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A B S T R A C T   

Theoretical and experimental considerations are made about possible analytical applications of spectroelec
trochemistry (SEC) in reflection mode using screen-printed electrodes. The system Fe(III)/Fe(II) – orthophe
nanthroline is taken as a model of electrochemical generation and consumption of a substance that is strongly 
absorbing: the Fe(II) – orthophenanthroline complex. Different possibilities of quantification are discussed, 
including cathodic and anodic peaks in cyclic voltammetry and both electrochemical and optical signals acquired 
in chronoamperometric experiments. Among these, the evolution of absorbance with the square root of time at a 
constant potential has shown interesting possibilities for the determination of Fe(III)-ion at micromolar level 
(LOD = 2 10-6 mol L-1). Moreover, this method appears to be resistant to the presence of other electroactive 
species such as Cu(II)-ions.   

1. Introduction 

Spectroelectrochemistry (SEC) is a hybrid technique arising from the 
combination of simultaneous electrochemical and spectroscopic mea
surements focused on substances electrochemically and optically active 
[1–4]. Since it was introduced in 1964 by Kuwana et al. [5], SEC has 
been mainly used in the study of mechanisms of electrochemical re
actions and for the characterisation of materials, but scarcely for 
quantitative analysis [4,6]. Among the different spectral ranges used, 
UV/vis and NIR are the most popular and, depending on the instru
mental configuration, absorption, reflectance, fluorescence or Raman 
spectra can be acquired [6]. 

For many years, SEC measurements were restricted to optically 
transparent electrodes [1–4], but the use of thin-layer long-pathway 
spectroelectrochemical cells [7] and some reflection setups [8,9] 
allowed the use of non-transparent electrodes such as carbon paste or 
glassy carbon electrodes, and even bismuth-film electrodes [10]. 
Recently, the increasing use of commercial screen-printed electrodes 
(SPE) as a simple to handle and modify, cost-effective, reproducible and 
versatile alternative to conventional solid electrodes [11–14] has 

provided a valuable tool to reinforce the possibilities of SEC for 
analytical purposes. In this context, the pioneering work of the group of 
Heras, Colina and López-Palacios is remarkable. They designed a device 
to carry out reflection SEC measurements (normal configuration) in the 
UV/vis region using SPE units. This experimental setup was successfully 
applied to the determination of dopamine and to the study of its 
oxidation mechanism [15] and it is, indeed, the precursor of the com
mercial reflection equipment used in the present study. The same group 
has made important progress in the application of SEC measurements in 
parallel configuration based on bare optical fibres [16–19]. This 
approach has proved to be more sensitive than the normal configuration 
and, hence, more appropriate for the determination of analytes. How
ever, to the best of our knowledge, no commercial equipment is yet 
available with this configuration, which significantly hinders its 
implementation as a routine analytical technique. 

Thus, in this work, we investigate as a proof of concept the suitability 
of SEC in reflection mode for quantitative analysis. For this purpose, we 
have chosen the Fe(II)/Fe(III) system in the presence of 1,10-phenan
throline, also known as ortho-phenanthroline (OP), as a model. OP is 
a well-known ligand used for the spectrophotometric determination of 
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Fe(II) in the visible region, since a strongly coloured Fe(OP)3
2+ complex 

is formed with quite high stability constants. If we consider the overall 
stability constants of the successive MLn complexes in the form βn =

[MLn]/([M][L]n), the logarithms of such constants are: log β1 = 5.85, log 
β2 = 11.15, log β3 = 21.0 [20]. As for the absorption capabilities, recent 
experiments have determined a molar absorptivity of ε = 12450 mol− 1 L 
cm− 1 at 510 nm [21]. Concerning to Fe(III), it also forms OP complexes, 
but with lower stability (log β1 = 6.5, log β2 = 11.4, log β3 = 14.1, also 
extracted from [20]) and much lower absorptivity. These features are 
very promising for the SEC analysis of Fe(III)-ion in the presence of OP, 
since its progressive reduction to Fe(II) generates a strongly coloured 
complex that can be optically detected. In fact, the use of OP has pro
vided excellent results in the stripping voltammetric analysis of Fe(III) 
using a carbon SPE [22]. In this work, Cu(II)-ions were also analysed, 
since they form stable and electroactive complexes with OP (log β1 =

9.08, log β2 = 15.8, log β3 = 21.0, according to [20]). and could be a 
valuable model of interference in the detection of Fe(III). 

A key point in the design of a quantitative analytical method is the 
improvement of the signal-to-noise ratio. To achieve this, the optical 
data acquired at 2007 wavelengths by SPELEC detector have been 
compressed by means of a discrete wavelet transform (DWT), a strategy 
that provided good results in a previous work with this kind of spectra 
[23]. Another important point is the selection of the most convenient 
equations to fit to experimental data. This is why the introduction is 
followed by a theoretical section with an overview of the expressions, 
mostly coming from transmission cells with optically transparent elec
trodes that could be applicable to the reflection case [1–3]. 

2. Theory 

In normal configuration (Fig. 1), a reflection probe is used, which 
includes a central optical fiber surrounded by six additional fibres. The 

external fibres uniformly illuminate a reduced region of the electrode 
surface with all the wavelengths coming from the radiation source, and 
the central fiber captures a part of the radiation reflected by the surface 
(coming from a surface even more reduced). Such captured radiation is 
analysed by a diode array detector and the light intensity at every 
wavelength is quantified in counts. 

Let us consider the geometry described by Fig. 1, where R1 is the 
radius of the working electrode of the SPCE unit, R2 is the radius of the 
reflected light beam collected by the central fiber, d is the distance be
tween the probe and the electrode surface (a few mm) and δ is the width 
of the diffusion layer (a few µm). If the drops of the solution are properly 
inserted in the reflection cell, all the space between the probe and the 
electrode is filled with solution. 

In the test solutions employed in this work, there is a bulk concen
tration of Fe(III)-ion and an excess of the ligand OP, which ensures that 
all the metal is in the complexed form Fe(OP)3

3+. At the electrode sur
face, the complex is reduced to the form Fe(OP)3

2+, whose colour is much 
more intense than that of the oxidised complex (especially at 510 nm):  

Fe(OP)3
3++1e-→Fe(OP)3

2+ (1) 

In the beginning of the measurement, the bulk concentration of the 
oxidised complex is c*ox, that is, the concentration of Fe(III) in the test 
solution, whereas the bulk concentration of the reduced complex is c*red 
= 0. If we apply a constant potential negative enough to reduce the Fe 
(III) complex at the maximum rate (i.e., controlled by diffusion), the 
Cottrell Equation for a planar electrode holds [3]: 

I =
nFSD1/2c*

ox

π1/2t1/2 (2)  

where I is the electrical current, n is the number of electrons involved in 
the redox process (1 in this case), F is the Faraday constant, D is the 

Fig. 1. Scheme of the reflection cell setup used in this work, showing the space comprised between the optical probe and the screen-printed unit. The sizes of the 
central and the six external optical fibres and the diffusion layer have been redimensioned, so that in practise R1≪R2 and δ≪d. The light entering the central fiber 
comes from the reflection of the light provided by the optical fibres surrounding the central one, which cover a radius quite bigger than R1. 
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diffusion coefficient of the oxidised complex (similar to that of the 
reduced complex), t is the time and S is the electrode surface (πR2

2 in our 
case). It is worth noting that, although in electrochemistry the electrode 
surface is usually denoted by A, in this work we will use S to prevent 
confusion with the optical absorbance. 

If we divide the current by nFS we get the flux J, i.e., the number of 
mols of Fe(OP)3

3+ that are consumed at the electrode per unit of time and 
surface. Taking into account Eqn. (1), J is also the number of mols of Fe 
(OP)3

2+ that are produced at the electrode per unit of time and surface: 

J =
I

nFS
=

D1/2c*
ox

π1/2t1/2 (3) 

Now, let us consider the absorbance A measured in the reflection cell 
at a fixed wavelength where only the reduced complex absorbs. Ac
cording to the Beer’s Law for the optical path shown in Fig. 1: 

A = log10
P0

P
= εcredd (4)  

where P and P0 are the radiant power (or light intensity) measured in the 
sample and in the reference, respectively, d is the optical path (in 
practice, the distance between the probe and the electrode), and ε and 
cred are the molar absorptivity and the concentration of the reduced 
complex inside the optical path, respectively. In SPELEC, P is measured 
in counts and the reference can be a blank solution including only the 
supporting electrolyte or the same sample just before starting the SEC 
measurement. 

As for cred, Beer’s law assumes a homogeneous distribution of the 
absorbing substance along the optical path and, obviously, this is not the 
case for the reduced complex, which is not initially present in the so
lution and is progressively generated at the electrode surface and 
diffusing towards the probe. Nevertheless, the reduced complex cannot 
go further the frontier delimited by the width of the diffusion layer δ, 
which is increasing with time but always will be much smaller than the 
optical path d. In a first approach, we can compute cred as the number of 
mols of reduced complex (nred) generated by the portion of the electrode 
surface covered by the detected beam divided by the volume of solution 
where the beam passes (V): 

cred =
nred

V
=

nred

πR2
1d

(5) 

The value of nred for a given time t can be deduced from the flux J, 
multiplying it by the constant surface defined by the beam radius (πR1

2) 
and integrating it with respect to time: 

nred =

∫ t

o
πR2

1Jdt = πR2
1

∫ t

o
Jdt (6) 

If we use Eqn. (3) for expressing the flux as a function of time and 
combine it with Eqn. (6), we get: 

nred = πR2
1

∫ t

0

D1/2c*
ox

π1/2 t− 1/2dt = π1/2R2
1D1/2c*

ox

∫ t

0
t− 1/2dt = (7)  

= 2π1/2R2
1D1/2c*

oxt
1/2 

Then, using Eqn. (5), cred is: 

cred =
nred

πR2
1d

=
2D1/2c*

oxt1/2

π1/2d
(8) 

and, substituting in Eqn. (4), we obtain the following expression for 
the absorbance, which is the same holding for transmission SEC exper
iments [1–3]: 

A =
2D1/2ε

π1/2 c*
oxt

1/2 (9) 

Equation (9) sets up a straightforward relationship among relevant 
parameters of the system and time. However, until now, it has been only 

used for measuring diffusion coefficients in long-pathway cells [1–3]. 
This expression states that the absorbance measured in reflectance mode 
does not depend on the distance between the electrode and the optical 
probe nor on the width of the beam covered by the central optical fiber 
attached to the detector. Moreover, it is directly proportional to the bulk 
concentration of the reagent (the oxidised complex in our case), the 
molar absorptivity of the coloured product (the reduced complex) and 
the square root of the time. This is especially useful in chronoampero
metric (CA) measurements using a single potential step, were the planar 
nature of screen-printed electrodes ensures the fulfilment of the Cottrell 
Equation and were measurements provide a large deal of data as a 
function of time. Eqn. (9) predicts that in chronoamperometric SEC 
measurements the plots of absorbance versus t1/2 should be linear with 
the following slope [1–3]: 

slope(Avs.t1/2) =
2D1/2ε

π1/2 c*
ox (10) 

And, if the slopes obtained for different concentrations of the oxi
dised complex are plotted versus such concentration, a ‘slope of slopes’ 
should be obtained which only depends on the diffusion coefficient of 
both complexes and the molar absorptivity of the reduced complex (the 
coloured product of the electrochemical reaction): 

slope(slopesvs.c*
ox) =

2D1/2ε
π1/2 (11) 

This can be used to estimate the diffusion coefficient from the molar 
absorptivity or vice-versa. 

Finally, taking the derivative of the absorbance with respect to the 
time and substitute the Cottrell Equation (2) in it: 

dA(t)
dt

=
D1/2ε
π1/2 c*

oxt
− 1/2 = I(t)

ε
nFS

(12) 

Although this relationship is only true under diffusion-controlled 
conditions (typical of amperometry), it could be roughly extrapolated 
to the situation where both I and A simultaneously depend on potential 
and time, as it happens in cyclic voltammetry. This would justify that the 
derivative of the absorbance with respect to time has a similar shape of 
the corresponding cyclic voltammogram. The key factor deciding which 
signal is more sensitive is the term ε/nFS. This means that, as expected, 
optical measurements would benefit from high molar absorptivities and 
voltammetric measurements would be enhanced with large electrode 
surfaces. A very important question, however, is the role of the noise in 
both measurements, that could be determinant in the choice of the more 
convenient signal for analytical purposes. Such question will be stated 
again when discussing experimental data. 

It is also interesting to consider the applicability of the previous 
equations when the coloured substance is not generated, but dis
appearing at the electrode surface. This would be the case of the 
oxidation of Fe(II) in the presence of an excess of OP when a constant 
oxidative potential is used (much more positive than this employed for 
the reduction of Fe(III)):  

Fe(OP)3
2+ → Fe(OP)3

3++ 1 e-                                                           (13) 

This electrochemical process causes a decrease in the concentration 
of the reduced complex (with higher molar absorptivity than the oxi
dised one). If measurements are still carried out at the maximum of 
absorption of the reduced complex, there will be a decrease of the 
absorbance with time. Thus, using Eqn. (4) with the initial spectrum as a 
blank, we will get negative absorbances as the solution progressively 
loses its colour due to the oxidation of the reduced complex: 

A = log10
P0

P
= εΔcredd (14)  

where both the absorbance A and the variation of the concentration of 
the reduced species Δcred are negative. Then, the concentration decrease 
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can be related to the flux of Eqn. (3), but now written in terms of cred* 
(the initial bulk concentration of the reduced complex) instead of cox*. 
Thus, following an analogous development, we can achieve an expres
sion equivalent to Eqn. (9) for the case of a constant potential producing 
the decrease of the concentration of the absorbing species and, hence, 
negative values of absorbance: 

− A =
2D1/2ε

π1/2 c*
redt1/2 (15)  

where ε is still the absorptivity at the optimal wavelength for the 
reduced complex and the negative absorbance is transformed into a 
positive number with the ‘-‘ sign. 

Finally, it is interesting to consider that the equations above have 
been deduced considering that the current I is proportional to the 
geometrical area of the electrode S = πR2. However, this is only true in 
mirror-like polished electrodes. In rough surfaces such as these of 
screen-printed electrodes the effective area S’ contributing to the elec
trochemical process can be quite bigger that the geometrical one S. 
Then, the current is proportional to S’ but the flux and the volume 
covered by the light beam have to be computed with S. If we define the 
rugosity coefficient fR in the form: 

fR = S′

/S (16)  

then, Eqns. (2) and (3) can be rewritten in the form: 

I =
nFS′D1/2c*

ox

π1/2t1/2 =
nFSfRD1/2c*

ox

π1/2t1/2 (17)  

J =
I

nFS
=

D1/2fRc*
ox

π1/2t1/2 (18)  

and Eqn. (10) becomes: 

slope(Avs.t1/2) =
2fRD1/2ε

π1/2 c*
ox (19)  

which can be useful for an accurate determination of diffusion 
coefficients. 

3. Material and methods 

3.1. Chemicals 

Analytical grade chemicals were utilized in all experiments. These 
chemicals were acquired from Merck (Darmstadt, Germany), except for 
orto-phenanthroline, which was purchased from J.T. Baker (Pennsyl
vania, USA). Stock solutions of Fe(III) and Cu(II) were prepared from 
their salts and standardized. Purified water (with electrical resistivity of 
18.4 MΩ cm) was obtained from Milli-Q Reference A + Water Purifi
cation System (Millipore, France) to prepare all solutions. Finally, all of 
the prepared solutions were kept at +4 ◦C until their use. 

3.2. Spectroelectrochemical measurements 

Spectroelectrochemical (SEC) measurements were conducted with a 
SPELEC equipment from Metrohm DropSens (Oviedo, Spain) controlled 
by the DropView SPELEC software system (Version 3.2.2). All mea
surements were carried out in a SEC cell (ref. DRP-REFLECELL 70055) in 
normal configuration, i.e., with the screen-printed electrode and the 
optical probe placed horizontally and vertically, respectively. 

Samples were inserted into the measuring device by first placing 50 
µL of sample onto the working electrode of the screen-printed carbon 
electrode (SPCE) unit, fixed onto the lower part of the cell (Fig. 1). The 
cell was closed inserting the upper part, which remained fixed with a set 
of eight magnets. Then, an additional volume of 50 µL was added 
through the hole on the top of the cell. Presence of any air bubbles was 

checked and prevented prior to the measurement. Once the sample was 
placed in the cell, the optical probe was introduced slowly in the hole 
and some extra drops were allowed to spill out from the sides of the 
probe. The cell was thoroughly washed with water after each mea
surement and a fresh drop was used every time. Also, a new SPCE was 
used for each set of measurements. SPCE devices, with a 4 mm diameter 
working electrode, were provided by Metrohm DropSens (DRP-110, 
Spain) and connected by means of a flexible cable provided by Metrohm 
DropSens (ref. CAST). 

Unless otherwise indicated, SEC measurements were conducted in 
solutions containing 25 mmol L-1 of OP in acetate buffer 0.1 mol L-1 (pH 
4.5). Cyclic voltammetric (CV) measurements were scanned between 
− 0.3 V and 1.1 V with a scan rate of 50 mV s− 1. Chronoamperometric 
(CA) measurements were carried out at a fixed potential of − 0.4 V every 
0.5 s during 90 s. Integration time was set to 1000 ms for all spectro
metric measurements considering a wavelength range from 200 nm to 
900 nm. 

3.3. Data treatment 

Raw experimental data were imported from DropView software to 
Excel® and Matlab® environments and processed with home-made 
programs written in Matlab language [24]. Raw optical spectra in 
counts acquired at 2007 wavelengths were submitted to four-level 
discrete wavelet transform (DWT) using Daubechies 4 function, which 
provided good results in the compression and denoising of spectra ac
quired with SPELEC in a previous study [23]. Absorbance spectra were 
computed from raw spectra or DWT-denoised spectra in counts using as 
a reference the corresponding spectra measured for the sample solution 
prior to the SEC measurement. In both cases, Eqn. (14) was applied to 
get the absorbance value for a given wavelength as A = log10 (p0/p), 
were p0, p are the counts measured before starting the electrochemical 
measurement and at the time when the absorbance is going to be 
computed, respectively. In practical terms, this means applying the 
equation above, element by element, to couples of vectors of 2007 or 
258 points to get single absorbance vectors of 2007 or 258 points. 

4. Results and discussion 

4.1. Preliminary voltammetric study 

CV was used for a preliminary study of the Fe(III)-OP system. Fig. 2 
compares the CV signals obtained at different concentrations of both 
substances. Fig. 2a shows in red colour a CV of Fe(III) in the absence of 
OP. In the forward scan there is a reduction peak of Fe(III)-ion at ca. 
− 0.2 mV, whereas in the backward scan there is a broad peak at ca. 0.2 V 
corresponding to the reoxidation of the Fe(II)-ion generated in the for
ward scan. The CV of OP alone, in blue colour, presents a significant 
capacitive current (large vertical distance between the currents in both 
scans as compared to the blank of the buffer) and several cathodic sig
nals: one relatively small and very broad at ca. 0.2 mV and another very 
large starting at ca. − 0.4 V. It is not clear whether these signals are due 
to the reduction of OP or to an enhanced reduction of the solvent. 
Anyway, the second signal restricts the working potential to values more 
positive than − 0.4 V. Finally, the CV of a mixture of Fe(III) and OP, in 
green colour, shows a cathodic peak in the forward scan at ca. 0.2 V and 
an anodic peak in the backward scan at ca. 0.9 V. The cathodic peak can 
be undoubtedly assigned to the reduction of the oxidised form of the iron 
complex (Fe(OP)3

3+) present in the solution. As for the anodic peak, it is 
due to the reoxidation of the reduced complex generated previously in 
the forward scan and which remains in the diffusion layer. If we 
compare both peaks with those obtained for the same concentration of 
Fe(III) in the absence of OP, we see that they are quite bigger, and much 
better shaped in the case of the anodic one. This fact suggests that the 
formation of OP complexes with Fe(II) and Fe(III) favours the electro
chemical processes of this redox pair. Moreover, both peaks are 
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dramatically moved to more positive potentials (more than 0.4 V the 
cathodic peak and more than 0.7 V the anodic one). Fig. 2b shows that 
this shift is progressive as the concentration of OP increases. This can be 
explained considering that the 1:3 complex of OP with Fe(II) (predom
inant at large excess of OP) is quite more stable than the analogous 
complex of Fe(III), which stabilises the reduced species as compared to 
the oxidised one. Thus, it is not surprising that the addition of OP makes 
Fe(III) easier to be reduced (cathodic peak potential less negative) and 
Fe(II) more difficult to be oxidised (anodic peaks more positive). At the 
view of these results, an intermediate concentration of 25 mmol L-1 of 
OP was selected for further experiments, in order to assure enough 
excess of ligand and to prevent too large interfering cathodic signals. 

Fig. 2c shows that, for a fixed concentration of OP 25 mmol L-1, 
successive additions of Fe(III)-ion cause a progressive increase of both 
peaks, thus confirming that they are caused by the reduction and 
oxidation of Fe(III) and Fe(II) complexes, respectively. A slight negative 
shift of the potentials is also observed as the concentration of iron in
creases (in opposition to the trend shown in Fig. 2b at increasing con
centrations of OP). Fig. 2d evidences a very good linear relationship 
between the anodic peak and the concentration of Fe(III), whereas 
linearity is not as good in the case of the cathodic peak, probably 
because of the interference of the cathodic signals of OP mentioned 
above. 

An additional study was made by differential pulse voltammetry 
(DPV), a very popular technique for analytical purposes. As shown in 
Fig. S1, a reduction signal of the complex of Fe(III) appears at ca. 0.1 V, i. 
e., the same potential region as the cathodic signal in CV. However, the 
peak is quite distorted and noisy, probably due to the above-mentioned 
cathodic signals of OP. Moreover, there is not a linear dependence of the 

peak height with the concentration of Fe(III). Consequently, DPV was 
discarded for the further studies. 

4.2. SEC study by means of cyclic voltammetry (CV) 

A series of SEC experiments were carried out in the reflection cell by 
means of CV at a fixed concentration of OP 25 mmol L-1 and increasing 
concentrations of Fe(III) in the range 0.01–1.0 mmol L-1. Fig. 3 shows 
some typical results obtained in this way for three different concentra
tions of Fe(III): 0.2, 0.5 and 1.0 mmol L-1. The potential scan (Fig. 3a) is 
the same as in Fig. 2c and the obtained voltammograms present a similar 
shape. Fig. 3b shows the counts of the 57 spectra registered in every 
experiment during the evolution of the CV scan. Although the counts at 
the different wavelengths are practically the same, there is a narrow 
region around 500 nm where the evolution of the potential produces 
significant changes in the number of counts. Moreover, the changes 
become more notorious as the concentration of Fe(III) increases. This 
strongly suggests that the decrease in the counts is due to the absorption 
of radiation in the region around 500 nm by the complex of Fe(II) with 
OP, which is released at the electrode as a consequence of the CV scan. 
The complex of Fe(III) does not seem to have a significant absorption in 
this region and, if it was not the case, the calculation of absorbance 
taking the initial spectrum as a reference would minimise such 
contribution. 

A key point in the treatment of UV–vis spectral data is the signal-to- 
noise ratio. Working with a low reflectance electrode such as SPCE is 
more versatile and affordable than using gold screen-printed units. 
However, the counts achieved are quite lower and this produces a 
considerable noise which becomes more relevant as the concentration of 

Fig. 2. Results of the preliminary CV study. a) CV signals obtained for the buffer alone, and solutions of Fe(III) 1.0 mmol L-1, OP 25 mmol L-1, and Fe(III) 1.0 mmol L- 

1 + OP 25 mmol L-1; b) evolution of CV signals for a Fe(III) solution 1.0 mmol L-1 and concentrations of OP 5, 10, 25, 50, 75 and 100 mmol L-1; c) evolution of CV 
signals for a OP solution 25 mmol L-1 and increasing concentrations of Fe(III) within the range 0.05 – 1.0 mmol L-1; d) calibration plots obtained from the heights of 
cathodic and anodic peaks shown in c. The directions of the scans are denoted with purple arrows. 
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Fe(III) decreases. The application of a DWT to the raw spectra in counts 
can be a very useful strategy covering two main objectives: compressing 
the data with minimal loss of information and reducing noise. In this 
work we have applied DWT using the function ‘Daubechies 4′ with 4 
compression levels. Fig. S2 shows the results of such transformation on 
the raw spectrum obtained for the solution containing 0.02 mmol L-1 of 
Fe(III): from the initial 2007 points, the data are compressed into 258 
points, which reproduce very well the original spectrum and the noise is 
notoriously reduced, as shown by the inset in the region where the 
complex of Fe(II) adsorbs. 

Using these compressed and denoised spectra, still in counts, it is 
possible to obtain reasonable absorbance plots dividing the successive 
spectra measured in every SEC experiment by the first one (that acquired 
just before the CV scan). Fig. 3d compares the absorbance spectra ob
tained for the three concentrations of Fe(III) considered, showing a 
maximum in the absorbance at ca. 510 nm whose height increases with 
the concentration of Fe(III). It is important to notice the relatively high 
level of noise registered in the UV region, where counts are scarce. 
Anyway, this noise is much lower than that obtained when absorbance is 
computed from raw, not compressed spectra in counts (not shown). 

Fig. 3. Typical results of SEC experiments based on CV scans in solutions containing 25 mmol L-1 of OP and different concentrations of Fe(III): 0.2 mmol L-1 (blue), 
0.5 mmol L-1 (red) and 1.0 mmol L-1 (black). a) CV signals (solid lines) denoting with solid circles the points in which spectra were registered (one spectrum per 
second); b) radiation power measured by the detector, in counts, as a function of the wavelength; d) absorbance spectra, obtained by dividing every spectra in counts 
by the first spectrum, just before SEC measurement; c) derivative of the maximum absorbance with respect to the time (solid circles, connected by straight lines); e) 
3D plot of absorbance versus wavelength and time for the solution 1.0 mmol L-1 Fe(III) and 25 mmol L-1 OP; f) maximum absorbance versus time and potential 
(second axis) for the three solutions above, with a dashed purple line separating forward and backward scans. In figures b and d, red and black spectra have been 
shifted along the y axis for comparison purposes. 
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Moreover, the level of noise is comparable at the different concentra
tions of Fe(III) and, as a consequence, the signal-to-noise ratio increases 
as the Fe(III) concentration grows and the absorbance peaks go higher 
(Fig. 3d). Fig. 3e and 3f show a more detailed picture of the evolution of 
the absorbance spectra along the CV scan as a function of the variable 
time. In both 3D and 2D plots it is clear that the absorbance only starts to 
grow when the forward scan approaches potentials sufficiently negative 
to reduce the Fe(III)-OP complex and the growing continues until the 
backward scan approaches potentials positive enough to reoxidise it. In 
good agreement with Eqn. (12), the derivative with respect to the time of 
the absorbance achieved at 510 nm (Fig. 3f) generates a curve (Fig. 3c) 
with a similar shape as the CV plot (Fig. 3a). Besides the higher 
dispersion of optical data, it is interesting to notice the absence of the 
capacitive contribution which appears in the middle of CV curves 
(capacitive currents have no optical effects). 

Some experiments were made applying a negative deposition po
tential to accumulate the reduced complex at the electrode surface prior 
to the CV scan, but no significant improvement of the SEC signals was 
noticed. This can be due to several reasons: the inefficient mass transport 
towards the electrode, just by diffusion, the possible electrostatic 
repulsion at positive potentials between the electrode and the positively 
charged complex, and the fact that the optical measurements detect the 
coloured complex not only at the electrode surface, but at any distance 
inside the optical path. Indeed, deposition at the electrode only shifts the 
distribution of reagents and products from the bulk to the electrode 
surface and the diffusion layer. Only species that are being produced or 
consumed at the electrode are able to change the absorbance, inde
pendently of the place where they remain, on the electrode surface or in 
the solution. 

4.3. SEC study by means of chronoamperometry (CA) 

A set of chronoamperometric (CA) measurements was carried out at 
a fixed potential of − 0.4 V which, according to the CV plots of Figs. 2 
and 3, should provide a potential sufficiently negative to leave the 
reduction process of the complex of Fe(III) controlled by diffusion. Then, 
under these conditions and for a planar working electrode such as that of 
SPCE, the Cottrell expression of Eqn. (2) should hold. 

CA measurements were made at the same concentrations of OP and 
Fe(III) used in the CV study summarised in Fig. 3, and similar SEC effects 
were detected along the raw spectra in counts (not shown). Neverthe
less, a better signal-to-noise ratio was achieved, which allowed us to 
obtain reasonable data at lower concentrations of Fe(III) than in the case 
of CV. Fig. 4 shows some examples of the signals obtained in this CA 
study. It is remarkable, on one hand, the higher difference between the 
absorbance evolution at different concentrations (Fig. 4d) as compared 
to the small variations found in the current evolution (Fig. 4a), and, on 
the other hand, the better signal-to-noise ratio of CA absorbance spectra 
(Fig. 4c) as compared to these obtained by CV (Fig. 3d). 

Fig. 5 deals with possible linearisations, using Cottrell Equation in 
(2) for electrochemical data (Fig. 5a) and Eqn. (9) for absorbance data 
(Fig. 5b). In the first case, linear dependence with t− 1/2 is achieved 
relatively late, when the current has decreased in a significant way and 
sensitivity is low. On the contrary, in the second case, a perfect linearity 
with t1/2 is achieved very early and the absorbance is continuously 
growing with time. This means that, as time goes by, the current is 
decreasing forced by the low efficiency of mass transport whereas the 
absorbance is increasing due to the accumulation of the absorbed 
reduced complex in the diffusion layer. Table S1 summarises the main 
characteristics of the straight lines fitted to both chronoamperometric 
and chronoabsorptometric plots. Especially interesting is the study of 

Fig. 4. Typical results of SEC experiments based on chronoamperometric (CA) scans carried out in solutions containing 25 mmol L-1 of OP and different concen
trations of Fe(III): 0.1 mmol L-1 (green), 0.2 mmol L-1 (blue), 0.5 mmol L-1 (red) and 1.0 mmol L-1 (black). a) Currents as a function of time measured when a fixed 
potential of − 0.4 V is applied while one UV–vis spectrum per second is registered; b) Absorbance measured as a function of wavelength and time in the CA 
experiment carried out for a concentration of 1.0 mmol L-1 of Fe(III); c) Absorbance spectra obtained at the different concentrations above; d) Maximum absorbance 
with respect to the time. In figure c some spectra have been shifted along the y axis for a better comparison of the four data sets. 
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the slopes calculated from Fig. 5a and 5b. Results obtained from currents 
are linear even at relatively low concentrations of Fe(III). However, 
slopes only become concentration-dependent at more than 0.10 mmol L- 

1 of Fe(III). In contrast, slopes computed from absorbances are perfectly 
linear with respect to the concentration of Fe(III), inside two concen
tration ranges, shown in Fig. 5c and 5d. 

At this point, it must be noted the key denoising role of the DWT 
applied to compress optical data. This is already suggested by the inset 
of Fig. S2, where the compressed spectrum in counts is quite smoothed 
as compared to the raw spectrum. Such impression is confirmed when 
absorbance spectra are computed from the measured counts. Fig. 6 and 
Table 1 compare the linear plots of the maximum absorbance as a 
function of t1/2 at different concentrations of Fe(III) when absorbance is 
computed from raw data or from DWT-compressed data. It is clear that 
compressed data are substantially less noisy and provide more precise 
slope values than in the case of raw data. Moreover, the differences are 
more evident as the concentration of Fe(III) decreases. 

Table 2 compares some relevant calibration parameters obtained 
using different strategies in SEC experiments. In the case of CV mea
surements, the anodic peak measured in the backward scan is much 
more reliable for calibration than the cathodic scan, notoriously affected 
by reduction signals of OP. As for chronoamperometric (CA) measure
ments, the use of Cottrell Equation to carry out calibration from currents 
is not especially precise (LOD is quite higher than using the anodic CV 
peak). In contrast, absorbance data acquired along CA measurements 
provide quite better results, with detection limits at the level of µmol L-1. 
This can be due, on one hand, to the progressive increase of the con
centration of the absorbing species with time and, on the other hand, to 
the denoising effect of DWT. This is especially true for the use of Amax vs. 
t1/2 slopes, where the additional denoising effect of the second regres
sion (getting a ‘slope of slopes’) can play a key role. 

Finally, Eqns. (16)− (19) have been applied to the estimation of the 
diffusion coefficient of the complex Fe(III)-OP. First, chronoampero
metric experiments were carried out with potassium ferricyanide and 
Eqn. (18) was used to estimate the fR roughness factor by using the 
diffusion coefficient of ferricyanide, 7.26 10-6 cm2s− 1, determined in 
[25]. A fR value of 1.15 was found, suggesting that the roughness of 
SPCE is not especially high (the effective surface was only 15% higher 
than the geometrical one). With this fR value, Eqns. (18) and (19) were 
applied to chronoamperometric and chronoabsorptometric data ac
quired in solutions containing Fe(III) in the range 0.1–0.9 mmol L-1 and 
OP 25 mol L-1 and diffusion coefficients of 7.67 10-6 cm2s− 1 and 7.73 10- 

6 cm2s− 1 were obtained, respectively, for the Fe(III)-OP complex. Both 
estimates are very similar to each other and also to that of ferricyanide 
complex, which suggests a good reliablility of chronoabsorptometric 
data for the estimation of diffusion coefficients of spectroelec
trochemically active substances. 

4.4. Chronoamperometric study in the presence of Cu(II)-ion 

In order to evaluate the effect of electrochemical interferences on the 
performance of the studied methodologies, several experiments were 
carried out for the Fe(III)-OP system under the same conditions of the 
previous section but in the presence of 0.1 mmol L-1 of Cu(II)-ion. 

As Fig. 7 shows, the CV signals measured under these conditions still 
present the same cathodic and anodic peaks of Fe(III) but with two new 
overimposed signals, corresponding to the reversible reduction and 
reoxidation of Cu(II) species. The sensitive overlapping between the 
reduction signals of Cu(II) and Fe(III) hinders the use of this peak for the 
determination of Fe(III). However, the presence of copper not only af
fects this signal, but also the LOD values, which seem to be raised as 
shown in Table 2. Yet, the strategies based on the measurements of 

Fig. 5. Linearisation of SEC data using CA scans for a OP concentration 25 mmol L-1 and concentrations of Fe(III) 0.1 mmol L-1 (green), 0.2 mmol L-1 (blue), 0.5 mmol 
L-1 (red) and 1.0 mmol L-1 (black): a) Current as a function of t− 1/2; b) Maximum absorbance as a function of t1/2; c) and d) Slopes of the Amax vs. t1/2 plots as a 
function of the concentration of Fe(III) inside two different linearity ranges. Purple arrows indicate the evolution of time in the experiments. In c and d the equations 
and the r2 coefficients of the calibration lines are indicated inside the plots. 
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absorbance along CA experiments are much less affected by the inter
ference of Cu(II)-ions, surely due to the increased selectivity provided by 
the combination of selective potentials and selective wavelengths. 
Indeed, the slope of the calibration plot in the presence of Cu(II) is 0.061 
µA s− 1/2 mol− 1 L, very close to that of 0.062 µA s− 1/2 mol− 1 L obtained in 
the absence of Cu(II). 

5. Conclusions 

From the facts described so far, we can draw the following 
conclusions:  

- SEC in reflection mode can be useful for quantitative analysis, 
especially when it is based on potential-step chronoamperometry. 
Indeed, in this case, it would be more appropriate to talk about 
chronoabsorptometry. 

- Chromogenic reagents can enhance the absorption of electrochemi
cally generated substances, as it happens with OP for Fe(II)-ions. This 
could open a new research line on the application to SEC of tradi
tional chromogenic reagents for metal ions and other inorganic 
species. In some traditional spectrophotometric methods, the pre
liminary oxidation or reduction of the analyte could be substituted 
by its electrochemical generation.  

- In reflection mode, accumulation of substances such as Fe(II) or Fe 
(III) at the electrode surface has no effect on the sensitivity of optical 
measurements: absorbance detects the analyte at any distance from 
the electrode and accumulation only moves it from the bulk solution 
to the electrode surface.  

- Among the different possibilities of data treatment, the linearisation 
of Amax vs. t1/2 yields the best results and the plot of the slopes of the 

Fig. 6. Effect of DWT on the noise of chronoabsorptiometric data measured for 
a OP concentration of 25 mmol L-1 and Fe(III) concentrations of 0.02 mmol L-1 

(orange), 0.1 mmol L-1 (green) and 0.2 mmol L-1 (blue). Results in a were ob
tained from the raw spectra measured at 2007 wavelengths, whereas results in 
b were achieved from the compressed spectra resulting from DWT. 

Table 1 
Comparison of the slopes, their relative standard deviations and the r2 coefficients obtained from chronoabsorptiometric data (Amax vs. t1/2) at three concentrations of 
Fe(III) using the raw spectra and the spectra compressed by DWT. Linear regression was carried out with points at times higher than 4 s.  

cFe(III) (mmol L-1) slope (mmol− 1 L t− 1/2) RSD slope (%) r2 

raw spectra compressed spectra raw spectra compressed spectra raw spectra compressed spectra  

0.02 1.92 10-3 1.89 10-3  8.02  3.04  0.6437  0.9265  
0.10 6.22 10-3 6.15 10-3  2.54  1.27  0.9474  0.9864  
0.20 1.08 10-2 1.04 10-2  1.57  0.84  0.9793  0.9940  

Fig. 7. CV scans registered for a solution containing 25 mmol L-1 of OP, 0.1 
mmol L-1 of Cu(II) and increasing concentrations of Fe(III) (0.02, 0.05, 0.2, 0.5 
and 0.8 mmol L-1). 

Table 2 
Calibration parameters resulting from data acquired from SEC experiments in different ways. Linear ranges are computed from LOQ to the end of linearity.  

Type of data Fe(III) alone Fe(III) + 0.1 mmol L-1 Cu(II) 

linear range (mmol L-1) r2 LOD 
(mmol L-1) 

linear range (mmol L-1) r2 LOD 
(mmol L-1) 

CV current (cathodic peak) 0.17 – 1.00 0.9851  0.052 – –  – 
CV current (anodic peak) 0.04 – 1.00 0.9992  0.012 0.2 – 1.0 0.9835  0.064 
CA current I vs. t− 1/2 0.12 – 0.90 0.9967  0.037 0.6 – 1.0 0.9358  0.194 
CA Amax 0.02 – 0.08 0.9896  0.006 0.06 – 0.09 0.9395  0.018  

0.10 – 1.00 0.9977  - 0.10 – 1.00 0.9649  - 
CA slope Amax vs. t1/2 0.007 – 0.08 0.9987  0.002 0.02 – 0.09 0.9890  0.007  

0.10 – 1.00 0.9974  - 0.10 – 1.00 0.9574  -  
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lines as a function of the concentration of Fe(III) provides a sensitive 
and reliable strategy for quantification with detection limits in the 
µmol L-1 range. The application of discrete wavelet transform to raw 
spectral data and the fitting of regression lines are very relevant for 
improving the signal-to-noise ratio and, thus, achieving detection 
limits comparable to these attained with SEC in parallel 
configuration. 

- The linear relationship between Amax and t1/2 in chronoabsorpto
metric experiments can be used to estimate diffusion coefficients 
from molar absorptivities and vice-versa.  

- The experiments in the presence of Cu(II)-ions suggest that the 
proposed methodology could be quite unaffected by the presence of 
other electroactive substances. This is due to the enhanced selectivity 
of SEC when the separate selectivities of amperometry (related to 
potential) and absorptometry (related to wavelength) are combined. 

Thus, it seems that not only parallel configurations and long path
length cells are suitable for quantification using SEC equipment. The 
present work shows that normal configuration and reflection cells offer 
interesting possibilities for analytical applications that should be 
investigated. 
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