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Abstract
Concerning the importance of the identification and characterization of food dyes in food science, this work presents a screening
method using voltammetry of immobilized microparticles for identification in solid state of sunset yellow, tartrazine yellow,
brilliant blue, indigotine, and erythrosine in food matrices. Different aqueous supporting electrolyte were investigated for
screening purpose and NaCl 0.1 mol L−1 showed to be suitable for evaluating dyes in solid state. By using square wave
voltammetry as detection mode was possible to establish qualitative diagnostic criteria for identification of dyes in commercials
powder of food dyes samples using both anodic and cathodic scan. Moreover, based on the solid-state electrochemistry profile
and due to the lack of information about the electrochemical behavior of these compounds in solid state, some oxi/reduction
pathways could be elucidated, and special attention was given to the case of sunset yellow dye.
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Introduction

The fast development of the food industry has led to the in-
tense use and incorporation of food additives, such as preser-
vatives, sweeteners, thickeners, and dyes, which are used to
guarantee and improve the organoleptic properties of foods
[1]. Dyes are extremely relevant because food quality and
flavor are often associated with colors [2]. However, synthetic
dyes do not provide any nutrients and may even endanger
human health by causing allergies, thyroid activities, respira-
tory and gastric problems, hyperactivity in children and even
carcinogenic effects, DNA damage, and neurotoxicity [3].

The current European legislation allows (with the respec-
tive maximum concentration) the use of 11 artificial dyes
(erythrosine, amaranth, azorubine, ponceau 4R, sunset yellow,
tartrazine yellow, indigotine, brilliant blue, fast green and pat-
ent blue V) in foods and beverages with their compounds
description in the marketed product [4]. Similar context is
observed in some Latin American countries, such as Brazil
where 11 artificial dyes (erythrosine, amaranth, azorubine,
ponceau 4R, sunset yellow, red 40, tartrazine yellow,
indigotine, brilliant blue, fast green and blue patent V) are
allowed in foods and beverages with the compounds descrip-
tion in the marketed product [5]. On the other hand, the USA
legislation prohibits the use of 4 dyes (amaranth, ponceau 4R,
azorubine, and patent blue V) often used in foods in Brazil and
Europe Union [6]. In consequence, any food containing a
substance not approved by the legislation is considered adul-
terated and is subject to coercive measures to have it removed
from trade [7].

Hence, to meet the requirements for food safety, analytical
methods have been proposed towards the identification and
characterization of synthetic food dyes, being liquid chroma-
tography the preferred technique for those purpose [8, 9].
However, sample preparation for this kind of analysis is often
necessary, since other substances contained in foods can be
interfering or impairing the dye determinations. Besides the
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fact that sample preparation step has been considered a source
of errors [10], the cost of chromatographic analysis is higher
than others, such as electrochemical techniques, mainly be-
cause of the high cost of equipment, maintenance, and high
consumption of reagents.

Thus, electrochemical techniques emerges as an alternative
analytical tool for determination of such compounds [3], es-
pecially because of the functional groups in their structures
which could generate several oxidation/reduction signals that

can be used to characterization and determination of these
compounds [11, 12]. Among the electrochemical methods
available, voltammetry of immobilized microparticles
(VIMPs) developed by Scholz and co-workers allows the
electrochemical and electroanalytical information of samples
in solid state [12–14]. This technique has demonstrated excel-
lent results when applied to solid-state electrochemistry of
pharmacological substances, organosulfur compounds, and
organic dyes [11, 15–25]. The term screening can be applied

Table 1 Chemical structure and classes of food dyes used in this work

Dyes Class Chemical Structures

Sunset 

Yellow
Azo

Tartrazine 

Yellow
Azo

Erythrosine Xanthene

Indigotine Indigoid

Brilliant 

Blue
triphenylmethane
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to any analysis that produces as a result a set of signals capable
of characterize a certain analyte (or analytes family) within a
given matrix, where interferents may be present [19].

In this way, the present work aims to propose a screening
method using VIMP for identification and characterization of
food dyes in solid state in food matrices without prior sample
preparation. Moreover, in view of the lack of information
about the electrochemical behavior of such compounds in
solid state, we aim to contribute with the oxi/reduction mech-
anism elucidation of sunset yellow dye in solid state. This
compound was chosen since it belongs to the azo dye class
that is widely used for food production in the world.
Additionally, it is important to emphasize that in the literature
up to date, no electrochemical studies have been found that
can simultaneously characterize five food dyes (sunset yellow,
tartrazine yellow, brilliant blue, indigotine, and erythrosine)
without prior sample preparation or the use of multivariate
tools.

Experimental

Chemicals and samples

The food dye standards (95% purity) sunset yellow, tartrazine
yellow, brilliant blue, indigotine, and erythrosine (Duas
Rodas, Brazil) were used in this work. The structural formulas
of each dye are shown in Table 1. NaOH was purchased by

Merck (Germany), and NaCl and HCl by Synth (Brazil). All
solutions were prepared in ultrapure water (Millipore,
Germany) with a resistivity of 18.2 MΩ cm−1.

The samples used in this work were powder culinary
dyes in yellow, blue, green, black, and red colors (Regina
Ind. and Com. SA, Brazil) purchased from local market in
Rio Grande, RS.

Voltammetry of immobilized microparticles

Voltammetric analyses were performed using a Multi
Potentiostat/Galvanostat M204 (Autolab, Netherlands) con-
trolled by Nova 2.1.4 software (Eco Chemie). The data for all
measurements were processed using Origin Pro 8.0 program.

Three electrodes constituted the electrochemical cell: a
graphite bar (2-mm diameter cylindrical rods, OF/9020HB,
Faber Castell, Brazil) was used as working electrode, an Ag/
AgCl (KCl 3 mol L−1) as reference electrode and platinum as
the auxiliary electrode.

To evaluate the electrochemical profile of the compounds,
square wave voltammetry (SWV) was used with 4 mV Estep,
25-mV amplitude, and 5-Hz frequency with potentials from −
0.6 to 1.3 V (for HCl), − 1.2 to 0.9 V (for NaOH), and − 1.2 to
1.2 V (for NaCl). The influence of the electrolyte composition
(NaOH, HCl, and NaCl) and concentration (0.1 and 1 mol
L−1) was evaluated by SWV. In addition, anodic and cathodic
cyclic voltammetry (CV) analyses were performed, starting at

Table 2 Anodic potential peaks (± 50 mV) of the compounds in HCl 0.1 mol L−1. Square wave voltammetric parameters: Ebegin − 0.6 V, Efinal 1.3 V,
Estep 4 mV, frequency 5 Hz, and amplitude 25 mV

Food dye Epa1 (V) Epa2 (V) Epa3 (V) Epa4 (V) Epa5 (V) Epa6 (V)

Sunset yellow − 0.90 − 0.42 − 0.12 + 0.18 + 0.47 + 1.00

Tartrazine yellow − 0.90 − 0.41 − 0.09 + 0.32 + 0.51 + 0.92

Erythrosine − 0.75 + 0.40 + 0.09 + 0.46 + 0.80 + 1.14

Indigotine − 0.90 + 0.03 + 0.30 + 0.51 + 0.75 + 1.15

Brilliant blue − 0.75 − 0.35 + 0.09 + 0.42 + 0.67 + 1.01

Fig. 1 Summary representation
of the screening voltammetric
profile of the solid compounds
using HCl 0.1 mol L−1 for VIMP
measurements
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0.25 V (1.4 to − 1.4 V), with 50 mV s−1 and 44 mV for
potential step.

In the case of voltammetric analyses in solution phase, 2 mg
L−1 of sunset yellow dye and NaCl 0.1 mol L−1 as supporting
electrolyte were used for performing themeasurements by CV in
anodic and cathodic directions starting at 0.25 V (1.4 at − 1.4 V)
using 50 mV s−1 and 44 mV for step potential.

For solid compound immobilization in the working elec-
trode, first the maceration of the standards and samples (culi-
nary dyes) were carried out with an agate mortar and pistil, to
ensure the uniformity of the particles and also to obtain the
finely distributed material. The graphite electrode was pressed
on the sample to immobilize the solid compounds by abrasion.
Afterwards, the electrode was carefully added to the
voltammetric cell, and only the electrode surface containing
the particles immobilized was in contact with the supporting
electrolyte.

All voltammograms generated for the standards and sam-
ples were discounted to the response of the graphite electrode
without immobilization, to eliminate the contribution of
blank’s response. This discount was made using Nova 2.1.4
software.

Fourier transform infrared spectroscopy and Scanning
electron microscopy

Fourier transform infrared spectroscopy (FTIR, IR
PRESTIGE-21 model, Shimadzu, Japan) was used to obtain
spectra of the oxidation/reduction products. The graphite with
the immobilized compound was subjected to electrolysis at

fixed potentials (+ 1.3 or − 1.3 V) for 30 s in contact with
NaCl 0.1 mol L−1. After the solvent evaporation, the material
was removed from the graphite by scraping and it was mixed
and macerated with potassium bromide. The analyses were
carried out from 4000 to 400 cm−1 with 4 cm−1 resolution
using the diffuse reflectance method.

For the morphological analyses, Dentun Vacuum equip-
ment and a scanning electron microscope (SEM) JSM 6610
LV (JEOL, Japan) were used, operating at 20 kV. For this, the
graphite electrodes containing the sunset yellow dye
immobilized obtained by electrolysis under fixed potentials
(+ 1.3 or −1.3 V) for 30 s in contact with NaCl 0.1 mol L−1

were fixed in a stub using double-sided adhesive tape and then
these were coated with gold for 300 s at a current of 50 mA.

Results and discussion

Food dye voltammetric response in solid state:
qualitative diagnostic criteria for discrimination

Food dyes sunset yellow, tartrazine yellow, erythrosine,
indigotine, and brilliant blue were individually immobilized
in a graphite working electrode surface and voltammograms
(Online resource 1 to 5, respectively) were obtained by SWV
in HCl, NaOH and NaCl 0.1 mol L−1. As it can be observed,
all compounds presented well-defined voltammetric response
with several anodic and cathodic peaks due to the functional
groups in their structures that can easily undergo electrochem-
ical processes in solid-state. The choice of the best supporting

Table 3 Anodic potential peaks (± 50 mV) of the compounds in NaOH 0.1 mol L−1. Square wave voltammetric parameters: Ebegin − 1.2 V, Efinal 0.9 V,
Estep 4 mV, frequency 5 Hz, and amplitude 25 mV

Food dye Epa1 (V) Epa2 (V) Epa3 (V) Epa4 (V) Epa5 (V) Epa6 (V) Epa7 (V) Epa8(V)

Sunset yellow − 0.90 − 0.60 − 0.44 − 0.19 + 0.02 + 0.24 + 0.48 + 0.71

Tartrazine yellow − 0.94 − 0.63 − 0.24 + 0.12 + 0.23 + 0.47 + 0.66 + 0.87

Erythrosine − 0.93 − 0.63 − 0.48 − 0.26 − 0.01 + 0.72 + 0.80

Indigotine − 0.53 + 0.03 + 0.41 + 0.82

Brilliant blue − 0.70 − 0.44 − 0.04 + 0.55

Fig. 2 Summary representation
of the screening voltammetric
profile of the solid compounds
using NaOH 0.1 mol L−1 for
VIMP measurements
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electrolyte was made by screening, seeking cleaner voltam-
mograms with well-defined peaks that can support the distinc-
tion between the dyes.

Differences of the compounds response in the
voltammetric are mainly associated to the features of

immobilized microparticles electrochemical reaction, which
according to the theory of Lovric and Scholz is assumed to
undergo by insertion/de-insertion of cations and electron hop-
ping [26] but also anion insertion/release process can occur
[27] at the particle/electrolyte/electrode junction [15]. The

Fig. 3 Square wave voltammograms of a anodic and b cathodic scans of
sunset yellow, c anodic and d cathodic scan of tartrazine yellow, e anodic
and f cathodic scan of erythrosine, g anodic and h cathodic scan of
indigotine, and i anodic and j cathodic scan of brilliant blue in solid

state with the microparticles immobilized on the graphite electrode in
NaCl 0.1 mol L−1 from − 1.2 to 1.2 V. Square wave voltammetric
parameters: Estep 4 mV, frequency 5 Hz, and amplitude 25 mV

2911J Solid State Electrochem (2020) 24:2907–2921



theoretical aspects for organic compounds electrochemical re-
action in solid state using VIMP have been addressed in the
literature [27–31] and different cations and anions of the elec-
trolyte can lead to different voltammetric response of the com-
pounds. Discussion about the theoretical aspects will be out of
scope in this work.

Upon scanning the potential from − 0.6 to 1.3 V, several
anodic peaks were recorded using HCl 0.1 mol L−1 (Online
resource 1 to 5). The main anodic potential peaks (Epa) of the
compounds are presented and compared in Table 2. It is pos-
sible to observe that only indigotine and sunset yellow pre-
sented distinct peaks that could be used for screening purpose
at around + 0.03 (Epa2) and − 0.12 V (Epa3), respectively.
Additionally, erythrosine, brilliant blue and tartrazine yellow
presented overlapping peaks in the positive potential region
and they could not be distinguished from each other during
anodic scan.

When backward scan was performed, erythrosine and
tartrazine yellow presented cathodic signals at around +
0.75 V and + 0.5 V, respectively, while other compounds
presented overlapping cathodic peaks. As showed in Fig. 1,
brilliant blue could be distinguished in the cathodic scan by
absence of cathodic processes from − 0.15 to + 0.75 V. The
compounds screening voltammetric profile in HCl 0.1 mol
L−1 are summarized in Fig. 1 and as it can be observed is
possible to identify indigotine and sunset yellow in anodic
scan, as well as to confirm the presence of erythrosine,
tartrazine yellow and brilliant blue in cathodic scan (not pos-
sible in anodic scan).

In the same way, NaOH 0.1 mol L−1 was tested as
supporting electrolyte and several anodic peaks were observed
for the compounds as depicted in Online resource 1 to 5. This
electrolyte presented a background current higher than HCl or
NaCl, and it was also considered a negative parameter to use

Fig. 4 Summary representation
of the screening voltammetric
profile of the solid compounds
using NaCl 0.1 mol L−1 for VIMP
measurements

Table 4 Anodic potential peaks (± 50 mV) of the compounds in NaCl 0.1 mol L−1. Square wave voltammetric parameters: Ebegin − 1.2 V, Efinal 1.2 V,
Estep 4 mV, frequency 5 Hz, and amplitude 25 mV

Food dye Epa1 (V) Epa2 (V) Epa3 (V) Epa4 (V) Epa5 (V) Epa6 (V) Epa7 (V)

Sunset yellow − 0.85 − 0.13 − 0.08 + 0.1 + 0.48 + 0.77 + 1.0

Tartrazine yellow − 0.09 − 0.83 + 1.05

Erythrosine − 1.02 − 0.53 − 0.34 − 0.20 + 0.016 + 0.50 + 0.94

Indigotine − 0.46 − 0.06 + 0.31 + 0.46 + 1.1

Brilliant blue − 0.70 − 0.05 + 0.63 + 1.02
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NaOH for screening purpose, since the peaks in the voltam-
mogram, after the discount of the blank, could result in a
misleading interpretation of the results. Moreover, as it can
be observed, the voltammograms present anodic and cathodic
signal, which turns the discrimination of the dyes more diffi-
cult without a multivariate analysis. Voltammetric profile in
alkaline media changes significantly for compounds, such as
indigotine and it can be associated to the higher solubility of
the redox products as already reported for indigo-based dyes
[32, 33].

Upon scanning the potential in the positive direction, the
dyes indigotine, brilliant blue, and tartrazine yellow present
remarkable anodic peaks at around − 0.53 (Epa1), − 0.70
(Epa1), and + 0.23 V (Epa5)respectively, which are shown in
Table 3. Additionally, erythrosine and sunset yellow present-
ed overlapping peaks in the anodic scan making their distinc-
tion difficult. However, even in the backward scan, it was not
possible to distinguish the five dyes by using NaOH 0.1 mol
L−1. Figure 2 summarizes the main peaks differences among
the compounds and the grouping observed by overlapped pro-
cesses during anodic and cathodic scan. As it can be observed
in NaOH, it is possible to identify indigotine, brilliant blue,
and tartrazine yellow in anodic scan, as well as to confirm the
presence of sunset yellow in cathodic scan (not possible in
anodic scan).

The food dyes’ voltammetric response were also evaluated
using NaCl 0.1 mol L−1 as supporting electrolyte for VIMP
measurements, and the voltammograms obtained for both an-
odic and cathodic scan are depicted in Fig. 3.

Comparing these results with those from Online resource 1
to 5, it is possible to observe that the voltammograms obtained
in NaCl were cleaner than in HCl or NaOH; less anodic and
cathodic processes were observed as it will be discussed in the
following.Moreover, the background current was lower, lead-
ing to stable voltammetric response of the solid compounds.
The absence of many peaks in NaCl 0.1 mol L−1 could be
associated to the less solubility of the solid dyes and its
oxidation/reduction products in the supporting electrolyte.
Related to this same examples can be highlighted such as
the presence of (i) cathodic peaks at 0.3 and 0.45 V for sunset
yellow inHCl and NaOH, respectively; (ii) some anodic peaks
from − 1.2 to − 0.3 V and from 0.2 to 0.8 V in the voltammo-
grams for tartrazine yellow in NaOH as well as at 0.32 V in
HCl; (iii) an anodic peak at 0.03 V and an overlap cathodic
peaks from around 0.15 to − 0.25 V for indigotine in HCl and
NaOH; (iv) an anodic peak at − 0.4 V in HCl and NaOH for
brilliant blue. Compound solubility can influence in the
voltammetric response of the solid analytes immobilized into
electrode, mainly because sparingly soluble species can un-
dergo solution electrochemical reactions. This can be a prob-
lem in VIMP with screening purpose, since the solution reac-
tion occurs simultaneously to electrochemical reaction in solid

state leading to additional peaks in the voltammograms and
even overlapping solid-state processes.

As depicted in anodic scans shown in Fig. 3a, c and
Table 4, upon scanning the potential in the positive direction,
the azo compounds sunset yellow and tartrazine yellow pre-
sented an intense anodic peak from − 0.30 to 0.15 V (Epa3 and
Epa1 in the case of sunset yellow and tartrazine yellow, respec-
tively). Additionally, it is possible to observe other anodic
peak around + 1.0 V (Epa7 and Epa3 in the case of sunset
yellow and tartrazine yellow, respectively) possibly derived
from an oxidation of hydroxyl to carbonyl groups. Sunset
yellow even presented an intense anodic peak at around −
0.85 V and a shoulder at around 0.1 V (Epa1 and Epa4, respec-
tively), which will be discussed forward. Table 4 compares the
anodic peaks mapped for all compounds.

Fig. 5 Anodic (a) and cathodic (b) cyclic voltammograms of sunset
yellow microparticles immobilized on the graphite electrode in NaCl
0.1 mol L−1 from − 1.4 to 1.4 V (start potential of 0.25 V) with scan
rate of 50 mV s−1

2913J Solid State Electrochem (2020) 24:2907–2921



As observed in Table 4, erythrosine (Fig. 3e) and brilliant
blue (Fig. 3i) presented two anodic peaks between + 0.45 and
+ 1.2 V (Epa6 and Epa7 in the case of erythrosine at + 0.50 and
+ 0.94 V, respectively, as well as Epa3 and Epa4 in the case of
brilliant blue at + 0.63 and + 1.02 V, respectively); however,
brilliant blue presented an intense anodic peak at around −
0.70 V (Epa1) which could be used for discrimination of these
dyes. Indigotine also presented peaks between + 0.45 and +
1.2 V (Epa4 and Epa5 at + 0.46 and + 1.1 V, respectively), but
its anodic discrimination related to indigotine (Fig. 3g) and
brilliant blue was possible due to electrochemical process of
indigotine at − 0.46 V (Epa1), not present in brilliant blue
voltammogram.

During the backward scan, the dyes also presented char-
acteristic peaks that can be used for screening purpose, as it
can be on the cathodic scans observed in Fig. 3. In the
negative direction, brilliant blue (Fig. 3j) presents a confir-
matory cathodic peak at around + 1.0 V and indigotine
(Fig. 3h) presents two characteristic processes at + 0.6
and − 0.35 V. Erythrosine (Fig. 3f) presented a cathodic
peak at + 0.73 V followed by an intense peak at + 0.40 V
and two peaks in more negative regions (− 0.8 and − 1.1
V). Moreover, sunset yellow (Fig 3b) can be confirmed
during cathodic scan by the presence of three intense over-
lapped peaks at around + 0.4 to − 0.15 V.

Figure 4 summarizes the main anodic and cathodic pro-
cesses that can characterize and confirm the food dyes pres-
ence in solid state.

As it can be observed, the use of NaCl 0.1 mol L−1 allowed
the discrimination of the all food dyes under study in the anodic
scan (sunset yellow, tartrazine yellow, brilliant blue, indigotine,
and erythrosine). Additionally, during cathodic scan, it was pos-
sible to confirm the presence of four compounds (sunset yellow,
brilliant blue, indigotine, and erythrosine) being this electrolyte
more appropriated for screening purpose.

Electrochemical behavior and solid-state mechanism:
the case of sunset yellow

Azo compounds are one of the most used dyes class allowed
in foods [34] and the solution electrochemistry of these com-
pounds have been addressed in the literature [35, 36]. The
reduction and oxidation reactions of these compounds in the
working electrode surface occurs similarly in the metabolic
processes; thus, the mechanistic studies are relevant [35].
Moreover, the electrochemical behavior of these compounds
in solid state was not related in the literature so far we known
and some electrochemical pathways could be identified in this
work and they will be described in the following.

Scheme 1 Steps in the oxidation of hydroxyl group in the sunset yellow structure during CV anodic scan

Scheme 2 Reduction of the nitrogen double bond to hydrazo during cathodic scan

2914 J Solid State Electrochem (2020) 24:2907–2921



In view of the electrochemical mechanisms complexity in
solid state, azo compound cyclic voltammograms were re-
corded in both anodic and cathodic scan direction and the
sunset yellow was chosen to elucidate the reaction mecha-
nisms. Figure 5 a shows the cyclic voltammogram for dye
upon scanning the potential in the positive direction. When
compared to solution phase cyclic voltammograms (Online
resource 6), solid-state electrochemical features were ob-
served and based on that, some mechanisms were proposed.

As depicted in Fig. 5a, two oxidation processes were ob-
served during anodic scan at around + 0.9 and + 1.2 V
assigned as A1

’ and A1, respectively. During the backward
scan, two cathodic processes were observed at around +
0.18 and − 1.4 V (C1 and C2, respectively) and following
the scan up to end potential (+ 1.4 V), an anodic peak A2

was observed at − 0.07 V.
The signals A1 and A1’ were reasonably attributed to oxi-

dation of the hydroxyl group bound to the aromatic ring in the
ortho position to the azo bond [36], as described in Scheme 1:

The two oxidation peaks obtained in the first scan are re-
lated to (i) the radical formation phase of the carboxyl (A1′),
where firstly the loss of a proton occurs and after the loss of
one electron, forming the double bond between the benzenic
carbon and oxygen followed by (ii) the direct formation of the
double bond between carbon and oxygen, generated from the
simultaneous transfer of proton and electron involved in the
reaction (A1) [30]. Moreover, these signals were also present
in solution phase cyclic voltammograms (Online resource 6)
during anodic scan, thus inferring that the solid compounds
undergo a dissolutive oxidation process.

According to the literature, the presence of an electron
withdrawing group in ortho position to azo bond allows the
partial reduction of the double bond between the nitrogens
[35]. This occurs because the electron withdrawing group de-
creases the electron density between the nitrogens, favoring
the breaking in stages of the double bound. In this way, upon
scanning the potential in the negative direction, the cathodic

peak at around + 0.18 V (C1) was attributed to the reduction of
the azo bond to hydrazo due to the presence of the carboxyl
(an electron withdrawing group) in the ortho position to the
this bond. In tartrazine yellow, the same signal was observed
and it was rationalized in terms of the presence of carboxyl
group in the molecular structure of this dye. This cathodic
process was purposed in Scheme 2:

The hydrazo bond formed can be still reduced in more
negative potential regions [36] forming correspondent amines
by breaking the nitrogen bond. This cathodic process can be
observed at around − 1.25 V (C2), and it is described by the
mechanism in Scheme 3. During the backward anodic scan in
Fig. 5a, the amines generated can be oxidized [37] in the A2

processes, as demonstrated in Scheme 4.
Upon starting the cyclic voltammogram in the negative

potential direction, as depicted in Fig. 5b, it was possible to
observe a reduction processes at around − 1.2 V assigned as
C1. This process was considered as the reduction of the azo
group directly to amines and the reaction is demonstrated in
Scheme 5.

The same peak was observed for tartrazine yellow, and it is
an indicative of the azo group presence. As reported in the
literature, compounds containing azo bonds with hydroxyl
group adjacent to the double bond between nitrogens are re-
duced directly producing corresponding amines, which are
more likely to be oxidized in the backward scan following
the process observed in A1 [37]. Moreover, direct reduction
of the azo group to amine group occurs due to the increase in
the electronic density generated by an electron donor group in
an ortho position, which facilitates the protonation of nitrogen,
leading to the formation of two corresponding amines [38].
Furthermore, when compared the voltammogram depicted in
Fig. 5b with the one in solution phase (Online resource 6), the
cathodic process observed in C1 occurs in more negative po-
tentials and it seems to be a genuine solid-state process.

The hydroxyl bound to the ring in one of the amines gen-
erated by the broken of the azo group can be oxidized

Scheme 3 Reduction of the nitrogen bond during cathodic scan forming the correspondent amine

Scheme 4 Oxidation of the amines during backward scan

2915J Solid State Electrochem (2020) 24:2907–2921



following the process in A2 (Fig. 5b), and it is represented in
Scheme 6:

The voltammogram profile depicted in Fig. 5b in more
anodic potentials changed when compared to Fig. 5a, since
this oxidation no longer involves a radical. Moreover, the
absence of the cathodic peaks at around 0.20 and − 1.4 V in
Fig. 5b is expected when compared to Fig. 5a, since the azo
group is no longer present to form hydrazo groups, as previ-
ously proposed.

To confirm the mechanisms proposed, sunset yellow dye
electrochemical behavior was investigated by FTIR (Figs. 6
and 7), and spectra were collected before and after the poten-
tial application in order to observe the changes during electro-
chemical processes. Once it is known that the formation of
new products from solid compounds can also be observed by
structural and morphological differences in the crystals
immobilized onto the electrode surface [39], SEM images
were also collected (before and after the potential application)
to support the solid-state or solution phase nature of the elec-
trochemical reactions (Online resource 7 to 9).

Figure 6 depicts the spectra of sunset yellow dye (a) before
and (b) after the electrolysis under positive potential (+ 1.3 V)
for 30 s. As it can be observed in Fig. 6a, the bands at 1240
and 1320 cm−1 assigned by an arrow are attributed to vibration
of O-H and C-O-H bonds, respectively [40]. After electro-
chemical treatment (Fig. 6b), these bands presented several
changes, such as decreasing intensity of the band at 1320
cm−1 or even disappearance of the peak, as assigned in 1240
cm−1. These changes can be rationalized in terms of the hy-
droxyl groups oxidation after electrolysis, corroborating with
voltammetric data and purposed mechanism depicted in
Scheme 1.

Moreover, when SEM images were collected after the elec-
trolysis in positive potentials, the morphology of the crystals
changed considerably as it can be observed in Online resource
7. Previously to the electrolysis (Online resource 8), the crys-
tals present well-defined shapes and they were randomly dis-
tributed in the electrode surface. After the application of +
1.3 V during 30 s, the solid compound lost the defined shape
and it seemed to suffer some erosion process. These features
can be assigned as an oxidative dissolution of the hydroxyl
group assisted by a de-insertion of the protons; thus, the solid
compound generates a soluble product changing the crystal-
line pattern previously observed.

After electrolysis in negative potentials, sunset yellow
demonstrated remarkable changes in the spectrum derived
from reduction processes as depicted in Fig. 7.

As it can be observed in Fig. 7b, after the electrolysis, there
was a presence of a band at 1616 cm−1 characteristic of the N-
H deformation bond in primary aromatic amines, and it was
not present in the original spectrum (Fig. 7a). The emergence
of this band can be attributed to the reduction of azo group in
the sunset yellow during negative potentials forming N-H
bonds, as suggested by the voltammetric data.

Moreover, SEM images collected after negative potential
application demonstrated the formation of a new solid com-
pounds in the crystals surface, suggesting that the reduction of
the azo compounds can lead to solid reduction products, as
can be observed in Online resource 9. The formation of these
products on the crystal surface is in accordance with the the-
oretical aspects related to the VIMP electrochemical mecha-
nism [26, 30], where the reaction occurs at the junction of the
three phases forming products mainly in the vertices and on
the crystal surface, involving two equilibria simultaneously

 

Scheme 6 Oxidation of the
hydroxyl group during anodic
scan

Scheme 5 Reduction of the azo bond directly to corresponding amines
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(ion exchange and charge transfer). Based on these results, it is
possible that a solid-solid reduction assisted by protons inser-
tion is occurring with the application of negative potentials,
resulting in the formation of new solids on the crystal surface.
Similar processes have recently been addressed for malachite
green, organosulfur compounds, and some drugs, such as
tadalafil [27, 39, 41].

Evaluation of real samples: Screening of commercial
powder of food dyes

The presence of the five dyes under investigation was evalu-
ated by the screening of commercial powder of food dyes
using NaCl 0.1 mol L−1 for VIMP. Thus, based on the qual-
itative diagnostic criteria previously established, anodic and
cathodic scans of the samples were performed to characterize
and confirm the presence of the dyes in the samples.

Figure 8 depicts the square wave voltammograms of two
commercial samples (a) “yellow” powder food dye under an-
odic scan and (b) “blue” powder food dye under cathodic scan
(colorful lines refer to standards and black lines to samples).

It is possible to observe that an intense peak at around −
0.15 V in Fig. 8a was present characterizing the presence of
azo compounds. The sample can be characterized as tartrazine
yellow due to the absence of the diagnostic peaks at − 0.8 V
and its shoulder at + 0.10 V. The voltammetric profile of the
standard tartrazine yellow (pink line) overlapped to the sam-
ple, perfectly matches with that observed for the yellow com-
mercial powder (black line), being the anodic scan enough to
characterize the sample. In addition, this result is in accor-
dance with the product label stated by the manufacturer.

For characterization of the “blue” commercial sample, the
cathodic scan was used and as showed in Fig. 8b, the sample
present cathodic peaks at around + 1.0, + 0.6, + 0.3, − 0.35,
and − 0.8 V (black line). According to the qualitative

Fig. 6 FTIR spectra from 900 to 1500 cm−1 of sunset yellow dye in solid
state a before and b after electrolysis at + 1.3 V for 30 s

Fig. 7 FTIR spectra from 1400 to 1700 cm−1 of sunset yellow dye in
solid state a before and b after electrolysis at − 1.3 V for 30 s
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diagnostic criteria using cathodic scan, the Epc at around +
1.0 V can be attributed to the presence of brilliant blue.
Complementary, the sample also presented other two cathodic
processes that can be attributed to this dye at around + 0.3 and
− 0.8 V. In addition, Fig. 4 shows that during cathodic scan,
the signals at + 0.6 and − 0.35 V can be characterized as
indigotine. Thus, it is possible to infer that the sample present-
ed both dyes in its composition and as described in the product
label, both compounds were declared by the manufacturer.

The “black,” “green,” and “pink” food dye samples were
also evaluated, and for these matrices, both anodic and cathod-
ic scans must be used, since a mix of the dyes is applied to
achieve the desired color and final composition of such sam-
ples. The use of only one scan may not be enough to identify
and confirm the presence of specific dyes.

Figure 9 depicts the square wave voltammograms of (a)
anodic and (b) cathodic scan of “black” sample, (c) anodic
and (d) cathodic scan of “green” sample, and (e) anodic and
(f) cathodic scan of “pink” sample.

As it can be observed in Fig. 9a, the anodic scan
voltammetric profile of “black” food dye presented signals
at around − 1.0, − 0.70, − 0.45, − 0.15, and + 0.9 V, and
according to the proposed qualitative criteria, the anodic pro-
cesses at − 0.70, − 0.45, and − 0.15 V can be attributed to
brilliant blue, indigotine, and azo compounds, respectively.
Moreover, the intense anodic peak at around + 0.9 V could
also be an indicative of erythrosine; however, it is not a com-
mon dye used for green color. When cathodic scan was per-
formed (Fig. 9b), an intense cathodic process at around +
1.0 V characterized as brilliant blue was observed.
Moreover, even with a signal at around − 0.35 V characteristic
of indigotine, an intense peak at around + 0.6 V was missing
in the sample leading to a non-confirmation of indigotine dye.
The peaks for characterization of sunset yellow was also ab-
sent during cathodic scan, leading to the presence of tartrazine
yellow from the azo group dyes. This was also confirmed by
the absence of the signals at around− 0.8 V and a shoulder at +
0.1 V (anodic scan) features of sunset yellow voltammetric
profile.

The anodic scan shown in Fig. 9c depicted the over-
lapped processes from “green” food dye sample between
− 0.9 and − 0.6 V besides three anodic peaks at around −
0.15, + 0.6, and + 1.0 V. A less intense peak at around −
0.45 V was also observed. The two anodic peaks between
+ 0.45 and + 1.2 can be features of erythrosine, brilliant
blue, and indigotine. In the same way, the presence of an
intense peak at around − 0.15 V is characterized as azo
compounds, but the absence of a shoulder next to this
intense peak rules out the presence of sunset yellow and
confirm the presence of tartrazine yellow. During cathodic
scan (Fig. 9d), the suspicion of erythrosine and brilliant
blue was discarded by the absent of the characterization
peaks at around + 0.73, + 0.40, and + 1.0, while

indigotine was confirmed by the presence of an intense
peak at + 0.60 and − 0.35 V. The presences of these
compounds are in accordance with the list of ingredients
on the product label.

In Fig. 9e, the voltammetric profile of “pink” food dye
sample presented overlapped processes from − 0.5 to −
0.15 V, a peak at + 0.5 V followed by an intense anodic
peak at + 0.9 V which could be attributed to brilliant blue,
indigotine, or erythrosine. However, during cathodic scan
(Fig. 9f), it is possible to confirm only erythrosine due to

Fig. 8 Square wave voltammograms of microparticles immobilized of a
yellow commercial powder of food dye (black line) and the standard
tartrazine yellow (pink line); b blue commercial powder of food dye
(black line), standard indigotine (blue line), and brilliant blue (green
line) on the graphite electrode in NaCl 0.1 mol L−1 during anodic and
cathodic scan, respectively. Square wave voltammetric parameters: Ebegin

− 1.2 V, Efinal 1.2 V, Estep 4 mV, frequency 5 Hz, and amplitude 25 mV
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the presence of two intense signals at around + 0.73 and +
0.40 V and the absence of the brilliant blue and indigotine
peaks based on the qualitative diagnostic criteria depicted
in Fig. 4. In addition, this dye was present in the list of
ingredients on the product label.

Conclusions

Voltammetry of immobilized microparticles was used as
electrochemical approach for screening of food dyes in
solid state. The five dyes evaluated presented well-
defined voltammetric response in solid state using NaCl
0.1 mol L−1 as supporting electrolyte. It was also possible

to identify and elucidate electrochemical pathways associ-
ated to the mechanisms of oxi/reduction by VIMP with
special attention to sunset yellow case. A qualitative diag-
nostic criterion was achieved using square wave voltamm-
etry in both anodic and cathodic scans generating different
peaks for the compounds that allowed the identification
and discrimination of the dyes. The criteria were suitable
for screening purposes and it was applied to real samples,
such as commercial powder food dyes in solid state with-
out prior sample pretreatment. In this way, VIMP as
screening method can be used as a tool for qualitative
quality control, based on identification and discrimination
of compounds leading only suspicious samples to more
laborious and expensive analysis, such as chromatography.

Fig. 9 Square wave
voltammograms of a anodic and b
cathodic scans of black
commercial powder of food dye
(black line), tartrazine yellow,
indigotine, and brilliant blue
standards (pink, blue, and green
lines, respectively); c anodic and
d cathodic scans of green
commercial powder of food dye
(black line) and the standards of
indigotine (blue line), brilliant
blue (green line), tartrazine
yellow (pink line), and
erythrosine (red line); e anodic
and f cathodic scans of pink
commercial powder of food dye
(black line) and the standards of
indigotine (blue line), brilliant
blue (green line), and erythrosine
(red line). The solid
microparticles were immobilized
on the graphite electrode and
immersed in NaCl 0.1 mol L−1.
Square wave voltammetric
parameters: Ebegin − 1.2 V, Efinal
1.2 V, Estep 4 mV, frequency 5
Hz, and amplitude 25 mV
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