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Abstract: This paper focuses on the recycling of silver from spent oxygen-depolarized cathodes 

through an innovative combination of pre-treatment methods and leaching. A silver- and 

polytetrafluorethylene (PTFE)-rich fraction was produced by cryogenic milling, screening, and 

magnetic separation. In order to understand the kinetic leaching mechanism, the silver-rich fraction 

was leached by different concentrations of nitric acid and hydrogen peroxide. Results showed that 

nickel influences the silver leaching. This leads to complex reaction systems, which cannot be 

described by the Arrhenius law. 

Keywords: oxygen-depolarized cathodes; silver leaching; cryogenic pre-treatment; negative 

activation energy 

 

1. Introduction 

The utilization of oxygen-depolarized cathodes (ODCs) for chlorine-alkaline electrolysis is 

becoming interesting as an industrial process due to its lower energy consumption and associated 

CO2 emission compared to mercury, diaphragm, or conventional membrane cell electrolysis [1]. The 

power consumption for chlorine production can be reduced to 30% compared to that of the common 

membrane process [2]. 

Oxygen-depolarized cathodes consist of a grid material made of nickel, silver powder as a 

catalyst, and polytetrafluorethylene (PTFE). As the technology becomes more relevant in the future, 

the development of a recycling process for used cathodes is an important step towards a sustainable 

process chain. This publication focuses on the recovery of silver from ODCs with a combination of 

mechanical pre-treatment and hydrometallurgical methods. The main objective is to extract the silver 

from the ODC as silver nitrate and produce an optimal silver nitrate solution that is suitable for 

subsequent silver electrolysis. The main challenge is to leach with a relatively low acid concentration, 

so that electrolysis can run at pH values of 5–6 without requiring strong neutralization. Furthermore, 

the nickel concentration in the electrolyte has to be below 1 g/L as nickel influences the silver powder 

morphology and its quality for reuse in ODCs. The influence of nickel in the silver electrolysis was 

investigated by a project partner and is not a part of this paper [3]. 

To develop a zero-waste recycling process for used oxygen-depolarized cathodes, the 

combination of mechanical pre-treatment and leaching was necessary for the following reasons: 

 Pyrometallurgical treatment is not suitable because of the complex material composition and the 

high amount of PTFE. The combustion of PTFE produces harmful off-gases and requires a 
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complex off-gas cleaning [4]. Furthermore, a pyrometallurgical separation of silver and nickel 

causes high silver losses, which are investigated in other trials.  

 The direct leaching of non-pre-treated oxygen-depolarized cathodes is technically feasible but 

requires a complex separation of dissolved nickel in order to recover catalytically active silver 

powder via silver electrolysis. Single pre-trials (5% nitric acid) with non-pre-treated cathodes 

revealed a higher dissolved nickel content (8 g/L Ni) compared to pre-treated ODCs (0.08 g/L 

Ni). For this reason, further experiments were carried out with crushed cathodes. 

 The mechanical pre-treatment of the ODCs leads to the liberation of the enclosed silver particles, 

which improves the contact of acid and silver. A visual analysis of the pre-treated material 

showed a significant exposure of silver particles. In addition, handling crushed material is much 

easier compared to dealing with complete cathodes. 

 Due to the relatively low acid concentration required, the influence of an oxidizing agent 

(hydrogen peroxide) and its influence on leaching (thermal instability [5] and catalytic 

decomposition [6]) should be investigated.  

A zero-waste process is possible because the pre-processing of ODCs separates magnetic nickel, 

which can be melted directly after one washing step. Silver will be regained as silver powder for new 

ODCs from the obtained silver nitrate solution after leaching. Due to its chemically inert behavior, a 

PTFE fraction is received after leaching and filtration. After an additional leaching with concentrated 

acid, the PTFE should theoretically be clean enough to be transferred to a new recycling process. 

The schematic of the developed recycling procedure, which should be able to deal with the 

challenges presented, is shown in Figure 1. The mechanical treatment started with cryogenic grinding 

in a cutting mill under liquid nitrogen. Temperatures below −50 °C increased embrittlement and 

supported the comminution of the material in the mill, which was necessary for the following 

processing steps. Separation was achieved by screening and magnetic separation, producing both an 

enriched Ni and a PTFE–Ag fraction. The enriched PTFE–Ag fraction was the input material for the 

following leaching step with nitric acid. The silver nitrate solution after leaching was used to produce 

silver powder by electrolysis, which, however, is not a part of this publication. 

Cryogenic 
grinding

Oxygen depolarized 
cathodes

Screening
Magnetic 

separation

Nickel

Leaching PTFE

AgNO3

Electrolysis Silver
 

Figure 1.  Schematic procedure for recycling silver from oxygen-depolarized cathodes (ODCs). 

As shown in the flow sheet for the developed recycling process, the main objective was to devise 

a pre-treatment for used ODCs and to specify leaching conditions to obtain a suitable AgNO3 solution 

for subsequent silver electrolysis.  

The mechanical processing of the material uses mechanisms that are already well established in 

the processing of several mineral resources. Whereas screening is normally used to achieve a defined 

feed grain size for the subsequent separation processes, it can also be used to separate materials with 

different shapes in combination with selective comminution. There have been various approaches to 

selective comminution and subsequent screening for materials, such as concrete and mineral 

construction and demolition wastes in order to recycle their different components [7,8].  

Magnetic separation has been increasingly used since the beginning of the 20th century. Its most 

important field of application is iron ore processing, as strong magnetic magnetite is enriched almost 

exclusively in this way. Due to its high susceptibility, metallic nickel is characterized as a 

ferromagnetic material that behaves similarly to magnetite, whereas Ag–PTFE is non-magnetic. This 
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makes the application of a dry low-intensity magnetic separation (LIMS) suitable for the investigated 

material [9]. Modern dry LIMS aggregates are mainly designed as drum separators with permanent 

magnets, providing magnetic field strengths below 2000 Gauss (0.2 Tesla) [10]. For small-scale 

applications, rotary magnetic belt separators with higher magnetic field strengths (up to 5000 Gauss) 

can be applied. 

Silver leaching with nitric acid is a well-known procedure with a complex reaction between 

metal and acid with a dependency on purity, formed reaction products, and temperature. The 

chemical and physical state of silver also influences the reaction [11]. Furthermore, the acid 

concentration can change the reaction order. In a concentration range between 3.0 and 4.9 mol/L, the 

reaction follows the second order [12]: 

4HNO3 + 3Ag ⟶ 3AgNO3 + NO + 2H2O; (1) 

at higher acid concentrations (4.9–7.1 mol/L) silver reacts with nitric acid according to the first order 

[12]: 

2HNO3 + Ag ⟶ AgNO3 + NO2 + H2O. (2) 

Also, the reaction system presented in this paper had to be extended because of the partially 

enclosed silver particles in a PTFE matrix, which certainly influenced diffusion.  

A non-catalytic heterogeneous solid–fluid reaction of uniform spherical particles can be 

expressed with the shrinking core model. Here, the rate-controlling step can be expressed differently 

under two different scenarios. If the chemical reaction is the dominant step, the expression can be 

indicated as [13]: 

 
1/3

1 1 α k t    , (3) 

where α is the conversion, k is the reaction rate constant, and t is time. 

If the diffusion of the reagent through a solid porous layer dominates the reaction, then the 

shrinking core model can be expressed, e.g., by an equation proposed by Jander [14]: 

  
2

1/3
1 α 1 k t    . (4) 

A plot of [1 − (1 − α)1/3] with respect to [((1 + α)1/3 − 1)2] versus time should give a straight line with a 

slope k. Furthermore, the reaction rate constant is a function of temperature and the activation energy 

of the system can be determined by the Arrhenius equation (Equation 5) [15]: 

where A is the pre-exponential factor, Ea the activation energy, R the gas constant, and T the 

temperature. 

The Arrhenius equation is applicable for elementary reactions between reactants, which are in 

an endothermic equilibrium. Furthermore, the reaction pathway from the initial to the final state does 

not influence the activation energy. The Arrhenius law suggests that the activation energy is a 

constant, which is not always a given, as Ea can show temperature and reaction-phase dependence 

[16,17]. 

2. Materials and Methods 

To provide a sufficient liberation of the main components, the material was crushed by a cutting 

mill under cryogenic conditions. The low temperature of liquid nitrogen led to the embrittlement of 

the PTFE and nickel grid. Thus, a slight comminution of ODCs was possible without major material 

loss. A rough separation was seen after treatment (Figure 2a). The nickel grid matrix was 

disassembled into threads and the PTFE with the silver into grains (Figures 2b, c). The grain size was 

controlled by using different discharge screens (mesh sizes: 1, 2, and 4 mm). Five different batches 

were generated, whereby the first two batches (fractions 1 and 2) were used to generate enough 

/aE RTk Ae , (5) 
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material for the leaching trials with a discharge screen of 4 mm. In order to investigate the liberation 

grade, three fractions were generated with different discharge screens. The influence of using 

different mesh sizes during cryogenic milling on chemical composition, grain size distribution, and 

leaching behavior was investigated separately. The different fractions obtained underwent the same 

processing steps afterwards. 

 

(a) (b) (c) 

Figure 2. Samples after cryogenic treatment. (a) Macroscopic image, (b) microscopic image of the 

nickel fraction, and (c) microscopic image of the Ag–polytetrafluorethylene (PTFE) fraction. 

The main objective of mechanical processing was to generate a high-grade Ag–PTFE concentrate 

by rejecting the metallic Ni threads. This was achieved by dry magnetic separation. Due to the fact 

that the Ni threads tended to stick together and agglomerate with Ag–PTFE, the feed had to be 

deagglomerated by short-time screening. As a positive side effect, the screening process not only 

ensured deagglomeration but also separated an adequate amount of Ni threads. A simplified flow 

sheet of the discontinuous process is shown in Figure 3. 
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Figure 3. Simplified flow sheet of the discontinuous mechanical treatment process. 
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Screening was carried out using a laboratory-scale sieve, whereas magnetic separation was 

carried out with a rotary magnetic belt separator (Steinert, Cologne, Germany) with a permanent 

magnetic strength of 3500 Gauss (0.35 Tesla). To ensure a clean Ag–PTFE product and to speed up 

the recovery, a two-staged magnetic separation was performed followed by another short-time 

screening and a subsequent magnetic separation step. 

The analysis of the processed ODCs was conducted with inductively coupled plasma atomic 

emission spectroscopy (ICP-AES) (Spectro Ciros Vision, Spectro, Kleve, Germany) after a microwave 

digestion (Multiwave PRO, Anton Paar, Graz, Austria) in concentrated nitric acid. By back weighing, 

the amount of insoluble PTFE was determined.  

Leaching trials of the processed ODCs were carried out in a magnetic stirred beaker with a 

stirring speed of 300 rpm. To minimize fluid loss during the experiment, a watch glass was placed on 

the opening of the beaker. The solid to liquid ratio (50 g/L) and the temperature of 50 ± 1 °C was 

constant for all the leaching experiments. A reaction volume of 0.750 L was chosen and the material 

was homogenized for every trial to reduce the influence of material inhomogeneity. 

In the first step, two different nitric acid concentrations were tested (5% HNO3 and 10% HNO3). 

Further, the influence of the addition of hydrogen peroxide was investigated. For this purpose, the 

required amount of H2O2 was calculated from the silver content and 1:1.5 and 1:3 Ag:H2O2 

stoichiometries were chosen. The overstiochiometrical addition was chosen because a loss of 

hydrogen peroxide was anticipated due to thermal decomposition and reaction with nickel. At 120 

min and at 240 min a liquid sample of 10 mL was taken and filtered with a syringe filter unit (mesh 

size 0.45 μm). The trials were repeated three times to prove the reproducibility and to reduce the 

influence of inhomogeneity of the material.  

For the kinetic trials a temperature range from room temperature to 85 ± 0.5 °C was chosen. Over 

a time frame of 240 min, every 30 min a small sample of 10 mL was taken and filtered with syringe 

filter units (mesh size 0.45 μm). The agitation speed and the solid to liquid ratio were adopted from 

the leaching tests. The experiments were carried out with 5% nitric acid and a 1:3 stoichiometry was 

chosen to investigate the influence of hydrogen peroxide. The acid concentration of 5% and 1:3 

stoichiometry delivered good results for the required selectivity and silver recovery for a possible 

recycling process. The results of the kinetic study provided information about the activation energy 

as well as details about the temperature and diffusion behavior in order to refine leaching parameters. 

The kinetic trials were repeated two times. 

The silver concentration was determined with titration against chloride and nickel using ICP 

analysis. The liquid loss due to sampling and evaporation was taken into account for the calculation 

of the mean yields. 

3. Results and Discussion 

The results of five different test samples are shown in Table 1. Coarse- and medium-grained 

samples showed similar behavior in the first magnetic separation stage, while the recovery of Ag–

PTFE from the fine-grained sample was less effective. The second magnetic separation stage 

increased the mass recovery of Ag–PTFE in all five samples. 

As mentioned above, the process was not designed continuously because of the short-time 

screening stages between the milling and the magnetic separation stages. To realize an industrial and 

dry continuous process with a higher throughput, the application of an air jig or air tables could be 

considered due to the higher density of the Ag-bearing PTFE material compared to the Ni threads 

[18]. 
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Table 1. Mass recoveries of mechanical processing tests. 

Fraction 
1 

(Coarse) 

2 

(Coarse) 

3 

(Coarse) 

4 

(Middle) 

5 

(Fine) 

Ni > 2 mm (1) 7.8% 8.4% 6.9% 8.2% 5.3% 

PTFE–Ag magnetic separation 

rougher/cleaner (1) 
73.2% 70.2% 74.7% 72.5% 61.2% 

Ni > 1 mm (2) 8.4% 8.5% 8.5% 6.7% 11.3% 

PTFE–Ag magnetic separation scavenger (2) 5.5% 10.6% 7.8% 7.5% 13.2% 

Ni magnetic separation scavenger (3) 5.1% 2.3% 2.2% 5.1% 9.0% 

Ag–PTFE product 78.8% 80.8% 82.4% 80.0% 74.4% 

Ni fraction 21.2% 19.2% 17.6% 20.0% 25.6% 

For the following leaching trials the non-magnetic fractions of 1 and 2 were taken and 

homogenized. Table 2 shows the material composition of the obtained Ag–PTFE fraction. 

Table 2. Composition of processed ODCs used for leaching trials. 

Ag Ni PTFE 

91% 0.25% 5.7% 

Figure 4 shows the metal extraction for silver and nickel after leaching with 5% and 10% HNO3 

and the addition of different amounts of hydrogen peroxide. By leaching with 5% nitric acid the silver 

yield reached 63.9% after 120 min; after 240 min the metal extraction increased to 85.2% (Figure 4a). 

The addition of hydrogen peroxide improved the silver recovery, as the yield reached 83.6% with 

1:1.5 or 93.1% with 1:3 stoichiometry. A longer reaction time resulted in a slight increase up to 98.7% 

(1:3 stoichiometry). The silver dissolution reaction took place at the very beginning and almost 

reached a steady state after 120 min with the addition of hydrogen peroxide. For the extraction of 

nickel, a yield of 66.9% was obtained with the lower acid concentration after 120 min. The addition 

of the oxidizing agent decreased the nickel recovery to 47.1% with 1:3 stoichiometry. Similar to the 

dissolution of silver, the nickel dissolution also reached a saturation value after 120 min.  

 
(a) (b) 

Figure 4. Recovery rate for silver and nickel for leaching trials with (a) 5% HNO3 and (b) 10% HNO3. 

By leaching with 10% nitric acid, a slightly lower silver yield of 58.7% was obtained compared 

to the leaching trials with 5% HNO3 (Figure 4b). The addition of hydrogen peroxide increased the 

silver recovery to 78.1%. A higher acid concentration led to a higher amount of nickel in the solution 

compared to leaching trials with 5% HNO3. Additionally, the influence of the oxidizing reagent was 

significantly smaller and resulted in a lower silver-to-nickel selectivity. The lower acid concentration 

was more suitable for producing a silver nitrate solution ideal for electrolysis. Furthermore, the 



Metals 2019, 9, 187 7 of 11 

 

addition of hydrogen peroxide decreased the dissolved nickel content and reduced the reaction time, 

as shown in Figure 4.  

A recovery of 100% was not achieved due to the following observations: Some silver particles 

were partly or completely surrounded by the PTFE matrix. Consequently, direct contact between the 

nitric acid and the silver particles was impeded. Furthermore, the presence of metallic nickel threads 

led to the cementation of metallic silver on the nickel surface. Through this cementation reaction, 

nickel was passivated as soon as sufficient silver dissolved to cover the nickel surface. This reaction 

between the dissolved silver and metallic nickel grains results in a useful nickel saturation because 

of a desired low nickel concentration in the solution on the one hand but consequently leads to silver 

losses on the other hand.  

The influence of different temperatures is shown in Figure 5. The dissolution of silver in 5% 

HNO3 at room temperature was slower compared to that at higher temperatures. At room 

temperature, a delay in the dissolution of silver can be observed for less than 60 min. Due to previous 

experiences it can be assumed that silver dissolution is dominated by the silver cementation.  

At 45 °C, the yield of silver reached a maximum at 80.6%. Higher temperature increases led to 

reduced silver extraction. The dissolution of silver with the H2O2 additive was significantly faster 

than without it. This can be attributed to the higher standard potential of H2O2 compared to that of 

HNO3, meaning that silver oxidation occurred more easily. The temperature behavior of the HNO3–

H2O2 leaching curves was similar to the HNO3 curves. The yield increased from 88.0% to 93.7% with 

a temperature rise of 15 °C after 60 min. However, a further increase in temperature led to lower 

silver yields.  

 

(a) (b) 

Figure 5. Silver extraction at different temperatures (a) without and (b) with the addition of hydrogen 

peroxide. 

By applying the kinetic models stated above over a time range of 60–180 min, the following 

diagrams were created. The time range was chosen to exclude the range, where the silver extraction 

reached a saturation state. The differences between the models for reaction-controlled and diffusion-

controlled leaching were only very marginal. Using other forms of the models also made no 

improvement. The main concern of the results obtained was the unusual behavior as a function of 

the temperature. The relationship between 1 − (1 − α)1/3 (reaction-controlled) and ((1 + α)1/3 − 1)2 

(diffusion-controlled) and the time for silver leaching at various temperatures are shown in Figure 6. 

Comparing the two models, the quality of the linear regressions decreased with increasing 

temperature. In addition, based on the available data, no decision could be made as to whether the 

reaction is more diffusion- or reaction-controlled. 
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(a) (b) 

Figure 6. The relationship between (a) 1 − (1 − α)1/3 (reaction-controlled) and (b) ((1 + α)1/3 − 1)2 

(diffusion-controlled) and the time for silver leaching at various temperatures. 

After determining the reaction rate constants from the slopes, a decrease in the k values was 

observed with temperature increase. By plotting ln(k) versus 1/T in order to determine the activation 

energy following the Arrhenius equation, a negative activation energy was calculated for the 

dissolution of silver regardless of the chosen model. This outcome contradicts the literature values 

for the activation energy of metallic silver in nitric acid [12]. 

As mentioned in the introduction, the Arrhenius law depends on several factors [16,17]. 

Considering the observations of the reaction behavior, the non-Arrhenius behavior can be explained 

by the presence of a complex reaction system [19]. One assumption for the validity is a simple 

elementary reaction shown in Equation (6). 

A B C   (6) 

One indication of the presence of a complex reaction is the leaching behavior of nickel. Leaching 

trials with 5% nitric acid have shown that it is impossible to achieve a complete dissolution of nickel 

in spite of its solubility in diluted nitric acid [20]. One possible explanation for this phenomenon is a 

passivation of the nickel threads after a certain reaction time and a subsequent hindrance for the 

dissolution of nickel. On examining the nickel threads after leaching by optical enlargement, a silver 

layer on the nickel surface was obvious from silver cementation (Figure 7). 

 

Figure 7. Silver cementation on nickel threads. 
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Considering this cementation, it was necessary to extend the model for the dissolution of silver 

with a consecutive reaction (Equation 7) which is a complex elementary reaction. 

 
3

3

NiHNO

aqPTFE NiHNO
Ag Ag Ag         . (7) 

Furthermore, nickel shows a complex behavior, as it is dissolved in diluted acid and with silver 

cementation, which results in a parallel reaction. 

Ni
HNO3

Ag +

Ni
2+

(aq)

Ni
2+

(aq)
 

(8) 

Given the fact that both silver and nickel show complex dissolution reactions in this system, the 

requirements of the Arrhenius law are not fulfilled and the negative activation energy can be 

explained because of these phenomena. The three necessary reaction rate constants for the silver 

reaction include three different temperature dependences. Nickel dissolution can be expressed by 

two reaction rate constants. In addition, silver and nickel interact with each other, making the 

leaching model even more complicated. The overall reaction rate constant at one temperature, which 

is determined by the leaching model, is consequently a combination of several constants and depends 

on the concentration of the other metal, especially at the beginning of the reaction. By adding 

hydrogen peroxide, the reaction system will be extended at least for one reaction for each metal and 

even more reaction rate constants have to be considered. As a result, the kinetics of this system cannot 

be evaluated with the concepts of a shrinking core model and the Arrhenius law. 

4. Conclusions 

The kinetic investigation in the range of 25 °C to 85 °C led to a negative activation energy for the 

dissolution of silver. In the small temperature range from 25 °C to 45 °C, a positive activation energy 

was possible, but the data was insufficient to prove this. For higher leaching temperatures, a change 

in the leaching mechanism was possible, which was dominated by complex elementary reactions. In 

the future, further experiments should be conducted over smaller temperature and time ranges to 

determine a possible change in the reaction mechanism. The analysis of the data is difficult since little 

can be found in the literature about negative activation energy [21]. To work in the validity of the 

Arrhenius law, silver dissolution must be investigated without the influence of nickel. Due to the 

utilization of a recycled material, a pre-treatment was necessary. 

For future kinetic investigations, it will be useful to study all possible chemical reactions. This is 

shown schematically in Figure 8 for the HNO3–H2O2 system. The silver dissolution can occur on the 

one hand with nitric acid, where besides Ag+ and water, nitrogen monoxide will also be formed. On 

the other hand, hydrogen peroxide can also react with silver to form Ag+ and water. As the silver 

particles on the PTFE surface are in the micrometer range, H2O2 will decompose catalytically on the 

metal surface, leading to O2 and H2O formation and a slight temperature increase due to the 

exothermic reaction. Nickel can undergo reactions with nitric acid analogous to silver dissolution and 

with already dissolved silver to form nickel cations. Additionally, the oxidation of NO, which is 

formed by the metal–nitric acid reaction, to nitric acid should be mentioned as a side reaction. 
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Figure 8. Schematic diagram for the possible reactions between silver, nitric acid, nickel, and 

hydrogen peroxide. 
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