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Abstract: A modern and flexible spectrophotometric method for copper determination in food has been
proposed to be posted on the electrochemical tracks. The theoretical analysis of the correspondent model
confirms the efficiency of the electrochemical reaction for either electroanalytical or electro-synthetical
or eliminative processes for copper. As for the oscillatory instability, it will be caused by either chemical
or electrochemical influences on the double electric layer.
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1. Introduction

Copper is one of the most used metals [1-4]. It is one of the first metals known to
humanity, and it is very important either for the biological functions or for the industry. For
example, hemocyanin, a blue blood pigment of mollusks, and some crustacea contain bivalent
copper ion in its center. Also, copper is frequently used in motherboard production, the reason
why the wastewater of the computing industry is highly polluted by Cu?*.

In excess, these ions are highly toxic [5 — 7]. They may even appear in food [8 — 12]
and beverages stored in the copper vessels. Its biological action is dose-related. Therefore, the
development of both determination and elimination (recovery) of copper ions from food,
beverage, and wastewater is really actual.

In work [12], a spectrophotometric method for copper determination in Brazilian
tequila (cachaca) beverage has been developed. It was based on Cu(ll) complexation with
Sudan I [13] analog 1-(2-pyridilazo)-2-naphthol (Fig. 1)
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Figure 1. Copper complex with 1(2-pyridilazo)-2-naphthol.

This method may be easily re-confected as electrochemical, as the analogous methods
for copper and other metal determinations [14-15] have already been known. The
electrochemical stage would lead to complex compound electropolymerization.

As Dboth electro-analytical and electro-synthetical processes involving conducting
polymers tend to be accompanied by electrochemical instabilities [16-21], influencing the
behavior of the electroanalytical process, it is necessary to verify their probability to occur by
a theoretical a priori analysis, also permitting the theoretical comparison of the
electroanalytical system with the similar ones.

Therefore, in this work, the process with copper electrochemical determination and
retention by complexation with 1-(2-pyridilazo)-2-naphthol is theoretically evaluated by the
development and analysis of the correspondent mathematical model.

2. Materials and Methods

In this system, the ligand 1(2-pyridilazo)-2-naphthol, highly insoluble in water, is
deposited over the anodic surface. Therefore, copper ions will diffuse towards the pre-surface
layer and react with the ligand, forming a complex. The complex ion will be, therefore,
polymerized (Fig. 2).
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Figure 2. Copper complex electropolymerization.

As the metal ion is considered a donating fragment, the complex polymerization
potential will be lower than that for the proper ligand. Also, the complex structure may permit
more than one electropolymerization scenarios, including (rarely) the pyridinic nuclei
fragments involvement in the electropolymerization process.

Therefore, in order to describe the electrochemical behavior of copper electrochemical
determination by complexation with 1(2-pyridilazo)-2-naphthol, we introduce three variables:
C — copper ions concentration in the pre-surface layer;

m — complex monomer surface coverage degree.
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In order to simplify the modeling, we assume that:
- the background electrolyte is taken in excess so that we can neglect the migration flow and
the oxidizing dopant oxidation change;
- the reactor is intensively stirred so that we may neglect the convection flow;
- the pre-surface layer concentration profile is linear, and its thickness is constant, equal to 9.
It is possible to prove that the differential equations” set describing the system may be
described as:
dc 2 (A
i HCRDED) W
am 1
=3 (e =151~ 7p2)
Herein, A is the diffusion coefficient, co is the copper ions bulk concentration, M is the
complex compound maximal surface concentration, and the parameters r are the correspondent

reaction rates, calculated as (2 — 4):

e = kcc(1 —m)? exp(am) )
~2)F

Tpl = kplmx exp (%) (3)
~2)F

Tp2 = kpym” exp (—(y R)T (pO) 4)

Herein, the parameters k are the correspondent reaction rate constants, x and y are
polymer chain lengths, a is the parameter relating the double electric layer (DEL) capacitance
with the complex formation, F is the Faraday number, o is the potential slope in DEL, related
to the zero-charge potential, R is the universal gas constant, and T is the absolute temperature
of the solution.

Taking into account that the electropolymerization of the complex compound is realized
by two parallel scenarios like also the DEL influences on the chemical stages, the behavior of
the electro-analytical system is dynamic. Nevertheless, it is efficient from both electro-
analytical and electro-synthetical points of view, as shown below.

3. Results and Discussion

In order to describe the system with the copper electrochemical detection or retention
by the complexation with 1-(2-pyridilazo)-2-naphthol, we analyze the equation-set (1) and the
algebraic relations (2 — 4) by means of linear stability theory. The Jacobian functional matrix
steady-state elements for this system will be described as:

(@ o) 9
in which:
a1y =2 (5(co — ©) — k(1 — m)? exp(am)) (6)
a;, = %(chc(l —m) exp(am) — akc.c(1 —m)? exp(am)) (7)
az1 = 5 (ke(1 —m)? exp(am)) (8)

Ay, = %(—chc(l —m) exp(am) + akcc(1 — m)? exp(am) —

x—1 (x—2)Fpo\ . x (x—2)Fpo) y-1 Y—2)Fpo\
xk,ym”*"" exp (—RT ) Jkp1m* exp (—RT ) Vkp,m¥™ " exp (—RT )

. (y-2)F
jlpam? exp (2=2722)) (9)
The principal conditions for the system singular points are exposed toTable 1:
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Table 1. The bivariant systems' main singular point requirements.

Steady-state stability Tr J<0, Det J>0
Oscillatory instability (Hopf bifurcation) Tr J=0, Det J>0
Monotonic instability (saddle-node or static bifurcation) Tr J<0, Det J=0

In order to avoid the cumbersome expressions, we expose the Jacobian determinant as:
2 |—k—A L¢)
el 4 —o—g-xl (10)

Taking into account the elements (5) and (8), the oscillatory behavior is capable of
appearing in this system. The main Hopf bifurcation condition is realized if the main diagonal
contains positive elements related to the positive callback.

In this system, there are three elements, capable of being positive, and, consequently,
to be responsible for the oscillatory behavior via Hopf bifurcation, against one or two in the
similar systems [20 — 21], due to the possibility of more than one electropolymerization
scenarios. Besides of the member ak.c(1 — m)? exp(am) > 0 if a>0, describing the DEL
rearrangement due to the copper ion inclusion into a complex compound, two elements

—jkyym* exp (%) and —jk,,m” exp (%), positive if j<O0, typical to the similar
systems, related to the DEL influence of the electrochemical stage, is also responsible for the
oscillatory behavior.

The electrochemical oscillations amplitude and frequency will be highly dependent on

the content of the background electrolyte. Their realization is expected to the concentration
values beyond the detection limit. Mathematically, this condition will be exposed as:

2 1
2+ )= (@+02+X) =0

5 (12)
E(K¢+K.Q+KX+A.Q+AX) >0

Yet, if the mentioned elements are negative, the steady-state stability will be obtained.
Really. Opening the brackets and applying the stability requisite, we obtain the steady-state
stability requisite exposed as:

—%(K+A)—%(CD+.Q+X) <0

5 (12)
S—M(K¢+K.Q+KX+A.Q+AX) >0

This requisite describes that the electrochemical system will be efficient for both the
determination and recapture of divalent copper ions. Moreover, it will be either diffusion or
kinetically controlled. This condition is satisfied in a relatively vast parameter region, in which
the dependence between the electrode current and copper concentration will be linear.

The monotonic instability, correspondent to the detection limit, separates the steady
stable-states from unstable states. Its condition is mathematically exposed as (13):

—%(K+A) —%(cb+.(2 +X)<0

5 (13)
E(KCD+K.Q+KX+/1.Q+AX) =0

In order to use this process for copper elimination from food, beverages, and
wastewater, it is suitable to mount an electrochemical set as in Fig. 3:
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Figure 3. The scheme for the copper (I1) cathodic and simultaneous anodic elimination.

In this case, the cathodic electrolyte, containing bivalent copper halogenides, undergoes
the electrochemical reduction, yielding the metallic copper. On the right side, copper is
recuperated by a complex-forming process, exposed above. This lets us combine two
electrochemical processes for copper recycling in only one, minimizing the energy expense
and copper loss.

As the bivalent copper is present in the wastewater in the form of halogenides, it is
necessary to avoid the toxic chlorine evolution:

2ClI - 2> Cl2 (14)

Therefore, a membrane impeding the chalcogenide ions to trespass towards the anodic
electrolyte is necessary to maintain the process safely. The cathodic copper recovery produces
a metal coating. The anodic copper recovery, an interesting conducting polymer of complex
compounds.

If the copper electrolyte contains the single salt of copper, there is a possibility to
determinate both cation and anion concentration by electropolymerization peak, as the
conducting polymer is doped during the electrochemical polymerization of its monomer. In
this case, a trivariate system has to be used in order to describe the behavior of this system.

4. Conclusions

From the theoretical model evaluation of copper detection and retention by complex-
formation with 1-(2-pyridilazo)-2-naphthol, it has been possible to conclude that it is an
efficient electro-analytical and electro-synthetical, capable also of diminishing the copper loss
in wastewater. The copper is efficiently recovered by complex-formation with the further
polymerization of the complex. For its turn, the oscillatory behavior is expected to be probable
due to the double electric layer structure changes during the process on both of the stages. The
probability of the oscillatory behavior and the oscillation amplitude will be highly dependent
on the solution background electrolyte composition.
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