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This work demonstrates how the way a chemical system is sampled plays a key role in spectroelectroanalysis,
illustrated by the quantification of an analyte in presence of an antioxidant compound. For this purpose, bidi-
mensional spectroelectrochemistry experiments were performed using epinephrine as the model analyte and
ascorbic acid as antioxidant and interfering compound, as a proof of concept. This is the first time that three
calibration curves are obtained simultaneously on a single spectroelectrochemistry data set, one for the elec-
trochemical signal and two for the optical responses in normal and parallel configurations. The differences
between the two optical arrangements, that are related to the diffusion process which is an essential feature
for the spectroelectrochemical detection of compounds, have been experimentally demonstrated. As can be
observed, the spectral signal in parallel configuration allows us to obtain the best analytical results, since in
this configuration only the first micrometers of the solution adjacent to the electrode surface are sampled, thus
removing the interfering effect of the antioxidant compound. This fact does not occur with either the electro-
chemical signal or the spectral response in normal configuration. Furthermore, it has been shown that the par-
allel configuration provides better results than the normal configuration in terms of sensitivity. In summary,
epinephrine is successfully detected in a simple and effective way, even in the presence of a direct antioxidant
compound such as ascorbic acid at different concentrations levels, which makes spectroelectrochemistry a good
choice for quantitative analysis.
1. Introduction

Spectroelectrochemistry (SEC) is a technique that provides the elec-
trochemical information and the spectroscopic evolution of an elec-
tron-transfer process. In this way, signals of different nature are
obtained concurrently from a chemical system undergoing an oxida-
tion–reduction process [1–3]. Normal and parallel configuration are
the two main optical arrangements for UV–Vis molecular absorption
SEC [4–8]. On the one hand, in normal configuration, the light beam
follows a perpendicular trajectory to the electrode surface, providing
information related to changes that occurs both in the solution and
at the electrode surface [6,9–11]. This arrangement is characterized
by its easy assembly, but its optical pathway is limited to the thickness
of the diffusion layer. On the other hand, in parallel configuration
(long optical pathway arrangement), the light beam samples only
the solution adjacent to the working electrode in parallel direction
with respect to its surface, including only information about the spec-
tral changes that take place in the solution closer to the electrode
surface [12,13]. The main advantage of this configuration is the longer
optical path length compared to the one of the normal configuration,
which is associated with higher sensitivity and lower detection limits
for soluble compounds [6,11,14]. The main disadvantage could be the
assembly due to the difficulties in the alignment of the light beam
coming from the light source and going to the detector. However, this
drawback can be easily solved by using optical fibers that can be
attached to the electrode surface [4].

In 2001, bidimensional SEC (BSEC), the simultaneous combination
of normal and parallel arrangements, was developed [5]. BSEC pro-
vides simultaneously one electrochemical and two spectroscopic sig-
nals [4,5]. A light beam samples the system in perpendicular
direction to the working electrode surface, meanwhile, a parallel light
beam with respect to the electrode surface passes through the solution.
Thus, BSEC can distinguish in a single experiment which processes
take place in the solution and which ones on the electrode surface dur-
ing an electrochemical reaction [4–6,11]. Although the use of UV/Vis
absorption SEC is proving to be of great utility in quantitative analysis
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[10,13,15–19], BSEC has never been used for this purpose so far,
although it has been widely used for the study of reaction mechanisms
and the characterization of conductive polymers [20,21]. In all these
works, BSEC has proven to be a very powerful tool that guarantees that
all the information obtained is related to the same electrochemical
process.

This great potential of BSEC has been exploited in this work to
demonstrate an additional advantage of parallel configuration over
the normal one, even over the electrochemical response. This
advantage is of great utility in quantification of compounds in pres-
ence of interfering and antioxidant species. For this purpose, com-
mercial screen-printed electrodes (SPEs) and a fiber-optic based
BSEC cell are used to detect the concentration of epinephrine
(EP) in presence of ascorbic acid (AA). EP, also known as adrena-
line, is a neurotransmitter that plays a fundamental role in human
metabolism, regulating physiological processes and acting as chem-
ical messenger [22–25]. Low levels of EP have been found in
patients with Parkinson's disease and can result in different mental
and physical problems such as anxiety, depression or migraine
headaches. EP has been widely studied with electrochemical tech-
niques [26–28], but scarcely with SEC, although EP and its oxida-
tion products have well-differentiated spectra [25,29,30]. For its
part, AA is considered an essential vitamin in the human diet that
can be found in the brain in presence of EP. It has an antioxidant
character and it can be considered as a direct interfering species of
EP when detected electrochemically [28,31–35]. This type of inter-
ference has been previously avoided combining spectroelectrochem-
istry with multivariate analysis [13,19]. In this work, we avoid the
interference of AA in the determination of EP using simple exper-
iments, without any multivariate analysis, and employing the
advantages of electrochemistry of controlling the generation of
the oxidized compounds.

To demonstrate experimentally the capabilities of BSEC for the
analysis of mixtures with interfering species that have antioxidant
properties, the main objective of this work is the quantification
of EP in the presence of AA, allowing us to select the best con-
figuration for quantitative purposes thanks to the large amount of
information provided by BSEC. So, this BSEC study, which had
never been carried out before, allows us to distinguish the differ-
ent results obtained using each configuration and to select the
best arrangement for this kind of systems, all in a single
experiment.
2. Materials and methods

2.1. Reagents and materials

L(-)-Epinephrine (EP, 99 %, Acros Organics), ascorbic acid (AA, L
(+)-Ascorbic acid, ACS reagent, Acros Organics) and perchloric acid
(HClO4, 60 %, Panreac) were used as received without further purifi-
cation. Commercial SPEs (DRP-110, Metrohm-DropSens), which
included a three-electrode configuration printed on the same support,
were used to perform all the experiments. Each SPE has a 4 mm diam-
eter disk screen-printed carbon working electrode (WE), a carbon
counter electrode (CE) and a silver pseudo-reference electrode (RE).
In all experiments, cyclic voltammograms (CVs) corresponding to a
first scan, starting at a potential where no electrochemical reaction
takes place, are shown. All voltammograms are represented respect
to a silver pseudo-reference electrode. For comparison with experi-
ments in literature, a difference of +0.588 V respect to a reversible
hydrogen electrode (RHE) is measured using the same supporting elec-
trolyte composition, Figure S1, in Supplementary Material (SM).

All solutions were daily prepared using high-quality water (18.2
MΩ cm resistivity at 25 °C, Milli-Q Direct 8, Millipore). All experiments
were performed at room temperature.
2

2.2. Instrumentation

Two customized SPELEC instruments (Metrohm-DropSens), con-
trolled by DropView SPELEC software (Metrohm-DropSens), were
used for the BSEC experiments.
2.3. Experimental setup

A bifurcated optical fiber (QBIF600-UV–VIS, Ocean Optics) was
connected to the light source. A scheme of the BSEC cell used to per-
form the experiments is shown in Fig. 1. As can be observed, a reflec-
tion probe which consists of 6 illumination optical fibers and a central
collection optical fiber was connected to obtain the optical response in
normal configuration (FCR-7UV200-2–2.5X100-ME-SR, Avantes). The
reflection probe was placed at 1.8 mm from the working electrode
using a clamp. In order to obtain the optical response in parallel
arrangement, two bare optical fibers (100 μm in diameter, Ocean
Optics) were aligned face to face on the working electrode at a dis-
tance of 0.2 mm. One of the optical fibers was connected to the light
source and the other one to the spectrometer. To perform the corre-
sponding measurements, a solution drop (100 µL) was placed on the
electrode, covering the three-electrode system and the ends of the
reflection probe and the bare optical fibers. In all experiments the ini-
tial solution was taken as reference spectrum.
3. Results and discussion

3.1. BSEC of EP using cyclic voltammetry

The BSEC behavior of EP in acidic medium is shown in Fig. 2. This
figure is related to a solution of 2·10−3 M EP in 0.1 M HClO4. As can be
observed, the cyclic voltammogram (CV) between −0.20 V and
+0.90 V at 0.01 V s−1 shows a quasi-reversible behavior (Fig. 2a) with
an oxidation peak at +0.28 V and a cathodic one peaking at +0.15 V.
At this acidic pH, the oxidation mechanism corresponds to the oxida-
tion of EP to epinephrinequinone (EPQ) [23–25,36]. This oxidation
process in acidic media is related to the transfer of two electrons
and two protons, with the generation of EPQ, that is regenerated in
the backward scan, being the formal potential of +0.215 V. The opti-
cal responses in parallel and normal configuration are plotted in
Fig. 2b and 2c, respectively. In the two configurations, an absorption
band that evolves along the experiment can be observed centered at
385 nm, corresponding to the oxidation of EP to the appropriate qui-
none. Fig. 2d displays the cyclic voltabsorptograms (CVAs) at
385 nm for the two optical configurations. In parallel arrangement, a
quasi-stationary stage is reached at the end of the forward scan. At this
point, the absorbance achieves an almost constant value (around 0.37
a.u.) because the optical fibers only sampled approximately the first
120 μm closest to the working electrode surface (diameter of the opti-
cal fibers attached to the electrode surface, 100 μm, covered by a clad-
ding). However, all the diffusion layer is sampled in normal
configuration, and the absorbance continues to increase in the catho-
dic scan until the potential is low enough to reduce the EPQ generated.
It should be remarked that, in both CVAs, absorbance starts to increase
at the same potential, around +0.20 V due to the oxidation of EP to
EPQ. In the same way, absorbance also starts to decrease at the same
potential in the backward scan due to the reduction of EPQ to EP,
around +0.19 V. As it is explained in the introduction section, the
main advantage of BSEC is that it provides in a single experiment
one electrochemical and two spectroscopic signals simultaneously,
all of them related to a single system, in this case the oxidation of
EP. This multirresponse technique avoids problems of data correlation
when consecutive experiments are performed, due to the difficulty of
achieving exactly the same experimental conditions. Fig. 2 also reveals
that the absorbance signal in parallel configuration is remarkably



Fig. 1. Schematic view of the BSEC cell (a) disassembled and (b) assembled; upper body has been removed to clearly observe the position of the optical fibers in
the assembled cell. (1) Lower body for supporting the screen-printed electrode (2) upper body to fix the electrode (3) illumination optical fiber in parallel
configuration (4) collection optical fiber in parallel configuration and (5) reflection probe for normal configuration measurements.

Fig. 2. BSEC experiment of 2·10−3 M EP in 0.1 M HClO4 between−0.20 V and +0.90 V at 0.01 V s−1. (a) CV. Contour plot of the optical responses in (b) parallel
and (c) normal configurations. (d) CVAs at 385 nm for the two optical configurations.
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higher than that obtained in normal arrangement (0.37 a.u. vs. 0.15 a.
u.), due to the longer optical path length (2 mm) in parallel configura-
tion vs. the thickness of the diffusion layer in normal arrangement.

An acidic pH has been selected to study EP because at a higher pH
the product generated during the oxidation process can polymerize,
yielding an insoluble product deposited on the electrode surface
[37,38]. In that case, BSEC is a very useful analytical technique
because the adsorbed products are easily detected in normal direction,
providing different spectra in the two optical configurations, normal
and parallel [5,39]. Acidic medium allows us to work using the same
electrode for all the experiments.

BSEC experiments can be useful to extract valuable information
about the process taking place at the electrode surface, including the
diffusion coefficients or the thickness of the diffusion layer. For this
purpose, suitable models have been described in literature [6,40]
which consider a precise definition of the position of the light beam
interrogating the diffusion layer.

In a very simple approach, a very rough estimation of the thickness
of the diffusion layer can be obtained from the ratio of the optical sig-
nal in normal and parallel configuration, knowing the distance
between the two optical fibers in parallel arrangement. The ratio
3

between the absorbance in the two configurations is proportional to
the ratio between the optical pathways, and therefore, the approxi-
mate diffusion layer thickness can be calculated from Equation (1).
wðEÞ ¼ ANðEÞd
2APðEÞ ð1Þ
where AN(E) is the absorbance in normal configuration at a specific
wavelength and potential, AP(E) is the absorbance in parallel configura-
tion at the same wavelength and potential, d is the optical pathway in
parallel direction (distance between the two optical fibers) and w(E) is
the thickness of the diffusion layer at a specific potential, which is sam-
pled twice in a near-normal reflection experiment. Figure S2 shows the
evolution of the thickness of the diffusion layer with potential. For
example, in the vertex potential, +0.90 V, at 385 nm a thickness of
308 µm is calculated, reaching a value of 370 µm at +0.40 V in the
backward scan, and finally a value of 390 µm at +0.20 V in the back-
ward scan. In spite of being an approximation, these values are in good
agreement with the expected value which can be calculated from the
approximation w ¼ ffiffiffiffiffiffiffiffi

πDt
p

.
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3.2. BSEC of mixtures of EP and AA using cyclic voltammetry

After this initial spectroelectrochemical study of EP oxidation,
BSEC experiments selecting cyclic voltammetry as electrochemical
technique were carried out to compare the behaviors of EP, AA and
a mixture of both compounds, all prepared in acidic medium (0.1 M
HClO4). In Fig. 3 are plotted the CVs and the corresponding CVAs at
the characteristic wavelength of EPQ, 385 nm.

The CVs in Fig. 3a show the electrochemical oxidation mechanism
of EP (explained in Section 3.1) and AA. The oxidation mechanism of
AA is characterized by the transfer of two electrons and two protons in
which dehydroascorbic acid (DHA) is electrogenerated, followed by an
irreversible chemical reaction, hydrolysis of DHA, yielding 2,3-dike-
togulonic acid, electrochemically inactive [41]. This mechanism can
be observed in the AA CV (green line, Fig. 3a), which only presents
the anodic peak at +0.15 V. It should be highlighted that the oxida-
tion of AA starts at 0 V, before the oxidation of EP, that begins at
+0.15 V.

The CV corresponding to the mixture of EP and AA shows two over-
lapped anodic peaks, the first one related to the oxidation of AA and
the second one to the oxidation of EP (orange line, Fig. 3a). Comparing
the CVs of EP and the mixture of EP and AA, and considering that both
solutions have the same concentration of EP, several differences can be
observed. On the one hand, the anodic peak of EP is 20 % more intense
in the mixture of compounds than in the solution containing only EP.
On the other hand, the anodic peak potential is slightly higher in the
mixed solution than in the EP solution. It can be concluded that AA
interferes with the electrochemical detection of EP.

To compare the spectroscopic responses, the CVAs at 385 nm of EP,
AA, and EP + AA in normal and parallel configurations are plotted in
Fig. 3b. This wavelength was selected because it is related to the oxi-
dation of EP to EPQ. For this reason, no change in absorbance values is
observed in the CVAs recorded during the oxidation of the ascorbic
Fig. 3. Comparison between (a) CVs and (b) the corresponding CVAs at 385 nm for
and a solution mixture of 2·10−3 M EP and 5·10−4 M AA (orange lines), all in 0.1
normal configuration is denoted by dotted lines and the absorbance in parallel con
line) and parallel configuration (pink line) between the solution with EP and the

4

acid solution (green lines, Fig. 3b). However, several differences can
be observed between both arrangements in the signals related to EP
and EP + AA solutions. In both cases, the absorbance achieved in nor-
mal configuration is lower than in parallel arrangement, which is due
to the shorter optical pathway, as was explained in Section 3.1 for EP
signals. Both, in normal and parallel configuration, it is observed that
the oxidation of EP starts at +0.20 V. From this potential onwards,
until the vertex potential, the absorbance increases due to the oxida-
tion of EP to EPQ in a diffusion-controlled process. In the reduction
scan, the absorbance decreases from +0.19 V due to the consumption
of EPQ.

The absorbance value reached in the CVAs in both configurations
due to the oxidation of EP in presence of AA is always lower than
the absorbance value achieved in absence of this vitamin. This is
due to the antioxidant effect of AA. When the potential applied is high
enough, electrochemical oxidation of EP to EPQ occurs, which is then
chemically reduced to EP by AA. This antioxidant effect is also respon-
sible for the delay in detecting the increase in absorbance related to
the generation of EPQ, which is noticeable from about +0.25 V. How-
ever, there are remarkable differences between normal and parallel
configuration. Calculating the relative variation of absorbance at
385 nm in both configurations in the presence and absence of AA,
according to Equation (2), in normal configuration absorbance in
EP + AA solution is around a 35 % lower than in EP solution (blue line
in Fig. 3c) from+0.35 V and +0.90 V in the anodic scan. However, in
parallel configuration this difference decreases along the anodic scan
from a 35 % at +0.35 V to a 1 % at +0.90 V (pink line in Fig. 3c).

%ΔAX
relative at 385 nm ¼ AX;385 nm

EP � AX;385 nm
EPþAA

AX;385 nm
EP

� 100 ð2Þ

where absorbance values at 385 nm (A385 nm) correspond to the anodic
scan between +0.20 V (where the oxidation of EP starts) and +0.90 V
the BSEC experiments of 2·10−3 M EP (blue lines), 3·10−4 M AA (green lines),
M HClO4, between −0.20 V and +0.90 V at 0.01 V s−1. The absorbance in
figuration by solid lines. (c) Relative variation of absorbance in normal (blue
one containing EP and AA in the forward scan.



Fig. 4. Comparison between the corresponding CAbs at 385 nm for the BSEC
experiments of 2·10−3 M EP (blue lines), 3·10−4 M AA (green lines), and a
solution mixture of 2·10−3 M EP and AA 5·10−4 M (orange lines), all in HClO4

0.1 M, applying +0.90 V during 125 s. The absorbance in normal configu-
ration is denoted by dotted lines and the absorbance in parallel configuration
by solid lines.

Table 1
Set of samples prepared with different concentrations of EP and AA for BSEC
calibration.

Sample CEP (M) CAA (M)

01 0 0
02 2·10−3 0
03 0 3·10−4

04 1·10−3 4·10−4

05 3·10−3 4·10−4

06 5·10−4 3·10−4

07 2·10−4 5·10−4

08 1·10−4 1·10−4

09 2·10−3 5·10−4

10 5·10−3 3·10−4

11 4·10−3 5·10−4

12 0 0
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(where the anodic scan ends), and X denotes normal or parallel
configuration.

The explanation for these differences in the optical signal is related
to the different regions of the solution sampled with each arrange-
ment. In parallel configuration, approximately, only the first 120 μm
of the solution adjacent to the working electrode are sampled, consid-
ering the cladding of the optical fibers. At the end of the anodic scan in
this arrangement practically all the AA is oxidized, and the antioxidant
effect disappears along the experiment. Consequently, the more AA is
oxidized, the more EPQ is present in the diffusion layer. Conversely, in
normal configuration, both the diffusion layer and the bulk solution
are sampled. In the solution near the electrode the AA is oxidized to
DHA along the anodic scan and its antioxidant action is less noticeable.
But in the bulk solution AA still exists, which reacts with the electro-
generated EPQ that diffuses beyond 120 μm of the solution sampled
by the optical fibers in parallel configuration, regenerating EP again.
This causes that in normal configuration, the absorbance measured
in the presence of AA is 35 % lower than that recorded in the absence
of this antioxidant along the whole anodic scan.

Summarizing, as it is demonstrated, EPQ, which is the compound
followed at 385 nm, only exists in the diffusion layer, corresponding
to the first 120 μm of the solution adjacent to the working electrode
where the amount of AA is negligible due to its electrochemical oxida-
tion along the anodic scan and the chemical reaction of AA with EPQ.
Consequently, as normal configuration provides information not only
about the solution interrogated by the optical fibers, close to the elec-
trode, but also about the bulk solution, where the presence of AA is
practically constant, the differences between the absorbance values
are remarkable and quite constant. In contrast, parallel configuration
provides optical information only about the solution adjacent to the
electrode surface, the first 120 μm, where the amount of AA greatly
diminishes along the anodic scan. So, the EPQ can be successfully
detected at the end of the oxidation scan in parallel configuration.

Finally, these results allow us to compare the differences between
the normal and parallel configuration in a system with the presence
of an antioxidant compound, understanding what signal can be used,
in this case, to carry out the quantification of EP in the presence of a
highly interfering species, and which ones cannot be used. In this
way, as demonstrated below, the optical response in parallel configu-
ration improves considerably the results of the EP detection using elec-
trochemistry and the spectral response in normal arrangement, which
is the most important fact to consider for carrying out the quantitative
analysis.

3.3. Determination of EP in presence of AA using BSEC
chronoamperometric detection

To quantify EP in presence of AA, chronoamperometric detection is
selected due to its higher efficiency in the oxidation process by apply-
ing a sufficiently anodic fixed potential for a fixed time, which also
shortens the length of the experiments. Since it is observed in
Fig. 3a, EP is completely oxidized at +0.90 V and the process is diffu-
sion-controlled.

BSEC chronoamperometry experiments were performed applying a
potential of +0.90 V during 125 s. Fig. 4 shows chronoabsorptograms
(CAbs) at 385 nm of EP, AA, and EP + AA, in normal and parallel con-
figuration. When the potential of +0.90 V is applied, the absorbance
increases because of the oxidation of EP generating EPQ (blue lines,
Fig. 4). As it has been explained above, the absorbance achieved in
normal configuration (dotted lines, Fig. 4) is always lower than in par-
allel configuration (solid lines, Fig. 4), because of the shorter optical
pathway. Around 125 s, the absorbance in parallel configuration
reaches a constant and maximum value, because almost all the EP in
the 100 µm sampled by the light beam is transformed in EPQ. As
can be inferred, the interpretation of Fig. 3 considering the different
information obtained with normal and the parallel arrangements are
5

also valid to chronoamperometric experiments depicted in Fig. 4. As
shown in the CVAs in Fig. 3b, the CAbs in normal configuration for
EP + AA solution is around a 35 % lower than for EP solution because
of the antioxidant effect of AA (orange lines, Fig. 4). However, the
antioxidant activity of AA in parallel configuration decreases signifi-
cantly along the chronoamperometric experiment, reaching at 125 s
almost the same absorbance value. In a similar way to CVs experi-
ments, absorbance does not change during the whole experiment for
solutions that only includes AA (green lines, Fig. 4).

From the absorbance values in normal and parallel configuration
and considering Equation (1), the thickness of the diffusion layer is
approximately 500 μm. Therefore, from the approximation
w ¼ ffiffiffiffiffiffiffiffi

πDt
p

, an approximate diffusion coefficient of 6.37·10−6 cm2

s−1 is estimated. Assuming a similar diffusion coefficient for AA, at
125 s, few AA is located close to the optical fibers and its interference
in the oxidation of EP should be really low in parallel configuration,
where only the 120 μm closest to the electrode surface are
interrogated.

A set of 12 chronoamperometric BSEC experiments applying
+0.90 V during 125 s were performed to construct a BSEC calibration
model, with the aim of demonstrating that EP can be determined not
only in the absence but also in the presence of different concentrations
of AA when parallel arrangement is used. Hence, different calibration
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samples were prepared with concentrations of EP between 0 and
5·10−3 M in 0.1 M HClO4 and with different concentrations of AA,
between 0 and 5·10−4 M (Table 1).

Each experiment provides three different signals: the chronoamper-
ogram and two spectroscopic ones (the CAbs in normal and in parallel
configuration), being able to obtain three calibration curves (Fig. 5). It
should be indicated that current intensity and absorbance values in
normal and parallel configuration have been obtained at 125 s after
starting the experiment, that, according to Fig. 4, is the best time to
quantify EP in presence of AA, particularly for the parallel configura-
tion. The figures of merit obtained with each calibration model are
tabulated in Table 2.

In the calibration curve obtained with the electrochemical data
(Fig. 5a), there are some aspects that must be remarked considering
that current intensity includes the oxidation of both compounds, EP
and AA. There is a great difference between the two calibration points
with the same concentration of 2·10−3 M EP. The point which is above
the calibration curve has 5·10−4 M AA (sample 09), while the other
point does not have AA (sample 02). Therefore, the electrochemical
calibration curve is very sensitive to the presence of the interfering
compound because the electrochemical signal is due to the oxidation
not only of EP but also of AA. In addition, it should be highlighted that
the calibration curve remarkably fails at the lowest concentrations of
EP (see that the blank solution of EP in presence of AA, sample 03,
gives a current intensity value very different to the expected value of
zero, samples 01 and 12). Therefore, the experimental intercept is very
different to the expected one if no interferent affects the quantifica-
tion. Consequently, electrochemical data it is not suitable for the quan-
tification of EP in presence of AA, even though the R2 is close to 1.

Fig. 4b and 4d show the calibration curves obtained with the spec-
troscopic data, registered in normal and parallel configuration, respec-
tively, where the absorbance at 385 nm and +0.90 V is represented
versus EP concentration. It should be highlighted that also in normal
Fig. 5. Calibration curves at 125 s, after starting to apply the potential of +0.90 V
parallel absorbance at 385 nm, versus EP concentration. Twelve samples with
configuration for the 12 samples measured.

6

configuration there is a great difference between the values with a con-
centration of EP of 2·10−3 M. In this case, the point above the calibra-
tion curve has no AA (sample 02), while the point below the
calibration curve has 5·10−4 M AA (sample 09). As in the electrochem-
ical calibration curve, the absorbance in normal arrangement is very
sensitive to the presence of this interfering compound. Although this
calibration curve is not adequate to predict the concentration of EP
in presence of AA, there is an important advantage with respect to
the electrochemical one. The intercept is very similar to the expected
value of zero, because the AA does not absorb at 385 nm.

As expected from the previous sections, the figures of merit
obtained when the solution is sampled in a parallel configuration are
clearly better. The slope is significantly higher because of the higher
optical pathlength improving the sensitivity, the intercept is very close
to zero noting that AA does not absorb at this wavelength and does not
interfere in the absorbance values measured, the R2 is almost 1 and the
Syx is really low stating that the regression predictions fit perfectly the
data. Therefore, in parallel configuration, since at 125 s there is prac-
tically no interfering effect of AA, quantification of EP in presence of
AA in this concentration range can be suitably performed under these
conditions (Fig. 4c and 4d).

Aiming to compare the capability of prediction of these calibration
models, Table 3 shows the predicted concentrations of different mea-
sured samples of EP and AA and their relative errors. As can be
observed, although none of the R2 values are excessively far from 1
and Syx values are rather low, the values obtained using the calibration
model in parallel configuration are much better than those obtained
for the other calibration curves. In addition, the relative errors
obtained when the parallel calibration curve is used are lower than
5 %.

Thus, with these results it has been demonstrated that, the electro-
chemical curve is not suitable for such determination because the cur-
rent intensity is associated with the oxidation of both compounds (EP
, for (a) the current intensity, (b) the normal absorbance at 385 nm and (d) the
different concentrations of EP and AA were measured. (c) CAbs in parallel



Table 2
Figures of merit for the linear regression models obtained from current intensity and absorbance values at 385 nm, +0.90 V and 125 s, in normal and parallel
configuration.

Calibration model Slope (M−1) Intercept R2 Syx

I125 s vs. CEP 4.3·103 1.23 μA 0.9897 8.1.10−1

AN,385 nm vs. CEP 6.8·101 3.0·10−4 a.u. 0.9568 2.7.10−2

AP,385 nm vs. CEP 1.8·102 −4.5·10−3 a.u. 0.9993 8.7.10−3

R2: coefficient of determination; Syx: standard deviation of residuals.

Table 3
Predicted concentrations with their relative errors for five different samples obtained using the calibration models in Fig. 5 and Table 2.

Calibration model CEP, REAL (M) CEP, Predicted (M) CAA, REAL (M) % εr

I125 s vs. CEP 5·10−4 5.91·10−4 3·10−4 18
1·10−3 1.06·10−3 4·10−4 6
2·10−3 2.21·10−3 0 11
2·10−3 1.83·10−3 5·10−4 −8
4·10−3 4.07·10−3 5·10−4 2

AN,385 nm vs. CEP 5·10−4 4.57·10−4 3·10−4 −9
1·10−3 8.73·10−4 4·10−4 −13
2·10−3 2.69·10−3 0 34
2·10−3 1.71·10−3 5·10−4 −14
4·10−3 3.43·10−3 5·10−4 −14

AP,385 nm vs. CEP 5·10−4 5.22·10−4 3·10−4 4
1·10−3 1.03·10−3 4·10−4 3
2·10−3 2.05·10−3 0 3
2·10−3 2.01·10−3 5·10−4 0.4
4·10−3 3.97·10−3 5·10−4 0.8

εr: Relative error.
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and AA). Similarly, spectroscopic in normal arrangement is not either
adequate to such determination because it samples both the diffusion
layer and the bulk solution. Only the spectral information in parallel
configuration provides a valid calibration curve for the determination
of the concentration of the analyte of interest (EP) present in a prob-
lem sample in presence of an antioxidant compound such as AA. The
information provided in parallel arrangement is related to the first
120 µm adjacent to the electrode surface, where the presence of AA
is practically negligible at a time greater than 125 s, thus removing
the antioxidant effect at the AA concentrations studied in this work.

The results of this work demonstrate the capabilities of BSEC for
analysis of EP in presence of AA, showing the negative influence of this
interfering compound in the electrochemical signal and the optical sig-
nal in normal configuration, being the parallel configuration a good
option to quantify EP in presence of AA. The method is robust for con-
centrations of AA lower than 5·10−4 M. If AA concentrations higher
than 5·10−4 M need to be analyzed, a strategy based on a thin-layer
cell can be used. For example, for 5·103 M EP in presence of 5·10−3

M of AA, a difference of the signal in presence and in absence of AA
lower than a 3 % is observed at 125 s in parallel direction in an exper-
iment in a thin-layer cell (Figure S3). Moreover, the methodology pre-
sented in this work could be used to resolve more complex samples,
including for example similar analytes (dopamine, L-DOPA or interfer-
ing compounds), but multivariate analysis would be needed to decon-
volve the optical signals.

4. Conclusions

This work shows, for the very first time, quantitative analysis using
BSEC, which is a powerful tool that permits to assess which is the best
arrangement to perform quantitative measurements of an analyte in
presence of a direct interfering and antioxidant compound quickly
and easily. With this objective, the determination of EP in presence
of AA in acidic media was selected.

It has been demonstrated that the electrochemical signal includes
information of the oxidation process that occurs on the electrode sur-
7

face, the oxidation of EP to EPQ and the oxidation of AA to DHA. On
the other side, measurements of absorbance in normal configuration,
where both the diffusion layer and the bulk solution are sampled,
include information related to the distance-integrated concentration
of reactants and products across the diffusion layer as a result of the
oxidation reaction at the electrode surface. In the problem tackled in
this work, the presence of AA significantly affects the detection of
EP, being neither possible to quantify it correctly.

Conversely, absorbance in parallel arrangement allows the determi-
nation of EP despite the presence of AA. For this purpose, a sufficiently
high potential has been chosen to effectively oxidize both, AA and EP,
in order to practically eliminate the antioxidant effect of AA. In this
case, sampling approximately the 120 µm of the solution adjacent to
the working electrode in parallel configuration, where only the diffu-
sion layer is observed, the amount of AA at long enough times can be
negligible due to its electrochemical oxidation and the chemical reac-
tion with EPQ. Actually, the process is more complicated because the
formal potential of the two redox couples (AA/DHA and EP/EPQ) are
very close, as is observed in Fig. 3. Therefore, the methodology shown
in this work is effective for AA concentrations lower than 5·10−4 M,
since the diffusion of AA from the bulk solution in more concentrated
solutions can interfere in the optical response. For higher concentra-
tions, working in a thin-layer setup would be mandatory in order to
avoid the diffusion of the interfering compound from the bulk solu-
tion. In summary, while the electrochemical and normal absorbance
predicted values are very sensitive to the presence of the antioxidant
species in the sample, the parallel absorbance provides excellent
results to quantify EP in presence of AA, which should be extrapolated
to equivalent systems. Always, spectroelectrochemistry users must
take care to select appropriate experimental conditions to electro-
chemically remove the interfering compounds.

This paper increases the advantages of spectroelectrochemistry in
terms of selectivity, as well as demonstrates the need to select properly
the optical mode to carry out the analysis of the compounds, being
very important to know which configuration is more convenient to
select in each case. This strategy lays the groundwork for spectroelec-
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troanalysis for cases in which antioxidant compounds are present in
the solution.
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