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a b s t r a c t

A method is proposed and tested concerning the characterization of antioxidants by means of their
reaction with electrogenerated HO radicals in galvanostatic assays with simultaneous O2 evolution, using
a Pt anode fairly oxidized. The consumption of a set of species with antioxidant activity, ascorbic acid
(AA), caffeic acid (CA), gallic acid (GA) and trolox (T), is described by a first order kinetics. The rate of the
processes is limited by the kinetics of reaction with HO radicals and by the kinetics of charge transfer.

Information regarding the scavenger activity of antioxidants is obtained by the relative value of the
rate constant of the reaction between antioxidants and HO radicals, kAO;HO=kO2 . The number of HO
radicals scavenged per molecule of antioxidant is also estimated and ranged from 260 (ascorbic acid) to
500 (gallic acid). The method is applied successfully in the characterization of the scavenger activity of
ascorbic acid in a green-tea based beverage.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Oxidative stress is a condition of biological systems where
there is an imbalance between the amount of reactive oxygen
species (ROS) and the ability of antioxidants to eliminate this
species and/or repair the caused damage [1]. Hydroxyl radicals are
undoubtedly the most deleterious species among the ROS that can
be formed in vivo, being able to react with most cellular consti-
tuents including lipids, proteins and DNA. The implication of
hydroxyl radicals in the pathogenesis of conditions such as
Parkinson's and Alzheimer's diseases [2], cancer [3] and aging [4]
has been suggested. Studies concerning identification of oxidative
damages originated by hydroxyl radicals, recognition of oxidative
stress markers, or evaluation of the potential action of specific
molecules as antioxidants requires the in vitro generation of these
radicals. Although the use of radiolysis or ultraviolet photolysis is
quite convenient for this purpose these methods are not accessible
in most laboratories. For characterizing HO radicals scavenging
activity of antioxidants radicals generation is currently conducted
by different methods including Fenton [4–6], Fenton-like [7,8],
electro-Fenton [9,10], or organic Fenton [11] among others.
Despite the differences between these methods the use of chemi-
cal precursors is a common denominator.

Electrochemical generation of hydroxyl radicals can provide a
significant contribution in this area as it does not require the use of
any specific reagent. The resulting benefits are varied, but of
particular relevance is the minimization of interferences from
chemical species that are alien to the system under study.

In the oxygen evolution reaction by electrooxidation of water,
according to Eqs. (1) and (2), hydroxyl radicals are generated as
intermediary species adsorbed at the anode surface [12,13].

H2O-HOdþHþ þe� ð1Þ

2HOd-
kO2O2þ2Hþ þ2e� ð2Þ

The rate of HO radicals formation, vHO, is controlled by the current
density of the electrolysis, j (A m�2), according to Eq. (3).

vHO ¼ j
zF

ð3Þ

The adsorption degree of these radicals at the anode surface
depends on the anode material. Weakly adsorbed radicals at boron
doped diamond or at PbO2 were successfully used for organic
compounds mineralization [12,13]. In opposition, HO radicals
strongly adsorbed at Pt were used to characterize the reactivity
of aromatic compounds with respect to these radicals [14,15].

The consumption of aromatic compounds in galvanostatic
electrolysis, using Pt anodes fairly oxidized, is not limited by mass
transport but by the kinetics of charge transfer and by the kinetics
of reaction with HO radicals [14,15]. The apparent rate constant,
kapp, obtained for the aromatic compounds consumption was
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related to the reactivity of the species, according to Eqs. (4) and (5)
for non-electroactive and for electroactive compounds, respec-
tively [14,15]:

kapp ¼
j
zF

1
ð2 kO2=kS;HOÞþnS½S�

� �
ð4Þ

kapp ¼
j
zF

1
ð2 kO2=kS;HOÞþnS½S�

� �
þkS;e ð5Þ

where kO2 is the rate constant of the O2 evolution reaction
following the recombination of HO radicals (Eq. (2)), kS,HO is the
rate constant of the reaction between species S and HO radicals
adsorbed at the anode and nS is the number of HO radicals
scavenged by S. The constant kS,e is the rate constant of the
oxidation of S by direct electron transfer, z is the number of
electrons involved in the electrogeneration of HO radicals and j is
the current density of the galvanostatic electrolysis.

For both electroactive and non-electroactive compounds, a
linear correlation was found between the apparent rate constant
of the species consumption and current density. Whereas non-
electroactive compounds displayed a null intercept, the intercept
from electroactive species plot was found to be a measure of the
rate constant of the species oxidation by direct electron transfer.

In this work it is demonstrated that electrogenerated HO
radicals can be used for antioxidants characterization concerning
their radical scavenging ability. Four well-known species recog-
nized by their antioxidant activity are used as well as a commercial
green-tea based beverage.

2. Experimental

2.1. Chemicals

All reagents employed were of analytical grade. Caffeic acid (CA)
was provided by Fluka, gallic acid (GA), L-ascorbic acid (AA) and
6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (trolox, T) by
Sigma-Aldrich. Phosphoric acid and potassium dihydrogen phosphate
were obtained from ACROS Organics whereas acetic acid and metha-
nol of HPLC grade was from Fisher Scientific. Potassium ferrocyanide
and potassium ferricyanide were provided by José Gomes Santos.

Antioxidant solutions were prepared in 0.15 M, pH 3.5, buffer
containing potassium dihydrogen phosphate and phosphoric acid.

2.2. HPLC

Oxidation reactions were monitored following the concentra-
tion decrease along galvanostatic electrolyses by HPLC. HPLC
experiments were performed using a Jasco, PU-2080 Plus system
equipped with a RP 18 column from Grace Smart (250 mm�
4.6 mm, 5 μm particle size) and using Clarity HPLC software from
Jasco (Jasco 870/UV detector). The loop was 20 μl. The flow rate
selected was 0.6 ml min�1 for AA, GA, CA and for tea samples and
0.8 ml min�1 for T. A mixture of methanol, water and phosphoric
acid (60:39:1) (v/v) was used as mobile phase for GA, CA and T and
a mixture of water, methanol and acetic acid (94:5:1) (v/v) was
used for AA and tea samples.

The detection wavelength was selected according to the spe-
cies: 280 nm for GA and CA, 254 nm for AA and tea samples, and
210 nm for T. The quantification was performed using calibration
curves.

2.3. Electrochemical measurements

Voltammetric measurements and galvanostatic/potentiostatic
electrolyses were performed using a potentiostat (Autolab type

PGSTAT30, Ecochemie) controlled by GPES 4.9 software provided
by Ecochemie.

2.3.1. Cyclic voltammetry
Cyclic voltammetry was performed using as working electrode

a glassy carbon electrode (GC, 3 mm disk diameter, CHI104, CH
Instruments, Inc.) and a Pt electrode (3 mm diameter, EM-EDI,
Radiometer Analytical). The reference electrode was a Ag/AgCl/3 M
KCl (CHI111, CH Instruments, Inc.) and the counter electrode was a
Pt wire. All experiments were carried out using an undivided
three-electrode cell.

The GC electrode surface was conditioned between scans by
polishing with polycrystalline diamond suspension (3F μm) for
about 1 min.

The Pt electrode surface was electrochemically conditioned
between scans in the blank solution (0.15 M phosphate buffer pH
3.5) by two different procedures. One of the procedures (P1)
corresponds to the conventional electrochemical activation, sub-
mitting the electrode to three potential scans, from �0.4 V to
1.2 V. The second procedure (P2) consists of a galvanostatic pre-
treatment at the oxygen evolution region (0.02 A for 600 s).
Procedure P2 was conceived in order to submit the electrode to
similar conditions to those of the anodes during the galvanostatic
electrolyses as described below. After each conditioning proce-
dure, voltammograms were recorded between �0.4 V and 0.7 V at
100 mV s�1. Although the potential window is the same for all
voltammograms, the initial potential of voltammograms recorded
after P2 was 0 V instead of �0.4 V in order to avoid the removal of
the oxide layer formed during the conditioning procedure. In this
way it was possible to investigate the effect of the oxidation state
of the Pt electrode surface on the electron transfer rate in similar
conditions to those of the galvanostatic assays.

2.3.2. Electrolysis
Galvanostatic electrolyses were carried out at different current

densities from 50 to 1250 A m�2 and potentiostatic electrolyses
were conducted at 1.2 V. All electrolyses were performed in a two
compartments cell separated by a glass frit membrane. Volume of
anodic compartment is 9.0 ml and solution was mechanically
stirred with a magnetic stir bar (300 rpm). Anode is made of a
piece (20 mm�10 mm) of Pt gauze (52 mesh woven from 0.1 mm
diameter wire, 99.9%, from Alfa Aesar). Before each experiment the
anode was electrochemically cleaned in the blank solution during
600 s at a constant current of 0.02 A. The area of the Pt working
electrode (5.6 cm2) was determined in a chronoamperometric
experiment using 1.00 mM of K3[Fe(CN)6] in 0.1 M KCl [16].

2.4. Hydrodynamic characterization of the electrolysis cell

The characterization of the mass transport efficiency of the
electrolysis assays was performed by analysis of j–t curves from
electrolysis (1.2 V) of 0.50 mM K4[Fe(CN)6] in 0.15 M phosphate
buffer pH 3.5 using Eq. (6):

j
j0
¼ exp �k0appA

V
t

 !
ð6Þ

where, A is the anode surface area, V is the volume of the solution
in the anodic compartment, k0app is the apparent rate constant that
characterizes the consumption of the substrate in a potentiostatic
electrolysis and t is time.

The diffusion-layer thickness δ can be determined by Eq. (7)
considering that oxidation of [Fe(CN)6]4� is mass transport lim-
ited, i.e. k0app¼km.

km ¼D
δ

ð7Þ
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where, km is the mass transport coefficient and D is the diffusion
coefficient. A value of δ¼2.53�10�3 cm was determined using
km¼3.04�10�3 cm s�1 (evaluated from j–t curve of potentiostatic
electrolysis) and D¼7.7�10�6 cm2 s�1 (from voltammograms
recorded in 0.15 M phosphate buffer pH 3.5 and using Cottrell
equation).

2.5. Sample characterization

A commercial beverage of green tea enriched with lemon juice
(Pleno tisanas) was analyzed. The sample was characterized by
cyclic voltammetry using a GC electrode. Voltammetry was carried
out in solutions prepared by dilution of the original sample with
phosphate buffer pH 3.5. Voltammograms recorded from the 1:2
diluted sample displayed two waves ((E1/2)1¼169 mV and (E1/
2)2¼335 mV vs Ag/AgCl, 3 M KCl). From the area under voltam-
mograms integrated from 0 V to 1.4 V a total concentration of
3.570.3 mM of T equivalent was estimated for the undiluted tea
sample by interpolation in a calibration curve [17].

The HPLC characterization of the sample is presented in Fig. 1.
Despite the large amount of small peaks detected, ascorbic acid
was the only antioxidant detected from the set of antioxidants
analyzed.

3. Principle of the method

The proposed method for evaluation of antioxidant activity is
based on the kinetic characterization of the reaction between
antioxidants (AOs) and electrogenerated HO radicals highly
adsorbed at a Pt anode, during galvanostatic electrolyses with
simultaneous O2 evolution. The species consumption is analyzed
in view of the following conditions and assumptions:

1. The antioxidant reacts with electrogenerated HO radicals and
originates products that may also react with these radicals;

2. The antioxidant and its reaction products may be electroactive;
3. The rate of all reactions (including the heterogeneous charge

transfer) is slow relative to diffusion, so that concentration
polarization can be neglected.

Condition 3 is confirmed by means of a cyclic voltammetric
study and potentiostatic electrolyses which results and discussion
are presented in Sections 4.1 and 4.2 and by the fact that values of
kapp obtained for AOs are lower than the calculated values of km
(according to results in Table 1).

Under these conditions during a galvanostatic assay with O2

evolution the consumption of an antioxidant can occur by reaction
with electrogenerated HO radicals and by direct electron transfer

according to Eqs. (8) and (9).

AOþnAOHO
d -
kAO;HO

PAO;i ð8Þ

AO�ne� -
kAO;e

PAO;i ð9Þ

The species PAO,i can also react with HO radicals:

PAO;iþnPAO;i
HOd -

kPAO;i ;HO
PAO;n ð10Þ

where PAO,i (i¼1, 2,…, n) corresponds to an intermediary or a
product formed directly from AO or by subsequent reactions of AO,
either with HO radicals or by heterogeneous electron transfer.
kAO;HO and kPAO;i ;HO are the rate constants of the reactions of AO and
of PAO,i with HO and kAO,e is the rate constant of the oxidation of AO
by direct electron transfer.

The steady state condition can be defined by Eq. (11), consider-
ing that HO radicals are consumed in reactions described in Eqs.
(2), (8), (10).

vHO ¼ 2vO2 þnAOvAO;HOþΣnPAO;i
vPAO;i ;HO ð11Þ

where vO2 , the oxygen formation rate can be defined as follows:

vO2 ¼ kO2Γθ ð12Þ

Γθ corresponds to the surface concentration of HO radicals at the
anode; θ is the surface coverage degree and Γ the saturation
concentration of this species (mol m�2).

The rate of reaction between HO radicals and the AO is defined
by:

vAO;HO ¼ kAO;HO½AO�Γθ ð13Þ

An identical equation can be written regarding the reaction
between HO radicals and PAO,i:

vPAO;i ;HO ¼ kPAO;i ;HO½PAO;i�Γθ ð14Þ

Considering Eqs. (3), (12), (13), (14), Eq. (11) can be rewritten as
follows:

j
zF

¼ 2kO2ΓθþnAOkAO;HO AO½ �ΓθþΣnPAO;i kPAO;i ;HO PAO;i
� �

Γθ ð15Þ

or in an equivalent form:

Γθ¼ j
zF

1
2kO2 þnAOkAO;HO AO½ �þΣnPAO;i kPAO;i ;HO PAO;i

� � ð16Þ

Combining Eqs. (16) and (13) it is possible to define the rate of
reaction between AO with HO radicals as:

vAO;HO ¼ j
zF

kAO;HO
2kO2 þnAOkAO;HO AO½ �þΣnPAO;i

kPAO;i ;HO PAO;i
� �½AO� ð17Þ

According to Eq. (17) the apparent rate constant of this reaction is:

kapp;HO ¼ j
zF

kAO;HO
2kO2 þnAOkAO;HO½AO�þΣnPAO;i kPAO;i ;HO½PAO;i�

ð18Þ

Fig. 1. Chromatographic profile of: (full line) sample of commercial green tea-
based beverage and (dashed line) sample enriched with ascorbic acid.

Table 1
Apparent rate constants from potentiostatic electrolysis (k0app), mass transport
coefficient values (km) calculated using δ¼2.53�10�5 m (according to Section
2.4) and diffusion coefficients (D) of the species: ascorbic acid (AA), caffeic acid
(CA), gallic acid (GA) and trolox (T).

k0app (10�6 m s�1) D (10�9 m2 s�1) km (10�6 m s�1)

AA 3073 2.45 [21] 97
CA 3779 2.30 [20] 91
GA 3078 3.70 [16] 146
T 3477 � �
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A simplified expression equivalent to Eq. (18) can be written as:

kapp;HO ¼ j
zF

1
ð2kO2 þvSC Þ=kAO;HO

ð19Þ

where vSC is defined as follows:

vSC ¼ nAOkAO;HO½AO�þΣnPAO;i
kPAO;i ;HO½PAO;i� ð20Þ

As most antioxidants are electroactive, the AO consumption will
also occur by direct electron transfer with the anode, and the
apparent rate constant of the global process must also include the
contribution from this process:

kapp ¼ kapp;HOþkAO;e ð21Þ

Therefore, the observed apparent rate constant of the AO con-
sumption is defined as:

kapp;HO ¼ j
zF

1
ð2kO2 þvSC Þ=kAO;HO

þkAO;e ð22Þ

At a given moment, the total concentration of scavengers of HO
radicals defined as [SC]i can be expressed as:

½SC�i ¼ ½AO�þΣ½PAO;i� ð23Þ

A weighted arithmetic mean of the product between the stoichio-
metric coefficients and the rate constants of reactions with HO
radical (considering both species AO and PAO,i) can be defined,
combining Eqs. (20) and (23), where the weight is the concentra-
tion of each species:

nAO;PkAO;P ¼ vSC
½SC�i

ð24Þ

The value [SC]i can be related to the initial concentration of the AO,
assuming that the total concentration of the species decay by an
exponential law:

½SC�i ¼ C0
AOe

kCðAO;PÞt ð25Þ

where kC(AO,P) is the rate constant that expresses the total con-
centration decay of scavengers of HO radicals.

In conditions where the AO concentration decay follows a first
order reaction, it implies that the value of kapp is constant during
electrolysis. Thus, considering Eqs. (22) and (24) it can be con-
cluded that the value of vSC, and therefore the value of [SC]i are not
likely to vary significantly along an electrolysis. The values of [SC]i
can only keep constant if the decrease of [AO] is compensated by
the increase of ∑[PAO,i] (according to Eq. (23)). In this case the
following approach can be considered:

½SC�i ¼ C0
AO ð26Þ

where C0
AO is the initial concentration of the AO. The apparent rate

constant can therefore be rewritten as:

kapp ¼
j
zF

1

ð2kO2=kAO;HOþnAO;PkAO;P=kAO;HOC
0
AOÞ

þkAO;e ð27Þ

The value of nAO;PkAO;P =kAO;HO(¼nAO;P kAO;P= kAO;HO) corresponds to
the product of the average stoichiometric coefficients by the
average rate constants, regarding the AO and its products, PAO,i,
divided by the rate constant of the AO consumption.

The average value kAO;P can be considered approximately equal
to kAO;HO. This assumption is based on the following considera-
tions. As kAO;P is calculated by a weighted arithmetic mean,
regarding the concentrations of each species, for short times, i.e.
low conversion levels of AO, it cannot differ significantly from
kAO;HO as the AO is the main species present. Regardless the extent
of the reaction, a constant kapp could not be observed if kAO;P was
significantly different from kAO,HO. Therefore, whenever an expo-
nential decay is observed kAO;P � kAO;HO can be considered valid. As

a result, Eq. (27) can be rewritten as:

kapp ¼
j
zF

1

ð2kO2=kAO;HOþnAO;P C
0
AOÞ

þkAO;e ð28Þ

Similarly,

kapp�kAO;e ¼ kapp;HO ¼ j
zF

1

ð2kO2=kAO;HOþnAO;P C
0
AOÞ

ð29Þ

or,

1
kapp;HO

¼ zF
j

2kO2

kAO;HO
þnAO;P C

0
AO

� �
ð30Þ

To characterize the AO activity, relative values of the rate constant
of the reaction between AO and HO radicals, kAO;HO=kO2 , and the
average number of HO radicals scavenged, nAO;P , can be estimated
from the representation of kapp,HO�1 as a function of C0

AO.
For antioxidant samples of unknown concentration, the assess-

ment can be performed in solutions prepared by dilution of the
original sample. By means of the representation of kapp,HO

�1 as a
function of the dilution factor, Df, values of kAO;HO=kO2 and
nAO;P C

sample
AO are estimated, according to Eq. (31).

1
kapp;HO

¼ zF
j

2kO2

kAO;HO
þnAO;P C

sample
AO Df

� �
ð31Þ

where Csample
AO is the antioxidant concentration of the original

sample and Df ¼ C0
AO=C

sample
AO .

4. Results and discussion

4.1. Cyclic voltammetry

Cyclic voltammetry is a very convenient technique for the
screening of antioxidant activity based on measurement of the
oxidation peak potentials [18]. Besides results are generally in
agreement with classical electron transfer based methods like
DPPH (2,2-diphenyl-1-picrylhydrazyl) [18,19].

The voltammetric responses of T, CA, GA and AA in phosphate
buffer pH 3.5 at a GC electrode are displayed in Fig. 2. The
voltammetric response of all AOs showed that their solutions
were sable for at least one hour to air exposure. The reaction of
AOs with oxygen was slowed down due to the low pH of solutions.

Although two electrons are commonly assigned to oxidation of T,
CA, GA and AA by cyclic voltammetry [20–24], three electrons have
been determinate for GA by electrolysis [16] and by chronoampero-
metry [25]. While the voltammograms of T and CA display a reverse
peak (electrochemically irreversible), those from GA and AA do not
show a reverse process (due to the irreversible nature of the coupled
chemical reactions). From the position of the voltammetric peaks of
this set of antioxidants, it can be suggested a relative order for the
antioxidant activity as follows: T4AA4CA4GA.

Voltammetry of T, CA, GA, and AA was also performed at a Pt
electrode as the electrolysis assays are carried out using this anode
material. As during electrolysis the anode is polarized at very
positive potentials (O2 evolution region) the Pt surface is exten-
sively oxidized and a Pt oxide layer is likely to be formed. In order
to check the effect of this oxide layer on electron transfer rate, a
voltammetric study was carried out after submitting the electrode
to two different electrochemical conditioning pre-treatments,
following procedure P1 and procedure P2, as described in the
experimental section. While the conditioning of the electrode by
procedure P1 corresponds to the conventional electrochemical
activation by successive cycles of oxidation and reduction, the
conditioning by procedure P2 was conceived in order to submit
the electrode to similar conditions to those of the anodes during
the galvanostatic electrolysis.

R. Oliveira et al. / Talanta 129 (2014) 320–327 323



Fig. 3A shows the voltammograms of T and of Fe(CN)64� at the
Pt electrode submitted to procedure P1 (potential cycling between
�0.4 V to 1.2 V). Voltammogram of Fe(CN)64� displays its standard
response with a peak separation,ΔEp, of about 90 mV (a bit higher
than the typically 59 mV). The voltammogram of T obtained at the
Pt anode is not as well defined as that obtained at GC, nevertheless
both direct and reverse processes are observed, with a peak
separation of about 400 mV (higher than the 185 mV obtained at
the GC electrode).

The voltammograms of these two compounds recorded at the Pt
electrode submitted to procedure P2 (oxidized at the O2 evolution
region) are displayed in Fig. 3B. It must be remarked that the current
scale of Fig. 3B differ by one order of magnitude from Fig. 3A,
indicating that the Pt active surface area has increased by the
electrochemical pre-treatment. Furthermore, the voltammetric
responses of Fe(CN)64� and of T are consistent with a lower rate of
electron transfer. For Fe(CN)64� ΔEp increased from 90 mV to 813 mV
and diffusion control was only attained at about 1 V (considering the
peak shape of the voltammogram). On the other hand the voltam-
mogram of T at the anodic scan cannot be distinguished from the
blank, (although the small difference observed in the reverse scan)
indicating that the electron transfer rate is rather low at oxidized Pt
electrode. Similar results were obtained for AA, GA and CA, in the
sense that voltammograms do not display diffusion controlled peaks.

4.2. Kinetic study of antioxidant consumption by potentiostatic
electrolysis

In order to characterize the antioxidants consumption solely by
electron transfer potentiostatic electrolyses at 1.2 V of AA, CA, GA

and T (0.50 mM) in 0.15 M phosphate buffer pH 3.5 were conducted
at a Pt anode. Antioxidants consumptionwas evaluated by means of
current decrease. The kinetic characterization was performed by
means of k0app calculated using Eq. (6). These values are presented in
Table 1 together with the km values calculated by Eq. (7) (using D
values also displayed in Table 1 and δ¼2.53�10�3 cm estimated in
Section 2.4). As values of k0app are significantly lower than km, it can
be concluded that the oxidation reactions are not limited by mass
transport suggesting that the oxidation of the AOs by direct electron
transfer is rather slow. This result is in agreement with the
conclusions of the voltammetric study where the formation of
oxidation peaks was not visible for any of the analyzed AOs using
the oxidized Pt electrode (after conditioning procedure P2) due to
the decrease of electron transfer rate.

4.3. Kinetic study of antioxidant consumption by galvanostatic
electrolysis

Whereas in potentiostatic electrolysis (E¼1.2 V) the AOs con-
sumption occur via electron transfer, in galvanostatic conditions the
electrode is polarized at higher potentials (where oxygen evolution
also takes place) and the consumption rate of these species will
increase accordingly to their ability to scavenger HO radicals pro-
duced at the anode. This approach was previously used in the study
of hydroxyl containing aromatic compounds [15] following the
identification of the resulting hydroxylated products [14].

Using experimental conditions identical to the previously
reported, galvanostatic electrolyses of AA, CA, GA and T (0.50 mM)
were conducted at a Pt anode with simultaneous oxygen evolution.
Concentration decrease, expressed by means of concentrations ratio
[AO]/C0AO, quantified by HPLC, is plotted against electrolysis time
(Fig. 4). Two relevant features must be remarked concerning the
concentration decrease of the different species along time. First, the
concentration variation follows a pseudo-first order reactions. Sec-
ond, the rate of AO consumption increases with current density.

Fig. 2. Cyclic voltammograms of 0.50 mM of T, CA, GA and AA in 0.15 M phosphate
buffer solution pH 3.5, recorded at 100 mV s�1 at a GC electrode.

Fig. 3. Cyclic voltammograms of the blank solution (…) and of 0.50 mM solutions
of T (� �) and Fe(CN)64�(—), in 0.15 M phosphate buffer solution pH 3.5, recorded
at 100 mV s�1 using a Pt electrode electrochemically treated: by potential cycling
from �0.4 V to 1.2 V (A) and by anodic polarization i¼0.02 A (B).
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Curves displayed are fitted to experimental data considering Eq. (32)
that is characteristic of a 1st order kinetics:

ln
½AO�
C0
AO

¼ �kappA
V

t ð32Þ

where [AO] is the concentration of the AO at a given time, C0AO is its
initial concentration, A is the anode area, V is the volume of solution
and kapp is the apparent rate constant.

The values of kapp of antioxidants consumption from electrolysis
with simultaneous O2 evolution as a function of the electrolysis
current density are shown in Fig. 5 as open symbols. These values
are higher than those obtained from potentiostatic electrolysis in
absence of O2 evolution (k0app) that are represented as solid symbols
placed at j¼0. The increase of the rate constants can be attributed
to their oxidation by electrogenerated HO radicals in addition to
direct electron transfer [15]. The match between the intercept

Fig. 4. Concentration decrease during galvanostatic electrolyses of 0.50 mM solutions of: ascorbic acid (A), caffeic acid (B), gallic acid (C) and trolox (D), using a Pt anode at
50 (�), 268 (■), 625 (▲) and 1250 (▼) A m�2.

Fig. 5. Effect of current density on the apparent rate constant of consumption of: ascorbic acid (A), caffeic acid (B), gallic acid (C) and trolox (D). Open symbols (kapp)
correspond to data from galvanostatic electrolyses with simultaneous oxygen evolution, whereas solid symbols (k0app) correspond to data from potentiostatic electrolyses
carried out at E¼1.2 V (vs. Ag/AgCl, 3 M). The open triangles in graphic (A) correspond to kapp obtained from a sample of green tea-based beverage.
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values, (kapp)j¼0, and the values of k0app corroborates the meaning of
the intercept as defined by Eq. (22). Also taking in account Eq. (22),
the linear increase of kapp with j indicates that ðkO2 þvSC Þ=kAO;HO is
constant. This result is very important regarding the validity of Eq.
(28) with respect of the assumptions of a constant value of vSC and
of kAO;P � kAO;HO.

4.4. Characterization of HO radical scavenging activity of
antioxidants

Galvanostatic electrolyses of AA, CA, GA and T in 0.15 M
phosphate buffer pH 3.5 using a Pt anode at 1250 A m�2 were
conducted using different starting concentrations. The values of
kapp were estimated for all electrolyses considering the concentra-
tion decay along time, as described in the previous section. In
order to characterize the scavenging properties of each AO, values
of kapp,HO were calculated according to Eq. (21).

In Fig. 6 are represented the values of kapp,HO�1 as a function of
the initial concentration of each AO, C0AO, according to Eq. (30).
From the linear correlations defined for all the AOs values of
kAO;HO=kO2 , and of nAO;P were estimated (Table 2).

Values of kAO;HO=kO2 are a kinetic measure of the reactivity of
the species towards the electrogenerated HO radicals and there-
fore can be used to characterize the HO radicals scavenging
activity. By means of these results AOs can be ordered by their
scavenging activity as follows: GA4T4AA4CA.

In order to validate our results correlations were attempted
between the values of kAO;HO=kO2 with results reported in literature
for the same AOs. Regarding the three AOs that are common
between our work and reference [26], T, AA and GA, good
correlations were obtained between our kinetic data and the
activity results reported regarding peroxyl radicals generated

Fig. 6. Representation of the reciprocal of kapp vs the initial concentration for: AA (A), CA (B), GA (C), T (D). In (E) the reciprocal of kapp of AA consumption in a sample of green
tea-based beverage as a function of the dilution factor.

Table 2
Values of kAO;HO=kO2 and nAO;P calculated from the intercepts and slopes of the
representation of kapp,HO�1 vs C0AO in Fig. 6 (Eq. (30)).

AO kAO;HO=kO2 (10�3 m3 mol�1) nAO;P (102)

AA 6.370.9 2.670.6
CA 5.970.3 2.870.3
GA 1272 571
T 9.870.2 4.5470.08
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either by an enzymatic assay (using a conjugate diene of linoleic
acid as optical probe) (R2¼0.96) or by the oxidation of oxygenated
methyl esters by Fe(II) (by EPR using (PBN) α-phenyl-N-tert-butyl-
nitrone as a spin-trap) (R2¼0.97).

The estimated average number of HO radicals scavenged per
molecule of AO (or PAO,i), nAO;P , range from 260 (AA) to 500 (GA).
The high values obtained for nAO;P are in accordance with the well
known fact that AOs can be quite effective in scavenging radicals
even if they are present in very low concentrations. The reaction
mechanism of aromatic compounds with HO radicals is described
in literature. Hydroxy containing aromatic compounds are readily
attacked by HO radicals giving a variety of free radical aromatic
species [15,27]. The addition of HO radicals to this type of
compounds gives hydroxycyclohexadienyl radical intermediates
[27,28]. These radicals are easily oxidized to give several hydro-
xylated derivatives. The oxidation reactions are in competition
with dehydration reactions to yield phenoxyl radical (or benzoyl
radicals in the case of benzoic acid derivatives as gallic acid). This
dehydration reaction provides an efficient pathway for extinguish-
ing multiple HO radicals as the scavenged HO radicals are
eliminated as water.

Regarding the reaction between HO radicals and ascorbic acid
we could not find any mechanistic description that could provide
insight to interpret these results.

4.5. Characterization of HO radical scavenging activity of a
commercial tea-based beverage

The possibility of applying the electrochemical generation of HO
radicals in assays with natural samples is examined, as interferences
from the matrix cannot be discarded a priori.

The sample analyzed in this study, a commercial green tea-
based beverage enriched with lemon juice, was used without any
prior treatment. Sample was diluted with phosphate buffer pH 3.5.
Galvanostatic electrolyses were performed at two current densi-
ties, 625 and 1250 A m�2, with simultaneous oxygen evolution.
Oxidation of the sample during galvanostatic electrolysis was
monitored following the consumption of AA by HPLC. Concentra-
tion decrease of AA in tea sample follows a 1st order kinetics
(results not shown). Values of kapp estimated using Eq. (32) are
plotted in Fig. 5A as open triangles. As it can be observed, kapp
values obtained from the tea sample are identical to those from AA
solutions. Galvanostatic electrolyses performed in diluted solu-

tions of the sample allow to determine nAO;P C
sample
AO ¼(3.070.4)�

102 mol m�3 and kAO;HO=kO2 ¼(6.970.6)�10�3mol�1 m3 from the
slope and from the intercept of the straight line in Fig. 6E,

according to Eq. (31). By comparison of the value of nAO;P C
sample
AO

obtained from the sample containing AA with the value of nAO;P

from AA solutions, it can be concluded that Csample
AO E1 mol m�3

(corresponds to 1 mM). This value is identical to the AA concen-
tration of the sample quantified by HPLC (Section 2.5). With
respect to kAO;HO=kO2 similar values are obtained from the natural
sample and from the AA solutions. These results demonstrate that
both nAO;P and kapp,HO values of AA were not affected by matrix
composition.

5. Conclusion

The kinetic characterization of antioxidants consumption in galva-
nostatic assays with simultaneous oxygen evolution was performed.
All antioxidants exhibit a concentration decay typical of a first order
law. The apparent rate constants obtained for the four different AOs

display a linear increase with current density. The intercept of kapp vs j
is identified as the direct electron transfer constant rate. Values of
kAO;HO=kO2 and of nAO;P are estimated from the dependency between
kapp,HO estimated on the initial concentration of the AO. Using the
kinetic parameter kAO;HO=kO2 , it is proposed the following order of the
scavenging activity of the antioxidants: GA4T4AA4CA. Results are
in agreement with the reactivity order pointed out for T, GA and CA
from assays using peroxyl radicals generated either by enzymatic
assay or by oxygenated methyl esters [26]. Experiments performed
using a commercial green tea-based beverage demonstrates that the
generation conditions of HO radicals as well as the reactivity of AA
were not apparently modified by the presence of the tea constituents.
The proposed method provides an interesting way for testing anti-
oxidant activity that allow to estimate simultaneously a kinetic
parameter and a stoichiometric coefficient of the reaction between
AOs and HO radicals.
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