
ФIЗИКА РIДИН ТА РIДИННИХ СИСТЕМ,
БIОФIЗИКА I МЕДИЧНА ФIЗИКА

ISSN 0372-400X. Укр. фiз. журн. 2023. Т. 68, № 2 113

V.S. YAKOVLIEV, V.N. ERMAKOV, B.I. LEV
Bogolyubov Institute for Theoretical Physics, Nat. Acad. of Sci. of Ukraine
(14b, Metrolohichna Str., Kyiv 03143, Ukraine; e-mail: vladyakovliev1@gmail.com)

IMPACT OF THE CELL WALL
ON CYANIDE BIODEGRADATION
IN A MODEL OF RESPIRATORY MECHANISMUDC 539

Based on the general model of the respiratory mechanism of cyanide degradation by microor-
ganisms, we introduce the impact of the cell wall on the degradation process under the con-
ditions with and without the initial short-term pulsed electric field treatment. The research is
conducted using non-linear phenomenological equations, and the solution approximation is ob-
tained. Theoretical and experimental data are compared, and they are in good agreement. We
demonstrate that the initial short-term pulsed electric field treatment increases the permeability
of cyanide through the cell wall, as well as the rate of activation of the respiratory chains. The
steady-state solutions and the maximum rate of cyanide addition are derived under the condi-
tions that cyanide is continuously added to the solution with bacteria, and there is no initial
pulsed electric field treatment.
K e yw o r d s: cell wall, cyanide, pulsed electric field, respiratory chain, porin, permeability,
passive diffusion.

1. Introduction
The role of a cell wall in the metabolic processes of
unicellular organisms in aggressive environments is
not sufficiently elucidated. In addition to the obvious
protective functions, the cell wall performs certain
regulatory functions. But how this happens in each
specific case is currently not sufficiently studied. In
the case of the impact of cyanide on the metabolic ac-
tivity of bacteria, it is obvious that the concentration
of cyanide in the region of the cell wall near the cyto-
plasmic membrane has a decisive role due to the fact
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that cyanide acts precisely on the respiratory chains
located in the cytoplasmic membrane. Therefore, the
mechanism of cyanide permeability through the cell
wall can have a significant role in the respiratory pro-
cess. In Mitchell’s model, from a physical viewpoint,
the respiratory process is reduced to the utilization of
the energy of the redox reactions [1–4] for the forced
transport of protons through the cytoplasmic mem-
brane. When cyanide is added to the electron trans-
port chain of a bacterium, the electron transport,
oxygen absorption, and ATP generation are blocked
[1], and, thus, the cell stops the breathing. In order
to restore the activity, bacteria must somehow elimi-
nate cyanide. This elimination of cyanide is known as
the microbial degradation of cyanide [5]. Currently,
its physical mechanism has not been elucidated, but
experimental work [5] showed that, for the cyanide
biodegradation, those biochemical components that
are necessary for ensuring the respiratory process in
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Mitchell’s model are sufficient. Since there is the con-
fidence that the degradation is caused by the respira-
tory mechanism, it is obvious that the electron trans-
port is unblocked as a result of the degradation of the
cyanide molecule. The real question is how microor-
ganisms can start and carry out the cyanide biodegra-
dation. One of the approaches is to utilize the energy
of stored ATP to generate specific enzymes that can
degrade cyanide [6, 7]. It is exhausting for microor-
ganisms. However, this mechanism can give an im-
petus to restore the work of the respiratory chain,
which, in turn, will assist in the ATP generation
and help to restore other respiratory chains. Since
the electron and proton transport chains are asso-
ciated with the respiratory process, it should be ex-
pected that the cyanide biodegradation can be af-
fected by the electromagnetic field. This hypothesis
was confirmed in the experimental work [8], according
to which, after a short-term irradiation of a cuvette
with a suspension of bacteria and cyanide with a weak
electromagnetic field with a frequency of 54 MHz,
a sharp acceleration of the cyanide biodegradation
was observed. The theoretical description at the phe-
nomenological level, which was based on the hypothe-
sis that the acceleration of the degradation is directly
related to the activation of the respiratory process
by the electromagnetic field, was carried out in work
[9], and theoretical and experimental results are in
good agreement. Another approach to influencing the
cyanide biodegradation is the activation of respira-
tory centers by an external electric field, as was done
in works [10–12]. In particular, it was shown that
the short-term treatment with a pulsed electric field
stimulates the respiratory activity in the presence of
cyanide [13]. An important point is the rate of inhi-
bition of respiratory chains by cyanide in relation to
the restoration of their work. Since the restoration of
the functionality of the respiratory chain is associated
with the degradation of cyanide, the permeability of
cyanide molecules through the cell wall at this stage
can have a fundamentally important role.

The strains of gram-negative bacteria Pseudomo-
nas fluorescens can degrade various types of cyanides
[14]. From this viewpoint, the bacterial cyanide de-
gradation has an advantage over the chemical degra-
dation, since specific chemical reactions and processes
need to be selected for each type of cyanides or even
for a separate cyanide compound. Moreover, after the
chemical cyanide degradation, other poisonous com-

pounds may be generated. On the contrary, during
the bacterial degradation of cyanides, carbon dioxide
and ammonia are created, if bacteria have enough a
substrate [5,15]. For instance, the degradation of free
cyanides can be described by the overall reaction [5]:

NADH+2H+ +HCN+O2 → CO2 +NH+
4 +NAD+.

This provides an opportunity for practical applica-
tions of the bacterial degradation of cyanide [16].
Note that bacteria capable of decomposing cyanide
use it as a source of nitrogen, but cannot use it as a
source of carbon [17].

In this article, at the phenomenological level within
the framework of the concept of the respiratory mech-
anism, the impact of the permeability of cyanide
molecules through the cell wall on the kinetics of
the cyanide biodegradation is investigated consider-
ing the short-term treatment with an external pulsed
electric field. Based on the comparison of theoretical
results with experimental data [13], the analysis of
the role of a cell wall in the cyanide biodegradation
is carried out.

2. Cyanide Biodegradation
and General Phenomenological Model

In the experiment [13], the degradataion of cyanide
Na[Ag(CN)2] by bacteria Pseudomonas fluorescens
B5040 was studied. In addition to just a microbial
degradation of cyanide, the experiments with the ini-
tial short-term pulsed electric field treatment were
conducted. The pulsed electric field treatment char-
acteristics are unipolar rectangular impulses with a
duration of 1 ms and a frequency of 100 Hz at a volt-
age of 10, 20, 40, and 70 V. The pulsed electric field
treatment duration was 15 min. The duration of mea-
surements of the cyanide biodegradation was 67 h. At
the beginning of the experiment, the CN− concentra-
tion in the solution was 19.4 mg/l or 0.74615 mM.

The maximum value of the CN− concentration
at which bacteria Pseudomonas fluorescens B5040
can survive in the solution with Na[Ag(CN)2] is ap-
proximately equal to 100 mg/l [14]. Moreover, the
dependence of the oxygen absorption on the CN−

concentration can be considered as a linear depen-
dence at CN− concentrations below 20 mg/l for
the Na[Ag(CN)2] compound [14]. For the remain-
der of this article, we refer to the CN− concentra-
tion of the Na[Ag(CN)2] compound as the cyanide
concentration.
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The presence of cyanide in the periplasmic space
of a gram-negative bacteria causes the blockage, or
deactivation, of the respiratory chains (RCs) located
in the cytoplasmic membrane. For simplicity, we will
assume that the cyanide concentration 𝐶 in the
periplasmic space is uniform. Thus, for low cyanide
concentrations, the maximum rate of RCs deactiva-
tion can be defined as 𝛾 (𝐶) = 𝛾0 + 𝛾1𝐶, where 𝛾0
and 𝛾1 are constants [9]. 𝛾0 is determined by the nat-
ural spontaneous process of stopping of RCs. The ac-
tual rate of RCs deactivation is also proportional to
the parameter 𝑛 which is the relative number of ac-
tive RCs that can degrade cyanide. We consider the
parameter 𝑛 as normalized by the total number of
respiratory chains in the system.

During its vital activity, the bacterium itself can re-
store the functionality of the RCs. Such recovery ob-
viously requires the energy expenditure and depends
on the active RCs available in the cell. Thus, the max-
imum rate of activation of RCs in the simplest case
can be defined as 𝑔 (𝑛) = 𝑔0 + 𝑔1𝑛, where 𝑔0 and 𝑔1
are constants [9]. The actual rate of activation of RCs
is also proportional to (1− 𝑛) which is the relative
number of blocked RCs.

The impact of the pulsed electric field can be in-
cluded in the term 𝐷𝑖 (𝑡) (1− 𝑛), where the time-
dependent parameter 𝐷𝑖 (𝑡) characterizes the rate of
activation by the external pulsed electric field [9].

Therefore, the overall rate of change in the rela-
tive number of active RCs can be represented by the
following phenomenological equation [9]:

𝑑𝑛

𝑑𝑡
= −𝛾 (𝐶)𝑛+ (1− 𝑛) 𝑔 (𝑛) +𝐷𝑖 (𝑡) (1− 𝑛). (1)

The maximum rate of cyanide degradation can be
determined by the dependence 𝛼 (𝑛) = 𝛼0 + 𝛼1𝑛,
where 𝛼0 and 𝛼1 are constants [9]. The parameter 𝛼0

is related to the cyanide degradation by the chemical
compounds in the solution, but such type of degrada-
tion was not confirmed in the experiment [13]. Thus,
𝛼0 = 0 which means the cyanide can be degraded by
active RCs only. For low cyanide concentrations, the
actual rate of cyanide degradation is proportional to
the cyanide concentration 𝐶 in the periplasmic space.

The permeation of cyanide into the periplasmic
space of a gram-negative bacterium occurs through
the pores located in the cell wall of the bacterium
[18]. Porins are large enough, and cyanides can dif-
fuse from the extracellular space to the periplas-

mic space through porins. Thus, the movement of
cyanides through the cell wall can be considered as
passive diffusion [19].

Therefore, the cyanide concentration changes in the
periplasmic space and in the solution can be repre-
sented by the following phenomenological equations:

𝑑𝐶

𝑑𝑡
= −𝛼 (𝑛)𝐶 + 𝛽𝑖 (𝐶𝑎 − 𝐶), (2)

𝑑𝐶𝑎

𝑑𝑡
= −𝛽𝑎 (𝐶𝑎 − 𝐶) + 𝑔𝑎. (3)

where 𝐶 is the cyanide concentration in the periplas-
mic space, 𝐶𝑎 is the cyanide concentration in the so-
lution, 𝛽𝑖 is the rate of cyanide concentration increase
in the periplasmic space because of the diffusion, 𝛽𝑎

is the rate of cyanide concentration decrease in the
solution because of the diffusion, and 𝑔𝑎 is the rate of
external cyanide infusion to the solution. In the ex-
periment [13], the parameter 𝑔𝑎 is equal to zero, be-
cause there is no addition of cyanide to the solution
during the measurements. The parameter 𝑔𝑎 is intro-
duced in the model to cover additional cases that may
be replicated in the experiments.

Thus, the kinetics of cyanide degradation can be
described on the basis of the balance equations of
the relative number of active respiratory chains and
the cyanide concentration present in the solution, ac-
counting for the transition of cyanide from the solu-
tion to the periplasmic space through the cell wall. At
the same time, active RCs ensure the process of degra-
dation of cyanides and, thus, determine the rate of
degradation.

The general phenomenological model (1)–(3) con-
tains several parameters that can be determined
only by comparison with the experiment. This may
cause some problems, if the number of experimen-
tal points is insufficient. For instance, in the experi-
ment [13], there are five main curves that are graphi-
cal representations of the experimental data. The first
curve is related to only the microbial degradation of
cyanide. The other curves are related to the micro-
bial degradation with the initial pulsed electric field
treatment at a voltage of 10, 20, 40, and 70 V. If
each curve is considered to represent an independent
experiment, the number of parameters in the model
(1)–(3) will be comparable with the number of exper-
imental data. However, we expect that the number
of degrees of freedom will be decreased, because a
part of parameters may have the same value for all
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curves, or they may have an analytical dependence on
the voltage of a pulsed electric field, i.e., each curve
is not fully independent. This statement is confirmed
for the 𝛽𝑎 and 𝛽𝑖 parameters based on the approxi-
mation obtained below.

3. Stationary Solution

The presence of the term characterizing the infu-
sion of cyanide into the solution in Eq. (3) makes
it possible to find a stationary solution of Eqs. (1)–
(3) in the case of cyanide degradation by respiratory
chains. This immediately follows from Eq. (3) that
𝐶𝑎 = 𝐶 + 𝑔𝑎/𝛽𝑎. According to Eq. (2), we obtain
𝐶 = 𝛽𝑖𝑔𝑎/𝛽𝑎𝛼1𝑛. In the absence of a pulsed electric
field (𝐷𝑖 = 0), we obtain the equation for the relative
number of active respiratory chains:

𝑛2 + 𝑛

(︂
𝑛𝑠 −

𝑔0
𝑔1

)︂
+

(︂
𝛽𝑖𝛾1𝑔𝑎
𝛽𝑎𝛼1𝑔1

− 𝑔0
𝑔1

)︂
= 0. (4)

The solution of this equation is as follows:

𝑛1,2 =
1

2

(︂
𝑛𝑠 −

𝑔0
𝑔1

)︂
±

±

√︃
1

4

(︂
𝑛𝑠 −

𝑔0
𝑔1

)︂2
− 𝛽𝑖𝛾1𝑔𝑎

𝛽𝑎𝛼1𝑔1
+

𝑔0
𝑔1

, (5)

where 𝑛𝑠 = 1 − 𝛾0/𝑔1. The stable stationary solu-
tion is 𝑛𝑠𝑡 = 𝑛1. The maximum value of the rate of
infusion of cyanide into the solution 𝑔𝑎, when the res-
piratory system is not yet blocked by cyanide and can
carry out degradation, is determined under the con-
dition that the values of 𝑛1 must be real, not com-
plex. Thus, we obtain

𝑔𝑎𝑚 =

[︃
1

4

(︂
𝑛𝑠 −

𝑔0
𝑔1

)︂2
+

𝑔0
𝑔1

]︃
𝛽𝑎𝛼1𝑔1
𝛽𝑖𝛾1

. (6)

Within the model involving pores for the cyanide
permeability through the cell wall, we obtain 𝛽𝑎/𝛽𝑖 =
Ω𝑊 /Ω, where Ω𝑊 is a volume of the periplasmic
space of a bacterium, Ω is the average volume of
the solution per one bacterium (1/Ω is the concentra-
tion of bacteria in the solution). According to (6), the
higher the concentration of bacteria and the larger the
volume of the periplasmic space, the greater the per-
formance of the cyanide degradation by bacteria. The
ratio 𝐶/𝐶𝑎 = = 𝛽𝑖/ (𝛽𝑖 + 𝛼1𝑛1) takes small values, if
𝛽𝑖 ≪ 𝛼1𝑛1, where 𝛼1𝑛1 is the rate of cyanide degra-
dation by respiratory chains. If 𝛽𝑖 ≫ 𝛼1𝑛1, cyanide
concentrations in the solution and in the periplasmic
space are the same.

4. Quasistationary Solution

In the case where there is no infusion of cyanide
(𝑔𝑎 = 0), which is exactly the case studied in the
experiment [13], Eqs. (1)–(3) at 𝐶 ̸= 0 do not have
a stationary solution. Since the cyanide biodegrada-
tion is a slow process. In this case, we can look for
a quasistationary solution. We assume that the ad-
justment of the relative number of RCs is a fast pro-
cess compared to a change in the concentration of
cyanide. Then, from (1) with 𝑔0 = 0, 𝐷𝑖 = 0, and
𝑑𝑛/𝑑𝑡 = 0, we get

𝑛 = 𝑛𝑠 − 𝐶 (𝑡) 𝑔1/𝛾1. (7)

Using (7), Eq. (2), can be transformed into

𝑑𝐶

𝑑𝑡
= 𝜇1 (𝐶1 − 𝐶)(𝐶 − 𝐶2), (8)

where 𝜇1 = 𝛼1𝛾1/𝑔1. 𝐶1 and 𝐶2 are solutions of the
following equation:

−𝜇1 (𝐶cr − 𝐶)𝐶 + 𝛽𝑖 (𝐶𝑎 − 𝐶) = 0, (9)

where 𝐶cr = 𝑛𝑠
𝑔1
𝛾1

. 𝐶1 and 𝐶2 are dependent on time,
because 𝐶𝑎 is a function of time. Solutions of Eq. (9)
are

𝐶1,2 =
𝐶cr + 𝜉1

2
∓

√︃
(𝐶cr + 𝜉1)

2

4
− 𝜉1𝐶𝑎, (10)

where 𝜉1 = 𝛽𝑖𝑔1
𝛾1𝛼1

, and 𝐶1,2 have real values, when
(𝐶cr+𝜉1)

2

4𝜉1
> 𝐶𝑎.

Based on the condition that 𝐶1 and 𝐶2 must be
real, we obtain the maximum value of the cyanide
concentration in the solution 𝐶𝑎, when the respira-
tory mechanism is still able to deal with such a high
concentration:

𝐶𝑎𝑚 =
(𝐶cr + 𝜉1)

2

4𝜉1
.

At the same time, the concentration of cyanide in
the periplasmic space will be

𝐶𝑚 =
𝐶cr + 𝜉1

2
.

From the last correspondence and the condition
𝐶𝑚 ≤ 𝐶cr, we obtain 𝜉1 ≤ 𝐶cr.
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The maximum allowable excess of the concentra-
tion from the outside of the bacterium over the con-
centration in the periplasmic space will be

Δ𝐶 = 𝐶𝑎𝑚 − 𝐶𝑚 =
𝐶2

cr − 𝜉21
4𝜉1

.

Based on the experimental data, 𝐶𝑎𝑚 ≈ 100 mg/l
[14], so, for 𝐶cr ≈ 10 mg/l, we obtain 𝜉1 ≈ 𝐶cr/40.

5. Approximate Non-Stationary
Solution for the Concentration
in the Periplasmic Space

The solution of Eq. (8), which depends on time, in
the approximation 𝐶𝑎 = const, has the form

𝐶 (𝑡) =
𝐶1 + 𝐶2𝜙 (𝑡)

1 + 𝜙 (𝑡)
, (11)

where 𝜙 = exp [−𝜇1 (𝐶2 − 𝐶1) (𝑡− 𝑡0)], and 𝑡0 is de-
fined from the initial conditions. 𝐶1 and 𝐶2 are de-
fined by Eq. (10).

Formula (9) may change in view of the dependence
of 𝐶𝑎 on time. In the approximation where 𝜉1 ≪ 𝐶cr,
we will get 𝐶1 = 0 and 𝐶2 = 𝐶cr, and, accordingly,

𝐶 (𝑡) =
𝐶cr

1 + 𝜙0 (𝑡)
, (12)

where 𝜙0 = exp [𝜇1𝐶cr (𝑡− 𝑡0)].

6. Solution Approximation
for the Cyanide Concentration
in the Solution

The formal form of the general solution of Eq. (3)
with the initial conditions is

𝐶𝑎 (𝑡) = 𝐶𝑎 (0) exp (−𝛽𝑎𝑡)+

+𝛽𝑎 exp (−𝛽𝑎𝑡)

𝑡∫︁
0

exp (𝛽𝑎𝜏)𝐶 (𝜏) 𝑑𝜏. (13)

The integral in this equation can be changed to the
form

𝛽𝑎

𝑡∫︁
0

exp (𝛽𝑎𝜏)𝐶 (𝜏) 𝑑𝜏 = [exp (𝛽𝑎𝜏)𝐶 (𝜏)]

⃒⃒⃒⃒𝑡
0

−

−
𝑡∫︁

0

exp (𝛽𝑎𝜏) �̇� (𝜏) 𝑑𝜏.

To get the solution approximation, the term∫︀ 𝑡

0
exp (𝛽𝑎𝜏) �̇� (𝜏) 𝑑𝜏 was excluded. Thus, we obtain

the correspondence

𝐶𝑎 (𝑡) = [𝐶𝑎 (0)− 𝐶 (0)] exp (−𝛽𝑎𝑡) + 𝐶 (𝑡). (14)

Formula (11) can be used as 𝐶 (𝑡) in Eq. (14),
where 𝐶 (𝑡) depends on 𝐶𝑎 (𝑡), which is already a
function of time. But, using the condition 𝜉1 ≪ 𝐶cr,
𝐶 (𝑡) takes form (12) which does not contain the ex-
plicit dependence on 𝐶𝑎 (𝑡).

7. Bacterial Resistance

For the comparison with the experiment in the ab-
sence of the action of a pulsed electric field, we will
use formula (14), which can be presented in the form

𝐶𝑎 (𝑡) = 𝐶𝑤 exp [−𝛽𝑎𝑡]+
𝐶cr

1 + exp [𝛼1𝑛𝑠 (𝑡− 𝑡0)]
, (15)

where 𝐶𝑤 = 𝐶𝑎 (0) − 𝐶cr/ (1 + exp (−𝛼1𝑛𝑠𝑡0)) and
the values of 𝐶cr, 𝜇1𝐶cr = 𝛼1𝑛𝑠, and 𝑡0 can be found
by the comparison with experimental data.

In the simplest case, we use the condition 𝑔0 = 0,
and the parameter 𝑡0 can be defined by the initial
conditions based on correspondence (12).

The actual value of 𝑔0 is not equal to zero, but is
very small, 𝑔0 ≪ 1. Thus, with regard for the bacte-
rial resistance, we can use the condition that follows
from (1), when 𝑛 = 0 at the time moment 𝑡 = 0:

𝑑𝑛

𝑑𝑡

⃒⃒⃒⃒
𝑡=0

= 𝑔0. (16)

Using (7) and (12) and taking a small value of 𝑔0 ≪
≪ 1, we obtain

𝑡0 = − 1

𝛼1𝑛𝑠
ln

[︂
𝑔0

𝛼1𝑛2
𝑠

]︂
. (17)

The physical meaning of 𝑡0 is a delay in the degra-
dation of cyanide associated with the action of the
resistive mechanism that recovers the activity of the
respiratory chains.

8. Electrical Field Impact

To account for the initial short-term treatment of the
solution with bacteria by a pulsed electric field at
the beginning of the degradation, we use Eq. (1) for
which 𝑡 ≈ 0 and 𝑛 ≪ 1:
𝑑𝑛

𝑑𝑡
= 𝑔0 +𝐷𝑖 (𝑡). (18)
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Fig. 1. Dependence of the cyanide concentration on time in
the solution with bacteria at different treatment voltages. Solid
lines are the result of the calculation. Experimental values [13]
are marked with circles

Values of parameters for curves 1–5
in Fig. 1. Calculation errors do not exceed a unit
of the last digit in the appropriate parameters

Curve
𝐶𝑤,

mg/L
𝐶cr,

mg/L
𝛼1𝑛𝑠,
h−1 𝑡0, h 𝐵 104𝛽𝑎

1 9.7 9.7 0.16 51.25 0 2.57
2 9.7 9.7 0.16 51.25 0.83 2.90
3 9.7 9.7 0.16 51.25 1.47 3.60
4 9.7 9.7 0.16 51.25 5.63 9.27
5 12.6 6.8 0.16 51.25 7.92 56.30

The impact of a short-term treatment can be in-
cluded in the parameter 𝑡0 of correspondence (15).
Thus, 𝑡0 = 𝑡0 (𝑈) , if there is a pulsed electric field
treatment, and 𝑡0 = 𝑡0 (0), if there is no treatment.
𝑈 is the amplitude of the pulsed electric field. In par-
ticular, there is no impact of the treatment at the
beginning of the experiment. Thus, 𝑡0 = 𝑡0 (0) at the
time moment 𝑡 = 0.

We integrate (18) from zero to Δ𝑡, where Δ𝑡 is the
duration of the pulsed electric field treatment, and it
has a a small value as compared to the time of the
observation of a degradation:

𝑛 (Δ𝑡)− 𝑛 (0) = 𝑔0Δ𝑡+𝐷𝑖Δ𝑡, (19)

where 𝐷𝑖 =
1
Δ𝑡

∫︀Δ𝑡

0
𝐷𝑖 (𝑡) 𝑑𝑡.

Using (7) and (17), we obtain

𝑛 (0) =
𝛾1
𝑔1

𝐶cr exp (−𝛼1𝑛𝑠𝑡0 (𝑈 = 0)) =
𝑔0

𝛼1𝑛𝑠
,

𝑛 (Δ𝑡) =
𝛾1
𝑔1

𝐶cr exp [𝛼1𝑛𝑠 (Δ𝑡− 𝑡0 (𝑈))].
(20)

The correspondence for 𝑛 (Δ𝑡) can be reduced to
the form
𝑛 (Δ𝑡) =

𝑔0
𝛼1𝑛𝑠

exp [𝛼1𝑛𝑠 (Δ𝑡− 𝑡0 (𝑈) + 𝑡0 (0))]. (21)

Using (20) with the condition 𝛼1𝑛𝑠Δ𝑡 ≪ 1, we ob-
tain the equation for 𝑡0(𝑈):

𝑡0 − 𝑡0 (𝑉 ) =
1

𝛼1𝑛𝑠
ln [1 + 𝛼1𝑛𝑠Δ𝑡+𝐵], (22)

where 𝐵 = 𝛼1𝑛𝑠𝐷𝑖Δ𝑡/𝑔0, 𝐷𝑖 = 𝑑𝑖𝑈 , 𝑑𝑖 is a pa-
rameter that may depend on the pulse frequency,
𝑡0 ≡ 𝑡0 (𝑈 = 0). The approximation of 𝐵 by a lin-
ear dependence on the field amplitude is correct for
small amplitude values. In view of (22), dependence
(15) is modified to

𝐶𝑎 (𝑡) = 𝐶𝑤 exp [−𝛽𝑎𝑡] +

+
𝐶cr

1 + (1 +𝐵) exp [𝛼1𝑛𝑠 (𝑡− 𝑡0)]
. (23)

At 𝐵 = 0, formulas (15) and (23) coincide.
Thus, the short-term treatment with a pulsed elec-

tric field can change the kinetics of cyanide degrada-
tion. Such a change will be more noticeable, the larger
the amplitude of the pulsed field and the longer the
processing time.

9. Comparison with the Experiment

Ratio (23) makes it possible to compare the theory
with the experimental values [13] for the degradation
of cyanides by bacteria. The comparison was made
using the “ORIGIN” program, which allows one to
control the quality of the correspondence of theoreti-
cal calculations to experimental data.

Figure 1 shows the dependence of the cyanide
concentration on time with regard for the perme-
ability of the cell wall and a pulsed electric field
treatment at the beginning of the experiment dur-
ing 15 min at different voltages 𝑈 . Experimental data
are marked with circles, and the theoretical solid lines
are obtained as a result of the adjustment of depen-
dence (23) to experimental values. All parameters of
Eq. (23) for each curve are listed in Table.
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The parameter values for dependences 1–4 turned
out to be 𝐶𝑤 = 9.7 mg/l, 𝐶cr = 9.7 mg/l, and
𝛼1𝑛𝑠 = 0.16 h−1, 𝑡0 = 51.25 h for all curves. Ho-
wever, the best agreement between the experiment
and the solution approximation for curve 5 on Fig. 1
is achieved at 𝐶𝑤 = 12.6 mg/l, 𝐶cr = 6.8 mg/l. A de-
crease in the critical value is caused by an increase in
the permeability of cyanide to the cell wall according
to (10) and 𝛽𝑖 ∼ 𝛽𝑎.

Figure 2 demonstrates the dependence of the per-
meability 𝛽𝑎 on the voltage amplitude after the treat-
ment of the solution with bacteria by a pulsed electric
field. Such a dependence quite clearly demonstrates
the exponential form shown in Fig. 2 by a solid line:

𝛽𝑎 = 𝛽𝑎0 + 𝛽𝑎1 exp (𝑈/𝑈0), (24)

where 𝛽𝑎0 = 1.92× 10−4 h−1, 𝛽𝑎1 = 5.0× 10−5 h−1,
𝑈0 = 14.91 V. The reason for this may be the effect
of the field on positively charged nanoparticles. The
latter, due to the negative charge of the bacteria, ad-
heres to the surface of the cell wall and closes the
pores through which cyanide can diffuse to the cell
wall. A pulsed electric field clears the pores from such
nanoparticles.

The comparison of experimental and theoretical
data makes it possible to determine the dependence
of the field influence parameter 𝐵 on the applied volt-
age 𝑈 . This dependence is shown in Fig. 3. The solid
line is a linear approximation of 𝐵 = 𝑑𝑖𝑈 . As is seen
from the figure, a certain non-linearity is observed,
but this requires the additional research.

Another point for the additional research is param-
eter 𝛽𝑎 that represents the permeability of cyanide
through porins of the cell wall. We found its values
based on the comparison of the solution approxima-
tion (23) with experimental data [13]. An indepen-
dent approach to calculate 𝛽𝑎 for different bacteria
and cyanides needs to be developed. If such calcu-
lations demonstrate the matching with the value of
𝛽𝑎 in the case where there is no pulsed electric field
treatment (curve 1 in Table), it will be an additional
evidence that the proposed solution approximation
is correct.

On the other hand, during the modelling and com-
parison of system (1)–(3) with the experiment [13],
we identified the critical value 𝛽cr

𝑎 ≈ 2ℎ−1. During the
modeling, if 𝛽𝑎 value is greater than 𝛽cr

𝑎 , there is no
difference between values of the cyanide concentration
in the periplasmic space 𝐶 (𝑡) and the cyanide concen-

Fig. 2. Dependence of the permeability of cyanide through
the cell wall on the amplitude of the pulsed electric field. The
solid line is an exponential relationship

Fig. 3. Dependence of the 𝐵 parameter on the electric field
amplitude. The solid line is a linear approximation

tration in the solution 𝐶𝑎 (𝑡) at any point of time; i.e.,
the cell wall does not have any impact on the cyanide
biodegradation. So, the critical value of permeability
𝛽cr
𝑎 is a criterion whether the cell wall has any impact

on the cyanide degradation. All 𝛽𝑎 values we found
during the comparison of the solution approximation
(23) with experimental data [13] are less than the crit-
ical value of permeability 𝛽cr

𝑎 . Thus, the impact of the
cell wall needs to be taken into consideration during
the analysis of the cyanide biodegradation process.

10. Conclusions

Based on the model of respiratory mechanism, the im-
pact of the bacterial cell wall on the cyanide biodegra-
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dation process has been confirmed. We have derived
the solution approximation for the cyanide biodegra-
dation process and identified the impact of the pulsed
electric field treatment on the cyanide permeability
through the cell wall. The exponential form of the
dependence of the 𝛽𝑎 parameter on the voltage of
the pulsed electric field is also characteristic of the 𝛽𝑖

parameter, because they are proportional. Thus, we
decreased the number of the independent parameters
in the general model (1)–(3). After determining the
value of the permeability 𝛽𝑎 for the selected bacteria
and a selected cyanide compound, we can identify the
appropriate 𝛽𝑎 values in the cases where the pulsed
electric field treatment is applied using the depen-
dence (24).

We would like to note that an increase in the per-
meability of cyanide through the cell wall must be ob-
viously accompanied by a higher rate of activation of
the respiratory chains. Otherwise, the bacteria would
not survive, or, at least, we would not observe an in-
crease in the rate of cyanide biodegradation in the
experiments. But, the latter was confirmed in the ex-
periment [13]. Thus, the conducted research partially
confirms that the initial short-term treatment by a
pulsed electric field shifts the balance in the direc-
tion of increasing the rate of activation of the respi-
ratory chains.

Under the conditions of low cyanide concentrations,
which were investigated in experiment [13] and in our
article, it can be argued that increasing the perme-
ability of cyanide through the cell wall helps the bac-
teria to neutralize the aggressive environment faster.
However, if the concentration of cyanide is high, then
an increase in its permeability may lead to the death
of bacteria; so, it is not possible to speak unequivo-
cally about the positive effect of the pulsed electric
field until the additional experimental and theoreti-
cal studies are conducted at high concentrations of
cyanides.

We can claim that the steady-state solutions (5)
we found, under the condition that cyanide is contin-
uously added to the solution with bacteria, may be
used to find the limit of the rate of addition of cyanide
(6) that bacteria can still handle with. These results
may be used to explain future experiments.
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В.С.Яковлєв, В.Н.Єрмаков, Б.I. Лев

ВПЛИВ КЛIТИННОЇ СТIНКИ
НА БIОДЕСТРУКЦIЮ ЦIАНIДУ НА ОСНОВI
МОДЕЛI РЕСПIРАТОРНОГО МЕХАНIЗМУ

На основi моделi респiраторного механiзму деструкцiї цiанi-
ду мiкроорганiзмами представлено вплив клiтинної стiнки

на процес деструкцiї в умовах з початковою короткочасною
обробкою iмпульсним електричним полем та без неї. Дослi-
дження проведено з використанням нелiнiйних феномено-
логiчних рiвнянь i отримано наближений розв’язок. Про-
ведено порiвняння теоретичних та експериментальних да-
них, якi добре узгоджуються. Продемонстровано, що поча-
ткова короткочасна обробка iмпульсним електричним по-
лем збiльшує проникливiсть цiанiду через клiтинну стiнку,
а також швидкiсть активацiї дихальних ланцюгiв. Стацiо-
нарнi розв’язки та максимальна швидкiсть додавання цiа-
нiду отриманi за умов, що цiанiд безперервно додається до
розчину з бактерiями та немає початкової їх обробки iм-
пульсним електричним полем.

Ключ о в i с л о в а: клiтинна стiнка, цiанiд, iмпульсне еле-
ктричне поле, дихальний ланцюг, порiн, проникнiсть клi-
тинної стiнки, пасивна дифузiя.
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