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Mechanism of electrochemical oxidation of gallic acid in aqueous phosphate buffer solutions of different
pH’s was studied at glassy-carbon electrode. The study was performed using cyclic, convolution–
deconvolution sweep voltammetry, chronoamperometry and chronocoulometry. It gives two irreversible
diffusion-controlled cyclic voltammetric waves at the entire range of pH. The electrochemical oxidation
mechanism was proposed to be an ECEC-first order mechanism in which the two electron transfer steps
and the two chemical follow-up deprotonation reactions are irreversible. The proposed mechanism was
confirmed by digital simulation and the electrode kinetic parameters are estimated on comparing the
simulated response with the experimental ones.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

Gallic acid, GA, and its derivatives are a group of naturally
occurring polyphenol antioxidants which have recently been
shown to have potential health effects [1]. GA is a strong natural
antioxidant [2,3]. The acid and its derivatives have a wide range
of biological activities, including anti-oxidant, anti-inflammatory,
anti-microbial, and anti-cancer activities [4–7]. Electrochemical
oxidation of gallic acid has been studied at glassy-carbon electrode
[8,9]. It was found that the oxidation process is quasireversible
over the studied pH range. An electroanalytical procedure was pro-
posed and applied for determination of gallate content in green tea
[8]. The electrochemical oxidation of gallic acid on polyaniline
(PAn) and polyaniline-ferrocene phosphonic acid (PAnFc) elec-
trodes was studied by cyclic voltammetry at pH range of 5.0–6.6
[9]. It was found that, the modified electrodes catalyze the oxida-
tion process and are dependent on pH. Furthermore, the PAnFc
modified electrode catalyzes better than that of the PAn one.

Antioxidant properties are related with the redox characteris-
tics and consequently, knowledge of the redox behavior is very
crucial the antioxidant properties. Antioxidant activity of gallates
was studied electrochemically in aqueous media [10].
ll rights reserved.
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The electro-oxidation mechanism of gallic acid has been poorly
explored in literature. Accordingly, it seems very important to clar-
ify the electrochemical oxidation mechanisms. The objective of the
present work is, therefore, to intensively study the electrochemical
oxidation of gallic acid in aqueous solutions of different pH’s at
glassy-carbon electrode. The mechanism is investigated using cyc-
lic, convolution–deconvolution sweep voltammetry, double step
chronoamperometry and chronocoulometry and digital simulation
under different experimental conditions.
2. Experimental

Gallic acid, GA (99%) was purchased from Sigma–Aldrich. 0.4 M
phosphate buffer supporting electrolyte was prepared with various
pH values from monosodium phosphate and disodium phosphate in
deionized water. Fresh stock standard solution (10 mM) was pre-
pared from the dry pure substances in the phosphate buffer. These
solutions were diluted to the convenient concentration just prior
to use. All other used solutions were prepared from BHD analytical
grade chemicals. A conventional three-electrode electrolytic cell
was employed, in which saturated calomel electrode, SCE, a plati-
num electrode were used as reference and counter electrodes,
respectively. Glassy-carbon electrode, GC (surface area = 0.0106
cm2) was employed as a working electrode. For each voltammetric
measurement, the GC working electrode was freshly polished to a
smooth surface finish, using successively fine (0.5 lm) grades of
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SiC paper and washed with deionized water. Test solutions were de-
gassed with pure nitrogen prior to the voltammetric measurements.
A nitrogen blanket was maintained thereafter. All experiments were
performed at room 25 �C temperature. The electrochemical experi-
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Fig. 2. Cyclic voltammograms of 0.26 mM gallic acid in 0.4 M phosphate buffer with
different pH’s at scan rate of 100 mV s�1.
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Fig. 3. Chronoamperometry of 0.20 mM gallic acid at pH 1.64, i(t < s
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Fig. 1. Cyclic voltammograms of 0.95 mM gallic acid in 0.4 M (pH 1.55) phosphate
buffer at different scan rates.
ments were preformed with an EG & G Princeton Applied Research
Model 273A potentiostat controlled by a computer. The electro-
chemical experiments were controlled by PC and the electrochem-
ical set-up was controlled with an EG & G Princeton Applied
Research Model M 270 software. Background data were stored
and subtracted from the experimental data set, minimizing side ef-
fects such as double layer charging current.

For determination of uncompensated resistance, the electro-
chemical cell is considered electronically equivalent to a RC circuit
with the uncompensated resistance, Ru, in series with the double-
layer capacitance, Cdl. Since faradaic impedance is not considered
part of the model, the test potential must be a value at which no
faradaic process occurs. A potential step between 25 and �25 mV
relative to a test potential is applied and the current is sampled
at 50 ms and 100 ms after the step [11]. Assuming the expected
exponential decay of the current, characteristic of double layer
charging, the initial current, io, is determined by extrapolation to
zero time. Using Ohm’s law, R, is calculated from this measurement
as:

Ru ¼ DE=i0 ¼ 50 mV=i0
3. Results and discussion

3.1. Cyclic voltammetry

Cyclic voltammograms, cv, of 0.95 mM gallic acid, GA, on
glassy-carbon electrode in 0.40 M phosphate buffer at pH 1.55 at
different scan rates, m, are shown in Fig. 1. Two irreversible anodic
cv waves are seen, their reduction counter-parts are lacking. A lin-
ear log–log variation, log peak current, log ip, versus log scan rate,
log m, for both waves is obtained with slope of 0.48 and 0.55 for
first and second waves, respectively. Furthermore, the peak current
of both waves shows a linear dependence on GA concentration.
These results indicate that the two waves are purely diffusion-con-
trolled in nature.

A linear positive shift is observed in the oxidation peak poten-
tial, Ep (for the two waves) on increasing scan rate (100–
1000 mV s�1). Furthermore, the peak current function, ip/m1/2,
diminishes slightly with increasing scan rate. Such behavior is
adopted as indicative of an ECEC mechanism [12–14]. On repeated
cycling of GA, a decrease of the peak current and a shit of the peak
potential towards more positive potentials for the two cv waves
are seen with increasing the number of potential cycles during
electrolysis (data not shown). This is presumably due to generation
of electro-inactive oxidation species on increasing the scanning
time. These products block the electrode surface.
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Fig. 2 shows effect of pH on the voltammetric behavior of gallic
acid in aqueous buffer solutions. Two irreversible cv waves are ob-
tained in the whole pH range of study, 1.64–6.22. On increasing pH
of solution, the two peak potentials are shifted toward less positive
values. The same dependence for oxidation of gallic acid and its
derivatives was described elsewhere [8,15,16]. It is generally
known that CA is oxidized to quinone via semiquinone form. Thus,
a proton (H+) participates in redox step. A linear least-squares
regression lines are obtained for the decrease of Ep as a function
of pH for the two cv waves. The regression lines are represented
as follows:
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Fig. 5. Best fit of for experimental and digital simulated data for the oxidation mechanis
0.20 mM gallic acid at pH 1.62 and scan rate of 100 mV s�1.
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Fig. 4. Best fit of chronocoulometric charge ratio, QR for experimental and
theoretical working curves for the oxidation ECEC, first-order mechanism of gallic
acid.
Ep ¼ 682:9� 47:5 pH r ¼ �0:996 for 1st wave ð1Þ

Ep ¼ 991:2� 50:1 pH r ¼ �0:994 for 2nd wave ð2Þ

These slopes are in good agreement with the theoretical Nerns-
tian systems with mono-electron transfer step followed by single
deprotonation. From Eqs. (1) and (2), the apparent Eo0 for the two
waves are 682.9 and 991.2 mV versus SCE, respectively for the first
and the second cv waves.

Fig. 2 shows that ip decreases on increasing pH of the solution.
This indicates that the species are gradually deprotonated. On the
other hand, in solutions of pH higher than 6.22, the oxidation
waves are not observed (data not shown), which indicates that
the product of CA oxidation becomes electroinactive and blocks
the electrode surface. For this reason the studies are limited to
the pH range of 1.64–6.22.

3.2. Convolution–deconvolution sweep voltammetry

Convolution and deconvolution procedures are carried out
according to the method described earlier [17]. The convolution
current, I1, is given by the following integration:

I1ðtÞ ¼ p1=2
Z t

0

iðtÞ
ðt � uÞ

1
2

du ð3Þ

The deconvolution of current can be expressed as the differential of
the I1 convolution. In more general terms deconvolution is akin to
semi-differentiation in a similar manner to considering t�1/2 convo-
lution as semi-integration.

The I1 convolution and deconvolution cyclic voltammograms of
gallic acid show a distinct separation between the forward and
reverse sweep. This clearly indicates irreversibility of the two
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oxidation cv waves. At the entire range of sweep rates, the convo-
luted current, I1, neither returns to its initial (zero) value nor super-
imposed during the reverse half of sweep with I1 on the forward
sweep regardless of the scan rate. This may be due to an irrevers-
ible electron transfer process or an electron transfer process
coupled with chemical reaction. The diffusion coefficient, D, of
the subject substrate can be determined from the limiting value
achieved for I1 when the potential is driven to a sufficiently
extreme value past the peak using the following equation [18]:

Ilim ¼ nFAD1=2Cbulk ð4Þ

where Ilim is the limiting value of current, A is the electrode surface
area, Cbulk is the bulk concentration of the substrate (mol L�1) and
the remaining have their usual meanings. The diffusion coefficient
is determined, after applying background subtraction and correc-
tion for uncompensated resistance. The diffusion coefficient is cal-
culated to be 4.23 � 10�5 cm2 s�1.

Deconvolution transformation gives a rapid test for the nature
of electron transfer response. Different peak heights in the forward
and backward sweeps of deconvoluted current (dI1/dE) are ob-
served. This gives evidence that the electron transfer process is
complicated with a chemical reaction. Furthermore, the estimated
values of anodic half-peak width (wp) are in the range of 113–
140 mV at scan rate range of 100–1000 mV s�1 for the two cv
waves. They are larger than that expected for the reversible elec-
Table 1
Kinetic parameters for the electrochemical oxidation of 0.20 mM gallic

E0
1 (mV/SCE) E0

2 (mV/SCE) k0
1 � 1010 (cm s�1) a1

99.7 368.8 3.8 0.026
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Fig. 6. Best fit of for experimental and digital simulated data at (a) different scan
concentrations, ip � [GA].
tron transfer process. This is consistent with the above suggestion
that, the two waves are electron transfer processes coupled with
kinetic contribution.
3.3. Double potential step chronoamperometry

Chronoamperometry is used for the determination of diffusion
coefficient and deduce the current nature. The double potential
step chronoamperograms of 0.26 mM GA in the phosphate buffer
solution (pH 1.64) are obtained at different duration times. The
current of the first step, i(t < s), is unaffected by the chemical reac-
tion, so that it can be used to estimate the diffusion coefficient. For
an electroactive material with diffusion control nature, the current
corresponding to the electrochemical reaction is described by Cott-
rell’s equation [19]:

iðt < sÞ ¼ nFAD1=2C�bulkp
�1=2t�1=2 ð5Þ

where D is the diffusion coefficient (cm2 s�1), C�bulk is bulk the con-
centration (mol L�1), s is the step duration time, n, F, and A have
their usual significance. Under diffusion (mass transport) control,
a plot of i(t < s) versus t�1/2 will be linear, and from the slope, the
value of D can be obtained. A plot of i(t < s) versus t–1/2 gives a
straight regression line, with regression coefficient value of 0.998,
cf. Fig. 3, revealing that the oxidation of gallic acid is diffusion-
acid at pH 1.54 and scan rate of 100 mV s�1.
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controlled process over the entire range of time. The mean value of
D is estimated to be 3.9 � 10�5 cm2 s�1.

3.4. Double potential step chronocoulometry

Double potential step chronocoulometry is useful technique in
the determination of mechanistic pathway of electrochemical reac-
tions and determination of diffusion coefficient. The chronocoulo-
metric responses are represented by Eqs. (6) and (7) where Q is the
amount of charge that passed at time t [19]. Chronocoulometry of
0.26 mM GA is performed in 0.4 M phosphate buffer solution (pH
1.64) at different duration times. A linear regression lines are ob-
tained on plotting Qðt < sÞ versus t1/2 with regression coefficient
of 0.998, cf. Fig. 3.
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Qðt < sÞ ¼ 2nFAD1=2C�bulkt1=2

p1=2 ð6Þ

Qðt > sÞ ¼ 2nFAD1=2C�bulk

p1=2 ½t1=2ðt � pÞ1=2� ð7Þ

Based on Eq. (6), from the (slopes of are 2nFAD1/2 C�bulkp1=2) of
plots, an average diffusion coefficient of 4.0 � 10�5 cm2 s�1 for
GA is obtained. This value is in a good consistent with the value ob-
tained above.

Mechanistic investigation of GA oxidation is undertaken on per-
forming a series of double potential step experiments in which the
duration time is varied over a suitable range and then comparing
the experimental results to the theoretical response ratio for vari-
ous mechanisms described by Hanafey et al. [20]. Chronocoulo-
metric charge ratio, Eq. (8), is obtained from Eq. (7) at time t = 2s
and Eq. (6) at time = s.

Q R ¼
Q b

Qf
¼

Q ðsÞ � Q ð2sÞ

ðQsÞ

� �
ð8Þ

The analysis of the chronocoulograms is done on measuring the
charge ratio QR for a series of duration time s and matching the QR

versus log s plots of the theoretical working curves that had been
calculated for the different electrode ECEC mechanisms such as
ECEC radical–radical dimer, ECEC parent-radical dimer and ECEC-
first order [20]. On matching the experimental and theoretical
curves, excellent fit is seen for ECEC, first-order mechanism, cf.
Fig. 4.

3.5. Digital simulation

Digital simulation is a useful method in evaluation of compli-
cated electrode reactions [21]. In this direction, when simulated
cyclic voltammogram curves fit the experimental cyclic voltammo-
grams, one can confirm the reaction proposed mechanism and
evaluate thermodynamic and kinetic parameters for the electron
transfer and chemical processes.

The experimental voltammograms are compared with the the-
oretical ones calculated using the DigiSim 3.03 software, in order
to confirm the electrode mechanism and to estimate the kinetic
parameters for the heterogeneous electron transfers and their
associated chemical steps. To confirm the above deduced ECEC oxi-
dation mechanism and obtaining the standard electrode potential,
Eo0s, heterogeneous electron transfer rate constants, ko, for the elec-
trochemical processes, as well as the equilibrium constant (Keq = kf/
kb) values for the chemical steps, simulations are undertaken. For
the diffusion coefficients, D, the default value of 4.03 � 10�5

cm2 s�1 is used throughout. Different ECEC mechanisms including
ECEC radical–radical dimmer; ECEC parent-radical dimmer, and
ECEC first-order are tested. The transfer coefficient, a, is assumed
to be 0.5, and the formal potentials are obtained experimentally
from the two cv waves observed in cyclic voltammetry. The proce-
dure is performed based on achieving the best fit between simu-
lated and experimental cyclic voltammograms.

Fig. 5 illustrates a typical fit of simulated to experimental re-
sponses. The kinetic parameters obtained for the best fit are de-
picted in Table 1. The fitting procedure is carried at for different
scan rates, pH’s and substrate concentrations. Plots of the variation
in peak current, against square root of scan rate, & in peak poten-
tials with scan rate and dependence of peak potentials on pH are
illustrated in Fig. 6. Good agreement between theoretical and
experimental is obtained. Thus, the simulation using the concluded
ECEC first-order mechanism agrees well with the experimental
data. This reveals good evidence for the mechanism given in
Scheme 1.

Recently, it was concluded that, oxidation of polyphenols can
precede either by transfer of one electron via the formation of a
phenoxyl radical (semiquinone) intermediate [22]. The semiqui-
none is unstable and decay via dimerization or polycondensation
reaction. The above findings strongly suggest the exclusion of the
possibility of dimerization or polycondensation reactions.

On the bases of the foregoing results, the oxidation mechanism
of gallic acid is described in Scheme 1.

The first wave represents an irreversible oxidation of gallic acid
(GA) to the semiquinone radical cation (GA�+) by irreversible elec-
tron transfer process. The formed radical cation loses a proton to
form the semiquinone radical (GA�) [23]. The one-electron oxida-
tion product (semiquinone radical, GA�) is followed by a second
irreversible electron transfer to the quinone cation (GA+). Finally,
deprotonation of the quinone cation (GA+) completes the overall
two-electron process to give the quinone (GAO) which appears as
an irreversible peak. The oxidation mechanism of gallic acid is de-
scribed in detailed, cf. Scheme 2.
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