 

(FI: Field oriented isolation, BR: Base reproduction, UD: Unoriented dispersion, 

 Z: Twin crystals, FT: Field oriented texture) 
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reaction can modify the shape of the deposited crystals and interfere with the 

principal cathodic process.  

 

1. Experimental procedure 

 

 The potentiodynamic experiments were run with 1 and 2 M HCl solutions of 5–30 

g/dm3 Sn concentrations in 5 mV/0.5 s potential steps at room temperature. Short 

steps were applied mainly in the cathodic direction because of the rapidly changing 

conditions at the electrode surface. A glass adapter ending in a Luggin-capillary of ~ 

1 mm diameter connected a saturated calomel reference electrode (SCE) to the center 

of the active working electrode surface. A computer with the IEMEAS 1.06 software 

recorded the current, supplied by an Electroflex EF 435C Potentiostat. The recorded 

potential values corresponded to the set program, however the actual working 

electrode potential was measured by a precision desktop multimeter, then manually 

recorded. The experimental setup is shown in Fig. 2. 

 

Figure 2. The apparatus used for the potentiodynamic experiments 

 Tin chloride solutions with at least 1 mol/dm3 of HCl in the background would 

remain stable on the long run, if strong oxidative conditions are excluded  [1, 7]. 

Lower acid concentrations have been shown to be sensitive to hydrolysis. Therefore, 

applying 2 mol/dm3 of HCl may provide further improved solution stability and 

anodic dissolution, yet also entails a higher corrosion of the equipment and increased 

costs.  

 Measurements were performed with pure tin electrodes and also with 2 or 9% lead 

containing anodes. The solutions contained 1 and 2 mol/dm3 of HCl and 0, 2.5, 5, 10, 20  
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and 30 g/dm3 of Sn, respectively. Tin concentration was monitored with iodometric 

method and corrected whenever necessary. Sn(II) was the dominant oxidation state in 

the electrolyte solutions. The stirring speed was set at 0, 100, 200, 350, 500, 650 and 

800 rpm. After and during each run, photographs were taken of the surfaces of the 

working electrodes. An extensive set of data with large spread was collected from 

about 1000 experimental runs and evaluated with Microsoft Excel with the help of 

algorithms developed in Microsoft Visual Basic. 

 In terms of cathodic measurements, it was hardly possible to construct the 

conventional overpotential-current polarization charts, due to the specific properties 

of the tin electrode in acid solutions. The depletion of tin ions at the active surface or 

the formation of loose deposit structures required special methods of evaluation 

based on the plots of the collected potential and current results against time and on 

the relevant images of the deposits. 
 

2. Experimental results and discussion 
 

 Our results have been presented in uniform diagrams. The plotting area is headed 

by titles of the form: X(g)–Y(M)–Z(r), where X stands for the tin concentration 

(g/dm3), Y gives the HCl concentration in (mol/dm3) and Z indicates the stirring 

speed (1/min). The plotted currents density (j) is apparent, as it is expressed for the 

initial geometric surface area of the working electrode. The presented images of 

working electrode surfaces correspond to the relevant diagrams. Filled squares ( ) 

denote apparent current density, filled triangles  ( ) show the actual potential and 

empty circles ( ) demonstrate the potential values defined by the program.  
 

2.1. Cathodic deposition 
 

 Cathodic currents and potentials are considered negative, however the verbal 

discussion refers to the absolute values of these without repeatedly mentioning it. 

Figure 3a demonstrates that current density started rising steeply with a solution of 5 

g/dm3 Sn and 1 M HCl, along with the potential, but in a few seconds the tendency 

reversed and the value of the limit ing current was reached. 

   

Figure 3. Potentiodynamic investigation in stationary solution of 5 g/dm3 Sn, 1 M HCl 

a) 
b) 
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As the potentiostat shifts the potential from equilibrium in the cathodic (negative) 

direction, the resulting cathodic partial current density (ired) of the 

 

Sn2+ + 2𝑒−   Sn                                                    (2) 

 

electrode process varies according to the expression: 

 

𝑖red = −2F𝑐Sn2+B exp (−
red
 −red2Fakt

𝑅𝑇
)                            (3) 

 

where αred is the charge transfer coefficient of the reduction step at the cathode, B is a 

kinetic constant, re d
  is the activation energy of the cathodic reaction, F is the 

Faraday-constant, ηakt is the activation overpotential, R is the universal gas constant 

and T is the temperature [8]. The initial rise of the current is soon followed by a 

sharp decrease in Fig. 3 because the concentration of the active species (𝑐Sn2+) on the 

cathode surface drops. This phase is followed by a flat section corresponding to the 

limiting current, determined by a stabilized surface concentration at the cathode 

supplied by the ion transport from the bulk solution.  

Using as high as 30 g/dm3 Sn concentration, like in Figure 4a, that the initial 

current is followed by a short limiting current range of relatively high observed 

value. The limit ing current density (ilim) of the cathodic process can be expressed as: 

 

𝑖𝑙𝑖𝑚= 2F𝐷
𝑐b


                                                   (4) 

 

where D is the diffusion coefficient and  is the diffusion layer thickness of the 

doubly charged active species of cb bulk concentration. Accordingly, these limiting 

values are found approximately proportional to the tin concentration in the examined 

5, 10, 20 and 30 g/dm3 Sn solutions.   

  

Figure 4. Potentiodynamic deposition in stationary solution of 30 g/dm3 Sn, 1 M HCl 

 

a) b) 
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However, at higher Sn concentrations, faster growing crystals tend to stick out of 

the diffusion layer and soon terminate the limiting range. This results in a second 

phase of current increase. With the loose morphology of the deposited metal and the 

dendrites growing distinctly, the actual cathode surface is greatly extending, 

especially at the beginning of the electrolytic process. Thus, the current – i.e. the 

plotted apparent current density – may increase more intensively than the effective 

current density. After the first few seconds, the potentiostat was obviously unable to 

increase the current with the proper pace required by the potential steps. The 

potential is controlled through an Ayrton-circuitry, which increases the current as 

long as the required potential is attained. As the surface area grows rapidly, higher 

current is required to reach the potential values according to the program. Therefore, 

the actual potential will lag behind the programmed value. This  phenomenon, 

together with the current curve profile, clearly indicates the development of 

unfavorable deposit morphology. The long dendrites formed in this process are 

demonstrated in Fig. 4b.  

If the tips of the crystals reach the anode surface, short circuits arise and particles 

from  the anode slime may cause the contamination of the cathodic product. These 

conditions are to be avoided by enhancing the ion transport and reducing the tin 

concentration in the bulk solution, thus reducing the drop of tin concentration at the 

cathode surface.  

A comparison of Figs. 5 and 4, demonstrates that by lowering the tin 

concentration (to ~5 g/dm3) in the bulk solution and applying vigorous  stirring one 

can significantly improve the conditions and a dense – acceptable – deposit structure 

can be obtained. 

  

Figure 5. Potentiodynamic deposition in stirred (650 rpm) solution of 5 g/dm3 Sn, 1 M HCl 

As the crystals are less protruding, the current is not growing progressively with 

the potentiodynamic steps. A comparison of Figs. 3 and 5 demonstrates the 

significance of ion transport enhancement in a low tin concentration electrolyte. As 

the supply of ions to the cathode surface is more abundant, the crystals are not 

protruding far from the substrate and the surface is more evenly covered. However,  

 

a) 
b) 
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Fig. 6 shows that increased tin concentration and the maintainance of vigorous 

stirring cannot provide favorable conditions.  

  

Figure 6.  Potentiodynamic deposition in a stirred (650 rpm) solution of 30 g/dm3 Sn,  

1 M HCl 

Increased tin concentration allows for the growth of relatively large crystals , 

while the agitation of the solution cannot force deposition at sites between the long 

dendrite arms. Under these conditions the structure of the deposit became so rough 

and the actual cathode surface so large, that the current can be increased with very 

slight increase in the potential.  
 

2.2. Anodic dissolution 
 

 Figure 7 shows the noticeably high current values measured in the vigorously 

stirred (650 rpm) solution of 10 g/dm3 Sn and 2 M HCl concentrations. We can see 

the thin slime layer appearing as a result of the high currents reached in  short time. 

The potentiostat again, proved to be unable to produce the required potential steps – 

by the Ayrton-circu it ry .  

 

Figure 7.  Potentiodynamic dissolution in a stirred (650 rpm) solution of 10 g/dm3 Sn,  

2 M HCl 

a) 

b) 

a) 

b) 
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The anodic process could be examined with the surface of the working electrode 

left practically unchanged, therefore, standard type polarization curves could also be 

constructed from the results, as shown in Fig. 8. 

   

Figure 8. Anodic polarization curve  in a stirred (650 rpm) solution of 10 g/dm3 Sn,  

2 M HCl 

 

 Raising the tin concentration to 20 g/dm3 but omitting the agitation gives different 

results, as shown in Fig. 9a. The anodic current drops with the appearance of crystals 

(Fig. 9b) that block the anode surface. On the other hand, under these conditions the 

potentiostat can follow the programmed potential steps  through the Ayrton-circuitry. 

During anodic dissolution, a concentrated layer of tin solution forms at the anode 

surface, particularly without stirring. After a certain time, the solubility of tin is 

reached, and a white tin chloride coating occurs (Fig. 9b) on the electrode, which was 

seen dissolving when stirred. Despite the surface cover formed in the stationary 

electrolyte, the rate of anodic dissolution might increase again at higher potentials. 

These conditions are, however, unfavorable because of the formation of Sn(IV) – 

according to Eq. (1) –, which can re-dissolve the tips of the cathode crystals and 

impede deposition, whereby hydrogen evolution might occur at the cathode surface. 

  

Figure 9.  Anodic process in a stationary solution of 20 g/dm3 Sn, 1 M HCl. 

 

a) 

b) 
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Examinations have shown that the change of the HCl concentration in the 1–2 

mol/dm3 range has virtually no effect on either the anodic or the cathodic process. 

With higher (20 g/dm3) tin concentration in the solution, the introduction of vigorous 

stirring resulted in a continuous dissolution of the anodically polarized working 

electrode in a wide potential range, as shown in Fig. 10.  

   

Figure 10. Anodic process in a vigorously stirred (650 rpm) solution of 20 g/dm3 Sn,  

1 M HCl 

 

The dissolution of the anode is facilitated by lower tin concentration in the 

electrolyte. In comparison with Figs. 7 and 10, Fig. 11 demonstrates a fast increase in 

current density during the potentiodynamic run, while the potential is lagging behind 

the programmed steps.  

  
 

Figure 11. Anodic process in a vigorously stirred (650 rpm) solution of 5 g/dm3 Sn,  

2 M HCl 

 

Despite the low concentration of tin in the bulk solution and the application of 

vigorous stirring, some precipitation of tin chloride could still be observed at the 

surface of the working electrode due to the extremely high anodic currents.  

 Since lead alloying may influence the dissolution of the anode, it has also been 

investigated. As compared to the pure tin anodes, lead content in the 2–9 % range 

was found to reduce the current density at similar overpotentials. Figure 12 shows  

a) b) 

a) b) 



112 
 

Gergely B. Tóth–Masahito Uchikoshi–Tamás Kékesi 
 

 

 

that by approximately 140 mV anodic overpotential (reached within 30 s from the 

start), the anodic current density was ~ 12 kA/m2, whereas with pure tin anode (Fig. 

11) it was about 18 kA/m2 and the potentiostat generated ~ 50 mV anodic 

overvoltage at this point.  

 

 
 

Figure 12. Dissolution and polarization of the Sn-9%Pb anode in vigorously stirred  

(650 rpm) solution of 5 g/dm3 Sn, 2 M HCl 

 

The alloyed anodes also produced a higher rate of precipitation at the anode 

surface due to the lower solubility of lead in the tin chloride – HCl solutions. 

Significantly higher anode potentials cause the formation of Sn(IV) ions at lower 

anodic current densities than with pure Sn electrodes, thus the cathodic process will 

also be adversely affected. 

 

Conclusions 

 

The potentiodynamic study of the cathode and anode processes  highlighted the 

significance of tin concentration in the 5–30 g/dm3 range, whereas the HCl 

concentration in the 1–2 mol/dm3 range seemed to have little effect on the processes. 

The rough dendritic structure of the cathodic deposit reflects a slow ion transport in 

the electrolyte coupled with a fast electron transfer at the electrode surface. In order 

to avoid the formation of long protruding dendrites, the drop in tin concentration at 

the cathode surface has to be reduced. The deposit thus obtained can be relatively 

dense though easily removable from the substrate. Anodic dissolution also favors low 

tin concentration in the solution. Dissolution can be hindered by higher than 10 

g/dm3 tin concentrations in the bulk solution, and the oversaturation of the surface 

layer might produce chloride precipitates. Lead alloying noticeably deteriorates the 

conditions of anodic dissolution, for the required overpotential increases and the 

lower solubility of the lead species enhances the precipitation of chloride crystals at 

the anode surface. According to the interpretation of the potentiodynamic 

experimental results, the practical implementation of tin electrorefining in the 

chloride system is recommended at low tin and moderate HCl concentrations in an 

efficiently agitated electrolyte with controlled anode potential to avoid Sn(IV) 

formation. Although the crystals deposited at the cathode may not form a co mpact  

a) b) 
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deposit, the uneven growth of protruding dendrites can be suppressed through 

properly selected working conditions.  
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