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Abstract- The possibility of electrochemical oxidation of procarbazine on cobalt(III)
oxyhydroxide in slightly alkaline medium, realized for electroanalytical purposes, has been
investigated. The corresponding mathematical model has been analyzed by means of linear
stability theory and bifurcation analysis. The optimal conditions for electrooxidation and
electroanalytical efficiency of the process have been derived. The possibility of oscillatory
and monotonic instabilities was also evaluated.
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1. INTRODUCTION
Procarbazine, or, better saying, N-isopropyl-α-(2-methylhydrazino)-p-toluamide is one of
the drugs commonly used in chemotherapy at different types of cancer [1-2].
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Scheme 1. Procarbazine formula
The exact mechanism of its action has not been determined yet. However, it is already
known that its interaction with various substances (such as enzymes or compounds of
transition metals) in the human organism leads to the formation of toxins (aldehydes,
hydrazine and metal complexes) [3]. Therefore, search of sensitive, precision and expeditious
method for determining the concentration of the compound is a really actual task [4], and the
electrochemical detection, yet used for other substances [5-15] seems to be an interesting
resolution for it.
On the other hand, the chemically modified electrodes are an interesting tool for its
realization, due to their efficiency, rapidity, exact and precise response and affinity to the
analyte (due to the key – lock principle). The last factor is principal in the matter of choosing
the electrode modifier. For example, for the hydroquinonic compounds different substances
and objects are used – from specific molybdenic acid ester to banana tissue [5-12]. The
proper quinonic compounds may be used for sulphite [13] and hydrazine [14]. Yet in [15],
the quinonic system was present either in the analyte (omeprazole) or in the modifier
(polyalizarine). In all cases, these modifiers are chosen due to their capacity to interact with
an analyte.
In the case of procarbazine, the main problem is the small amount of data on its
electrooxidation [4,16]. In [4] an attempt to determine based on a purely experimental data
the mechanism of the electrooxidation of the preparation under neutral conditions has been
made. Yet in [17] there was made the theoretical investigation for the possibility for
procarbazine oxidation in alkaline media and it was shown, that the alkaline solution has to
be more favorable for procarbazine than neutral one (if side reactions are avoided). Such an
investigation provides the facility in search of adequate electrode modifier for procarbazine,
and cobalt(III) oxyhydroxide, a p-type semiconductor, seen by modern researchers as an
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adequate alternative for titanium(IV) dioxide [18-20], and yet used for the detection of
oxalates [21] and phenolic compounds [22] in neutral and alkaline solutions, looks like a
good alternative.
Nevertheless, there are some difficulties in possible use of CoO(OH) as an electrode
modifier. Firstly, its electroanalytical properties´ investigation has been commenced recently,
so there is still indecision, concerning the most probable mechanism of its action. Secondly,
its electrosynthesis may be accompanied by electrochemical instabilities, also characteristic
for the oxidation of small organic molecules and heterocyclic compounds´
electropolymerization [23-30]. Both problems may obtain their solution, if the
electrochemical system gains a rigid theoretical base, which may only be given by a
development and an analysis of a mathematical model, capable to describe adequately the
system´s behavior. Such modeling also permits to compare the behavior of this system with
that for the similar ones without any experimental essay.
So, the aim of our work is the theoretical investigation for the procarbazine
electrooxidation on CoO(OH). For this purpose, we:
- Develop the correspondent mathematical model;
- Analyze it by means of linear stability theory and bifurcation analysis;
- Detect the steady-state stability requirements and oscillatory and monotonic instabilities´
conditions;
- Interpret the obtained data in experimental terms.
- Compare the system’s behavior with that for analogous systems [31-35].
2. SYSTEM AND ITS MODELING
Cobalt (II) oxide film is obtained chemically, or electrochemically, parting from a soluble
cobalt (II) salt. This salt, like also hydrazine for probes, may be acquired from Sigma Aldrich
or Merck in analytically pure concentrations.
Procarbazine hydrochloride may be obtained from Sigma and used without further
purification, as mentioned in [17].
In the presence of hydroxyle, CoO is oxidated to CoO(OH)
CoO + OH- - e-  CoO(OH)
While reacting with CoO(OH), procarbazine may be oxidized by summary equation:

(1)
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In the alkaline medium, the salt is formed, and it is sollubilized.
As the reaction (2) has surface-controlled phases, it is realized via adsorbed state, so,
supposing th
At the supporting electrolyte pH is maintained constant (and it is alkaline), we introduce
three variables:
c – the procarbazine concentration in the pre-surface layer,
θ – the procarbazine surface concentration onto CoO(OH);
Θ – the CoO(OH) surface concentration.
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, and the concentration profile in it is supposed to be linear. It’s also
supposed that at the beginning of the reaction CoO covers the entire electrode surface and
that procarbazine adsorps only on CoO(OH) occupied surface areas.
The procarbazine enters the pre-surface layer by its diffusion, and also by its desorption.
It also adsorbs and, by this way, leaves the surface. So, taking in account the first Fick’s law,
the balance equation for its pre-surface concentration will be rewritten as:
𝑑𝑐
𝑑𝑡

2 𝛥

= 𝛿 (𝛿 (𝑐0 − 𝑐) + 𝑟−1 − 𝑟1 )

(3)

In which Δ is the diffusion coefficient, c0 is the procarbazine concentration in the solution
bulk, r1 and r-1 are adsorption and desorption rates.
The procarbazine adsorbs on the surface and desorbs from it. It is also oxidized by
CoO(OH), according to the reaction (2). So, its balance equation will be described as:
𝑑𝜃
𝑑𝑡

1

= 𝐺 (𝑟1 − 𝑟−1 − 𝑟2 )

(4)

In which G is procarbazine maximal concentration on CoO(OH) and r2 its reaction rate
with CoO(OH).
CoO(OH) is formed when CoO is oxidized (see the reaction (1)), and then reacts with
procarbazine. When the pH is very high, it dissolves, forming a complex. Thus, its balance
equation will be described as:
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(5)

In which Γ is the CoO(OH) maximal surface concentration, r3 is CoO(OH) formation rate
and r4 is its dissolution rate by the reaction
CoO(OH) + 3OH- + H2O  [Co(OH)6]3-

(6)

The correspondent process rates may be described as:
𝑟1 = 𝑘1 𝑐(𝛩 − 𝜃) exp(𝑎𝜃)

(7)

𝑟−1 = 𝑘−1 𝜃 exp(−𝑎𝜃)
𝑟2 = 𝑘2 𝜃𝛩2 exp(−𝑎𝜃)
𝐹𝜑
𝑟3 = 𝑘3 (1 − 𝛩) exp( 𝑅𝑇0 )

(8)
(9)
(10)

𝑟4 = 𝑘4 𝛩 exp(−𝑎𝛩)

(11),

In which a is a parameter, describing the interaction between the particles on the surface,
the parameters k are corresponding rate constants, F is a Faraday number, φ0 is the potential
slope in double electric layer (DEL), R is the universal gas constant and T is the absolute
temperature.
It’s possible to affirm that this system resembles a classical organic electrooxidation
system and the CoO(OH) electrosynthesis at the same time. So, the oscillatory behavior will
be more probable for this case, than for each system separately. Yet, the steady-state stability
will be defined by more factors, than in the previous cases. This behavior will be discussed
below.

3. RESULTS AND DISCUSSION
To analyze the behavior of the system with procarbazine oxidation on CoO(OH), we
investigate the equation set (3-5) with the algebraic relations (6-11) by linear stability theory.
The Jacobi functional matrix steady-state members may be described as:
𝑎11
𝑎
( 21
𝑎31

𝑎12
𝑎22
𝑎32

𝑎13
𝑎23 )
𝑎33

(12)

In which:
2

𝛥

𝑎11 = 𝛿 (− 𝛿 − 𝑘1 (𝛩 − 𝜃) exp(𝑎𝜃))

(13)

2

𝑎12 = 𝛿 (𝑘−1 exp(−𝑎𝜃) − 𝑎𝑘−1 𝜃 exp(−𝑎𝜃) + 𝑘1 𝑐 exp(𝑎𝜃) − 𝑎𝑘1 𝑐(𝛩 − 𝜃) exp(𝑎𝜃))
2

𝑎13 = 𝛿 (−𝑘1 𝑐 exp(𝑎𝜃))

(14)
(15)

Anal. Bioanal. Electrochem., Vol. 8, No. 4, 2016, 432-441
1

𝑎21 = 𝐺 (𝑘1 (𝛩 − 𝜃) exp(𝑎𝜃))
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(16)

1

𝑎22 = 𝐺 (−𝑘−1 exp(−𝑎𝜃) + 𝑎𝑘−1 𝜃 exp(−𝑎𝜃) − 𝑘1 𝑐 exp(𝑎𝜃) + 𝑎𝑘1 𝑐(𝛩 −
𝜃) exp(𝑎𝜃) − 𝑘2 𝛩2 exp(−𝑎𝜃) + 𝑎𝑘2 𝜃𝛩2 exp(−𝑎𝜃))
1
𝑎23 = 𝐺 (𝑘1 𝑐 exp(𝑎𝜃) − 2 𝑘2 𝜃𝛩 exp(−𝑎𝜃))

(17)
(18)

𝑎31 = 0
1
𝑎32 = 𝛤 (−𝑘2 𝛩2 exp(−𝑎𝜃) + 𝑎𝑘2 𝜃𝛩2 exp(−𝑎𝜃))

(19)
(20)

1

𝐹𝜑

𝐹𝜑

𝑎33 = 𝛤 (−𝑘3 exp( 𝑅𝑇0 ) + 𝜄𝑘3 (1 − 𝛩) exp( 𝑅𝑇0 ) − 2𝑘2 𝜃𝛩2 exp(−𝑎𝜃) − 𝑘4 exp(−𝑎𝛩) +
𝛼𝑘4 𝛩 exp(−𝑎𝛩))

(21)

In which φ0=ιΘ, and ι is the parameter, describing DEL influences of electrochemical
reactions.
Taking in account the expressions (13), (17) and (21), one can observe that the oscillatory
behavior for this system is possible. Moreover, it is more probable for this system than for
analogous [31-35], because the main diagonal elements contain more positive elements
(responsible for the positive callback), than in analogous cases. It is also possible to conclude
that the oscillatory behavior will be defined mostly by surface behavior (particle attraction
during the adsorption, desorption and dissolution processes) and, in least way, by DEL effect
of CoO(OH) electrosynthesis.
In this case, the oscillations have to be frequent and of short amplitude.
The steady-state stability is corresponding to the linear part of electrochemical parameter
– concentration curve and indicates the best sensor response. We investigate the steady-state
stability using the Routh-Hurwitz criterion. To avoid the cumbersome expressions, we
introduce new variables, for the determinant to be rewritten as:
−𝜅1 − 𝛸
| 𝛸
𝛿𝛤𝐺
0
2

−𝛯
𝛯−𝛴
−𝛴

−𝛪
𝛪−𝛲 |
𝛱−𝛲−𝛵

(22)

Applying to the system the stability requisite Det J <0, salient from the criterion, we
obtain the steady-state stability condition for this system, described as:
−𝜅1 (𝛯𝛱 − 𝛯𝛲 − 𝛯𝛵 − 𝛴𝛱 + 𝛴𝛵 + 𝛴𝛪) − 𝛸(𝛴𝛵 − 𝛴𝛱 + 𝛴𝛪) < 0

(23),

and transformed into:
𝜅1 (𝛯𝛱 − 𝛯𝛲 − 𝛯𝛵 − 𝛴𝛱 + 𝛴𝛵 + 𝛴𝛪) + 𝛸(𝛴𝛵 − 𝛴𝛱 + 𝛴𝛪) > 0

(24)

It is possible to see, that, due to the positivity of diffusion parameter 𝜅1 and adsorption
parameter 𝛸,
the negativity of the surface behavior parameter 𝛯, procarbazine
electrooxidative dissolution parameter 𝛴 and CoO(OH) dissolution parameter T, describing
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the repulsion of adsorbed particles and the fragility of DEL influences of the CoO(OH)
electrosynthesis, the inequation (24) will be satisfied, and the steady-state stability,
warranted. In low procarbazine concentrations, the process will be diffusion-controlled, and
in high concentrations, adsorption controlled. The topologic area of steady-state stability in
this system continues being vast, but is narrower than in [31-35] (see the Table 1).
Table 1. The concentrational effects on steady-state stability of the system
Procarbazine

Stage rapidity

concentration

Diffusion

Adsorption

Low

Slow

Rapid

Behavior character

Steady-state
stability

Diffusion-controlled

Stable,

surface

instability

is

probable
Medium

High

Slow

Rapid

Slow

Slow

Diffusion-and

Stable, with more

adsorption

probabilities

controlled

surface instabilities

Adsorption-

Stable

controlled

probability

with

for
high
of

surface instabilities

The pH-dependence of the system is significant. The optimal pH for the electroanalytical
system is 7<pH<8. The lower and higher pH may destroy the electrode material and the
analyte [17], in the case of acidic pH, the oxidation isn’t favored. Thus, the pH – current peak
curve has to be asymmetric, presenting its peak in pH, close to neutral (Table 2).
Table 2. pH-dependence of electroanalytical efficiency of CoO(OH) as a sensor of
procarbazine
pH
0-7

Material

Procarbazine

Electroanalytical

Stability

oxidation rate

efficiency

Unstable

Slow

Inefficient,

material

dissolution
7

Stable

Regular

Efficient

7-8

Stable

Rapid

Efficient

>8

Unstable (with Analyte
pH>12)

destruction Inefficient,

(side reactions)

dissolution,
dissolution

material
analyte

Anal. Bioanal. Electrochem., Vol. 8, No. 4, 2016, 432-441

439

It permits the use of CoO(OH) in electrochemical micro- and nanosensors not only in
vitro, but also in vivo, by monitoring of the cancer-suffering organs with the pH,
correspondent to the table (like duodenum). So, CoO(OH) may be efficient electrocatalyst for
electrooxidation of procarbazine in neutral and lightly alkaline media.
The monotonic instability for this system is possible, when the stabilizing and
destabilizing influences on the surface and in DEL are equivalent. It is revealed by N-shaped
part of voltamperoogram and the condition of its appearance may be described as:
𝜅1 (𝛯𝛱 − 𝛯𝛲 − 𝛯𝛵 − 𝛴𝛱 + 𝛴𝛵 + 𝛴𝛪) + 𝛸(𝛴𝛵 − 𝛴𝛱 + 𝛴𝛪) = 0

(25)

Yet, for the case of the presence of complex-forming substances as interfering substances
and analytes in the solution, the material is destroyed, but the point of discussion is the
electroanalytical use of complex-forming reactions. This case will be observed in one of our
next works.

4. CONCLUSIONS
From the analysis of the system with the electrooxidation of procarbazine over CoO(OH)
it was possible to conclude that:
-

-

-

-

CoO(OH) has perspective of use as an efficient electrocatalyst for electrooxidation of
procarbazine in neutral and lightly alkaline media. The curve pH – electrochemical
parameter has to be asymmetric, having its peak in pH value, close to 7.
The steady-state stability is maintained by the repulsion of adsorbed particles and fragility
of DEL influences of CoO(OH) electrosynthesis. Depending on analyte concentration, the
reaction may be diffusion- or adsorption-controlled.
The steady-state stability topological region remains vast, but it is narrower, than for
analogous systems.
The oscillatory behavior, caused by surface and electrochemical factors, is more probable,
then for analogous systems, due to the high probability of surface instability of
procarbazine and CoO(OH).
The monotonic instability for this system is possible, and it may occur in the case of
equality of stabilizing and destabilizing influences in DEL and on surface.
The presence of complex-forming substances as interfering compounds or analytes for
CoO(OH)-assisted sensor destroys the modifying material, as it is capable to form
complex with it, but the electroanalytical use of complex-forming reaction may be posed
in discuss.
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