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The electrochemical oxidation of quercetin was investigated at a Pt electrode using the voltammetry
methods. Quercetin is irreversibly oxidized in at least three electrode steps. The effects of the scan rate
(v) and substrate concentration (c) on the electrooxidation were determined. Cyclic voltammograms of
quercetin oxidation were recorded and the following parameters were determined: peak potential (E,),
half-peak potential (Epz), half-wave potential (Ei»), anodic peak currents (ips). The following
parameters were calculated: transfer coefficients (B,p) and electrode reaction rate constants (Kon). The
investigation results prove the exchange of one electron and one proton in the first step followed by a
chemical reaction. The hydroxyl group of ring B at position 3’ is oxidized. Quercetin electrooxidation
occurs according to the EC mechanism. Then, the hydroxyl group of ring B at position 4’ is oxidised.
The iy, is linear with the quercetin concentration. Considering the investigation results and quantum
chemistry calculations, the quercetin electrooxidation mechanism was proposed. Electrochemistry and
radical scavenging methods confirmed the high antioxidant activity of quercetin. The stability of
quercetin against photooxidation (irradiation UVA) and thermooxidation is relatively high. FTIR
spectrum shows no significant changes after ageing in the structure of quercetin. Quercetin exhibited
good reduction properties in the oxidation process.
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1. INTRODUCTION

Quercetin is a flavonoid a group of polyphenolic compounds and present in plants and food of
plant origin [1]. It has anti-cancer [2], anti-inflammatory [3, 4] and anti-allergic properties. Most of
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these beneficial effects are known because of the antioxidant activity [6, 7]. The structure of quercetin
is shown in Figure 1.

Figure 1. Molecular structure of quercetin.

Quercetin has the general structure of a 15-carbon skeleton, which consists of 2 phenyl rings
and a heterocyclic ring. Therefore, the study of the properties of quercetin and the development of a
selective, simple and accurate method for the detection are very important.

The main methods to determine quercetin are chromatographic methods such as gas
chromatography coupled with mass spectrometry, liquid chromatography mass spectrometry, and
capillary electrophoresis with electrochemical detection. Although chromatographic methods provide
low detection limits, they require a lot of time and complicated and expensive analytical equipment. It
is very important to develop a convenient and fast analytical method to determine quercetin. The
application of conventional electrochemical methods with a simple change of the electrode surface can
achieve those objectives. In this work, we attempt to show that using the conventional electrochemical
methods with a platinum electrode can achieve these goals.

Furthermore, electron transfer processes with antioxidant participation that occur on the
electrode surface and in living cells are related in some aspects. Therefore, electrochemical methods
are widely used to investigate and determine antioxidants [8-10]. The commonly used electrochemical
methods are cyclic voltammetry (CV), linear sweep voltammetry (LSV), differential pulse
voltammetry (DPV)) and square-wave voltammetry (SWV) [11-14]. They have advantages over other
analytical methods, such as [15-23] no requirement for excessive sample preparation, instrumentation
simplicity and portability (facile miniaturization), high accuracy, sensitivity, selectivity and
reproducibility, fast response, cost effectiveness (low power requirements), and possibility of detecting
multiple analytes without separation steps. Among the electroanalytical methods, voltammetry appears
particularly suitable to determine and characterise the electrochemical behaviours of various
compounds [23]. Voltammetric methods allow for the determination of parameters such as anodic and
cathodic peak currents, total charge below the peaks, and oxidation and reduction potentials (half-wave
potential), among others. These parameters can be used in qualitative analyses of compounds and
assessment of their antioxidant and redox properties. Additionally, voltammetric methods are
important in the determination of the electrode reaction mechanism of flavonoids [24-26]. In the
electrochemical determination and characterization of various compounds, particularly organic
compounds, the selection of a working electrode material is critical to the experimental results.
Various electrode materials, e.g., mercury, solids and modified electrodes, are applied in
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electroanalytical measurements. However, platinum appears to be one of the most suitable electrode
materials because of its good electrochemical inertness and ease of fabrication into many forms.

The investigation aimed to determine the electrochemical behaviour of quercetin at a platinum
electrode. The application of the Pt electrode is the initial stage in our investigations for comparison
with other electrode materials, which will be used in quercetin electrooxidation. The effects of the scan
rate and substrate concentration on the quercetin electrode reactions were investigated. CV and DPV
techniques were applied in the investigations.

2. EXPERIMENTAL

2.1. Chemicals

The subject of the investigation was quercetin (3,3',4',5,7-pentahydroxyflavone, C15H;007 ) purchased
in Sigma-Aldrich (Germany). The chemical that was used to prepare the quercetin solutions was
acetonitrile (CH3CN) pure p.a. (Sigma-Aldrich, Germany). Its non-aqueous solutions were prepared by
dissolving the substrate in the supporting electrolyte (0.1 mol L1 C4Hg)sNCIO4, Fluka, France). The
concentration of quercetin solutions varied from 0.5 x 10 to 2 x 10 mol L™. All the reagents used
were of analytical grade.

2.2. Measurement methods

2.2.1. Ageing treatment of quercetin

Quercetin was subjected to the action of air at an elevated temperature (383 K) for 10 days in a
dryer with thermo-circulation. UV aging was performed using a UV 2000 apparatus from Atlas. The
tests lasted for 288 h and consisted of two alternately repeating segments: a day segment (radiation
intensity 0.7 W/m2 (A= 340 nm; temperature 60°C; duration 8§ h) and a night segment (no UV
radiation; temperature 50°C; duration 4 h).

2.2.2. Cyclic and differential voltammetry

Electroanalytical measurements were carried out using an Autolab PGSTAS30 Electrochemical
Analyzer (EcoChemie, The Netherlands). A three-electrode electrochemical cell employed in
measurements consisted of a reference electrode, an auxiliary electrode (platinum wire) and a working
electrode - platinum with geometric surface area of 0.5 cm?. A potential of the working electrode was
measured vs. ferricinium/ferrocene electrode (Fc*/Fc). Before measurements in quercetin solution, Pt
electrode was rinsed thoroughly in acetonitrile. Determination of gercetin and kinetic parameters of its
electrode reactions was performed using CV and DPV voltammetry. CVs were recorded in the
potential from 0 to 1.5 or 2.0 V with various scan rates (0.01 to 2.0 V' s™). DPVs were recorded in the
same potential range with modulation amplitude 25 mV, pulse width 50 ms (scan rate 0.01 V s™). Prior
to the measurements, the solutions were purged with argon in order to remove dissolved oxygen.
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During measurements argon blanket was kept over solutions. All experiments were carried out at room
temperature.

The quantum chemical calculations were performed using the AM1 method with HyperChem
program packages.

2.2.3. Scavenging of DPPH radicals

The antioxidant activity of quercetin was evaluated toward the DPPH radical. The ethanol
solution of the DPPH (2.0 ml) with a concentration of 40 mg/ml (0.1 mM) was added to 0.5 ml of an
ethanol solution (70% ethanol) that contained 0.02 mg/ml quercetin. Then, minutes after mixing, the
absorbance of the solutions was spectrophotometrically determined at 516 nm using a UV-visible
Spectrometer. As a blank, 70% ethanol was used. The inhibition level (%) of DPPH was calculated
using the following equation:

Inhibition (% ) = [(As-A1)/A.] x 100 1)
where A, was the absorbance of the control and A; was the absorbance in the presence of the sample
of quercetin [27, 28].

2.2.4. Scavenging of ABTS radicals

The antioxidant activity of quercetin was investigated using the ABTS™ method. ABTS was
dissolved in water to a 6 mM concentration and then mixed with 2.45 mM potassium persulfate. The
mixture was left in the dark at room temperature for 15 h before use. The ABTS /radical solution was
diluted with ethanol to an absorbance of 0.70 at 734 nm. After the diluted ABTS™ solution (6.0 ml)
was mixed with a 50 uL aliquot of each investigated solution (6 mg/ml) or Trolox in ethanol, the
absorbance was measured at 734 nm after 2 min at 24 °C. The inhibition level (%) of absorbance was
obtained using the standard curve, which was prepared with Trolox (% inhibition level- uM Trolox).
The capability of quercetin on scavenging ABTS™ was the Trolox equivalent antioxidant capacity
(TEAC) [29,30]

2.2.5. FTIR analysis

FTIR spectra were tested in the range of 3000 — 700 cm™ using an FTIR Nicolet 6700 FTIR
(Thermo Scientific). The measurement parameters were as follows: 280 scans; resolution was set to 8
cm™; DTGS/KBr detector was employed. The FTIR spectrum of the compound was also recorded in
the range of 3500 — 1000 cm™.

2.2.6. Thermogravimetry

The thermogravimetric analysis (TGA) was using Mettler Toledo (Mettler-Toledo,
Schwarzenbach, Switzerland). Samples with a total weight in the 7-10 mg range were placed into
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alumina crucibles and subjected to a temperature program used from 20 to 500 °C at a heating rate of
10 °C min™ in an nitrogen atmosphere (flow rate of 50 mL min™).

3. RESULTS AND DISCUSSION

3.1. Cyclic and differential pulse voltammetric behaviours of quercetin

The electrooxidation of quercetin was investigated at the platinum electrode using CV and
DPV methods. CV is one of the universally used methods to study and analyse compounds. It is not
sufficiently sensitive for trace amount determination of antioxidants but is useful to optimize the
analytical conditions, provides some important information about the oxidation mechanism of the
active principles and allows for the determination of antioxidants as the major components [31, 32].

To check whether the substrate is adsorbed at the electrode, differential pulse voltammograms
(DPVs) were recorded. DPV is usually based on the staircase excitation waveform. The fixed-
magnitude pulses, which are superimposed on a linear potential ramp, are applied to the working
electrode. The current is measured twice in each pulse period (before and at the end of the pulse). The
difference between these two currents is recorded and displayed as a function of the potential, which
allows one to diminish surface effects such as adsorption on the electrode. DPV is one of the most
sensitive voltammetric techniques. The analytical signal has the form of a peak, which is suitable for
analytical purposes [33-35].

Example voltammograms are shown in Figure 2. The electrooxidation of quercetin was
investigated in the potential range, where a supporting electrolyte showed no peaks (Fig. 2, curve 3).
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Figure 2. Voltammograms for 2 x 10 mol L™ quercetin in 0.1 mol L™ (C4Hg)sNCIO; in acetonitrile,
v=0.1Vs" curve1-DPV, 2-CV, 3-CV recorded in the supporting electrolyte.

The voltammograms in Fig. 2 (curves 1 and 2) show that quercetin is probably irreversibly
oxidised in at least three electrode steps at potentials lower than the electrolyte decomposition
potentials. The value of E, that was determined from the DPV should correspond to Ei, from CV. The
three peaks that appear in the DP voltammogram (Fig. 2, curve 1) prove the lack of adsorption and
diffusive character of quercetin electrooxidation. The half-wave potential (Ej) of quercetin
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electrooxidation, which was determined from the cyclic voltammogram (CV), is 0.68 V for peak I,
0.95 V for peak 11, and1.47 V for peak I1l. These values correspond to the peak potential (Ep,) that was
determined from the differential pulse voltammogram (DPV). The value of Ej, shifted with an

increase in the scan rate towards more positive values, which shows the increasing irreversibility of the
process.

3.2. An effect of the scan rate

The relationship between the peak current and the scan rate delivers information about the
electrochemical mechanism of electrooxidation or electroreduction. Therefore, the effect of the scan
rate on the potentials and currents of both peaks | and 11 was examined in the range of 0.01-2 Vs~
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Figure 3. (A) Dependence of i, = f (v**?). (B) Dependence of In ip, = f (In v) for the oxidation of
quercetin at a Pt electrode in 0.1 mol L™ (C4Hg)sNCIOy in acetonitrile; ¢ =2 x 102 mol L™

Two approaches that are widely used to study the reversibility of reactions and to determine
whether a reaction is adsorption-controlled or diffusion-controlled are the analysis of the dependence
of ip on v'2 and the analysis of the dependence of In I, on In v. Cyclic voltammograms were used to
determine the peak current and potential for the quercetin electrooxidation. Figure 3 shows this
relationship for the first and second steps of quercetin electrooxidation in (C4Hg)4sNCIO, in acetonitrile.
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The peak currents of peaks | and 11 linearly increased with v* following the relationships:

ip1 (MA) = 1.433 v (Vs )2 +0.076 R2=0.998  for peak |

ip2 (MA) = 0.921 v (Vs )M +0.033 R2=0.999  for peak Il

which suggests that the electrooxidation of quercetin can be controlled by diffusion or
adsorption.

In addition, the plot In i, vs In v exhibits the slopes of 0.449 and 0.457 for peaks | (In iy =
0.449 In v + 0.413; R* = 0.999) and 11 (In ip; = -5.04 + 0.457 In v — 0.048; R® = 0.998), respectively.
This result confirms that the mass transfer process is diffusion-limited because the slope must be equal
to 0.50 for diffusion control and approaches 1.0 for adsorption-controlled processes [36].
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Figure 4. (A) Dependence of anodic peak potential (E,) on the scan rate (v) for the oxidation of
quercetin at a Pt electrode. (B) Relationship between anodic peak potential (Ep) and logarithm
of scan rate (In v); ¢ =2 x 102 mol L™ in 0.1 mol L™ (C4H,)sNCIO; in acetonitrile.

An effect of the scan rate on the quercetin electrooxidation potential was also investigated.
Figure 4(A) shows the dependencies of the peak potential (Ep) vs. the scan rate (v) for quercetin
electrooxidation. For both peaks, the increase in scan rate promoted slight displacements in the peak
potential towards more positive values, which proves the irreversible character of both processes.
Thus, it can be concluded that both irreversible and diffusion-controlled mass transport processes
occur. Further analysis of the quercetin electrooxidation (the anodic peaks) included determining the
im/v”2 vs. v dependence for quercetin electrooxidation. This dependence is shown in Figure 5.
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Figure 5. Variation of the scan rate normalized current (ipa/vl’z) with scan rate for the oxidation of

gercetin at a Pt electrode; ¢ = 2 10°mol L in 0.1 mol L (C4Hg)4NCIOy in acetonitrile.

The scan-rate-normalised current (ip/vl’z) function clearly depends on v. If the process is

reversible or irreversible without a preceding or following chemical reaction, the dependence on v
should not be observed [37]. The shape of this dependence (Fig. 5) for the anodic peaks of the
quercetin electrooxidation is typical for an EC mechanism [38-41].

Moreover, the electron transfer coefficient for the quercetin electrooxidation reaction was
calculated according to the following equation (1) [40, 42-43]:

RT

B

E,=(

. )Inv +const 1)

where E, is the peak potential (V), R is the universal gas constant (8.314] K™ mol™), F is the
Faraday constant (96,487 C mol™), T is the Kelvin temperature (298 K), png is the anodic transfer
coefficient, and v is the scan rate (V s™).

This equation can be applied in the case of a totally irreversible diffusion-controlled process. A
dependence of E, vs. In v is presented in Fig. 4B. The total value of Sny is 0.44 for peak | and 0.31 for
peak Il.

3.3. The effect of the quercetin concentration on the substrate electrooxidation

The effect of the quercetin concentration on its electrooxidation was investigated in the range
of 0.5 x 102 to 2.0 x 10 mol L™. The CV curves were recorded with a scan rate of 0.1 V s™. The
dependence of the oxidation peak current on the concentration is shown in Figure 6.



Int. J. Electrochem. Sci., Vol. 10, 2015 5284

06 1 Ipeak

yv=0324x-0.101

~=04 R#I=059%
-1
&
"E“D 3 Il peak
y=0.199x- 0063
Rz=0.09%
oa T T T T |
03 04 g 12 1.5 12 21

clmmol L1
Figure 6. Plot of the anodic peak current (i,) versus concentration of quercetin; v = 0.1 V st

The dependence i, = f(c) is linear for the tested concentrations and described using the
following equations:

ip = 0.324[c (mmol dm™)] mA - 0.101 mA R2=0.999  for | peak

ip = 0.199[c (mmol dm™)] mA - 0.063 mA, R2=0.998  for Il peak.

Because of the linearity of i, vs. quercetin concentration, the cyclic voltammetry method can be
successfully applied to determine the quercetin concentration [44, 45]. The recorded cyclic
voltammograms for different substrate concentrations were used to determine the peak potential (Epa),
half-peak potential (Epa2) and half-wave potential (Ei,) for peaks I and Il of the quercetin
electrooxidation. Based on the determined values, the anodic transfer coefficient (Bng) and
heterogeneous rate constant (ky,) were calculated according to equations in [46, 47]. The half-wave
potential of step | (Ey) is 0.72 V and that of electrode 1l is 0.98 V. The png for peaks I and Il of the
quercetin electrooxidation is 0.51+0.05. The Kkyn, which was determined at the half-wave potential, is
(4.5+0.2) x 10* cm s,

3.4. Quercetin oxidation processes

EHO_\IO =-8.774 eV

Figure 7. Molecular orbital representation of quercetin.
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The obtained electrooxidation kinetic parameters can be compared using quantum-chemical
calculations [48, 49]. The molecular orbital energy (Enomo) Was calculated using the AM1 method as
determined in the HyperChem software. The calculated energy of the highest filled orbital (Eqomo —
ionisation potential) determines tendency of molecule to donate electrons. The distribution of electron
charges in a molecule indicates the sites that are most susceptible to oxidation (Fig. 7).

The structure of quercetin has -OH groups attached to the rings, which can be
electrochemically oxidized. From Figure 7, we find that the distribution of electron of quercetin is
mainly distributed in the B-ring and less in the C-ring, which suggests the ease of oxidation of the
hydroxyl groups in these rings. Thus, the higher ability to respond to the functional site is mainly
focused on the B-ring and the conjugate part. The electron-donating capability of a molecule can be
determined by the HOMO values; a high HOMO corresponds to a strong capability to donate
electrons. Exomo for quercetin is -8.646 eV.

The oxidation of quercetin in subsequent electrode steps are connected with the number of
hydroxyl groups and their positions in the three aromatic rings of this compound. Quercetin has two
hydroxyl groups in ring B, two hydroxyl groups in rings A and one hydroxyl group in ring C [50]. The
quercetin oxidation processes proceed in three steps. First, the hydroxyl groups are oxidized in ring B,
which corresponds to peaks I and 11 (Fig. 2). With the least potential (the first step), the hydroxyl group
of ring B at position 3’ is oxidised, and one electron and one proton are exchanged (peak I). Then, the
hydroxyl group of ring B at position 4’ is oxidised (peak Il). The hydroxyl group at position 3 in ring C
is subsequently oxidised, which corresponds to peak Il (Fig. 2). The hydroxyl groups at positions 5
and 7 in ring A also have an electron-donating effect, but oxidation is more difficult here (lack peaks
on CV). Based on the electroanalytical investigations and literature data [38, 51-52], we proposed a
mechanism of quercetin oxidation (scheme 1).

Scheme 1. The electrochemical oxidation reaction of quercetin.

The property and antioxidant capacity studies of quercetin using experiments and theoretical
calculation methods can contribute to the ongoing interest in understanding quercetin to better exploit
it in the field of biology and food science.
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3.5. Cyclic voltammetry of quercetin and after thermooxidation and UV irradiation.

The effects of UV radiation, thermo-oxidation stability and antioxidant properties of quercetin
were tested. Antioxidant quercetin, quercetin after UV and thermooxidation were examined using CV
and DPV methods, which are shown in Figure 8. The voltammetric curves determined the half-wave
potential (E12) of the CV and peak potential (E,) of DPV. Based on the studies, it can be concluded
that the quercetin after UV exposure and thermooxidation had worse antioxidant properties than that
before these processes, which is evidenced by the values of E1, and E, observed. For quercetin, Eyp,
CV and E, with DPV are 0.68 V and 0.64 V, respectively, whereas after UV exposure and thermo-
oxidation, Ey, and E, are more positive (0.75 V and 0.68 V, respectively).

(A)

1 mA

0.00 . T T T T T
0.0 0.3 0.6 0.5 1.2 1.5 18
E/V

Figure 8. Voltammograms of compounds oxidation at Pt electrode, (A) — CV, (B) - DPV; ¢ =2 x 10-3
mol L in 0.1 mol L™ (C4H9),NCIO, in acetonitrile, v = 0.1 V s™, curve 1 — quercetin, 2 —
quercetin after UV irradtaion, 3 — quercetin after thermooxidation.
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This result indicates that the antioxidant properties of quercetin deteriorate after UV irradiation
and thermooxidation.

3.5. Effects of UV irradiation and thermooxidation on ABTS and DPPH radical scavenging activity of
quercetin

ABTS and DPPH are very often used for measure the antioxidant capacities in the food and by
agricultural science. The proton radical scavenging reaction is typical method for determination
various mechanisms of antioxidant activity. Both DPPH and ABTS are stable free radicals that
dissolve in ethanol, and their colors show the characteristic absorption at wavelengths of 519 nm and
734 nm, respectively. The Figure 9 shows the antioxidant activity values of the DPPH and ABTS
radical scavenging activity of quercetin. Quercetin can effectively scavenge DPPH and ABTS radicals.
Quercetin after UV irradiation and thermooxidation has obviously less scavenging activity than
quercetin before the ageing process, which indicates that quercetin after thermal or UV degradation is
a much weaker free-radical scavenger and antioxidant than quercetin.

quercetin/after UV ageing — ® DPPH

ABTS

quercetin/after thermooxidation

quercetin ——

0 5 10 15 20 25 30 35
(uM Trolox/ mg dw)

Figure 9. Antioxidant capacity tested by using ABTS and DPPH methods for quercetin.

3.6. FTIR spectroscopy and DSC of quercetin

Figure 10 is a typical FTIR spectrum of an quercetin compund for the band region between
3700 and 700 cm . Solimani indicated that the carbonylic peak at 1666 cm™ is characetristic for
cyclic, conjugate object as benzopyranic-4-one structure. The absorption band at 1522 cm™ is shown
benzene ring. Asymmetric stretch of C-O-C group is present in FTIR spectrum at 1198cm™. The
bands at 1351 and 1159 cm™ show C-OH deformation vibration. After UV and thermal ageing we did
not notice any significant changes in the structure of quercetin. Only after UV and thermooxidation we
observed a small reduction in the band intensity of C-OH group at 1164 cm™ and at the range 3420 cm’
1

On the base thermogram (TGA) we set thermal stability of quercetin (Figure 11).



Int. J. Electrochem. Sci., Vol. 10, 2015 5288

— Qurcetin after UV ageing

Quercetin after thermooxidation

Quercetin

Absorbance

Jﬂ -' K"-l ,'
iy

O 1
3700 3200 2700 2200 1700 1200 700
Wavenumber (cm'!)
Figure 10. FTIR spectrum of quercetin.
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Figure 11. Thermogravimetry analysis of quercetin.

The TG isothermal profile of quercetin showed that this antioxidant present two
decopompostion steps. The weight loss between 40 and 160 °C is due to the absorbed water. The
second step is presented after 280 °C. 38.32% weight loss is attributed to slow degradation of
quercetin. Thermogravimetry analysis indicated high thermal stability of this compound.

4. CONCLUSIONS

The electrooxidation behavior of quercetin at the Pt electrode in a non-aqueous solution
proceeds in at least three electrode steps before the potential approaches the electrolyte decomposition
value. In the first and second steps, the hydroxyl groups of ring B are oxidized. The first step of the
electrooxidation process of quercetin includes the exchange of one electron and one proton, which
results in the formation of a semiquinone. The next step is the exchange of a second electron and a
second proton, which results in the formation of a quinone. In the third electrode step, the hydroxyl
group of ring C is oxidized at a more positive potential. Based on the results, the role of the B-ring is
to dominate the antioxidant property of quercetin.
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The dependence of the anodic peak current vs. the quercetin concentration is linear and can be
applied to determine the substrate concentration in environmental samples. The calculated parameters
of quercetin electrooxidation are as follows: anodic charge transfer coefficient (Bng) — 0.51+0.05 and
heterogeneous rate constant — (4.5+0.2) x 10 cm s* (determined at Ei). Thus, the investigated
process proceeds according to the EC mechanism.

The electrooxidation mechanisms of quercetin were proposed. UV treatment and heat storage
promoted changes in quercetin antioxidant activity. After irradiation with a wavelength of 340 nm and
thermooxidation of antioxidant the activity of quercetin was decreased by approximately ~15%. The
effect on the UV-A exposure of the tested flavonoid was notably low. The stability of quercetin against
photooxidation and thermooxidation is relatively high. FTIR spectrum of antioxidant after ageing
indicated no significant changes in the structure. Quercetin exhibits good antioxidant properties such
as being a natural stabiliser for different applications.
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