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ABSTRACT

We present a flow injection system with a multiple pulse amperometric detection (FIA-MPA)-based methodology
for the simultaneous analysis of sunset yellow and tartrazine. As transducer, we have developed a novel elec-
trochemical sensor based on the synergistic effect of ReS; nanosheets and diamond nanoparticles (DNPs). Among
several transition dichalcogenides for the sensor development, we have selected ReS; nanosheets since it yields a
better response towards both colourants. Scanning probe microscopy characterization shows that the surface
sensor is composed by scattered and stacked ReS; flakes and large aggregates of DNPs. With this system, the gap
between the oxidation potential values of sunset yellow and tartrazine is wide enough to allow the simultaneous
determination of both dyes. Under the optimum potential pulse conditions (0.8 and 1.2 V) during 250 ms, a flow
rate of 3 mL/min and a volume injection of 250 L, detection limits of 3.51 x 10~ M and 2.39 x 10”7 M for
sunset yellow and tartrazine, respectively, were obtained. This method exhibits good accuracy and precision with
Er minor than 13% and RSD lower than 8% with a sampling frequency of 66 samples per hour. Pineapple jelly
samples were analyzed by the standard addition method, obtaining 53.7 mg/kg and 29.0 mg/kg of sunset yellow
and tartrazine, respectively. From the analysis of fortified samples, recoveries of 94% and 105% were obtained.

1. Introduction

Since its discovery, graphene has been widely explored for different
applications including the development of electrochemical sensors. In
recent years, research in this field has focused on exploring new 2D
materials. In particular, the use of transition metal dichalcogenides
(TMDs) has increased due to their attractive properties [1,2].

TMDs exhibit a MXs sandwich structure formed by a transition metal
atom located between two layers of chalcogen atoms. These MX; layers
are weakly bound by van der Waals forces [3]. The synthesis procedures
to obtain 2D-TMDs are classified as top-down and bottom-up methods.
Briefly, the most employed bottom-up methods are chemical vapour
deposition (CVD) and liquid phase exfoliation [4]. The main advantage
of CVD is that allows to obtain TMDs monolayers on a substrate while
solution chemical processes make it possible to obtain powders of
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different shapes. Top-down methods, such as solvent liquid exfoliation
assisted by ultrasounds, can be employed thanks to the weak interaction
between the layers. This method allows to obtain TMDs layers in large
quantities and, for this reason, this is a widely used procedure for
2D-TMDs synthesis [5].

Most of the works related to the use of TMDs nanosheets for different
applications involve the use of MoSy or WS, [6-11]. In applications
related to electrochemical sensor development, these materials are
usually combined with other nanomaterials of different dimension [6].
In previous works, we have demonstrated the synergistic effect obtained
by the combination of MoS; or WS, with diamond nanoparticles (DNPs)
for the electrode modification [7-9]. The modification of the electrode
surface with WS, nanosheets and DNPs, employed for the determination
of two food dyes, not only resulted in an increase in the peak current of
both analytes, but also in the separation of the overlapped dye signals
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obtained with the bare electrode, thus allowing their simultaneous
quantification [9]. The layer structure of the TMD increases the elec-
troactive area, while the DNPs contribute with their catalytic properties.
Recently, other transition metal disulfides as ReSy or TiSy have been
synthesized, but their analytical applications are still scarce, being
mainly focused on the determination of gas molecules like Oz or HyS
[12-14]. In particular, for ReSy, some examples have been reported
using optical methodologies but the electrochemical sensing field re-
mains unexplored [15-17]. For this reason, the synthesis and applica-
tion of new TMDs nanosheets such as 2D-ReS, and 2D-TiS, for
electrochemical sensor development are interesting strategies in order
to clear a path in the analytical chemistry field [18].

The use of colourants in some industries, as alimentary and phar-
maceutical, improves the appearance of the foods and drugs. However,
their content must be regulated due to their harmful side effects such as
hyperactivity, asthma and allergic reactions [19-21]. Azo colourants, as
tartrazine (TAR; E—102) and sunset yellow (SY, E—110), are a family of
synthetic dyes frequently used in the alimentary industry, both alone or
combined, to give a yellow - orange hue to the products. Different
analytical methods have been reported in the literature for the deter-
mination of these analytes using spectrophotometric techniques, capil-
lary electrophoresis, high performance liquid chromatography
combined with different detectors and electrochemical sensors [22-27].
Methodologies based on chromatography have important advantages
due to the nature of the separation process, but they require expensive
instrumentation. In contrast, the development of electrochemical sen-
sors provides cheap, miniaturized, and selective analytical methodolo-
gies. Moreover, when the sensors designed are robust enough to be
employed as transducers in flow injection analysis (FIA) systems, on-line
methodologies with high sample analysis frequency, in comparison to
discontinuous strategies, can be developed with cheap, affordable and
simple instrumentation. However, the simultaneous determination of
more than one analyte is not possible using a simple amperometric FIA
system. The use of flow injection analysis with multiple pulse ampero-
metric detection (FIA-MPA) can overcome this limitation [28]. This
strategy is based on the monitorization of the current at two different
potential values when consecutive pulses are applied. The methodology
is based on the oxidation of only one analyte at the lower pulse potential
while, at the highest pulse potential, both analytes are oxidized. In this
way, the first analyte can be determined at the lower oxidation potential
and the second one from the difference between the currents obtained at
both potentials. This methodology has been previously employed for the
determination of indigo carmine and allura red as well as caffeine,
ibuprofen and paracetamol, among other examples [28,29].

In this work, we have synthetized and characterized nanosheets of
ReS; and TiS,. For the first time, the synergy of these nanosheets with
diamond nanoparticles was tested for the design of an electrochemical
sensor as transducer in a FIA system with multiple pulse amperometric
detection for the simultaneous analysis of sunset yellow and tartrazine.

2. Materials and methods
2.1. Reagents

The transition metal disulfide nanomaterials (90 nm, 99%), tungsten
disulfide (IV), titanium disulfide (IV) and rhenium disulfide (IV) as well
as the dyes, sunset yellow (SY) and tartrazine (TAR), were purchased
from Sigma-Aldrich (USA). Diamond nanoparticles (4-15 nm diameter)
were supplied by SkySpring Nanomaterials (USA). Boric acid, acetic
acid, phosphoric acid, sodium hydroxide, ethanol absolute (EtOH) and
methanol for HPLC were obtained from Scharlau (Barcelona, Spain).
Ultrapure water was used and produced by Milli-Q-system (trademark)
of Merk Millipore (Billerica, Massachusetts, USA).
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2.2. Instruments

Differential Pulse Voltammetry (DPV) measurements were carried
out with a potentiostat/galvanostat p-Autolab Type III with GPES soft-
ware (Ecochimie, Utrecht, Netherlands). A three electrodes cell was
employed using a bare or modified glassy carbon electrode (GCE) as the
working electrode, an Ag/AgCl/KCl (3 M) electrode as the reference
electrode and a platinum wire as a counter electrode.

The flow injection analysis (FIA) measurements were carried out
using a peristaltic pump, Pumpdrive5201 (Brikmann), an injection valve
with six ports (Omnifit) and a wall-jet electrochemical detection cell
(Metrohm). The amperometric detection was carried out with a modi-
fied glassy carbon electrode (GCE/ReSy/DNPs) as a working electrode,
an Ag/AgCl/KCl (3 M) electrode as reference electrode and a gold disc as
a counter electrode.

High Performance Liquid Chromatography (HPLC) measurements
were performed with a Jasco Analytica PU-1580 high pressure pumping
system, equipped with an injector Rheodyne Model 7125, a 20 pL loop
and a Spherisorb C18 column (250 x 4.6 mm; 5 pm; Scharlau). A Per-
kinElmer 785 A UV/VIS was employed as detector of the chromato-
graphic system.

An ultrasonic bath Transonic 570/H (Elma Schmidbauer GmbH), a
pH meter (Metrohm) and a centrifuge Rotofix 32 A (Hettich) were
employed for the preparation of nanomaterials and electrolytes.

The morphological characterization was done using a Nanoscope IIla
(Veeco) equipment operating in the dynamic mode and employing sili-
con cantilevers (Bruker) with a nominal force constant of 40 N/m and
nominal radius of curvature of 8 nm. The Kelvin Force Microscopy
(KFM) measurements were performed with an Agilent Picoplus 5500
microscope (Agilent) and using Pt coated tips, model ANSCM-PT-20
(AppNano), with a radius smaller than 40 nm. In these experiments,
maps of the topography, contact potential difference (CPD) and gradient
of the tip-sample capacitance (dC/dz) are simultaneously obtained. The
changes in both the CPD and the gradient of the tip-sample capacitance
are related to local changes of the surface potential and of the dielectric
constant, respectively [30]. For I-V measurements a Nanobserver mi-
croscope and a Resicope module (both from Concept Scientific In-
struments, France) were employed using Pt tips (Rocky Mountain
Nanotechnology) with a nominal constant force of 18 N/m and tip
radius below 20 nm. These data were collected in the soft resiscope
mode by applying a voltage ramp to the tip (sample being grounded)
while measuring the flowing current, thus obtaining I-V curves.

2.3. Procedures

2.3.1. Nanomaterials synthesis

ReS; and TiS; nanosheets were synthesized through top-down sol-
vent exfoliation assisted by ultrasounds following previous reports [8,9,
31]. Specifically, 75.00 mg of the corresponding TMD in 10.0 mL of
EtOH/H,0 (45:55 v/v) were sonicated for 2 h. After 24 h at 4 °C, the
resulting mixture was centrifuged at 4000 rpm for 45 min. Finally, the
supernatant was separated and stored at 4 °C.

The DNPs suspension was prepared in water reaching a concentra-
tion of 1.0 mg/mL. The mixture was treated in an ultrasonic bath for 30
min. The resulting suspension was stored at 4 °C.

2.3.2. Electrode modification

The GCE was modified by drop casting of 6.0 pL of the corresponding
TMD suspension and then dried at 45 °C in an oven (GCE/TMDs) for 10
min. Next, over this first layer, 6.0 puL of diamond nanoparticles sus-
pension were added and left to dry at 45 °C (GCE/TMDs/DNPs).

2.3.3. AFM measurements

For the topographical measurements, the samples were prepared on
silicon substrates by drop casting 10.0 pL of a 1:10 diluted ReS; sus-
pension and then dried at 45 °C in an oven (Si/ReSy). Then, over this
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first layer, 10.0 pL of 1:10 diluted DNPs suspension were added and left
to dry at 45 °C (Si/ReS2/DNPs).

For I-V measurements, the samples were prepared in the same way
as the topographical samples by a sequential drop casting of 10.0 pL of
the non-diluted TMD and DNPs suspensions. Therefore, the same con-
centration than that used in the sensing device was employed. After
drying, this modification left a visible rounded compact mark on the
silicon. Afterwards, a drop of silver dag was deposited connecting the
AFM metallic sample-holder and this rounded mark to enable the elec-
trical continuity. Once dried, with the aid of an optical microscope
attached to the AFM, the conductive Pt tip was addressed to those lo-
cations close to the silver dag where the deposited material was clearly
visible. Then a ramp of voltage was applied to the tip (the sample being
grounded) and the current was measured. The I-V measurements were
made at different locations.

2.3.4. Electrochemical measurements

The differential pulse voltammetry scans were carried out between
0.40 V and 1.25 V with a pulse amplitude of 80 mV and a scan rate of 30
mV/s (pulse potential of 0.015 V and an interval time of 0.5 s).

FIA measurements were carried out using acetic acid/sodium acetate
buffer (0.1 M, pH 5) as carrier solution at a constant flow of 3 mL/min.
When a stable signal was obtained, the sample was injected into the flow
with a 6 ports injection valve and a sample loop of 250 pL. The multiple
pulse amperometric detection (FIA-MPA) was carried out by applying
continuously potential pulses of 0.8 V and 1.2 V in steps of 250 ms of
pulse time.

2.3.5. HPLC-UV measurements

HPLC-UV measurements were performed with a mobile phase of
ammonium acetate (0.02 M)/MeOH (35/65 v/v) with a flow rate of 0.7
mL/min and a detection wavelength of 461 nm.

2.3.6. Sample preparation

A pineapple-flavoured jelly powder, purchased from a local store,
containing both dyes, was employed as a real sample. Before the mea-
surement, an extraction treatment was carried out following a previous
published procedure [32]. A mass of 5.0000 g of jelly was extracted
successively with 10.0 mL of methanol and acetone until the jelly
powder lost its color. Afterwards, the extract was centrifuged in order to
remove any powder that could remain after the successive extractions.
After the separation of the supernatant, the solvent was evaporated by
applying heat under Ny flow. The resulting residue was reconstituted in
5.0 mL with methanol. An aliquot of 0.75 mL of sample was diluted to
5.0 mL with the carrier solution and injected in the FIA-MPA system.
Different aliquots of 0.75 mL of sample were spiked with increasing
concentration of both analytes and, after dilution to 5.0 mL, were
injected in the FIA-MPA system.

For HPLC analysis, 300 pL of the sample extract were diluted with
the mobile phase to 5.00 mL before filtration through a 0.45 pm pore
size filter and subsequent injection.

3. Results and discussion
3.1. Optimization of the sensor design

In previous works, we have demonstrated the synergistic effect
produced when combining WS, nanosheets and DNPs in the design of
electrochemical sensors [8,9]. In this work, TiS, and ReS, were selected
in order to evaluate the influence of the nature of the transition metal on
the electrochemical response of the sensor for the simultaneous deter-
mination of sunset yellow (SY) and tartrazine (TAR). Moreover, the
comparison of the performance of these new 2D-TMDs materials in
contrast with the use of 2D-WS, is also included. Fig. 1 shows the dif-
ferential pulse voltammetry response of a mixture of both analytes with
GCE electrodes modified with hybrids of each TMD (WSy, ReS; or TiS5)
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Fig. 1. Differential pulse voltammetry response of a SY and TAR mixture so-
lution with a) GCE, b) GCE/WS,/DNPs, ¢) GCE/TiSo/DNPs and d) GCE/ReSy/
DNPs. Acetic acid/acetate buffer solution 0.1 M pH 5. [SY] = 107> M, [TAR] =
107° M.

and DNPs. In addition, the response obtained with the bare GCE is also
included for comparison. As observed with the bare GCE (curve a), two
anodic peaks are recorded. These peaks, at 0.72 V and 0.95 V, are
ascribed to the oxidation of SY and TAR, respectively. This assignment is
performed by comparing the response obtained for SY and TAR in in-
dividual solutions with that obtained in a mixture of both (see
Figure S1). The separation between both anodic peaks (AE, > 0.2 V) is
large enough to afford their simultaneous determination in a FIA-MPA
system.

When analysing the response using the different sensors (GCE/TMD/
DNPs with TMD = WS, TiS, or ReSy), it is observed that in all cases the
modification of the electrode with both layers (TMD/DNPs) produces an
increase in the current intensity with respect to the unmodified elec-
trode. These results are in good agreement with previous studies
involving the use of GCE/WS,/DNPs sensors [8,9] and allow us to
conclude that such an effect is not exclusive of WS, or MoS; but is also
produced by other TMDs. Moreover, our results reveal the influence of
the nature of the transition metal of the TMD, since as it can be seen by
comparing lines b, c and d in Fig. 1, the extent of the intensity increment
with respect to the bare GCE depends on the TMD. As observed in Fig. 1
line ¢, the GCE/TiSy/DNPs sensor leads to the lowest increase in the
oxidation current, which becomes almost negligible in the case of TAR.
In contrast, for GCE/WS,/DNPs (curve b) and GCE/ReS,/DNPs (curve
d), a higher increment in the peak current with respect to the unmodi-
fied electrode for both SY and TAR is produced. Moreover, for the
GCE/ReS;/DNPs (curve d) system, a shift towards lower potential values
is also observed, which is advantageous in terms of selectivity. There-
fore, the GCE/ReS2/DNPs sensor offers the best analytical response,
leading to the highest peak currents and the lowest peak potential
values, improving both the sensitivity and the selectivity of the method.
These results aimed us to pursue the rest of the experiments with ReSy as
TMD nanomaterial.

To ensure that the enhanced response is due to the synergistic effect
between ReS, nanosheets and DNPs, the modification of the electrode
surface was carried out with each nanomaterial independently. The re-
sults, displayed in Fig. 2, show that the presence of ReS; on the electrode
surface (curve b) produces a decrease in the current intensity of both
analytes. This was the typical behavior observed when electrodes were
modified just with sheets of MoSz or WS, and it can be attributed to the
semiconducting properties of the TMD [1,9,11]. On the contrary, the
GCE/DNPs electrode (curve c) produces an increase in the current and a
slight peak potential shift towards lower values due to the high con-
ductivity and catalytic properties exhibited by this carbon nanomaterial.
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Fig. 2. Differential pulse voltammograms of SY and TAR with a) GCE, b) GCE/
ReS,, ¢) GCE/DNPs and d) GCE/ReS,/DNPs. Acetic acid/acetate buffer solution
0.1 M pH 5. [SY] = 10™° M, [TAR] = 10> M.

As can be observed, the combination of both nanomaterials on the
electrode surface produces the highest increase in the intensity, showing
that the synergistic effect obtained previously with WS, is maintained
with ReS; (curve d). The layered structure of the TMD provides a higher
electrochemical surface for the incorporation of the DNPs which provide
catalytic properties.

3.2. AFM characterization of the sensor surface

Once we have selected GCE/ReS,/DNPs as the more adequate plat-
form to detect SY and TAR, we proceeded to characterize the surface
resulting after each step of the sensor construction. As observed in
Fig. 3A, the Si/ReSy was characterized by the presence of a network of
flakes that, in some zones, practically cover the surface. The plateau
surface is very flat, with rms roughness of 0.5 nm, although it displays
some bumps or nanoprotuberances with a height of 0.5 nm. The arrow in
Fig. 3B indicates these protuberances on a plateau. Regarding the
thickness of the flakes, Fig. 3B shows the surface profile along the line
marked in Fig. 3A. The thickness can be estimated to be close to 3 nm.

Next, we studied by AFM the Si/ReSy/DNPs sample. Fig. 4A shows
the typical morphology at the nanoscale. Here, in the background, flakes
scattered on the silicon surface, with a thickness close to 3 nm, are
imaged. In this case, the flakes do not form a network, as in Fig. 3A, but
they are isolated. About at the middle of the image large structures,
40-60 nm high, are observed, which are indicated by arrows. A detailed
inspection shows that they are composed by the aggregation of different
rounded structures that correspond to the DNPs, which tend to gather
together [31,33].

In Fig. 4B, a zoom of the surface of a large flake is shown. The interest
of this image is that different height levels corresponding to individual
flakes can be distinguished. Thus, a sort of multilayer flake structure is
obtained. In fact, the height distribution of this image, shown in Fig. 4C,
displays different peaks. Note that the x-axis of this histogram corre-
sponds to the height level, and the y-axis to the normalized amount of
locations (i.e., pixels) with a given height. In this sense, the different
peaks come from the different terraced flake structures that provide with
enough pixels to have a relative high frequency in the graph. The most
noticeable aspect of this plot is that the x-axis (height) distance between
peaks, going from left to right, are 2.3 nm, 2 nm, 3.6 nm, 3.4 nm and 1.4
nm. Within the experimental error, all these values are close to multiples
of 0.7 nm, which is the thickness of a single monolayer of ReS; [34].

In order to further characterize the Si/ReS,;/DNPs sample, we also
performed KFM measurements. In these experiments, as described in the
experimental section, we obtained simultaneously the maps of the
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Fig. 3. (A) AFM image of the Si/ReS, sample. The long line indicates the

section to which corresponds the surface profile depicted in (B). In this profile,
the nano-protuberances on a plateau are indicated with an arrow.

topography, CPD and gradient of the capacitance, which could then be
correlated. Such images are shown in Fig. 5A, B and C, respectively. The
topographical image (Fig. 5A) shows a wide area where the flakes also
form a sort of compact network although the whole surface is not
covered by it (see particularly the bottom left corner). Scattered on top
of this layer different structures are imaged. Particularly, at the top half
left part of the image many tiny structures, 5-8 nm high, are found.
These could correspond either to ReS, small structures or to tiny DNPs.
The large structures, with heights in the 50-100 nm range, clearly
correspond to aggregates of DNPs, as in many cases the individual
nanoparticles can be distinguished. Five of these protuberances are
numbered in the different images in order to clearly correlate the
different data. Precisely, these large DNPs structures are those that yield
higher contrast in the capacitance gradient image, as they appear with a
dark hue. This sort of contrast was already found in other sensing sys-
tems containing DNPs [7].

In the CPD map, however, the contrast is more homogeneous. It
seems that the ReS; gives a slightly higher contrast than the substrate,
around 20 mV higher. Likewise, the largest DNPs structures also give
higher (brighter) contrast. These correlations are better shown in the
plots of Fig. 5D that display the profiles along the long line in the three
images. There, it is obvious that the DNPs protrusions yield less contrast
in the gradient of capacitance and only the largest ones give higher
contrast in the CPD plot. Most of the tiny structures observed at the top
left part of the topography (see above) yield a slight dark gradient
capacitance contrast, which suggests that they likely are small DNPs.

Finally, we have studied the conductive properties of the ReS; and
ReS,/DNPs samples by performing measurements of I-V curves using a
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Fig. 4. (A) AFM image of the Si/ReS;/DNPs sample. The arrows show the DNP
aggregated structures. (B) Zoomed image on top of a ReS, flake. (C) Height
distribution corresponding to (B). The peaks correspond to the height levels (x-
axis) of the different terraces.

Pt tip with AFM operating in the soft resiscope mode (see Experimental).

Fig. 6 displays characteristic I-V curves obtained in these measure-
ments. The Ag reference gives an ohmic behavior. In contrast, the curves
obtained for the ReS; and ReS,/DNPs samples show a different behavior
where a gap is detected at low voltages. The curve displayed for ReS; is
characteristic of this sample. It shows a gap of ~0.2 V, which is smaller
than the expected value of 1 V [35]. Probably, the high number of de-
fects associated to the preparation method as well as the contact effects
between the metal (silver or Pt) and ReS; may account for the observed
changes in the gap value and curve shape [35-37]. The curves displayed
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for the ReS,/DNP system have been taken on different locations close to
the silver dag. Although the shape is maintained, and similar to that
obtained for the ReS; sample, the gap value changes with the location. It
can be very similar to that of ReS; and appreciably smaller. It should be
noted that the presence of C-H bonds at the DNP surface can reduce both
its bandgap and resistivity [38-40]. In addition, the control over the
specific location on which the I-V curves are taken is in the several
microns range, which implies that for the ReSo/DNPs sample the curves
can be measured at spots either free or rich of DNPs.

3.3. Optimization of the FIA-MPA methodology for simultaneous TAR
and SY determination

Once ReS; was selected to be combined with DNPs and the resulting
surface was morphologically characterized, the influence of the pH of
the electrolyte on the electrochemical performance was studied under
static conditions. Thus, a mixture of both analytes was measured at
different pH values and the results are shown in Figure S2. As expected,
the peak potential corresponding to the oxidation of both analytes shifts
towards lower values as pH increases according to the Nernst equation
(see Figure S2B). The slopes values of —0.033 V/pH and —0.029 V/pH
obtained for SY and TAR respectively, show that, in both electro-
chemical processes, the number of electrons involved is twice the
number of protons. Similar results have been reported in the literature
for these analytes [41,42]. In addition, at pH values higher than 9.0, the
peak corresponding to TAR oxidation disappears, while for both addi-
tives, good responses were obtained at pHs lower than 5. At pH 2, the
current obtained for TAR is higher than at pH 5, which is just the
opposite case than for SY, where the highest intensity is recorded at pH
5. In order to select between pH 2 and pH 5, two aspects were taken into
account, namely the current values and peak potentials obtained for
each colorant. Currents are high enough for both pH conditions. How-
ever, lower potential values are required for the determination of SY and
TAR at pH 5. Accordingly, in a compromise between sensitivity and
selectivity, acetic acid/acetate pH 5 was selected as electrolyte to be
employed as carrier in the flow injection analysis method.

Since this kind of modification based on TMD/DNPs was never
employed before in FIA systems, it was necessary to evaluate its
robustness and stability under flow conditions. Therefore, the response
of the GCE/ReS,/DNPs was evaluated in a FIA with a single ampero-
metric detection system. The response of each dye was registered with
both the GCE and GCE/ReSy/DNPs sensors by applying the corre-
sponding potential value for the oxidation of each analyte obtained from
the differential pulse voltammetry measurements: 0.72 V for SY and
0.95 V for TAR. In agreement with the results previously obtained in
batch measurements, in both cases the modified electrode offers higher
currents than those obtained with the unmodified one (Figure S3).
Moreover, although the fiagrams recorded with the GCE/ReS;/DNPs
show wider peaks than with the unmodified electrode, the reproduc-
ibility of the signals in successive measurements, especially in the case of
TAR oxidation, is much better when the developed sensor is used as a
detector. So, it could be concluded that the GCE/ReS;/DNPs is stable
enough to work under flow conditions.

Next, we optimized all the parameters affecting the analytes response
in the FIA-MPA system. The potentials to be applied for the detection of
each compound and the duration of the potential pulses were evaluated.
To this end, the hydrodynamic curves were recorded (Figure S4). For SY,
the current increased sharply while increasing the applied potential up
to 0.9V, and then slowly until reaching a maximum value at 1.0 V. For
TAR, the current increased up to 1.1 V, and then remained nearly con-
stant for higher potential values. For the simultaneous FIA-MPA deter-
mination, it is required that at the first potential pulse applied, only one
of the analytes is oxidized. Based on this criterion, a first potential pulse
of 0.8 V was selected for SY determination since at higher potentials the
oxidation of TAR begins to become significant. A value of 1.2 V was
selected as second pulse potential since a maximum intensity is recorded
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for TAR.

The duration of the potential pulses was optimized following the
same criteria mentioned above. To this end, the currents of both analytes
were monitored varying the potential pulses between 100 and 250 ms
(data not shown). The best results were obtained for 250 ms as the signal
of SY at 0.8 V had the highest current intensity while the oxidation
current of TAR remained almost negligible being, consequently, its
contribution at this lower potential insignificant.

Fig. 7 shows the electrochemical response of SY, TAR and a mixture
of both under the selected conditions. As can be observed, at E; = 0.8 V,
only SY is oxidized while the current for TAR is insignificant. However,
at E; = 1.2 V both SY and TAR are oxidized. Thus, the quantification of
SY can be carried out with the current recorded at E; (Igy = Ig1), whereas
for TAR determination, a subtraction of both currents is required (Itagr =
Ig2 - Ig1)-

Next, the carrier flow rate and the sample injection volume were also
studied in order to obtain the best analytical performance of the meth-
odology. Both studies were carried out injecting a solution containing a
mixture of SY and TAR with 5.0 x 107> M and 2.5 x 10> M concen-
tration, respectively. For the flow rate study, the current was monitored
varying the flow rate between 1 and 4 mL/min. As expected, higher flow
rate values produced an increase in the peak intensity response together
with wider FIA peaks that affect the sample frequency. In a compromise
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between sensitivity and sample frequency, 3 mL/min was selected as the
flow rate for the rest of the experiments.

For the optimization of the volume injection, the volume of the loop
was varied between 25 pL and 500 pL. As before, as the sample volume
increases, the current intensity increases until reaching a maximum with
a sample volume of 300 pL. The increase in the volume also produces
wider peaks that affect the sample frequency. A volume of 250 pL was
selected as optimal and, under these optimized conditions, a sampling
frequency of 66 samples per hour was obtained.

3.4. Influence of SY and TAR concentration: calibration graph and
analytical parameters

Once all the FIA-MPA parameters were optimized, the influence of
each analyte concentration in the electrochemical response was evalu-
ated by the injection of mixtures with different concentration levels.
Fig. 8 shows an increase in the oxidation current with increasing con-
centrations of each analyte at both potentials. For the SY determination,
the current increased linearly between 1.00 x 107% and 8.75 x 107> M
as given by the equation Ip (A) = (7.3 + 4.5) x 1078 + (4.20 + 0. 10) x
1072 [SY] (M); r = 0.998. For TAR, the linear range was found between
7.50 x 1077 and 8.75 x 10~ M according with the equation Ip (A) =

5.00 x 109 M
6.25 x 105 M
7.50 x 10% M
7.92x10%°M
8.75x10°M
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Fig. 8. (A) FIA-MPA response for increasing concentrations of SY and TAR using a GCE/ReS,/DNPs sensor. (B) and (C) are the corresponding calibration curves.
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(=5.4 + 3.7) x 1078 + (4.385 £ 0.072) x 102 [TAR] (M); r = 0.998.

The detection (3c/slope) and the determination limits (10c/slope)
obtained were 3.51 x 10”7 M and 1.17 x 10~® M for the determination
of SY and 2.39 x 107 M and 7.98 x 10”7 M for TAR. Table 1 shows
some examples reported in the literature for the simultaneous determi-
nation of TAR and SY. Lower detection limits can be reached when the
electrochemical sensor is working in a batch system. However, if the
results are compared to the only work employing a FIA-MPA system, the
detection limits obtained in our work are lower. For some applications,
reaching very low detection limits is important. However, this is not
necessary for the analysis of dyes in food samples because their con-
centrations are usually high enough. In this kind of samples, it is
important to be able to determine a high number of samples in a short
amount of time. With our method, we have found a sampling frequency
of 66 samples per hour.

The accuracy and the precision (in terms of reproducibility) of the
methodology were also evaluated. These parameters were calculated in
terms of relative errors (Er %, n = 3) and relative standard deviations
(RSD %, n = 3), obtaining values lower than 12.6% and 7.8%, respec-
tively. The study of the stability of the sensor in the FIA-MPA system was
performed by the successive injections of a mixture of SY and TAR with
2.5 x 10> M and 1.00 x 10~> M concentrations, respectively. Figure S5
shows the response of the GCE/ReS,/DNPs sensor during 50 consecutive
measurements. The horizontal bars represent the limit values estab-
lished with 10% of signal variability as criterion. The results show the
high stability of the signal during the experiment with a RSD (n = 50) of
2.9% and 3.6% for SY and TAR, respectively. These results demonstrate
that the current remained constant during at least 50 measurements,
allowing us to conclude that, even when working under flow conditions,
the modification of the glassy carbon electrode surface with ReS; and
DNPs remains stable, without becoming detached in the solution.

3.5. Interferences

The study of the influence of other substances that could alter the
signal of the analytes under investigation was carried out. The inter-
ferents included in this study were compounds that are usually present
in the sample with the analytes. For this, a mixture of SY (2.5 x 107° M)
and TAR (1.0 x 107> M) without and with increasing concentration of
the corresponding interferent were injected in the FIA-MPA system and
the intensity current was recorded. It was considered that an interfer-
ence is produced when the analytical signal of each compound changes
by more than a 10% of the initial current of SY and TAR in the mixture.
Table 2 includes the maximum allowed concentration and the

Table 1

Comparative methods for TAR and SY determination. AuNPs/PDDA-Gr/GCE:
poly (diallyldimethylammonium chloride) functionalized gold nanoparticles/
graphene/glassy carbon electrode. GN/TiO,-CPE: Graphene and mesoporous
TiO, modified carbon paste electrode. HPLC-DAD: High performance liquid
chromatography-diodo array detector. ERGO-AuNRs/GCE: electro-reduced gold
nanorods decorated graphene oxide on glassy carbon electrode. §-CD-PDDA-Gr/
GC-RDE: p-cyclodextrin-coated poly (diallyldimethylammonium chloride)-
functionalized graphene composite film modified glassy carbon-rotating disk
electrode. MWCNTs-IL/CCE: Carbon nanotube-ionic liquid nanocomposite
modified sol-gel derived carbon-ceramic electrode. BDD: Boron-doped diamond

electrode. DPV: Differential pulse voltammetry. SWV: square wave
voltammetry.
Method SY rop (1M) TAR 1op (LM) Reference
AuNPs/PDDA-Gr/GCE (DPV) 0.002 0.0025 [43]
GN/TiO,-CPE (SWV) 0.006 0.008 [44]
HPLC-DAD 0.049 0.019 [45]
ERGO-AuNRs/GCE (DPV) 0.0024 0.0086 [46]
B-CD-PDDA-Gr/GC-RDE (DPV) 0.120 0.140 [471
MWCNTs-IL/CCE (DPV) 0.11 1.100 [48]
BDD (FIA-MPA) 2.5 0.8 [49]
GCE/ReS,/DNPs 0.35 0.24 This work
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Table 2
Maximum allowed concentration and Alp produced by other compounds in SY
and TAR determination.

Interference Maximum allowed Alp (0.8V) Alp (1.2V)
concentration (M) (%) (%)
Sodium 5.00 x 107* M 9.7 12.4
chloride
Sodium citrate 1.00 x 10°°M 9.4 9.7
Glucose 7.50 x 107° M 10.4 9.8
Fructose 5.00 x 10°°M 9.2 9.5

corresponding change in the intensity for each assayed interference
(sodium chloride, sodium citrate, glucose and fructose).

From the results, the maximum interference was produced by fruc-
tose for both SY and TAR, since the concentrations of the interferents are
5-fold and 2-fold lower than the SY and TAR concentrations, respec-
tively. In contrast, NaCl does not produce any interference up to 5.00 x
10~*M, which represents a 20-fold and 50-fold concentration level with
respect to SY and TAR, respectively. Therefore, we have shown that the
sensor has an adequate selectivity with respect to compounds that are
typically present in food samples containing both dyes.

3.6. Analytical application: determination of SY and TAR in pineapple
jelly

The sensor was applied in the determination of both analytes in a
pineapple-flavoured jelly purchased in a local shop. As stated in the
procedure section, a sample of 5.0000 g was weighted, successively
extracted and finally reconstituted in 5.0 mL of methanol. An aliquot of
extract of 750 pL was diluted to 5.00 mL with carrier solution and then
injected in the FIA-MPA system. The standard addition method was
employed to carry out the analytical determination. Fig. 9 shows the
FIA-MPA response of the sample solution before and after adding
increasing concentrations of TAR and SY. The current intensity varies
linearly with the concentration of the standard added, according to
equations Ip (A) = 6.5 x 10~7 + 3.5 x 1072 [SY] (M); r = 0.990 and Ip
(A) = 4.8 x 107 + 5.7 x 10 2 [TAR] (M); r = 0.990 for SY and TAR,
respectively. After the corresponding extrapolation, the average con-
centration calculated in the measured solution is 1.86 x 10~> M for SY
and 8.42 x 107 M for TAR, which results in concentrations of 1.24 x
10~*M and 5.6 x 10~ M in the sample, respectively. From these data,
values of 53.7 mg/kg of SY and 29.0 mg/kg of TAR were obtained,

TAR

75x10° M

50x10°M

25x10°M

250s SY

50x10°M
75x10° M

7.5x10°M
1.0x10°M
25x10°M

Fig. 9. FIA-MPA response of the sample solution before and after adding
increasing concentrations of TAR and SY.
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which are lower than the maximum legal amounts stablished by the
European Union for these kinds of samples [S0]. By comparing the
slopes obtained by the addition standard method and the external cali-
bration employing the t-test, values of teac = 5.43 for SY and teqc = 3.75
for TAR and ty,p, (4, 0.95) = 2.78 were obtained. Therefore, as the slopes
are significantly different, the need for using the addition standard
method instead of the external calibration was verified. Finally, in order
to evaluate the recovery of the method, we proceeded to analyse spiked
samples with a concentration of 7.5 x 10~® M and following the same
sample procedure. Taking into account the concentration found in the
undoped sample, recovery values of 94% and 105% were obtained for
SY and TAR, respectively.

In order to validate the result obtained by the FIA-MPA system, the
powder for the preparation of the jelly was further analyzed by HPLC-
UV-Vis detection. Figure S6 shows the increase of the signal with
colorant concentration according to the following equations: Area =
(-9.8 £ 4.7) x 10® + (6.53 £ 0.09) x 10* [SY] (mg/L) and Area =
(-1.0 + 0.7) x 10* + (4.7 £ 0.1) x 10* [TAR] (mg/L). Note that TAR
and SY were detected at a retention times (tg) of 2.7 and 4.1 min,
respectively.

Next, 20 pL of jelly samples, after the treatment described in pro-
cedures, were injected in the chromatographic system (see chromato-
gram in red in Figure S6). From the interpolation of the signals obtained
at 2.7 and 4.1 min in the corresponding calibration curves, SY concen-
tration of 56.1 + 0.7 mg/kg (n = 3) and TAR concentration of 30.0 +
0.4 mg/kg (n = 3) were obtained. These results are in very good
agreement with those found with the proposed FIA method, thus
allowing us to confirm that the herein reported method works for
routine determination of these food additives in real samples.

4. Conclusions

We have developed a new electrochemical sensor based on 2D-
ReS2&DNPs as transducer of a FIA-MPA system for the simultaneous
determination of SY and TAR. We show that the combined use of ReS,
and DNPs leads to a greater synergistic effect than those achieved with
other combinations, where ReS; is replaced by either TiS; or WSs,. The
surface sensor, characterized by AFM and KFM, is formed by scattered
and stacked ReS, flakes, with an individual thickness of around 3 nm, as
well as by larger structures compatible with aggregations of DNPs. From
local probe (AFM) I-V measurements, gaps close to 0.1 and in the
0.1-0.6 V range are obtained for ReS; and ReS,/DNPs, respectively. The
simultaneous determination of both dyes with the FIA-MPA system is
possible thanks to the clear difference in the potential values required
for oxidation of SY and TAR (0.8 V and 1.2 V, respectively) and to the
fact that only SY is oxidized at the lowest potential pulse applied. Values
of pH 5, flow rate 3 mL/min and volume injection of 250 pL were
selected as optimum values for the determination. The developed
methodology leads to detection limits of 3.51 x 10~ M and 2.39 x 1077
M for SY and TAR, respectively Furthermore, a high sampling frequency
of 66 samples per hour was achieved. The modified surface is robust
enough to allow at least 50 consecutive measurements with an RSD
lower than 3.6%. Finally, the method was applied to the simultaneous
determination of both dyes in a pineapple-flavoured jelly sample with
good results.
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