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Abstract- The possibility of use of conducting polymer (CP), saturated by radical growth
centers, as an electrode modifier for carbendazim electrochemical detection has been
evaluated by mechanistic way. A mechanism of its electrochemical transformation has been
suggested and two mathematical models for oxidation and reduction stages were developed
and analyzed by means of linear stability theory and bifurcation analysis. It was proved that,
despite of the mechanism´s hybrid character, the conducting polymer, saturated with radical
sites, may be an excellent electrode modifier for carbendazim electrochemical detection. The
possibility of the oscillatory behavior in this system has also been verified, and it may be
possible on both radical formation and recombination stages, being caused by surface and
electrochemical factors.
Keywords- Intoxication prevention, Food security, Carbendazim, Electrochemical sensors,
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1. INTRODUCTION
The growing demand of food has promoted the use of pesticides – substances, capable to
prevent or annihilate organisms, undesired in agriculture. [1]. they are bioactive to biological
especies, capable to interfere the production, processing, keeping and transport of food [2-3].
Carbendazim (Fig. 1), being a carbamate of benzimidazole, is a fungicide of wide specter
of use in different countries, mostly developing. It may be used in Brazil with apples,
cereals, cotton, beans, soya and citric fruits with the use limit of 300 g/ha [4]. Nevertheless, it
is very toxic to human and mammals [5-7], and its mechanism of toxicity includes the direct
testicular action. The European Union has established its residual limit concentration to 100
ppb, yet in the United States its use isn´t approved [8-9].

Fig. 1. Carbendazim
The carbendazime is absorbed by plants in roots, seeds and leaves, being transferred,
afterwards, to the entire plant. As it is intensively used, it´s become a pollutant, very
persistent in soil, in water, wastes and food [10]. So, the developing of a precise, exact, rapid
and sensitive method of its detection in different ecological matrixes is an actual task [11-13],
and the electrochemical methods, involving chemically modified electrodes, yet used for
other substances [14-18], including pesticides like paraquat [17] and diquat [18], seems an
interesting solution for it.
Some electrochemical methods for carbendazim electrochemical detection have been
developed [19-22]. Usually, they employed carbon materials [19-21] and silicon [22]. On the
other hand, the conducting polymers, combining the properties of plastics with metal
conductivity and being easy to modify, also have the electroanalytical use [23-25], being also
applied to carbendazim [25].
Carbendazim may be acquired either in the general market of chemical products, for
example, from Sigma Aldrich, or with producers, like Syngenta, or in the shops, specified in
the sell of fertilizers and pesticides. The analysis may also be used to detect carbendazim
concentration in different commercial forms
Nevertheless, the main problems that the development of new electroanalytical processes
may encounter are:
- Indecision in the most probable mechanism of the analyte oxidation. For example, three
probable mechanisms were suggested in [19-21] and in [25] for carbendazime, and all of
them may be posed in doubt;
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- indecision in the electroanalytical action of the electrode modifier with the analyte and the
possibility of hybrid character of its mechanism;
- The possibility for the electrochemical instabilities, capable to accompany the similar
systems involving the electrochemical oxidation and reduction of different organic
compounds (including electropolymerization) [26-29].
The mentioned problems may only be solved by means of an analysis of a mathematical
model, capable to describe adequately the electroanalytical system. By modeling it is also
capable compare the behavior of this system with that for the similar ones without any
experimental essay.
So, the goal of this work is the mechanistic theoretic analysis of the possibility of
carbendazim conducting-polymer assisted electrochemical detection. In order to achieve it,
we realize the specific objectives:
- suggestion of the mechanism of the electroanalytical reaction consequence, leading to the
appearance of analytical signal;
- development of the balance equation mathematical model, correspondent to the
electroanalytical system;
- analysis and interpretation of the model in terms of the electroanalytical use of the system;
- the role of hybrid mechanism, appearing in the conducting polymer, saturated with radical
sites;
- the seek for the possibility of electrochemical instabilities and for the factor, causing them;
- The comparison of the mentioned system´s behavior with the similar ones ([30-34]).

2. SECTION I. RADICAL FORMATION. SYSTEM AND ITS MODELING
For carbendazim electrooxidation, there are different mechanisms, but the most related
and most probable is the exposed below:

(1)

For this case, a classical two-dimensional model [30] may be applicable. The variables
introduced are:
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c – carbendazim pre-surface concentration;
θ – its surface coverage degree.
To simplify the modeling, we suppose that the reactor is intensively stirred, so we can
neglect the convection flow. Also we assume that the background electrolyte is in excess, so
we can neglect the migration flow. The diffusion layer is supposed to be of a constant
thickness, equal to δ.
It is possible to show, that the balance equations for pesticide pre-surface and surface
concentrations may be written as:
 dc 2   D


 =   (c0 − c)  + r−1 − r1 
 dt δ   δ



 dθ = 1 (r − r − r )
 dt G 1 −1 2

(2)

In which D is the pesticide diffusion coefficient, c0 its bulk concentration G its maximal
surface concentration, r1, r-1 and r2 are adsorption, desorption and radical formation rates.
The correspondent process rates may be calculated as:

r1 = k1c(1 − θ ) exp(aθ )

(3)

r−1 = k −1θ exp(− aθ )

(4)

r2 = k 2θ exp(

Fγθ
)
RT

(5),

In which the parameters k stand for rate constants of correspondent reactions, a is a
variable describing the interaction of adsorbed pesticide particles, F is the Faraday number, γ
is the variable, describing the influence of pesticide coverage on double electric layer (DEL)
capacitance, R is the universal gas constant and T is the absolute temperature.

3. RESULTS AND DISCUSSION
3.1. Section I
As the two-dimensional equation set, describing the first stage of the mechanism, is
classic, it will be described in a brief way.
The equation set (2) is analyzed by means of linear stability theory. The Jacobi functional
matrix, the elements of which are calculated for a stable steady-state, may be represented as:
 a11

 a 21

a12 

a 22 

(6),
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In which:
a11 =

2 D

 − − k1 (1 − θ ) exp(aθ ) 
δ δ


(7)

a12 =

2
(k1c exp(aθ ) − ak1c(1 − θ ) exp(aθ ) + k −1 exp(−aθ ) − ak −1θ exp(−aθ ))
δ

(8)

a 21 =

1
(k1 (1 − θ ) exp(aθ ) )
G

(9)

1
Fγθ 
Fγθ
) − γk θ exp(
)
a =  − k c exp(aθ ) + ak c(1 − θ ) exp(aθ ) − k exp(−aθ ) + ak θ exp(−aθ ) − k exp(
22 G  1
1
−1
−1
2
2
RT 
RT

(10)

As in [30], the oscillatory behavior in this system is possible, being caused by surface and
electrochemical instabilities. The main-diagonal element (10) contains positive addendums,
defining the positive callback. They are positive in the cause of the positivity of a, defining
the adsorbed particles’ attraction and in the case of the negativity of γ, defining strong DEL
influences of the electrochemical stage and radical formation.
To simplify the Jacobi determinant analysis, avoiding the appearance of cumbersome
expressions, we introduce new variables, for the determinant to be rewritten as:
Λ
2 −κ − Ω
−Λ−Ξ
δG Ω

(11)

As the condition Tr J<0 is easy to be satisfied, the main condition for steady-state
stability is that of Det J>0. Opening the brackets, we obtain the steady-state stability
requirement, rewritten as:

κΛ + κΞ + ΩΞ > 0

(12),

And it is certainly satisfied in the case of the positivity of surface behavior parameter Ω
and electrooxidation parameter Ξ. These values define the repulsion between pesticide
particles and the absence, or insufficient impact of DEL influences of electrochemical
process.
As this condition is difficult to be unsatisfied, it is possible to affirm that the stable
steady-state in the radical formation process is established easily and rapidly, which shows
that the electroanalytical process must be efficient (with the satisfaction of conditions,
mentioned in the next section). The linear dependence between electrochemical parameter
and concentration is maintained in wide parameter range. Depending on the pesticide
concentration, and polymer adsorption capacity, the reaction may be diffusion-controlled or
adsorption-controlled. In small pesticide concentrations it must be diffusion-controlled, and
in relatively big concentrations, adsorption-controlled.
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When the impact of surface and electrochemical destabilizing factors is equal to that of the
factors stabilizing the system, the monotonic instability is formed. It’s correspondent to the
detection limit, and its condition for this system is:

κΛ + κΞ + ΩΞ = 0

(13)

In this case, the system enters in one of the multiple steady-states, each one is unstable
and is destroyed, when the system conditions are changed.
The radical behavior is an important and interesting stability factor for this system, and
its analysis will be represented in the section below.
3.2. Section II. The radical recombinations and their adducts
If the conducting polymer is saturated with radical sites, they may be used as traps for
radical particles. It may be used not only in electroanalysis, but also in material modification
[33-34].
In the case of the product of carbendazim electrooxidation, the radical may recombine
either with the same one, or with the radical site on the polymer backbone.

N

N
O + Polymer

N
H

Polymer
O

N
H

(14)

After the radical recombination, its products are reduced to form alcoholic compounds
(1). The electrode’s potential is then changed. The low-molecular dimeric alcohol is desorbed
from the electrode surface, while formed. Yet the product of the reduction of the adduct of
the radical-polymer recombination remains on the surface.
Supposing, that at the initial moment, the pesticide radicals cover the entire surface, and
that the proton concentration is maintained steady, to describe this stage, we introduce two
variables:
Δ – the radical dimer surface coverage degree;
σ – the modified polymer surface coverage degree, supposing the supposed above.
In this stage, the two-dimensional mathematical balance equation set will be described as:
 d∆ 1
 dt = Ρ (r3 − r5 )

 dσ = 1 (r − r )
4
6
 dt
Χ

(15)
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In which the parameters P and X are maximal surface concentrations of correspondent
substances, r3 and r4 are recombination rates, r5 and r6 are reduction rates.
The correspondent reaction rates may be calculated as:
r3 = k 3 (1 − ∆ − σ ) 2 exp(−b(1 − ∆ − σ ))

(16)

r4 = k 4 (1 − ∆ − σ ) exp(− f ((1 − ∆ − σ )))
 2 Fρ∆ 
r5 = k 5 ∆ exp −
 exp(− g∆)
 RT 

(17)
(18)

 2nFχσ 
r6 = k 6σ exp −

RT 


(19)

In which the parameters k are rate constants of correspondent reactions, the parameters b
and f describe the radicals’ interaction one with another and with the surface, g stands for the
parameter, describing the particles’ interaction during the formation of the soluble alcohol, ρ
and χ describe the influences of the electrochemical processes on double electric layer.
As in the first section, this system is described by a two-dimensional equation set.
Nevertheless, as the process is occurring only on the surface, it may suffer influences of
surface and electrochemical instabilities, which will be described below.

3.2.1 Results and discussion (section II)
As in the previous section, we analyze the equation set (15) by means of linear stability
theory and bifurcation analysis. The Jacobi functional matrix for it will be described as
 j11

 j 21

j12 

j 22 

(20)

In which:


 2 Fρ∆ 
 − 2k3 (1 − ∆ − σ ) exp(−b(1 − ∆ − σ )) + bk3 (1 − ∆ − σ ) 2 exp(−b(1 − ∆ − σ ) − k5 exp −
 exp(− g∆) + 
1
 RT 

j11 = 

Ρ
2 Fρ∆ 
2 Fρ
 2 Fρ∆ 
 + gk5∆ exp −

k5∆ exp −
 exp(− g∆)
 exp(− g∆) +
RT
 RT 
 RT 



(

1
− 2k3 (1 − ∆ − σ ) exp(−b(1 − ∆ − σ )) + bk3 (1 − ∆ − σ ) 2 exp(−b(1 − ∆ − σ ))
P
1
j 21 = (− k 4 exp(− f ((1 − ∆ − σ ))) + fk 4 (1 − ∆ − σ ) exp(− f ((1 − ∆ − σ ))) )
Χ

j12 =

j 22 =

(21)

)

1
 2nFχσ
 2nFχσ  2nFχ
 − k 4 exp(− f ((1 − ∆ − σ ))) + fk 4 (1 − ∆ − σ ) exp(− f ((1 − ∆ − σ ))) − k 6 exp −
k 6σ exp −
+
Χ 
RT
RT
RT




(22)
(23)

 


(24)
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As in the similar models [30-34] and in the section 1 the oscillatory behavior in this
system is possible, being caused by surface and electrochemical factors. But now, due to the
interaction between radicals and polymer, the attraction may be promoted not only by two
neighbor radicals, but also between the radicals and the radical sites on the polymer surface,
which gives more chances for the oscillatory behavior, than in the case of [30]. Moreover, as
the low-molecular alcohol is dissolved after the reaction, its dissolution may also be
accompanied by an attraction between its molecules.
By the steady-state stability analysis, analogous to that described in the section I, it is
possible to prove, that the stable steady-state is formed rapidly and is maintained by the
absence or fragility of surface and DEL-influences of the radicals’ and adducts’ reactions.
The reaction on this stage is controlled by the radical formation.
The general steady-state stability, conditioned to the radical concentration steady-state,
described as:
r2 = r3 + r4

(25),

is maintained in the zones of steady-state stabilities of the systems, described in the
sections I and II. The general reaction is controlled by the factors, described in the first
section.

4. CONCLUSION
The steady-state stability analysis for the carbendazim electrochemical detection on
conducting polymers may show that:
- The steady-state is easy to maintain stable. The electroanalytical response has to be
efficient. The linear dependence between the concentration and electrochemical parameter
is maintained in vast parameter range;
- The steady-state stability may only be compromised by surface and electrochemical
instabilities. The general reaction my be diffusion-controlled or adsorption-controlled,
depending on the pesticide concentration and the active surface of the polymer;
- On the stage of radical recombination, the oscillatory behavior is more probable, that on the
initial stage, but in both of them it is caused by the same factors.

REFERENCES
[1]
[2]

[Online] available at: https://www.epa.gov/ingredients-used-pesticide-products/basicinformation-about-pesticide-ingredients , accessed at 6th of August (2016).
[Online] available at: http://www.nasda.org/9381/Foundation/11379/11383/6684.aspx,
accessed at 6th of August (2016).

Anal. Bioanal. Electrochem., Vol. 8, No. 7, 2016, 875-884
[3]
[4]

[5]

[6]
[7]
[8]

[9]
[10]
[11]
[12]
[13]
[14]
[15]

[16]
[17]
[18]
[19]
[20]
[21]

883

[Online] available at: https://www.btny.purdue.edu/Pubs/PPP/PPP-70.pdf , accessed at
the 6th of August (2016).
[Online] available at:
http://portal.anvisa.gov.br/documents/111215/117761/carbendazim.pdf/d4d026fb380d-4cbe-9d1c-f502f27691e8 , accessed at the 6th of August (2016).
[Online] available at:
https://toxnet.nlm.nih.gov/cgi-bin/sis/search/a?dbs+hsdb:@term+@DOCNO+6581
,
accessed at the 6th of August (2016).
Z. Huan, J. Luo, Z. Xu, and D. Xie, Bull. Env. Cont. Tox. 96 (2016) 62.
Z. Zhou, K. Xiong, Y. Yang, X. Ye, J. Liu, and F. Li, Reprod. Toxicol. 51 (2015) 64.
[Online] available at:
http://www.foodinsight.org/Questions_and_Answers_about_Carbendazim_in_Food_an
d_Beverages , accessed at the 6th of August (2016).
[Online] available at: http://www.eufic.org/page/en/page/FAQ/faqid/CArbendazim,
accessed at the 6th of August (2016).
C.D.S. Tomlin, the Pesticide Manual. 13th Edition, British Crop Protection Council,
UK (2003).
P. Manisankar, G. Selvanathan, and C. Vedhi, Appl. Clay Sci. 29 (2005) 249.
D. D. Thiaré, A. Khonté, A. Diop, A. Mendy, A. Coly, F. Delattre, M. D. GayeSeye, A. Tine, Am. J. Anal. Chem. 6 (2015) 767.
D. Teadoum, S. K. Noumbo, K. T. Arnaud, T. T. Ranil, A. D. Mvondo Zé, and I. K.
Tonle, Int. J. Electrochem. 2016 (2016).
H. Beitollahi, H. Karimi-Maleh, and I. Sheikhoae, Casp. J. Chem. 1 (2012) 32.
L. H. de Oliveira, A. C. Dias Souza, L. Pizzuti, V. Souza Ferreira, L. A. Pradela Filho,
R. M. Takeuchi, A. L. dos Santos, and M. A. Gonçalves Trindade, Orbital. Elec. J.
Chem. 6 (2014) 255.
S. Z. Mohammadi, H. Beitollahi, and E. B. Asadi, Environm. Monit. Assess. 187
(2015) 121.
R. Faramarzi, A. R. Taheri, and M. Roushani, Anal. Bioanal. Electrochem. 7 (2015)
666.
M. El Harmoudi, M. Achak, S. Lahrinch, A. Farahi, L. El. Gaini, M. Bakasse, M. A. El.
Mhammedi, Arab. J. Chem. (2012) http://dx.doi.org/10.1016/j.arabjc.2012.11.007.
E. M. Maximiano, C. A. Lima Cardoso, and G. J. de Arruda, Orbital Elec. J. Chem. 8
(2016) 232.
X. Ya. Dong, B. J. Qiu, X. W. Yang, D. Jiang, and K. Wang, Electrochemistry 82
(2014) 1061.
A. M. Ashrafi, J. Dordevic, V. Guzsvany, I. Švancara, T. Trtic-Petrovic, M. Purenovic,
and K. Vytras, Int. J. Electrochem. Sci. 7 (2012) 9717.

Anal. Bioanal. Electrochem., Vol. 8, No. 7, 2016, 875-884

884

[22] P. Hernández, Y. Ballesteros, F. Galán, and L. Hernández, Electroanalysis 8 (1996)
941.
[23] R. Singh, Int. J. Electrochem. 2012 (2012).
[24] M. Sheikh-Mohseni, S. Pirsa, Anal. Bioanal. Electrochem. 8 (2016) 777.
[25] P. Manisankar, G. Selvanathan, and C. Vedhi, Int. J. Env. Anal. Chem. 85 (2005) 409.
[26] M. Bazzaoui, E. A. Bazzaoui, L. Martins, and J. I. Martins, Syn. Met. 130 (2002) 73.
[27] M. S. Ba-Shammakh. Electropolymerization of pyrrole on mild steel for corrosion
protection, Ph. D. Thesis King Fahd University of Petroleum and Minerals, Dharan,
Saudi Arabia.
[28] P. Russell and J. Newman, J. Electrochem. Soc. 133 (1986) 2093.
[29] I. Das, N. R. Agrawal, S. A. Ansari, and S. K. Gupta, Ind. J. Chem. 47A (2008) 1798.
[30] V. Tkach, V. Nechyporuk, and P. Yagodynets, Ciên. Tecn. Mat. 24 (2012) 54.
[31] A. Stadnik, E. M. Caldas, A. Galli, and F. J. Anaissi, Orbital. Elec. J. Chem. 7 (2015)
122.
[32] V. Tkach, V. Nechyporuk, and P. Yagodynets, Rev. Colomb. Cienc. Quím. Farm. 41
(2012) 203.
[33] V. Tkach, M. Cherkaoui, R. Ojani, and P. Yagodynets, Orbital Elec. J. Chem. 8 (2016)
154.
[34] A. Kaiber, and M. Cherkaoui, Mor. J. Chem. 3 (2015) 600.

Copyright © 2016 by CEE (Center of Excellence in Electrochemistry)
ANALYTICAL & BIOANALYTICAL ELECTROCHEMISTRY (http://www.abechem.com)
Reproduction is permitted for noncommercial purposes.

