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Abstract: In this work, the electrochemical determination of thiabendazole in pharmaceutical 

formulations, biological liquids, and food has been described using a mathematical model, which was 

thereby analyzed using linear stability theory and bifurcation analysis. Three scenarios, including N-

oxidation, S-oxidation, and electropolymerization, have been included in the model. The model analysis 

shows that, despite the presence of the electropolymerization scenario and the increase in the probability 

of oscillatory behavior, the electroanalytical process, performed anodically on copper sulfide 

nanoparticles, is efficient and may be used for both electrochemical determination and excess removal 

of thiabendazole. As for poly(thiobendazole), it is suitable for the determination and removal of heavy 

metal ions.   
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1. Introduction 

Thiabendazole [1-5] is a widely used antihelmintic, antifungal, and larvicide, used to 

treat various parasitoses in humans and pets. Moreover, it is one of the few antihelmintic drugs 

registered as a conservant food additive (E239), usually added to protect fruits and vegetables 

from helminths and larvae. It is also used as an antidote for heavy metal poisoning [4,5] due to 

the presence of a complex-forming imidazole ring. Its pharmacological properties are due to 

the fact of combining the benzimidazolic ring with the thiazolic (Figure 1). 

 
Figure 1. Thiabendazole (in the center to the right), among the other thiazole-based drugs.  

Nevertheless, despite the relative safety of thiabendazol, the reason why it is both a 

drug and a food additive, its excess may lead to side effects, like anorexia, nausea, vomiting 

[6-10], and, in excess, even hallucinations and delirium. Moreover, it may possess a genotoxic 

effect [2, 9,10]. For this reason, the development of an efficient method for thiabendazole 

determination is currently relevant, and electrochemical systems may be used effectively for 

this purpose [11-15].  

Because it possesses both donor and acceptor functional groups, thiabendazole can be 

detected either cathodically or anodically. In the case of anodic oxidation, strong oxidants, 

including peroxide ions (e.g., disulfate and caroates), trivalent copper, and tetravalent cobalt 

derivatives, may be used efficiently. In some cases, they might be obtained in situ on the 

electrochemical stage (1 – 2):  

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

𝐶𝑜𝑂(𝑂𝐻) + 𝑂𝐻− − 𝑒− → 𝐶𝑜𝑂2 + 𝐻2𝑂                                      (2) 
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Therefore, both tetravalent cobalt and, even more so, trivalent copper, being strong 

oxidants, energetically attack the analyte, leading to a clear analytical signal.  

Nevertheless, the presence of electrochemical instabilities, which make the analytical 

signal difficult to interpret, may be associated with different behavioural effects in 

electroanalytical processes [15-17]. Those instabilities are typical and may limit the 

electroanalytical and removal use of the electrochemical process. To foresee the possibility of 

electrochemical instabilities and the effects they may produce, it´s necessary to investigate the 

process from a mechanical point of view and analyze its behavior theoretically.  

The goal of this work is to evaluate the mechanism of the anodic electrochemical 

determination of thiabendazole at the anode modified with CuS or CoO(OH) nanoparticles. 

The corresponding mathematical model is developed and analyzed using linear stability theory 

and bifurcation analysis. The theoretical investigation includes the comparison of the behavior 

of this system with that of similar ones [18-21]. 

2. Materials and Methods 

Three oxidation scenarios may be anticipated for thiabendazole in this system: N-

oxidation, S-oxidation, and electropolymerization (Figure 2). 

 
Figure 2. The scheme of the electroanalytical process for thiabendazole. 

Considering the activating properties of the N-oxidized pyridinic nitrogen atom and the 

passivating properties of the sulfonic group, we expect that both S-oxidation products will 

participate to a limited extent in the electropolymerization process (hence their polymerization 

as monomers will be neglected), whereas the N-oxide will.  

Therefore, considering the above-mentioned statements, like also certain assumptions 

[18-21], we describe the electrochemical behavior of the system by a trivariate balance 

differential equation set (3):  

Polymerization

CuS(OH)
CoO2

CuS
CoO(OH)
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{
 
 

 
 
𝑑𝑛

𝑑𝑡
=

2

𝛿
(
𝛥

𝛿
(𝑛0 − 𝑛) − 𝑟N − 𝑟𝑆1 − 𝑟𝑃)

𝑑𝑛∗

𝑑𝑡
=

2

𝛿
(𝑟N − 𝑟𝑆2 − 𝑟𝑃)

𝑑𝑐

𝑑𝑡
=

1

𝐶
(𝑟N + 𝑟𝑆1 + 𝑟𝑃 + 𝑟𝑆2 − 𝑟𝑜)

                                      (3) 

 

Herein, n and n* are thiabendazole and its N-oxide pre-surface concentrations, 𝛿 is the 

diffusion pre-surface layer thickness, 𝛥 is the diffusion coefficient, c is CuS (or CoO(OH)) 

surface coverage degree, C is its maximal concentration, and the parameters r are the 

correspondent reaction rates, calculated for neutral solutions (pH=7) as (4 – 8):  

𝑟N = 𝑘N𝑛(1 − 𝑐)                                    (4) 

𝑟S1 = 𝑘S1𝑛(1 − 𝑐)
2                                (5) 

𝑟S2 = 𝑘S2𝑛 ∗ (1 − 𝑐)
2                             (6) 

𝑟𝑃 = 𝑘𝑃𝑛
𝑥𝑛 ∗𝑦 (1 − 𝑐)𝑧 exp(𝛼𝑛𝑛 ∗)      (7) 

𝑟𝑜 = 𝑘𝑜𝑐 exp (
𝐹𝜑0

𝑅𝑇
)                                  (8) 

Herein, the parameters k stand for the corresponding reaction rate constants, 𝛼 is the 

parameter relating the growing polymer charge and conductivity with DEL ionic force, x, y, 

and z are polymerization reaction orders, F is the Faraday number, 𝜑0 is the zero-charge-related 

potential slope, R is the universal gas constant, and T is the absolute temperature.  

The oscillatory behavior will have a higher probability because the 

electropolymerization process induces cyclic changes in DEL's electrophysical properties. 

Nevertheless, the analysis of the model presented below confirms the efficiency of this 

electroanalytical process for the electrochemical determination and removal of thiabendazole.  

3. Results and Discussion 

In order to describe the behavior of the electrochemical system with thiabendazole 

electrochemical determination, we analyze the equation set (3) alongside the algebraic relations 

(4 – 8) by linear stability theory. The steady-state Jacobian matrix elements for this case will 

be exposed as (9):  

(

𝑎11 𝑎12 𝑎13
𝑎21 𝑎22 𝑎23
𝑎31 𝑎32 𝑎33

)                             (9) 

Herein:  

𝑎11 =
2

𝛿
(−

𝛥

𝛿
− 𝑘N(1 − 𝑐) − 𝑘S1(1 − 𝑐)

2 − 𝑥𝑘𝑃𝑛
𝑥−1𝑛 ∗𝑦 (1 − 𝑐)𝑧 exp(𝛼𝑛𝑛 ∗) +

𝑎𝑘𝑃𝑛
𝑥𝑛 ∗𝑦 (1 − 𝑐)𝑧 exp(𝛼𝑛𝑛 ∗))                  (10) 

𝑎12 =
2

𝛿
(−𝑦𝑛𝑥𝑛 ∗𝑦−1 (1 − 𝑐)𝑧 exp(𝛼𝑛𝑛 ∗) + 𝑎𝑘𝑃𝑛

𝑥𝑛 ∗𝑦 (1 − 𝑐)𝑧 exp(𝛼𝑛𝑛 ∗)) (11) 

𝑎13 =
2

𝛿
(𝑘N𝑛 + 2𝑘S1𝑛(1 − 𝑐) + z𝑘𝑃𝑛

𝑥𝑛 ∗𝑦 (1 − 𝑐)𝑧−1 exp(𝛼𝑛𝑛 ∗))                  (12) 

𝑎21 =
2

𝛿
(𝑘N(1 − 𝑐) − 𝑥𝑘𝑃𝑛

𝑥−1𝑛 ∗𝑦 (1 − 𝑐)𝑧 exp(𝛼𝑛𝑛 ∗) + 𝑎𝑘𝑃𝑛
𝑥𝑛 ∗𝑦 (1 −

𝑐)𝑧 exp(𝛼𝑛𝑛 ∗))                                               (13) 

𝑎22 =
2

𝛿
(−𝑘S2(1 − 𝑐)

2 − 𝑦𝑛𝑥𝑛 ∗𝑦−1 (1 − 𝑐)𝑧 exp(𝛼𝑛𝑛 ∗) + 𝑎𝑘𝑃𝑛
𝑥𝑛 ∗𝑦 (1 −

𝑐)𝑧 exp(𝛼𝑛𝑛 ∗))                                               (14) 

𝑎23 =
2

𝛿
(2𝑘S2𝑛 ∗ (1 − 𝑐) + 2𝑘S1𝑛(1 − 𝑐) + z𝑘𝑃𝑛

𝑥𝑛 ∗𝑦 (1 − 𝑐)𝑧−1 exp(𝛼𝑛𝑛 ∗) −

𝑘N𝑛)                                                                (15) 
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𝑎31 =
1

𝐶
(𝑘N(1 − 𝑐) − 𝑘S1(1 − 𝑐)

2 + 𝑥𝑘𝑃𝑛
𝑥−1𝑛 ∗𝑦 (1 − 𝑐)𝑧 exp(𝛼𝑛𝑛 ∗) −

𝑎𝑘𝑃𝑛
𝑥𝑛 ∗𝑦 (1 − 𝑐)𝑧 exp(𝛼𝑛𝑛 ∗))                  (16) 

𝑎32 =
1

𝐶
(−𝑘S2(1 − 𝑐)

2 + 𝑦𝑛𝑥𝑛 ∗𝑦−1 (1 − 𝑐)𝑧 exp(𝛼𝑛𝑛 ∗) − 𝑎𝑘𝑃𝑛
𝑥𝑛 ∗𝑦 (1 −

𝑐)𝑧 exp(𝛼𝑛𝑛 ∗))                                              (17) 

𝑎33 =
1

𝐶
(−𝑘N𝑛 − 2𝑘S1𝑛(1 − 𝑐) − 2𝑘S2𝑛 ∗ (1 − 𝑐) − z𝑘𝑃𝑛

𝑥𝑛 ∗𝑦 (1 −

𝑐)𝑧−1 exp(𝛼𝑛𝑛 ∗) − 𝑘𝑜 exp (
𝐹𝜑0

𝑅𝑇
) + 𝑗𝑘𝑜𝑐 exp (

𝐹𝜑0

𝑅𝑇
))(18) 

From the Jacobian main diagonal elements (10), (14), and (18), it is possible to conclude 

that the positive callback, necessary for the Hopf bifurcation, describing the oscillatory 

behavior, is possible, as the mentioned elements possess positive addenda.  

In this system, the oscillatory behavior is more probable than in the simplest case, but 

either way, it is less probable than in the acidic medium. It is caused by two factors, one against 

the other in the simplest case, but the DEL ionic force change factor is only manifested in the 

assisted electropolymerization reaction, which involves the appearance, transformation, and 

recombination of cation radicals, according to the standard Díaz or Kim mechanism. Also, the 

oscillatory behavior will be caused by the change of DEL and surface ionic force and 

conductivity in the electrochemical stage. Mathematically, it is manifested by the positivity of 

the elements 𝑎𝑘𝑃𝑛
𝑥𝑛 ∗𝑦 (1 − 𝑐)𝑧 exp(𝛼𝑛𝑛 ∗) > 0, 𝑎𝑘𝑃𝑛

𝑥𝑛 ∗𝑦 (1 − 𝑐)𝑧 exp(𝛼𝑛𝑛 ∗) > 0 if 

a>0, like also 𝑗𝑘𝑜𝑐 exp (
𝐹𝜑0

𝑅𝑇
)>0 if j>0. As for the oscillation frequency and amplitude, it will 

be dependent on the background electrolyte composition, as already shown both 

experimentally and theoretically [18-21]. 

Avoiding the cumbersome expressions during the steady-state stability investigation 

using the Routh-Hurwitz criterion, we rewrite the Jacobian determinant as (19):  

4

𝛿2𝐶
|
−𝜅 − 𝛯 − 𝛬 −𝛴 𝛹 + 𝛲
𝛯 − 𝛬 −𝑇 − 𝛴 𝛲 − 𝛹
𝛯 + 𝛬 𝛵 + 𝛴 −𝛲 − 𝛹 − 𝛺

|              (19) 

Which may be transformed by using the determinant properties into (20):  

4

𝛿2𝐶
|
−𝜅 𝛵 −𝛺
2𝛯 0 −2𝛹 − 𝛺
𝛯 + 𝛬 𝛵 + 𝛴 −𝛲 − 𝛹 − 𝛺

|                           (20) 

Opening the brackets, applying the Det J<0 requisite, salient from the criterion, like 

also Det J=0 monotonic stability criterion, and changing the signs to the opposite, we obtain 

the steady-state stability and monotonic instability (corresponding to the detection limit) 

requirement exposed as (21):  

𝛵(2𝜓𝛬 + 𝛺𝛬 + 2𝜅𝛹 + 2𝜅𝛺 + 𝛯𝛺 − 2𝛯𝛲) + 𝛴(2𝜅𝛹 + 2𝜅𝛺 +

𝛯𝛺) {
> 0, 𝑠𝑡𝑒𝑎𝑑𝑦 − 𝑠𝑡𝑎𝑡𝑒 𝑠𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦
= 0,𝑚𝑜𝑛𝑜𝑡𝑜𝑛𝑖𝑐 𝑖𝑛𝑠𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦

                                         (21) 

defining a mostly kinetically controlled electropolymerization system [18-21], efficient 

from both an electroanalytical and electrosynthetic point of view.  

In the absence of the side reactions or other factors capable of compromising the analyte 

and (or) modifier stability, excluding the reactions foreseen by the mechanism, the linearity 

between the electrochemical parameter and concentration is observed, providing an efficient 

analytical signal interpretation, which is really important for thiabendazole concentration 

monitoring.  

The condition Det J=0 corresponds to the detection limit, manifested by the monotonic 

instability. It may be seen as an N-shaped part of the steady-state voltammogram, which depicts 
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the margin between the stable steady-states and unstable states and corresponds to the steady-

state multiplicity. In other words, multiple steady-states, each one unstable, coexist at this 

point.  

If pH≠7, thiabendazole molecule becomes ionized, as it contains both pyrrolic and 

pyridinic nitrogen atoms. In this case, the reaction rate constants will include an ionization 

component, reflecting an increase in the probability of oscillatory behavior, which is more 

pronounced in an acidic medium than in an alkaline medium. A cathodic process is 

recommended for the acidic medium.  

As for poly(thiabendazole), its principal application might be as a conducting polymer 

coating for the extraction and recycling of heavy-metal ion waste due to complex formation. 

The resulting material may also have multiple applications, including electroanalysis, energy 

storage and conversion, and supercapacitor preparation.   

4. Conclusions 

From the analysis of the system, using electrochemical determination and removal of 

dibenzoxazepine via assisted N-oxidation and electropolymerization over CuS or CoO(OH) 

nanoparticles, paired with trivalent copper and tetravalent cobalt, respectively, it is possible to 

conclude that the electroanalytical process is efficient. Moreover, the neutral and lightly 

alkaline medium is more efficient than the acidic and strongly alkaline solutions. Although 

oscillatory behavior is possible, even more probable than in the simplest case, it will be less 

probable than in alkaline or acidic solutions. As for the electroanalytical-electrosynthetic 

process, it is mostly kinetically controlled, and the electroanalytical signal is easy to interpret. 
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