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Abstract: In this work, the possibility of the electrochemical determination of two
aryloxyphenoxypropionate pesticides in soy products, assisted by copper sulfide nanoparticles, paired
with in situ trivalent copper sulfohydroxide. Oxidation scenarios, including N-oxidation, intramolecular
heterocyclization, and electropolymerization, are included in the model. The model is analyzed using
linear stability theory and bifurcation analysis. It confirms that the steady-state stability is easily
obtained and maintained so that the electrochemical process may be efficient for either pesticide
quantification or removal by their immobilization in the polymer phase, despite the enhanced
probability of electrochemical oscillations.

Keywords: soybean; ACCase inhibitors; aryloxyphenoxypropionate herbicides; electrochemical
sensors; stable steady-state.
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1. Introduction

Soybean products are among the most planted in the Cerrado biome in the Center-West
administrative region of Brazil [1-4]. Soybean plantation and soybean production are among
the most important areas of the Brazilian agricultural sector. Soybean crops are very important
for the Brazilian federal government and the governments of Brazilian states, including the
areas of Cerrado (Goiés, Mato Grosso, Mato Grosso do Sul, Federal District, and parts of the
states of Bahia, Tocantins, Maranh&o, Piaui, Minas Gerais, Sdo Paulo, and Parand). A minimal
part of Cerrado lies within the borders of Paraguay, which corresponds to the zone of Pedro
Juan Caballero, Capitan Bado, and Cerro Cora, in the Paraguayan departments of Amambay,
Concepcion, and Canindeyd.

In order to enhance the fertility of soy crops by protecting them from grime weeds,
concurring with soy for growth resources, the herbicide preparations, including the
cyclohexanediones and aryloxyphenoxypropionates, like fluazifop-p-butyl and quizalofop-p-
ethyl (Figurel) [5-10], are authorized by the Brazilian regulator ANVISA. Their mechanism is
based on acetyl-CoA carboxylase (ACCase) inhibition, leading to failure in cell membrane
construction, which becomes lethal for the plant. Another popular herbicide group that is
applied to soy crop protection in Brazil is the cyclohexanedione family.

Although they are effective for soybean weed control, they may be toxic if they enter
soybean products. For this and other reasons, developing a rapid, efficient method for their
quantification is necessary, and electroanalytical methods (cathodic or anodic) may be an
excellent solution [11-14].
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Figure 1. (a) Quizalofop-p-ethyl; (b) fluazifop-p-butyl.

To date, no theoretical or experimental reports describe electrochemical methods for
quantifying either of the mentioned herbicides. Nevertheless, their chemical composition
indicates that these compounds contain both donating and accepting groups [15-22], which
leads to the conclusion that both cathodic and anodic processes are applicable to them.
Moreover, although the cathodic electrochemical determination is preferable, the anodic
determination is possible if strong oxidants are used as electrode modifiers. One of these
oxidants may be produced in situ by the electrochemical oxidation of copper sulfide
nanoparticles in a neutral or slightly alkaline medium by (1) would be an interesting option.
Such hybrid materials have already been used in electroanalytics [15-22] in either cathodic or
anodic processes. Nevertheless, electrochemical instabilities typical of similar electroanalytical
and electrosynthetical processes [23-26] may impede clear interpretation of the analytical
signal or even cause the electrochemical equipment to break down. On the other hand, the
electrochemical instabilities may reveal the presence of a substance or a specific reaction
involving the electroactive compound.

CuS +0OH™ —e™ —» CuS(OH) Q)

The analysis of the theoretical and experimental data shows that the electrochemical

instabilities in non-autocatalytic electrochemical systems are caused by the influences of
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chemical and electrochemical processes on the double electric layer (DEL) ionic force,
capacity, and conductivity, such as the electrode surface material impedance.

Therefore, the theoretical a priori investigation of the system’s behavior, capable of
detecting the conditions of the most effective sensing interpretation, as well as the conditions
of the electrochemical instabilities, is an important stage for the development of new
electrochemical sensors, especially for new compounds and involving new electrode modifiers.
This investigation, which involves developing and analyzing a mathematical model, also
allows comparison of similar electroanalytical systems. Therefore, the aim of this work is to
investigate, from the mechanistic theoretical point of view, the possibility of electrochemical
determination of two aryloxyphenoxypropionate ACCase-inhibiting herbicides on a nano-
CuS/conducting polymer composite. It involves proposing a mechanism and analyzing and
interpreting the mathematical model, including comparing the behavior of this system with
similar systems [27,28].

2. Materials and Methods

Copper (111) sulfohydroxide, a product of copper (1) sulfide in situ electrooxidation by
reaction (1), is an aggressive oxidant, oxidizing both analytes by three parallel scenarios: -
yielding an N-oxide; - realizing the intramolecular heterocyclization, yielding a furan ring; -
by electro(co)polymerization.

The last scenario is particularly interesting for pesticide removal from soy products,
melioration waters, and natural waters. Considering the above-cited statements, such as the low
ionization degree in a neutral medium, we describe the electroanalytical process as shown in
Figure 2.

Electrocopolymerization

A
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Figure 2. Quizalofop-p-ethyl and fluazifop-p-butyl.

Taking this into account and making some assumptions [27,28], we describe the
behavior of this system by a trivariate balance differential equation set (2):
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Herein, g and f are quizalofop-p-ethyl and fluziafop-p-butyl electrochemical
determinations in the pre-surface layer, 4 and @ are the corresponding diffusion coefficients,
qoand f, are their corresponding bulk concentrations, c is the copper sulfide nanoparticles
matrix coverage degree, C is its maximal matrix concentration, and the parameters r stand for

the corresponding reaction rates, calculated as (3 — 8):

r = kiq(1 - c)? (3)
Teq = kch(l - C)Z (4)
1y =kyf(1—=c) ®)
Ter = kcff(l - C)Z (6)
1 = kpq*f7(1 = c)” exp(—aqf) ()
7. = k.cexp (%) (8)

Herein, the parameters k correspond to the reaction rate constants, a is the parameter
describing the influence of ionic form transformations during electropolymerization, led by the
classic Diaz mechanism, on DEL electrophysical properties, X, y, and z are the corresponding
polymerization reaction orders, F = Ne is the Faraday constant, ¢, stands for the zero-
charge-related potential slope in DEL, R is the universal gas constant, and T is the absolute
temperature.

Considering that in the neutral medium, the pyridinic nitrogen atoms and esoteric
groups have difficulty ionizing and hydrolyzing correspondingly, the transformation of the
ionic form affecting DEL only occurs during the assisted electropolymerization (as neither of
the two monomers interacts directly with the electrode electrochemically initiating the chain).
Therefore, the oscillatory instability will be less probable than in similar systems. For this and
other reasons, copper sulfide nanoparticles in the neutral medium are efficient for both
quizalofop-p-ethyl and fluazifop-p-butyl electrochemical determination and removal, as shown
below.

3. Results and Discussion

We investigate the electrochemical behavior of the electroanalytical system with the
CuS-assisted quizalofop-p-ethyl and fluziafop-p-butyl electrochemical determination by
applying the linear stability theory and bifurcation analysis to the equation set (2). The steady-
state Jacobian matrix will be expressed as (9):

a11 Q12 Qg3
<a21 az; (123) 9
Q31 dzz 0433

In which:

ayy = 5(—5— k(1 — 02 — keg(1 — )2 — xkpq* ' f¥(1 — ©)” exp(—aqf) +

akyq*f? (1~ c)* exp(—aqf) ) (10)
a1 = 5 (—Ylkpq* 771 (1 = ©)* exp(~aqf) + ak,q*f? (1 — o) exp(~aqf) ) (11)

a3 = %(Zqu(l —¢) + 2keqq(1 =) + zk,q* f¥ (1 — ¢)* exp(—aqf) ) (12)
https://nanobioletters.com/ 40f9
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Az = %(_xkpqx_lfy(l —c)? exp(—aqf) + ak,q*f¥(1 - c)? exp(—aqf)) (13)

2

@2 = 2(=2 = ka(1 = ©) — kep (1 — €)% — yhpq*f 7~ (1 — ©)* exp(—aqf) +

ahk,q* ¥ (1 = ¢)* exp(-aqf) ) (14)
Ay = %(sz + 2k (1 = ) +zk,q*f¥Y (1 — ¢)” exp(—aqf)) (15)
az1 = £ (k1(1 = ©)% + keg(1 = ©)% + xkyq* £ (1 — ) exp(—aqf) -
akpq*f¥ (1 - ¢)” exp(—aqf)) (16)
as, = ¢ (ko (1 =€) + ey (1= 0 + Yhpg* ¥ (1 = ©)* exp(~aqf) -

aky,q*f? (1 = c)* exp(—aqf)) (17)
sz = %(—Zqu(l =€) = 2keqq(1 — ) — zk,q* Y (1 — ) exp(—aqf) — ko f —
2ker(1 = c)—zk,q*f¥(1 — c)* exp(—aqf) — k. exp (%) + jk.c exp (%)) (18)

Avoiding the cumbersome expressions during the determinant analysis, we rewrite the
Jacobian determinant as (19):

L e AN=X -T H
o -z —&—P—T r (19)
A+2 P+T —-H-T-1
Which may be simplified to (20):
. -k—A-2X =T H
o =) —&—P-T r (20)
A —& —H—-20

Opening the straight brackets, applying both the Routh-Hurwitz stability criterion and
the monotonic instability condition, and changing the signs to the opposite, we obtain the
requirement set, expressed as (21):

H(ké + kP + kT + 2XP) + I'(AT + k& + A&+ X&) + Q(ké + kP + kT + A& + AP +

> 0,steady — state stability
+AT + 2§ + 2P) { = 0, monotonic instability (21)

If —Det J>0, the Routh-Hurwitz stability criterion is valid, and the steady-state is thereby
stable, providing an efficient steady-state pesticide determination. Moreover, the wide stability
region allows us to use this system in pharmaceutical formulations, biological liquids, and the
environment. The polymerization scenario also provides efficient pesticide removal and
immobilization in the polymer phase.

This criterion is readily satisfied if the kinetic parameters X, T, and 2 are positive. In
most cases, they are all positive; since the other variables in the determinant are also positive,
this indicates a large steady-state stability region. The electroanalytical process is mostly
kinetically controlled.

In the absence of 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 drug concentration monitoring.

The condition Det J=0 corresponds to the detection limit, manifested by the monotonic
instability. This can be seen as an N-shaped part of the steady-state voltammogram, which
depicts the margin between stable steady states and unstable states and corresponds to steady-
state multiplicity. In other words, multiple steady states, each one unstable, coexist at this point.
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As for oscillatory behavior, it is realized beyond the detection limit in the Hopf
bifurcation case. Its realization requires positive callback-related addenda in the main diagonal
elements.

Observing the main diagonal elements (10), (14), and (18), we may observe that the
oscillatory behavior becomes possible if the kinetic parameters a and j are positive, which
corresponds to the DEL influences of two electrochemical stages, one of them indirect
(electropolymerization) and the other direct (trivalent copper in situ regeneration). This factor
is typical for similar systems [27,28] and may be described by the positivity of the elements
ak,q*fY(1 —c)? exp(—aqf) and ak,q*f”(1— c)? exp(—aqf), if a>0, describing ionic
forms cyclic transformations during chain initiation and gradual propagation, and
jkccexp (%) > 0, if j>0. These elements describe the positive callback, and this callback will

depend on the system’s characteristics. For example, the oscillation frequency and amplitude
will depend on the background electrolyte composition, which has been proven experimentally
and theoretically [27,28].

In the case of the lower applied potential, the polymerization scenario becomes
excluded or is limited to dimerization, which will make the system even more stable, as shown
in our previous works [27,28]. As for the polymerization scenario, it becomes highly important
for circular economy purposes, as the resulting polymer has wide possibilities of use, beginning
with corrosion protection and ending with energy conversion and sensing.

4. Conclusions

From the theoretical description of the electrochemical anodic determination of two
aryloxyphenoxypropionate ACCase-inhibiting herbicides by a CuS/Conducting Polymer-
modified anode, it has been possible to conclude that it may be an excellent modifier for the
quantification of both pesticides in a neutral medium. The electroanalytical process is mostly
kinetically controlled. The oscillatory behavior in this system may be caused by DEL influence
through direct and indirect electrochemical stages: electropolymerization and trivalent copper
regeneration. The system may be used as an electroanalytical method, providing efficient
analytical signal interpretation. In the polymerization scenario, it enables pesticide removal and
immobilization in the polymer phase, which is important for the circular economy.
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