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Abstract: The theoretical description for orellanine electrochemical determination and 

electropolymerization, assisted by CuS nanoparticles, deposited over a graphene surface, is given. 

Taking into account the orellanine similarity to hydroquinonic compounds, alongside with their higher 

oxidation potential, copper sulfide nanoparticles, paired with copper (III) sulfohydroxide are used. 

Orellanine polymerization is also promoted, yielding a natural-based conducting polymer with 

interesting catalytical properties. The analysis of the correspondent mathematical model confirms the 

efficiency of the system. The linear dependence between the electrochemical parameter and 

concentration is easy to obtain and maintain.  On the other hand, the oscillatory and monotonic 

instabilities in this system will be more probable than for hydroquinone compound determination. 

Keywords: orellanine; food safety; electrochemical sensors, electrochemical polymerization; stable 

steady-state. 
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1. Introduction 

Orellanine (2-2´ (3,4,3´4´-tetrahydroxy)dipyridyl-N,N-dioxide, Fig. 1)  is the main 

toxin of poisonous mushrooms Orellani (foolish webcaps) [1 – 4]. The first symptoms of 
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orellanine poisoning are similar nausea, vomiting, stomach pains, headaches, followed by 

kidney failure (immense thirst, frequent urination, pain on and around the kidneys). If 

untreated, death is imminent.  

The structure is very similar to that of hydroquinone compounds, and the human 

receptor will recognize orellanine as one of those, leading to toxic quinone-like forms, 

participating in radical oxidation processes in the organism, driving it off the normal path. As 

both the cooked and uncooked mushrooms contain these compounds and as the orellani 

mushrooms are difficult to be recognized, the orellanine poisoning detection is really actual, 

and the electrochemical methods, yet used for hydroquinone compounds, may be used for this 

purpose [5–12].  
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Figure 1. Orellanine structure. 

 

Possessing electroactive groups (N-oxide, aromatic ring, and phenol-like hydroxyls) 

orellanine is electroactive. Moreover, mimicking the hydroquinone structure, it may be used as 

a monomer for economical and green (semi)conducting polymer [13 – 19] with interesting 

catalytic properties. Therefore, the electrochemical (direct or assisted) oxidation of orellanine 

may serve as the font for both electroanalytical or electrosynthetical purposes.  

The modern electroanalytical processes permit the use of chemically modified 

electrodes, capable of detecting the orellanine and classical hydroquinone compounds 

similarly. One of the electrode modifiers used for this purpose is nanoparticles [20–24], 

permitting to detect of a wide range of analytes.  

Nonetheless, taking into account the frequency of the electrochemical instabilities 

observed during the organic molecules electrooxidation and electropolymerization [25–26], 

capable of influencing directly the electroanalytical system behavior, the process of 

electrochemical determination and electropolymerization of orellanine in the presence of 

hydroquinone compounds has to be studied theoretically before it is used in practice. Therefore, 

the goal of this work is the mechanistic theoretical study of CuS-assisted orellanine and 

hydroquinone determination by the development and analysis of the corresponding 

mathematical model. Also, the behavior of the system will be compared to that of similar ones 

[27–28]. 

2. Materials and Methods 

 Copper (II) sulfide nanoparticles with the applied anodic potential undergo 

electrooxidation, yielding copper (III) sulfohydroxide (1):  

CuS + OH- - e-
→ CuS(OH)                            (1) 

It is a highly energetic form, capable of oxidizing both hydroquinones and orellanines. 

Taking into account the similarity between them, the analytes are oxidized according to a 

similar mechanism. Nevertheless, orellanines, possessing N-oxidized pyridinic nitrogen atoms, 

are oxidized more difficultly. Moreover, as orellanines are much more polar, their 
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electrooxidation and electro(co)polymerization will affect the double electric layer (DEL) in a 

more significant manner. Therefore, the behavior of the system will be more dynamic than 

hydroquinone determination and polymerization. The scheme of the electroanalytical process 

is exposed as in Fig. 2:  
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Figure 2. The scheme of the electroanalytical (electrosynthetical) process. 

 

Therefore, in order to describe the electroanalytical process, we introduce three 

variables:  

o – the orellanine concentration in the pre-surface layer; 

h – hydroquinone concentration in the pre-surface layer;  

c – copper sulfohydroxide surface coverage degree.  

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.  

It is possible to prove that the differential equations´ set describing the system may be 

described as: 

{
 
 

 
 
𝑑𝑜

𝑑𝑡
=

2

𝛿
(
𝛰

𝛿
(𝑜0 − 𝑜) − 𝑟21 − 𝑟𝑝)

𝑑ℎ

𝑑𝑡
=

2

𝛿
(
𝐻

𝛿
(ℎ0 − 𝑜) − 𝑟22 − 𝑟𝑝)

𝑑𝑐

𝑑𝑡
=

1

𝐶
(𝑟1 − 𝑟21 − 𝑟22 − 𝑟𝑝)

                                      (2) 

Herein,  O and H are diffusion coefficients, c0 and h0 are the bulk concentrations of 

both of the compounds, C is the copper sulfohydroxide maximal surface coverage degree, and 

the parameters r are correspondent reaction rates, calculated as   is the copper ions bulk 

concentration, M is the complex compound maximal surface concentration, and the parameters 

r are the correspondent reaction rates, calculated as (3 – 6):  
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𝑟1 = 𝑘1(1 − 𝑐) exp (
𝐹𝜑0

𝑅𝑇
)      (3) 

𝑟21 = 𝑘21𝑜𝑐
4 exp(−𝑎𝑜)  (4) 

𝑟22 = 𝑘22ℎ𝑐
2     (5) 

𝑟𝑝 = 𝑘𝑝𝑜
𝑥ℎ𝑦𝑐𝑧 exp(−𝑎𝑜)   (6) 

Herein, the parameters k are the correspondent reaction rate constants, x, y, and z are 

polymerization reaction orders, a is the parameter relating the DEL capacitance with the 

complex formation, 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. 

 As it is possible to observe, the orellanine assisted electrooxidation and 

electropolymerization is more dynamic and affects the DEL more than the same process the 

simple hydroquinone, which contributes to the system´s behavior. Nevertheless, the 

electrochemical process is efficient from both an electroanalytical and electrosynthetical point 

of view, as shown below. 

3. Results and Discussion 

In order to describe the electroanalytical process with orellaninee and hydroquinone 

nano-CuS-assisted electrochemical determination and electropolymerization, we analyze the 

equation-set (2) and algebraic relations (3 – 6) by means of linear stability theory. The steady-

state Jacobian matrix members for this case will be exposed as :  

(

𝑎11 𝑎12 𝑎13
𝑎21 𝑎22 𝑎23
𝑎31 𝑎32 𝑎33

)                                          (7) 

in which:  

𝑎11 =
2

𝛿
(−

𝛰

𝛿
− 𝑘21𝑐

4 exp(−𝑎𝑜) + 𝑎𝑘21𝑜𝑐
4 exp(−𝑎𝑜) − 𝑥𝑘𝑝𝑜

𝑥−1ℎ𝑦𝑐𝑧 exp(−𝑎𝑜) +

𝑎𝑘𝑝𝑜
𝑥ℎ𝑦𝑐𝑧 exp(−𝑎𝑜))(8) 

𝑎12 =
2

𝛿
(−𝑦𝑘𝑝𝑜

𝑥ℎ𝑦−1𝑐𝑧 exp(−𝑎𝑜))  (9) 

𝑎13 =
2

𝛿
(−4𝑘21𝑜𝑐

3 exp(−𝑎𝑜) − 𝑧𝑘𝑝𝑜
𝑥ℎ𝑦𝑐𝑧−1 exp(−𝑎𝑜))    (10) 

𝑎21 =
2

𝛿
(−𝑥𝑘𝑝𝑜

𝑥−1ℎ𝑦𝑐𝑧 exp(−𝑎𝑜) + 𝑎𝑘𝑝𝑜
𝑥ℎ𝑦𝑐𝑧 exp(−𝑎𝑜)) (11) 

𝑎22 =
2

𝛿
(−

𝐻

𝛿
− 𝑘22𝑐

2 − 𝑦𝑘𝑝𝑜
𝑥ℎ𝑦−1𝑐𝑧 exp(−𝑎𝑜))   (12) 

𝑎23 =
2

𝛿
(−2𝑘22ℎ𝑐 − 𝑧𝑘𝑝𝑜

𝑥ℎ𝑦𝑐𝑧−1 exp(−𝑎𝑜)) (13) 

𝑎31 =
1

𝐶
(−𝑘21𝑐

4 exp(−𝑎𝑜) + 𝑎𝑘21𝑜𝑐
4 exp(−𝑎𝑜) − 𝑥𝑘𝑝𝑜

𝑥−1ℎ𝑦𝑐𝑧 exp(−𝑎𝑜) +

𝑎𝑘𝑝𝑜
𝑥ℎ𝑦𝑐𝑧 exp(−𝑎𝑜))    (14) 

𝑎32 =
1

𝐶
(−𝑘22𝑐

2 − 𝑦𝑘𝑝𝑜
𝑥ℎ𝑦−1𝑐𝑧 exp(−𝑎𝑜))       (15) 

𝑎33 =
1

𝐶
(−𝑘1 exp (

𝐹𝜑0

𝑅𝑇
) + 𝑗𝑘1(1 − 𝑐) exp (

𝐹𝜑0

𝑅𝑇
) − 4𝑘21𝑜𝑐

3 exp(−𝑎𝑜) − 2𝑘22ℎ𝑐 −

𝑧𝑘𝑝𝑜
𝑥ℎ𝑦𝑐𝑧−1 exp(−𝑎𝑜))      (16) 

Taking into account the elements (8), (12) and (16), the oscillatory behavior may appear 

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

positive elements related to the positive callback, and the Jacobian main diagonal possesses 

these addendums.  
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Besides the addendum  𝑗𝑘1(1 − 𝑐) exp (
𝐹𝜑0

𝑅𝑇
) > 0, if j>0, describing the DEL 

influences of the electrochemical stage, related to the cyclic changes of surface impedance and 

conductivity, characteristic to more simple cases [27 – 28], the elements 𝑎𝑘21𝑜𝑐
4 exp(−𝑎𝑜) >

0 and 𝑎𝑘𝑝𝑜
𝑥ℎ𝑦𝑐𝑧 exp(−𝑎𝑜) > 0 if a>0, related to the orellanine oxidation and 

electropolymerization influence to DEL ionic force and, consequently, conductivity and 

impedance. The oscillations are expected to be frequent and of small amplitude, realizing 

beyond the detection limit.  

It is important to mention that here the oscillatory behavior has become more probable 

than in the simplest case due to the ionic transformation of only one of two monomers. If both 

of the monomers are capable of manifesting a significant impact onDEL structure during their 

copolymerization, the oscillatory behavior will become even more probable in an analogous 

manner.  

In order to investigate the steady-state stability, we apply the Routh-Hurwitz criterion 

to the equation-set (2). Avoiding the cumbersome expression, we introduce new variables, 

rewriting the determinant as (17):  

4

𝛿2𝐶
⌊
−𝜅 − 𝛯 − 𝛬 −𝛵 −𝛱 − 𝛴

−𝛯 −𝜉 − 𝛨 − 𝛵 −𝛶 − 𝛴
−𝛯 − 𝛬 −𝛨 − 𝛵 −𝛺 − 𝛱 − 𝛶 − 𝛴

⌋                    (17) 

Opening the brackets and applying the condition Det J<0, salient from the criterion, we 

obtain the steady-state stability requirement, exposed as (18):  

−𝜅(𝜉𝛺 + 𝜉𝛱 + 𝜉𝛶 + 𝜉𝛴 + 𝛨𝛺 + 𝛨𝛱 + 𝛵𝛺 + 𝛵𝛱) − 𝛯(𝜉𝛺 + 𝜉𝛶 + 𝛨𝛺 + 𝛨𝛱) − 𝛬(𝜉𝛺 +

𝜉𝛶 + 𝛨𝛺 + 𝛵𝛺 + 𝛵𝛶 − 𝛨𝛴)<0        (18) 

This requirement is certainly satisfied if the above mentioned DEL influences are 

fragile and, consequently, may be easily neglected. If so, all of the variables of the inequation 

(18) will be positive, driving the left side of the inequation towards more negative values, 

stabilizing the system. Therefore, steady-state stability is easily formed. 

As most of the elements contain the diffusion variables 𝜅 (orellanine diffusion variable) 

and 𝜉(hydroquinone diffusion variable), the system is diffusion-controlled.  

As no side reaction compromising the analytes and modifier stability is observed in this 

system, the stable steady-state is both electroanalytical and electrosynthetically efficient, 

providing easy formation of linear dependence between the analytes’ concentration and current 

and, if used electrosynthetically, well-developed copolymer formation, such as in similar 

systems [27–28].  

As for the monotonic instability, corresponding to the detection limit, it delimits the 

margin between the stable steady-states and unstable states, being correspondent to the 

bifurcation of stable “node” and unstable “saddle”. Its condition is Det J=0, or (19):  

−𝜅(𝜉𝛺 + 𝜉𝛱 + 𝜉𝛶 + 𝜉𝛴 + 𝛨𝛺 + 𝛨𝛱 + 𝛵𝛺 + 𝛵𝛱) − 𝛯(𝜉𝛺 + 𝜉𝛶 + 𝛨𝛺 + 𝛨𝛱) − 𝛬(𝜉𝛺 +

𝜉𝛶 + 𝛨𝛺 + 𝛵𝛺 + 𝛵𝛶 − 𝛨𝛴)<0                   (19) 

In the case of electropolymerization and simultaneous electrochemical determination 

of orellanine with another compound with oxidized or ionic pyridinic nitrogen, both of the 

compounds will affect the DEL ionic force, augmenting, therefore, the probability of the 

oscillatory behavior. This case will be described in one of our next works. 
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4. Conclusions 

 From the theoretical model evaluation of nano-CuS-assisted orellanine and 

hydroquinone simultaneous detection, it has been possible to conclude that it is an efficient 

process from both electroanalytical and electrosynthetical points of view, providing an 

economical and green conducting polymer synthesis. The linear dependence between the 

analytes’ concentrations and electrochemical parameters is easy to form in an efficient 

diffusion-controlled system. For its turn, the oscillatory behavior is expected to be probable 

due to the double electric layer structure changes during the process on all of the stages. The 

probability of the oscillatory behavior and the oscillation amplitude will be highly dependent 

on the solution background electrolyte composition. 
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