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Abstract: An interesting process for rhenium recuperation during the polypyrrole overoxidation has 

been theoretically described. The correspondent mathematical model has been developed and analyzed 

using linear stability theory and bifurcation analysis. The model's analysis confirms the possibility for 

the efficient rhenium ion capture by polypyrrole overoxidation, yielding a long-living electrocatalytic 

material. On the other hand, oscillatory instability is also possible in both stages. 
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1. Introduction 

Polypyrrole is one of the most widely used conducting polymers [1–4]. As the pyrrole 

monomer is cheaper than the carbocyclic analogs and more active than thiophene, it has some 

advantages compared to their polymers. Therefore, it has a vast and rich gam of uses, beginning 

with corrosion-protecting coatings and finishing at sensors and biosensors.  

One of the severe disadvantages of polypyrrole is that it cannot be used at relatively 

high potentials due to its irreversible overoxidation [5-6]. It makes breaks the conjugated 

system, reducing the conductivity seriously. On the other hand, the oxygen-containing 

functional groups and pyridinic nitrogen appear in its structure. It makes it possible for the 

overoxidized polymer to form complexes with transition metals [6].  

One of these metals is rhenium [7–10]. Discovered in 1924, rhenium is widely used as 

a high-fusing, anticorrosive and catalytic additive to steels and other metallic alloys. Also, its 

compounds are used as long-living catalysts [11 – 13]. Rhenium forms many complex 

compounds in oxidation states from 0 to +7, including the famous complex ion [Re2Cl8]2-, 

which contains a quadruple bond between two rhenium atoms (Fig. 1):  
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Figure 1. Octochlorodirrhenate ion. 

 

Although rhenium has already obtained its wide use, generally in catalysis, it is a rare 

metal, which has already been considered dissipated till recent times. Its unique economically 

efficient mine is on the cratera of Kudryavy (Iodake) volcano, on the island of Iturup, also 

known as Etorofu, controlled by Russia and claimed on Japan. Therefore, the process of 

Rhenium recuperation and recyclization is actual [12-16], and the polypyrrole overoxidation 

with the next complexation of rhenium could give it a good service, as it yields an interesting 

long-living catalyst.  

Nevertheless, both electropolymerization and overoxidation of polypyrrole [17–18] 

tend to be accompanied by electrochemical instabilities. Besides strong kinetical influences on 

the process, those instabilities may cause significant changes in the resulting catalytic material 

morphology, rhenium recuperation efficiency, and electrochemical apparatus.  

Therefore, to describe the behavior of the polypyrrole overoxidation in the presence of 

rhenium-containing waste, resulting in an ecologically and economically efficient rhenium 

recuperation into another catalytic material, we theoretically analyze the system. By analyzing 

the correspondent mathematical model, we make conclusions concerning the steady-state 

stability and electrochemical instabilities in this system. Also, we evaluate the system’s 

behavior by comparing it with similar ones [19–21]. 

2. Materials and Methods 

 2.1. System and its modeling. 

The simplified scheme of the rhenium recapture by the overoxidized polypyrrole may 

be exposed in Fig. 2:  
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Figure 2. Polypyrrole overoxidation and Rhenium recapture. 

 

In the simplest case, in which the rhenium complex, after its formation, isn’t oxidized, 

we introduce two variables:  

p – non-coordinated overoxidized polypyrrole surface coverage degree;  

r – heptavalent rhenium-containing ion concentration in the pre-surface layer.  

In order to simplify the modeling, we assume that: 

- the background electrolyte is taken in excess so that we can neglect the migration flow and 

the oxidizing dopant oxidation change; 

- the reactor is intensively stirred so that we may neglect the convection flow; 

- the pre-surface layer concentration profile is linear, and its thickness is constant, equal to δ.  
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It is possible to prove that the differential equations´ set describing the system may be 

described as: 

{

𝑑𝑝

𝑑𝑡
=

1

𝑃
(𝑣0 − 𝑣𝑐)

𝑑𝑟

𝑑𝑡
=

2

𝛿
(

𝛥

𝛿
(𝑟0 − 𝑟) − 𝑣𝑐)

                                  (1) 

Herein, P is the overoxidized polypyrrole maximal surface concentration, 𝛥 is the 

diffusion coefficient, r0 is the heptavalent rhenium derivative bulk concentration, and the 

parameters v are overoxidation and complexation rates, which may be calculated as:  

𝑣0 = 𝑘0(1 − 𝑝) exp
𝑛𝐹𝜑0

𝑅𝑇
                     (2) 

𝑣𝑐 = 𝑘𝑐𝑝𝑟 exp(−𝛼𝑝𝑟)                    (3) 

Herein, the parameters k are the correspondent reaction rate constants, n is the number 

of electrons transferred, 𝛼 is the parameter, relating the complexation and the surface and 

double electric layer (DEL) conductivity and ionic force, F is the Faraday number, φ0 is the 

potential slope in DEL, related to the zero-charge potential, R is the universal gas constant, and 

T is the absolute temperature of the solution. 

Considering that, in this system, a conducting compound is transferred to a non-

conducting during the overoxidation and to another conducting form during the complexation, 

the surface conductivity will be cyclically changed, which contributes to the oscillatory 

behavior. Nevertheless, it doesn´t impede the efficient, economical, and green process of 

rhenium recuperation, as shown below. 

3. Results and Discussion 

In order to describe the process of rhenium electrocatalytic recuperation by polypyrrole 

overoxidation, we analyze the equation-set (1), taking into account the algebraic relations (2 – 

3) using steady-state stability theory. The steady-state Jacobian elements for this set may be 

exposed as:  

(
𝑎11 𝑎12

𝑎21 𝑎22
)                                              (4) 

Herein,  

𝑎11 =
1

𝑃
(−𝑘𝑂 exp

𝑛𝐹𝜑0

𝑅𝑇
− 𝑗𝑘𝑂(1 − 𝑝) exp

𝑛𝐹𝜑0

𝑅𝑇
− 𝑘𝑐𝑟 exp(−𝛼𝑝𝑟) + 𝛼𝑘𝑐𝑝𝑟 exp(−𝛼𝑝𝑟))   (3) 

𝑎12 =
1

𝑃
(−𝑘𝑐𝑝 exp(−𝛼𝑝𝑟) + 𝛼𝑘𝑐𝑝𝑟 exp(−𝛼𝑝𝑟))                (4) 

𝑎21 =
2

𝛿
(−𝑘𝑐𝑟 exp(−𝛼𝑝𝑟) + 𝛼𝑘𝑐𝑝𝑟 exp(−𝛼𝑝𝑟))               (5) 

𝑎22 =
2

𝛿
(−

𝛥

𝛿
− 𝑘𝑐𝑝 exp(−𝛼𝑝𝑟) + 𝛼𝑘𝑐𝑝𝑟 exp(−𝛼𝑝𝑟))               (6) 

The principal conditions for the system singular points are exposed in Table 1: 

Table 1. The bivariant systems’ main singular point requirements. 

Steady-state stability Tr J<0, Det J>0 

Oscillatory instability (Hopf bifurcation) Tr J=0, Det J>0 

Monotonic instability (saddle-node or static bifurcation) Tr J<0, Det J=0 

 

Considering the elements (5) and (8), the oscillatory behavior is capable of appearing 

in this system. The main Hopf bifurcation condition is realized if the main diagonal contains 

positive elements related to the positive callback.  

Two elements, capable of being positive, are part of the main diagonal:  
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- −𝑗𝑘𝑂(1 − 𝑝) exp
𝑛𝐹𝜑0

𝑅𝑇
> 0, if j<0 describing the DEL influences of the overoxidation. As 

the overoxidized polypyrrole is less conducting, the double electric layer structure suffers 

rearrangements, leading to the conductivity reduction. It will be responsible for the cyclic 

change of the electrode current, manifested in the oscillatory behavior; 

-  𝛼𝑘𝑐𝑝𝑟 exp(−𝛼𝑝𝑟), if 𝛼 > 0, describing the DEL rearrangement, caused by the complex 

formation and conductivity enhancement, contrary to the conductivity decay, mentioned above. 

The oscillations amplitude will be dependent on the background electrolyte composition, as in 

[18 – 19].  

However, if the mentioned conditions are not satisfied, steady-state stability will be 

obtained. In order to avoid the cumbersome expressions, we expose the Jacobian determinant 

as:  

2

𝛿𝑃
|
−𝛺 − 𝛯 −𝛬

−𝛯 −𝜅 − 𝛬
|                                        (7) 

Mathematically, its condition will be described as:  

{

1

𝑃
(−𝛺 − 𝛯) −

2

𝛿
(−𝜅 − 𝛬) < 0

2

𝛿𝑃
(𝛺𝜅 + 𝛯𝜅 + 𝛺𝛬) > 0

                  (8) 

Defining an efficient Rhenium-based catalytical material formation as a result of 

rhenium recycling. The process will be diffusion-controlled. The condition (8) is easily 

satisfied, providing a green and economic rhenium recuperation into an efficient catalytic 

material.  

The margin between the steady stable-states and unstable states, shown as an N-shaped 

part of the voltammogram, will define the monotonic instability. Its condition will be depicted 

as:  

{

1

𝑃
(−𝛺 − 𝛯) −

2

𝛿
(−𝜅 − 𝛬) < 0

2

𝛿𝑃
(𝛺𝜅 + 𝛯𝜅 + 𝛺𝛬) = 0

                  (9) 

This work describes the simplest potentiostat rhenium recapture from heptavalent 

rhenium-containing wastewater. Real systems with low-valent rhenium compounds and in 

galvanostatic and potentiodynamic mode will be more dynamic. Their behavior will be shown 

in our next works. 

4. Conclusions 

 From the theoretical evaluation of rhenium recapture by polypyrrole overoxidation, it 

has been possible to conclude that it is an efficient electro synthetic technique. The resulting 

material is to be an efficient long-life catalytic material. As for the process, it tends to be 

diffusion-controlled, providing smooth well-developed material deposition. In its turn, the 

oscillatory behavior is expected to be probable due to the double electric layer structure changes 

during both stages. The probability of the oscillatory behavior and the oscillation amplitude 

will depend on the solution's background electrolyte composition. 
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