
C
c

A
D

a

A
R
R
1
A
A

K
M
F
C
S
T

1

i
c
i
a
a
p
l
c
c
i
l
t
v

t
T
i
(
G

a
(

0
d

Electrochimica Acta 56 (2011) 2321–2327

Contents lists available at ScienceDirect

Electrochimica Acta

journa l homepage: www.e lsev ier .com/ locate /e lec tac ta

haracterization of the surface redox process of adsorbed morin at glassy
arbon electrodes

lvaro Yamil Tesio, Adrian Marcelo Granero, Héctor Fernández ∗, María Alicia Zón ∗

epartamento de Química, Facultad de Ciencias Exactas, Físico-Químicas y Naturales, Universidad Nacional de Río Cuarto, Agencia Postal N◦ 3, (5800) Río Cuarto, Argentina

r t i c l e i n f o

rticle history:
eceived 25 August 2010
eceived in revised form
0 November 2010
ccepted 11 November 2010

a b s t r a c t

The thermodynamic and kinetics of the adsorption of morin (MOR) on glassy carbon (GC) electrodes in
0.2 mol dm−3 phosphate buffer solutions (PBS, pH 7.00) was studied by both cyclic (CV) and square wave
(SWV) voltammetries. The Frumkin adsorption isotherm was the best to describe the specific interaction
of MOR with GC electrodes. The SWV allowed to characterize the thermodynamic and kinetics of surface
quasi-reversible redox couple of MOR, using the combination of the “quasi-reversible maximum” and
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the “splitting of SW net peaks” methods. Average values obtained for the formal potential and the anodic
transfer coefficient were (0.27 ± 0.02) V and (0.59 ± 0.09), respectively. Moreover, a value of formal rate
constant (ks) of 87 s−1 for the overall two-electron redox process was calculated. The SWV was also
employed to generate calibration curves, which were linear in the range MOR bulk concentration (c∗

MOR)
from 1.27 × 10−7 to 2.50 × 10−5 mol dm−3. The lowest concentration experimentally measured for a signal

.25 × −8 −3
quare wave voltammetry
hermodynamic and kinetics parameters

to noise ratio of 3:1 was 1

. Introduction

Flavonoids are abundant in plants, and considered very
mportant for preventing a wide variety of diseases, including,
ardiovascular diseases, and allergies, certain forms of cancer,
nflammations, and hepatic diseases [1]. Morin (MOR, Fig. 1), as

member of the family of the flavonols, has been shown to act
s a potent antioxidant [2,3], xanthine oxidase inhibitor [4], cell
roliferation inhibitor [5], apoptosis inducer [6], and modulator of

ipoxygenase and cyclo-oxygenase activities in the arachidonic acid
ascade [7]. MOR also acts as a chemopreventive agent against oral
arcinogenesis in vitro and in vivo [8]. Furthermore, MOR exhibits
nhibition of tetradecanoylphorbo-13-acetate-induced hepatocel-
ular transformation [9]. MOR is a flavonol widely distributed in
ea, coffee, and cereals as well as in a great variety of fruits and
egetables [10].

In our knowledge, there is very little information available in
he literature concerning the electrochemical behavior of MOR [11].

herefore, Wang et al. [11] studied the MOR electrochemical behav-
or on at glassy carbon (GC) electrodes in phosphate buffer solutions
PBS, pH 7.28) as well as the MOR interactions with DNA at modified
C electrodes with the poly(tetrafluoroethyl)-deoxyribonucleate

∗ Corresponding authors.
E-mail addresses: atesio@exa.unrc.edu.ar (A.Y. Tesio),

granero@exa.unrc.edu.ar (A.M. Granero), hfernandez@exa.unrc.edu.ar
H. Fernández), azon@exa.unrc.edu.ar, alicia zon@hotmail.com (M.A. Zón).

013-4686/$ – see front matter © 2010 Published by Elsevier Ltd.
oi:10.1016/j.electacta.2010.11.037
10 mol dm (3 ppb).
© 2010 Published by Elsevier Ltd.

acid. These authors found that the electrode process at GC elec-
trodes had a diffusion/adsorption mixture control and from the
slope and the intercept of peak potentials (Ep) vs. log v plots could
infer that the global number of exchanged electron was n = 2.

The analysis of flavonoids has been carried out, principally, for
thin-layer chromatography [12,13], gas chromatography [14,15],
capillary electrophoresis [16–18], electrochemical measurements
[19,20], high-performance liquid chromatography (HPLC) [21–25].
Specially, the chromatography HPLC has widely been used to sep-
arate and to analyze flavonoids.

In this work, we discuss the studies related to the thermo-
dynamic and kinetics of the adsorption of MOR at GC electrodes
in 0.2 mol dm−3 PBS (pH 7.00), where a surface quasi-reversible
redox couple was obtained. The electrochemical techniques were
the cyclic (CV) and square wave (SWV) voltammetries. The combi-
nation of the “quasi-reversible maximum” and the “splitting of the
net SW voltammetric peak” methods [26–34] allowed obtaining
information about the thermodynamic and kinetics of the overall
superficial redox couples. The theory about the “quasi-reversible
maximum” was initially developed assuming that there was no
interaction between the immobilized species [26–33]. However,
as this pre-requisite is not satisfied by virtually any experimen-
tal system, the theory that considers the case of surface reactions

involving lateral interactions between adsorbed species has also
been developed [33,34].

We have already studied the application of this methodology to
carry out a full characterization of altertoxin I adsorbed at carbon
paste electrodes [35] and both the redox coupled of cercosporin
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Fig. 2. a) Cyclic voltammograms recorded in the presence I) and II) in the absence
of MOR (c∗ = 8.3 × 10−4 mol dm−3) in 0.2 mol dm−3 PBS (pH 7.00). v = 0.050 V s−1.

(pH 7.00) in the presence and in the absence of MOR at the same
Fig. 1. Chemical structure of morin.

36] and the ochratoxin A electro-oxidation product [37] adsorbed
t GC electrodes.

. Experimental

.1. Reagents

MOR was from Sigma–Aldrich. MOR stock solutions
1 × 10−2 mol dm−3) were prepared in ethanol (Sintorgan, HPLC
rade) and kept in the refrigerator. They were stable for at least
ne month. Working solutions were prepared daily by adding
liquots of the stock solution to buffer solutions. The water was
intorgan (HPLC grade). The PBS of pH 7.00 were prepared using
.1 mol dm−3 Na2PO4H (Merck p.a.) and 0.1 mol dm−3 KPO4H2
Merck p.a.). All reagents were used as received.

.2. Apparatus and experimental measurements

CV and SWV experiments were performed with an AutoLab
GSTAT 12 potentiostat, controlled by GPES 4.9 electrochemical
oftware from Eco-Chemie, Utrecht, The Netherlands. The varia-
ion of the scan rate (v) in CV measurements was from 0.050 to
V s−1. For SWV, a square wave amplitude of �ESW = 0.025 V and
staircase step height of �Es = 0.005 V were mainly used. The fre-
uency (f) varied from 10 to 500 Hz. In some experiments, �ESW
aried from 0.025 to 0.150 V. Electrochemical measurements were
erformed in a two compartment Pyrex cell [38]. The working elec-
rode was a GC disk (BAS, 3 mm diameter), which was polished with
.3 and then 0.05 �m wet alumina powder (from Fischer), copiously
insed with water, and sonicated in a water bath for 5 min. Finally,
t was transferred to a blank solution (PBS, pH 7.00) and cycled 10
imes between 0 and 1 V. Very reproducible results were obtained
hen this pre-treatment was applied to the working electrode. The

ounter electrode was a large-area platinum foil (approximately
cm2). The reference electrode was an aqueous saturated calomel
lectrode (SCE) fitted with a fine glass Luggin capillary contain-
ng a bridge solution identical to that containing the sample being

easured.
The solutions were deareated by bubbling purified nitrogen

or at least 10 min prior to measurement. The temperature was
25.0 ± 0.2) ◦C.

The fitting of experimental data using a nonlinear least squares
rocedure in the Origin 7.0 were performed to the effects of finding
he best adsorption isotherm that describes the specific interac-
ion of MOR with GC electrodes. We chose the best fitting between
xperimental and theoretical data when the Chi-square function

�2) was a minimum.

The pH measurements were performed with an Orion Model
20A pH-meter, calibrated daily with three commercial buffers.
MOR
b) Cyclic voltammogram recorded in blank solution immediately after that the GC
electrode was immersed during 180 s at a Eacc = −0.1 V in another solution formed by
the same reaction medium but with a c∗

MOR = 2.0 × 10−5 mol dm−3. v = 0.500 V s−1.

3. Results and discussion

3.1. Cyclic voltammetry

Cyclic voltammograms registered for a solution of MOR in
0.2 mol dm−3 PBS (pH 7.00) in the potential range between −1.20
and 1.20 V showed two oxidation peaks. One well-defined cen-
tered at approximately 0.18 V and another poorly defined, centered
at approximately 0.80 V. The first anodic peak can be assigned to
the oxidation of −OH group presents in C3 while the second oxi-
dation peak can be assigned to the oxidation of one of the −OH
group presents in C2′, C4′, C5 or C7 in the MOR chemical structure
(Fig. 1). Consecutive cyclic voltammograms registered in the poten-
tial range between −1.20 and 1.20 V showed a marked decrease
in the current signals in successive sweeps. After the fifth succes-
sive sweep, voltammetric signals almost disappeared (results no
shown). It is well known that the oxidation of phenols occurs in the
potential range from 0.80 to 1 V depending of the reaction medium
and might be represented, in principle, by an E1C1E2C2 mechanism
generating, in some cases, polymeric products that poison or pas-
sive the working electrode surface of [39]. Based on these results,
we only study in this work the electrochemical behavior of the first
MOR oxidation peak.

Therefore, cyclic voltammograms recorded in 0.2 mol dm−3 PBS
scan rate are shown in Fig. 2. Firstly, a cyclic voltammogram was
recorded in a solution of MOR with a bulk concentration, c∗

MOR =
8.3 × 10−4 mol dm−3. An oxidation peak, with an anodic potential
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ig. 3. Dependence of Q with tacc obtained on a GC electrode (A = 0.0707 cm2). c∗
MOR a)

× 10−7; b) 1 × 10−6; c) 1 × 10−5; d) 1 × 10−4; e) 8.3 × 10−4 and f) 4 × 10−3 mol dm−3.
omposition of the reaction medium: 0.2 mol dm−3 PBS (pH 7.00). v = 0.050 V s−1.

eak (Ep,a) at about 0.18 V was found during the first anodic scan
Fig. 2a, I). Any complementary cathodic peak was observed when
he potential scan rate was reversed at low v, putting clearly in
vidence that chemical/s and/or electrochemical/s reactions are
oupled to the initial electron transfer [40]. However, the corre-
ponding complementary cathodic peak begins to define when v
as increased to 0.500 V s−1, showing a quasi-reversible behavior

t v = 1 V s−1. These findings clearly show that chemical/s and/or
lectrochemical/s reactions coupled to the initial charge transfer
re relatively slow [40].

Then, the working electrode was immediately rinsed with the
uffer solution and transferred to another electrochemical cell,
hich contained only the blank solution 0.2 mol dm−3 PBS (pH

.00). The cyclic voltammogram recorded under this experimen-
al condition also showed an oxidation peak with smaller currents
nd shifted at slightly more positive potentials (Fig. 2a, II) than
hat obtained previously in the presence of MOR. These results put
learly in evidence the adsorption of MOR at GC electrode surface as
ell as the main MOR oxidation peak shows a diffusion/adsorption
ixture control.
Preferential accumulation of the reactant or product, or the

dsorption of both on the electrode surface can be also inferred
rom the cyclic voltammograms obtained after transferring the
lectrode with the accumulated flavonoid to a blank solution
Fig. 2b) (see below).

Experiments performed on the voltammetric peak centered
bout at 0.18 V by using different accumulation times (tacc) showed
n increase in the Ip,a, which evidenced clearly the surface nature
or this electrochemical signal. On the basis of these results, stud-
es were conducted to find the most favorable accumulation time
tacc) as well as the optimum accumulation potential (Eacc) for per-
orming the MOR pre-concentration step at the electrode surface.
he best Eacc was −0.1 V vs. SCE. On the other hand, stationary cur-
ents were achieved at tacc = 180 s as it can be observed from plots
f charge (Q) vs. tacc (Fig. 3).

Therefore, a cyclic voltammogram recorded in a blank solution
mmediately after that the GC electrode was immersed for 180 s
t an Eacc = −0.1 V in another solution formed by the same reac-
ion medium but with a c∗

MOR = 2.0 × 10−5 mol dm−3 is shown in
ig. 2b. An average value for potential at 1/2Ip,a, called half-peak
otential (Ep/2) of (0.068 ± 0.0001) was obtained, being this value
lightly greater than the theoretical expected for a two-electron

ransfer, i.e., Ep/2 = 0.045 V [40]. Moreover, the separation between
he anodic and cathodic peak potentials (�Ep) was of 0.020 V. These
esults clearly suggest both the adsorption of MOR at GC elec-
rodes as well as the quasi-reversible nature of the surface redox
eaction considering the characteristic of cyclic voltammograms.
cta 56 (2011) 2321–2327 2323

Reproducibility of the quasi-reversible signal showed in Fig. 2b
was obtained in blank solutions at low c∗

MOR and v ≥ 0.500 V s−1.
These results are in a very good agreement with those theoretically
predicted [40].

The area under the oxidation peak, corrected for any residual
charging current, represents the charge associated with the oxi-
dation of adsorbed MOR, i.e., Q = nFA� MOR, where n is the number
of exchanged electrons per mole of oxidized substance, F is the
Faraday constant, A is the electrode area and � MOR is the sur-
face concentration of MOR adsorbed [40]. An average value of
� MOR = (4 ± 1) × 10−12 mol cm−2 was determined in the scan rate
range from 0.025 to 0.075 V s−1, which would correspond to a sub-
monolayer of MOR adsorbed [40].

These findings show a selective interaction of MOR with the car-
bon surface. In principle, the explication of this behavior could be
considering that several oxygen containing functional groups, such
as carboxylic acid, lactone, o-quinone, p-quinone, carbonyl, phenol,
etc., may be present on a GC surface [41]. The interaction between
these functional groups and –OH, ether and C O groups present in
the chemical structure of MOR (Fig. 1) might be responsible for the
adsorption of MOR on GC electrodes.

The adsorption isotherm derived from the dependence
between c∗

MOR and the fractional coverage of the electrode sur-
face (�) was studied. The surface coverage was defined as
� = Ip/Ip,max (or Q/Qmax), where Ip and Q are the peak current and
charge, respectively, from cyclic voltammograms obtained at a
given tacc for different c∗

MOR. Ip,max and Qmax are maximum val-
ues of Ip and Q obtained at the same tacc at the greatest c∗

MOR
studied. As can be observed in Fig. 4a, the Qmax was reached at
c∗

MOR ≥ 5 × 10−5 mol dm−3 for tacc = 180 s and Eacc = −0.1 V. A plot
of c∗

MOR against � is shown in Fig. 4b. The experimental results were
fitting for finding the best adsorption isotherm which describes the
specific interaction of MOR with GC electrodes. The best fitting was
found when the Frumkin adsorption isotherm [40] was chosen to
perform the fit (Fig. 4b). Therefore, the expression of the Frumkin
adsorption isotherm is [40]:

ˇc∗
MOR = �

1 − �
exp−g′� (1)

where g′ = 2g� MOR/RT is the parameter characterizing the interac-
tion between the adsorbed species, � MOR and c∗

MOR were previously
defined and ˇ = exp( − �Gads/RT) is the adsorption coefficient
[40,42]. The Frumkin adsorption isotherm can provide a use-
ful insight into lateral interactions that may exist within these
monolayers since it models the free energy of adsorption as an
exponential function of the surface coverage.

The fit was performed for values of 0.2 < � < 0.9. For the best
fit, average values of ˇ = (3.7 ± 0.2) × 104, g′ = (1.90 ± 0.08) and
�2 = 9.7 × 10−14 were obtained. There is a very good agreement
between experimental data and the results of this fit. A value of
�Gads = − 26.1 kJ mol−1 was obtained for the standard free energy
of adsorption. This indicates that the overall adsorption process of
MOR molecules onto the GC surface is energetically favorable. In
addition, a positive value for g′ indicates that interactions between
neighboring adsorbed species on the electrode surface are attrac-
tive [40].

3.2. Square wave voltammetry

SW voltammograms are highly sensitive to the charge trans-
fer kinetics of surface redox processes [26,27,33]. It is well known

that the combination of the methods of the “quasi-reversible max-
imum” and the “splitting of the net voltammetric peak” [28,29]
can be used to calculate the formal rate constant (ks), the transfer
coefficient (1 − ˛) and the formal potential (E0′

f ) of redox couples
immobilized on the electrode surface [28–33]. The quasi-reversible
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Table 1
Dependence of the maximum frequency with the accumulation time and the con-
centration of MOR in the accumulation solution. �ESW = 0.025 V; �Es = 0.005 V.

106c∗
MOR (mol dm−3) tacc (s) � fmax (s−1) ks,app (s−1)a

1 180 0.077 76 68
5 180 0.217 50 45
5 120 0.140 64 58
5 60 0.080 77 69
7.5 180 0.426 45 40
ig. 4. a) Dependence of Q with c∗
MOR. The reaction medium: 0.2 mol dm−3 PBS (pH

.00) and v = 0.050 V s−1. b) Morin bulk concentrations vs. the electrode surface satu-
ation coverage. Experimental data compared with the best-fit Frumkin adsorption
sotherm. (�) Indicate experimental points and (–) indicates the best-fit line.

aximum method predicts that the ratio between the net peak
urrent (Ip,n) and the frequency is approximated as a parabolic
unction of the dimensionless kinetic parameter, ω, defined as the
atio between the standard (formal) rate constant (ks) and the fre-
uency. The splitting of the net voltammetric peak occurs when the
W amplitude is increased at a given frequency. This methodology
as used to carry out a full thermodynamic and kinetics charac-

erization of the MOR surface redox couple at GC electrodes in
.2 mol dm−3 PBS (pH 7.00).

Forward (If), reverse (Ir) and net (In) currents obtained from SW
oltammograms of MOR adsorbed on GC electrodes after transfer-
ing the electrode to a blank solution (0.2 mol dm−3 PBS, pH 7.00)
re shown in Fig. 5. They present a strong evidence of the surface
uasi-reversible nature of this electrochemical signal [33].

The apparent reversibility of the confined redox reaction at the
lectrode surface depends on the kinetics parameter, ω. Net peak
urrents from these SW voltammograms are linearly proportional
o the frequency, but the factor of this proportionality is a function
f the reaction reversibility. If the adsorptions of both the reac-
ant and the product of a quasi-reversible redox couple are equally
trong, a maximum appears in the plot of Ip,nf −1 vs. f or f −1, at
SW frequency which is approximately equal to ks of the redox

eaction [27,33]. In the region of the maximum, the curve can be
−1 −1
pproximated by a parabola, and if (Ip,nf ) = (Ip,nf )max, then

max = ks/ωmax [33]. Thus, the equation:

s = ωmaxfmax (2)

s a convenient way to calculate ks.
10 180 0.571 44 39

a ks,app = fmaxωmax, where ωmax = 0.9 was obtained from Table 2.3 of Ref. [33] for
n�ESW = 0.050 V and (1 − ˛) = 0.6.

Moreover, the theory predicts that a useful “quasi-reversible
maximum” appears only if −1.5 < log ω < 1.5 [34].

The theoretically calculated critical kinetics parameter, ωmax,
depends on the transfer coefficient (1 − ˛), on the product of the
SW amplitude and the number of electrons, n�ESW, but it is inde-
pendent of the normalized potential increment, n�Es and of the
amount of initially adsorbed reactant [33]. In the presence of uni-
form lateral interactions between adsorbed species, the product
of the real standard rate constant, ks and the exponential term
exp(−2g′�) defines a new apparent rate constant of the surface
redox reaction:

ks,app = ks exp(−2g′�) (3)

where g′� is the interaction product. Therefore, the degree of inter-
actions depends on both the relative coverage of the electrode
surface � and Frumkin interaction parameter g′ [33,34]. The posi-
tion of the maximum is associated with a certain critical value of
the interaction product (g′�)max, which depends on the value of the
ratio ks/f. Therefore, to reach the quasi-reversible maximum, the
following condition must be satisfied:

ks exp−2(g′�)f −1
max = (ωint)max (4)

where the values of (ωint)max are identical with ωmax for a sim-
ple surface redox reaction without interactions between adsorbed
species. Moreover, as ks,app = ks exp(−2g′�), it is possible to infer
that when the interaction forces are attractive (g′ > 0) the formal
rate constant for the surface redox couple decreases.

Plots of Ip,nf −1 vs. f obtained as previously described after MOR
accumulation onto the GC electrode are shown in Fig. 6. These plots
obtained a different tacc (at a given c∗

MOR) as well as at different c∗
MOR

(at tacc = 180 s) are shown in Figs. 6a–c, respectively. As it can be
observed, the fmax decreases with both the tacc and the c∗

MOR as it
is theoretically expected for a surface redox couple with attractive
interactions between adsorbed molecules [33] (see Table 1).

The theory also predicts that if the rate of reaction becomes
rapid, the net peak current of a SW voltammogram splits and the net
peak height approaches zero [28]. The skew of forward and reverse
peaks on the potential scale, as the dimensionless rate constant
is increased, produced the splitting of the net peak. Experimen-
tally, we can find this behavior when the SW frequency decreasing
or the SW amplitude is increased [28]. However, changes in the
peak shape, which carry kinetics information, are more efficiently
producing the variation of the SW amplitude than the frequency
[28]. Thus, a set of SWV experiments where, c∗

MOR and the SW
amplitude was varied at a given frequency was performed. The net,
forward, and reverse currents recorded at a frequency of 100 Hz and
at different �ESW are shown in Fig. 5. As is theoretically predicted
[28,29,33], large changes in voltammogram shape are obtained

when �ESW increases for an appropriate fixed frequency. For small
�ESW (i.e., 0.025 V) and f = 100 Hz, a single net peak is observed.
However, at the same frequency the peak started to split at about
�ESW = 0.050 V and is almost completely split at �ESW = 0.125 V.
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Besides, the adsorptive accumulation is analytically useful only
if the portion of the electrode surface covered by the adsorbed reac-
tant is small (about 20% of the total area). Under this condition,
the relationship between the surface concentration of the adsorbed
substrate and its bulk concentration may be considered as approx-

Table 2
Anodic (Ep,a) and cathodic (Ep,c) peak potentials (vs. SCE), anodic (Ip,a) and cathodic
(Ip,c) peak currents for the split SW peaks, the ratio between Ip,a and Ip,c, (1 − ˛)
and E0′

f
values for the overall two-electron adsorbed redox couple at GC elec-

trodes in 0.2 mol dm−3 buffer phosphate pH 7.00 aqueous solutions. �Es = 0.005 V
and f = 100 Hz. The concentration of MOR in the accumulation solution was c∗

MOR =
1 × 10−5 mol dm−3.

�ESW Ep,a (V) Ip,a (�A) Ep,c (V) −Ip,c (�A) Ip,a/Ip,c (1 − ˛) E0′
f

(V)

0.025 0.256 2.265 0.261 2.034 1.114 0.46 0.258
0.050 0.276 1.265 0.300 1.240 0.972 0.51 0.288
ig. 5. The forward (If), reverse (Ir) and net (In) currents from SW voltammograms o
t different SW amplitudes. �ESW were a) 0.025 V, b) 0.050 V, c) 0.075 d) 0.100 e) 0.1
WV parameters were �Es = 0.005 V and f = 100 Hz.

An average value for the formal potential of the surface redox
ouple of E0′

f = (0.27 ± 0.02) V was obtained from E0′
f = 1

2 (Ep,a +
p,c), where Ep,c and Ep,c are the peak potentials for anodic (forward)
nd cathodic (reverse) scans, respectively.

On the other hand, for (1 − ˛) > 0.2, the ratio between the anodic
forward) and cathodic (reverse) peak currents, Ip,a/Ip,c can be
pproximated by a single exponential curve [33]:

Ip,a

Ip,c
= 5.5414 exp[−3.4606(1 − ˛)] (5)

From Eq. (5) an average value of (1 − ˛) = (0.59 ± 0.09) was
alculated.

Experimental values of Ep,a, Ep,c, Ip,a, Ip,c, the ratio between Ip,a

nd Ip,c and (1 − ˛) for the MOR overall two-electron oxidation are
hown in Table 2.

Values of ks,app were calculated from Eq. (2) using the values of
max obtained from Table 2.3 in Ref. [33] (see Table 1), i.e., 0.9 for
�ESW = 0.050 V and (1 − ˛) = 0.6 (Table 1). The error in the estima-
ion of ks,app by using ωmax is close to 10% [33].

A plot of ln ks,app vs. � (Eq. (3)) was linear in the range
.080 < � < 0.217 (four points were included in the correlation,

= 0.9975). From the intercept and the slope of this plot, values
f (1.51 ± 0.07) and 87 s−1 were calculated for the Frumkin interac-
ion parameter and the overall formal rate constant, respectively.
he value of g′ is close to that previously determined from CV mea-
urements (g′ = 1.90).
adsorbed on a GC electrode, recorded in blank solution 0.2 mol dm−3 PBS (pH 7.00)
and f) 0.150 V. The c∗

MOR in the accumulation solution was 1 × 10−5 mol dm−3. Other

3.3. Determination of MOR in pure solutions

Some results of MOR adsorbed SWV responses with the MOR
bulk concentration are studied here as a simple introduction
for a future publication about its analytical application. The net
current–potential curve in SWV is the most useful analytical signal
[33]. The high sensitivity of the adsorptive accumulation method is
obviously the greatest advantage.
0.075 0.261 1.991 0.335 3.201 0.630 0.63 0.298
0.100 0.252 1.593 0.344 1.998 0.797 0.56 0.298
0.125 0.164 2.262 0.345 4.491 0.504 0.70 0.254
0.150 0.169 2.273 0.344 4.056 0.560 0.66 0.256

E0′
f

= (0.27 ± 0.02) V; (1 − ˛) = (0.59 ± 0.09).
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Fig. 6. Dependence of the ratio of net peak current and frequency (Ip,nf−1) and the
SW frequency obtained for MOR in the reaction medium 0.2 mol dm−3 phosphate
buffer solution (pH 7.00). a) tacc: � = 120 s; � = 180 s (c∗

MOR = 5 × 10−6 mol dm−3). b)
c∗ : N = 7.5 × 10−6 mol dm−3 and � = 10 × 10−6 mol dm−3 (tacc = 180 s). c) � c∗ =
1
m
I
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f
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f
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[
[
[

[
[

[

[
[
[
[

[

[

[
[
[
[

[
[
[
[
[
[

MOR MOR

× 10−6 mol dm−3 (tacc = 180 s). fmax was calculated from the first derivative of the
athematical expression for the parabola resulting from a best fit with experimental

p,nf−1 values. �ESW = 0.025 V and �Es = 0.005 V.

mately linear [27]. The combination of adsorptive accumulation
ith SWV provides to be an electroanalytical tool very valuable

or performing trace analysis of compounds that are both surface
ctive and electroactive. The determination of MOR was carried out
n blank unstirred solutions (0.2 mol dm−3 PBS, pH 7.00) after per-
orming its accumulation at the GC electrode surface in solutions of
ifferent c∗

MOR during tacc = 180 s at Eacc = −0.10 V. A linear relation-
hip between Ip,n vs. c∗

MOR was obtained at f = 100 Hz in the range
rom 1.27 × 10−7 to 2.50 × 10−5 mol dm−3. The linear regression
an be expressed by a least square procedure as:

p,n = (0.39 ± 0.01) × c∗
MOR − (1.1 ± 0.1) × 10−8, r = 0.9998 (6)

In Eq. (6), Ip,n is expressed in amperes and c∗
MOR in mol dm−3.

ata used in the regression analysis of the calibration plot were
he average of three replicated measurements (eight experimental

oints were taken into account).

In addition, the lowest concentration value measured
xperimentally for a signal to noise ratio of 3:1 [37] was
.25 × 10−8 mol dm−3 (3 ppb).

[
[

[
[
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4. Conclusions

It has been shown that the adsorption of MOR on GC electrodes,
under experimental conditions where the reaction is mainly con-
trolled by the reactant adsorption, follows the Frumkin adsorption
isotherm. In addition, attractive interactions between adsorbed
molecules characterize the adsorption process.

The combination of the “quasi-reversible maximum” and the
“split of net SW peaks” methods, where the interaction between
adsorbed molecules was taken into account, was employed for the
first time to carry out a full thermodynamic and kinetics charac-
terization of morin adsorbed at glassy carbon electrodes. On the
other hand, the adsorptive accumulation of morin at glassy car-
bon electrodes appears as a very promising analytical tool for the
determination of morin in the future in real samples.
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