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This article describes the electrochemical reduction of sulfite in water—ethanol mixtures under
acidic conditions on a glassy carbon electrode modified with a conducting film formed by
Co(Il) tetra-3-aminophenyl porphyrin. Rotating disc electrode experiments show a kinetic
limitation related with the formation of an adduct between the reduced porphyrin and the
sulfur compound. UV-Visible spectroelectrochemical data suggest that Co(I) is not stabilized;
thus the adduct should involve a radical species of the porphyrin. However, the resulting
modified electrode is stable and shows a linear relationship between current and concentration
of the sulfur species at pH 1. The detection range of sulfite by the modified electrode goes from
12 to 150mg L™". The detection limit is 4.15mgL~".

Keywords: Reduction of sulfur compounds; Co(I) porphyrin; Modified electrodes;
Electrochemical sensor; Electrocatalysts

1. Introduction

Sulfite is commonly used as a preservative and an antiseptic agent in a large variety of
foods and beverages [1], but at high levels it may produce adverse reactions in asthma
patients [2]. Sulfite concentration in wines must be carefully controlled, because excess
can change the color, taste, and smell [3, 4].

Several analytical techniques in use for determination of sulfite are based on redox or
acid—base volumetric titrations involving a series of steps. The analyses are time
consuming, and the results present precision and accuracy problems [5, 6]. For this
reason it is essential to develop a method to quantify this analyte in an efficient way [5, 6].
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Figure 1. Molecular structure of Co(Il)tetra-3-amino-phenyl-porphyrin [Co(II)TAPP].

Use of electroanalytic sensors is a feasible alternative for the development of
new quantifying techniques. In electroanalysis, modified electrodes can be used as
sensors [7, 8]. The methods of preparation include adsorbed monolayers, layer-by-layer
adsorption, and electropolymerization, among others [9-11]. Electrodes modified with
electroactive polymers are well documented in the literature, with porphyrins showing
remarkable properties [12].

Porphyrins form stable complexes with a large variety of metals. Depending on the
central metal [Mn(II), Co(II), Fe(IT) or Ni(IT)], they can have high catalytic efficiency
due to the rich redox chemistry provided by the system [12].

Recent studies [13, 14] have shown that Co(Il) tetra-3-aminophenyl porphyrin
[Co(I)TAPP] (figure 1) polymerizes on glassy carbon electrodes forming a conductive
film. This polymeric film has been studied as a catalyst for oxidation and reduction
of NO; and CO,, among others. In spite of the high electrocatalytic activity of Co
porphyrins, electroreductions of sulfite and other related S(IV) oxoanions mediated by
this modified electrode are not known.

Red wines contain hundreds of organic compounds such as anthocyanines,
polysaccharides, tannins, catechins, flavonoids, and phenolic acids, some with
important antioxidant activity; indeed, they present low oxidation potentials and
mask the oxidation wave of sulfite when it is measured by direct electrochemical
methods [15]. For this reason it is desirable to find an electrocatalyst capable of
reducing sulfite because the reduction takes place at negative potential, where the
antioxidant compounds do not interfere.

In the present work, the electrochemical reduction of sulfite on a glassy carbon
electrode modified with a conductive polymer of Co(II)TAPP in a water—ethanol
mixture resembling a wine sample was studied at pH 1.0. The study was carried out by
electrochemical techniques such as Cyclic Voltammetry (CV) and Rotating Disc
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Electrode (RDE), along with UV—Vis spectroelectrochemistry in order to recognize the
aspects that govern this reaction. This input will be further incorporated in the design of
a sensor for this reagent.

2. Experimental

2.1. Materials and reagents

All reagents were of analytical grade: Co(II) tetra-3-aminophenyl porphyrin
(Midcentury Co., Posen, IL), sodium perchlorate monohydrate (Fluka), sodium sulfite
(Riedel-deHaén), tartaric acid (Riedel-deHaén), sodium hydroxide and perchloric acid
(Sigma-Aldrich), absolute ethanol (Riedel-deHaén), N,N-dimethylformamide (DMF)
(J.T. Baker), tetrabutylammonium perchlorate (TBAP) (Alfa-Aesar). The last two
reagents were dried before use following the procedures reported in the literature [16].
Electrochemical experiments were carried out in a three-compartment Pyrex glass cell;
the working electrodes, glassy carbon discs, were purchased from CH Instruments
(r=1.5mm) and Radiometer Analytical (r=3 mm); the reference electrode, saturated
Ag/AgCl from CH Instruments; and the counter electrode, a Platinum coil (14cm?)
from Aldrich. UV-Vis spectroelectrochemical experiments were performed in a one-
compartment quartz cuvette containing similar, but smaller, auxiliary and reference
electrodes. In this case, ITO from Delta Technologies was used as the working
electrode.

2.2. Procedures

2.2.1. Modified working electrode. Polymer films were grown by repetitive scanning
of the potential of glassy carbon electrodes and ITO electrode in a 1 mM solutions of
Co(II) tetra-3-aminophenyl porphyrin, 0.1 M (TBAP) in DMF between —1.1V and
+1.1V versus Ag/AgCl during 50 cycles at 0.1 Vs™'. After polymerization, the modified
electrodes were rinsed with ethanol and then with bidistilled water.

2.2.2. Measurements. Cyclic voltammetry was carried out in a CH Instruments model
620B potentiostat, using a 12% v/v ethanol-water solution, 5 x 107> M tartaric acid,
0.1M NaClOy4, containing variable sulfite concentration ranging from 12.6 to
150mgL~" at pH 1. Tartaric acid was added to the solution to model a wine matrix
because tartaric acid is the main acid component of red wines [1]. The pH was adjusted
by adding drops of 1 M NaOH or HCIO,4. The measurements were carried out between
—0.8 and 0.2V at 0.1Vs~'. RDE experiments were carried out between —0.8 and
—0.35V at 0.005V s~ in the same solution described above, with a fixed 12.6mgL™"
sulfite concentration. The UV-Vis spectroelectrochemical measurements were made on
a Shimadzu Multispec 1501 spectrophotometer along with a CH Instruments 720B
bi-potentiostat, between —0.1 and —0.7 V at 0.01 Vs~'. All experiments were performed
under N, in an open system. In spite of the volatile behavior of S(IV) species in acid
media, the results were reproducible because all the measurements were made under a
positive nitrogen pressure.
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Figure 2. CV corresponding to the electropolymerization of Co(II[)TAPP on a glassy carbon electrode
(50 potentiodynamic cycles) in a No/DMF/0.1M TBAP solution with 1 x 107> M of the complex. Scan rate:
100mVs™.

3. Results and discussion

Figure 1 displays the structure of Co(II) tetra-3-aminophenyl-porphyrin, Co(II)TAPP.
When the molecule forms a polymeric film, the phenyl groups, which are normally
almost perpendicular to the plane of the core, undergo torsion that leads to
delocalization of the m cloud along the entire chain, generating conducting polymer
[17]. Figure 2 shows the cyclic voltammogram for electropolymerization of Co(II)TAPP
on glassy carbon using DMF as solvent. The anodic irreversible peak that appears at ca.
1.09V versus Ag/AgCl corresponds to oxidation of the amino groups, generating
radical cations that promote the polymerization [12]. There is one quasi-reversible
couple at Ep,»,=—0.74V attributed to the Co(II)/Co(I) process. The cathodic part of
this sharp process centered at —0.75V is composed of the cathodic part of the metal
couple and the reduction of some oligomers containing oxidized amino groups [17-19].
This assignment is made because, if the positive potential limit is scanned to only 0.5V,
polymerization does not take place, the sharp feature of the cathodic peak is not seen,
and the charge under of cathodic and anodic signals becomes equivalent. Figure 3
shows the voltammetric response of the polymer (poly-Co(II)-TAPP/GC) after
50 continuous potential cycles, compared to the bare glassy carbon in a 0.1M
NaClO4 aqueous solution. The capacitive current is not very different compared to the
blank, indicating formation of a thin, compact polymer [20]. On the other hand, the
Co(IT)/Co(I) redox couple presents quasi-reversible behavior as observed from the Ep,
and Ep, values of —0.96 and —0.71V, respectively.
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Figure 3. Cyclic voltammograms of glassy carbon electrode and poly-Co(II)TAPP glassy carbon modified
in a 0.1 M NaClOy solution. Scan rate: 100 mVs™".

Figure 4 depicts the voltammetric response of the modified electrode toward
electroreduction of the S(IV) compound at pH 1. At basic pH values (ethanol-water
solution), the modified electrode does not have reproducible electrocatalytic behavior.
At pH higher than 1, the Ip. signal was lower than the bare glassy carbon electrode and
not reproducible. Then, the modified electrode is electroactive only at pH 1. Figure 4
shows a cathodic wave centered at —0.42V that corresponds to the reduction of the
S(IV) species. At pH 1 the main sulfur species is sulfur dioxide [21, 22]. On the other
hand, the Co(I1)/Co(I) redox couple does not appear at acid pH. However, the current
difference (ca. six times higher) for the modified electrode compared to the bare glassy
carbon, as well as the shift of the potential (ca. 200mV) to positive values for the
modified electrode, confirm the catalytic behavior of the modified electrode. The inset
in figure 4 shows the linear relationship between current and concentration for
reduction of SO».

The open circuit potentials in the presence of S(IV) species are —0.13 V and 0.39 'V for
the bare glassy carbon and poly-Co(II)TAPP/GC, respectively. This drastic change
could indicate a preferential interaction for the modified electrode. Several reports have
shown a strong adsorption of SO, on metal cathodes such as bismuth and gold [23, 24],
agreeing with the result presented here.

In terms of applicability, the modified electrode shows good behavior with no
volatilization problems in the time scale of the experiments. Also, the electrode is very
stable when exposed to air. It shows reproducible behavior for at least 1 week,
appropriate for a voltammetric sensor for sulfite in wines.

The I-E polarization curves measured for electroreduction of sulfur dioxide
mediated by poly-Co(I)TAPP/GC modified electrode by the RDE technique are
shown in figure 5. In all cases a plateau is reached at potentials close to —0.5V,
indicating no poisoning of the electrode. From the I~E polarization curves it is
possible to produce Levich plots that correlate I; versus o', where Iy, the limiting
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Figure 4. Cyclic voltammograms of glassy carbon electrode in a 0.1 M NaClO4 0.05M Tartaric acid,
ethanol:H,O 12% v/v solution (dashed line) containing 126 mg/l Na,SOj3. Poly-Co(II)TAPP glassy carbon
modified electrode in a 0.1 M NaClOy4 Poly-Co(II)TAPP glassy carbon modified electrode in a 0.1 M NaClOy4
0.05M Tartaric acid, ethanol:H,O 12% v/v solution (dotted line). All the solutions at pH =1. The inset
corresponds to the Ipc poly-Co(Il)-TAPP/glassy carbon modified electrode vs Na,SO; concentration
relationship. Scan rate: 100mVs™'.

current, represents the current of the plateau and w is the electrode rotation rate
(equation 1),

I = 0.62nFD*31/0¢* /2 0

where Fis Faraday’s constant, D is the diffusion coefficient, v is the kinematic viscosity
of the solution and C is the bulk concentration [25-27].

A straight line plot of I; versus »'? that does not intercept the origin suggests that
kinetic limitation is involved in the electron-transfer reaction [25, 26]. If generation of
products requires more energy than that necessary to reduce the active site, a kinetic
limitation will be seen. In other words, the Levich equation will describe the rotation
rate dependence of the cathodic limiting current, except when a chemical reaction limits
the current density [25, 26]. Figure 6 depicts the Levich plot of the system at pH 1.

The straight line does not intercept the origin, indicating a kinetic limitation for the
electrochemical reduction, evidence of formation of a stable intermediate formed by the
active site of poly-Co(I)TAPP and S(IV) species.

Also, from I-E polarization curve data it is possible to plot the Koutecky—Levich
relationship (equation 2),

I 1 1

i @
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Figure 5. Linear voltdmmogrdms of a 0.1 M NaClOy4 0.05M Tartaric acid, ethanol:H,O 12% v/v solution
containing 126mgL~"' Na,SO;, at pH=1, on a poly Co(II)-TAPP/glassy carbon rotating disc modified
electrode (200-2500 rpm) with a scan rate of SmVs™ .

20 |- =

1(1A)

12 112

(rpm )

w

Figure 6. Levich plot, data taken from figure 5. 0.1 M NaClO4 0.05M Tartaric acid, ethanol:H,O 12%
v/v solution containing 126mgL~" Na,SOs, at pH=1, on a poly-Co(II)-TAPP/glassy carbon rotating disc
modified electrode.
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where Iy =nFk¢C¥ and I =nFCPD*3w!'/? for a completely irreversible reaction, Iy
represents the current in the absence of any mass transfer effects, i.e. the current that
would flow under the kinetic limitation if the mass transfer is efficient enough to keep
the concentration on the surface constant at any applied potential. The I} value is
dependent on the electrode rotation rate. A plot of I~! versus »~'/? should be linear and
can be extrapolated to o ?=0 to yield I. Determination of I, allows the
determination of kg, the heterogeneous rate constant of the reaction [25, 26].

For the electrochemical reaction of SO, at pH 1, linear Koutecky—Levich plots were
obtained and the calculated k; value is 1.45x 10~ ®cms~'. This magnitude is an
indication of a slow electrochemical process [25, 26].

From the polarization curves it is possible to determine the amount of energy
(potential) required to increase the current by one order of magnitude [28]. This value,
known as Tafel’s slope, is obtained from the corrected current (equation 3).

(©)

Leorr = IL X I —i
From data of the polarization curve, at pH 1, the Tafel plot is 122 mV per decade. This
value is very close to 120mV per decade, corresponding to a first electron-transfer
reaction depending on the potential as the rate-determining step [28]. The results
establish a possible mechanism where S represents the SO, species:

poly-Co(II)TAPP + S — (poly-Co(II)TAPP - - -S)

(poly-Co(INTAPP- --S) + ¢ - (poly-Co(I)TAPP - - - S)!~
(poly-Co(ITAPP - - - S)!~ — products

For determination of the reaction products, a 5-h electrolysis at a fixed potential
of —0.65V was carried out. The resulting solution was measured by colorimetric
qualitative analysis [29], with thiosulfate as product. The solution was tested for other
different possible products (sulfur and dithionite), but they were not detected.
Thiosulfate was then the single product obtained from the electrolysis.

In this mechanism, an intermediate or adduct should be formed between the poly-
Co(II)TAPP/GC and the S(IV) species at open circuit potential; reduction of the
intermediate is rate determining. This assumption is in agreement with the change in the
open circuit potential mentioned above. Normally when a kinetic limitation is seen,
Tafel plots are higher than 120 mV per decade [30]. However, if the adduct is formed at
open circuit potentials, a Tafel plot of 120 mV per decade indicates that the slow step of
the reaction is the reduction of the previously formed adduct [31, 32]. In our case, this
result is in agreement with the kinetic limitations observed from the Koutecky—Levich
plots.

In order to confirm the formation of the adduct, spectroelectrochemical studies were
made. Figure 7 shows the UV-Vis spectra of the poly-Co(I)TAPP/ITO modified
electrode at different potentials without [figure 7(a)] and with [figure 7(b)] SO» in the
solution at pH 1. The typical UV—Vis spectra of porphyrins consist of an intense broad
absorption band at ca. 430 nm (Soret Band) and 1-4 less intense Q bands depending on
whether the porphyrin is metalled or not [33]. Figure 7(a) shows that when a negative
potential is applied the entire spectrum decays without shift of any band. This behavior
indicates that when reduced the LUMO is populated, decreasing the intensity of
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Figure 7. (a) Spectroelectrochemical reduction of poly-Co(II)TAPP/ITO modified electrode in a 0.1 M
NaClO4 0.05M Tartaric acid, ethanol:H,O 12% v/v solution. At pH =1, open circuit potential (solid line),
—0.7V (dashed-dotted line). (b) Spectroelectrochemical reduction of poly-Co(II)TAPP/ITO modified
electrode in 0.1 M NaClO4 0.05M Tartaric acid, ethanol: H,O 12% v/v solution containing 126 mg L™
Na,SO;. At pH =1, open circuit potential (solid line), —0.7 V (dashed-dotted line).

the bands. On the other hand, if SO, is present in the solution, the same behavior is
observed, but a blue shift of the Soret band occurs maximum when negative potentials
are applied. From these results it is clear that the completely reduced system is different
when SO, is present in the solution, confirming formation of an adduct between the
active site of poly-Co(II)TAPP and S(IV) species. The nature of the interaction is not
evident from these spectra [figure 7(b)]. It is known that Co porphyrins do not stabilize
the Co(I) oxidation state in acid aqueous media [34-36]. It has been shown that when
these macrocycles are exposed to reductants or negative potentials in acid media, an
increase in the absorption of the Q band is not seen. A decrease and blue shift of the
Soret band is the relevant feature, indicating that the Co(I) oxidation state reacts
rapidly to form a radical anion species, localizing the electronic density on the ring of
the macrocycle [34-36]. The spectrum recorded at —0.7 V [figure 7(b)] in the presence of
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SO, follows that pattern, and therefore a plausible explanation of the interaction of the
poly-Co(II)TAPP/ITO-modified electrode and SO, could be stabilization of a “radical
anion porphyrin” without transforming into the Co(II) species [open circuit spectrum,
figure 7(a)], confirming the slow electrochemical process established in the RDE
experiments.

4. Conclusions

This study shows the electrochemical behavior of poly-Co(II)TAPP/GC modified
electrodes in the reduction of S(IV) species. The Co(II)TAPP modified electrode
promotes reduction of SO, under very acidic conditions in a water—ethanol mixture.
The electrodes are stable when the porphyrin is previously electropolymerized, and
show a linear relationship between current and concentration in the range at which
sulfite is present in red wines. RDE and spectroelectrochemical experiments indicate the
formation of an intermediate between the porphyrin and the S(IV) species. Reduction
of the intermediate is the rate-determining step of the reaction, and it is stable enough to
be detected at —0.7 V by UV-Vis spectrophotometry.
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