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Abstract

A novel highly sensitive voltammetric sensor based on a glassy carbon electrode (GCE)
modified with a mixture of cerium and tin dioxide nanoparticles (NPs) as a sensing layer
was developed. Surfactants of various nature (anionic sodium dodecyl sulfate, cationic N-
cetylpyridinium bromide, and non-ionic Triton X-100, Brij® 35, and Tween-80) were used
as dispersive agents for NPs. Complete suppression and a significant decrease in the dye
oxidation peak occurred in the case of Tween-80 and sodium dodecyl sulfate, respectively.
CeO2-SnO2 NPs in Brij® 35 gave the best response to Acid Yellow 3 caused by its adsorp-
tion at the electrode surface. Linear dynamic ranges of 0.50-7.5 and 7.5-25 mg L' with a
detection limit of 0.13 mg L' of Acid Yellow 3 were achieved using differential pulse mode
in Britton-Robinson buffer pH 5.0.

Keywords: voltammetric sensors; metal oxide nanoparticles; surfactants; synthetic dyes;
Acid Yellow 3

1. Introduction

The synthetic dye Acid Yellow 3 (Quinoline Yellow S) is widely applied in the food
and pharmaceutical industries to obtain greenish yellow color of the final products. From
a chemical point of view, the dye is a mixture of di-, mono-, and trisulfonates of 2-(2-
quinolyl)indan-1,3-dione (Figure 1) [1].

n

Figure 1. Acid Yellow 3 structure.

However, dye content is strictly regulated due to dose-dependent toxic effects of liv-
ing systems [2]. The maximum permitted level of Acid Yellow 3 in foodstuff is in the range
of 10-300 mg kg! or mg L' depending on the type of product, while the acceptable daily

Eng. Proc. 2025, x, x

https://doi.org/10.3390/xxxxx


https://sciforum.net/event/ECSA-12

Eng. Proc. 2025, x, x FOR PEER REVIEW 2 of 8

intake is 0.5 mg/kg body weight/day [3]. Therefore, sensitive methods are required for
Acid Yellow 3 determination, and electrochemical sensors are perspective ones. Never-
theless, quite limited examples of electrochemical determination of this dye have been
reported to date. All of them are focused on the application of modified electrodes due to
the extremely low sensitivity of the dye response at the traditional carbon-based elec-
trodes. Carbon nanomaterials, polymeric coverages (polyvinylpyrrolidone or polypyr-
role), and various combinations of nanomaterials are used as electrode surface modifiers.
Glassy carbon (GCE) and carbon paste (CPE) electrodes act as a platform for modifier
immobilization. The analytical characteristics of Acid Yellow 3 are summarized in Table
1. All methods require a preconcentration step that increases the measurement time and
can promote co-adsorption of other matrix components in real samples leading to worse
selectivity of Acid Yellow 3 determination. The concentration of dye expressed in uM [5-
10] is a significant methodological error as far as dye is the mixture of sulfonates and their
exact ratio can vary.

Table 1. Electrochemical sensors for Acid Yellow 3 determination.

Detection Limit Linear Dynamic
Sensor Mode Eace (V) facc (5) of Detection Range Ref.
CCE/MWCNTs '—dihexadecylhydro- 4 xppya 03 120 0.5 mg L-1 0.75-20mg L1 [4]
gen phosphate

Indium tin oxide/MWCNTs AdA>3 0.4 200 0.004 uM 0.02-10 uM [5]
GCE/PDDA-RGO ¢ AJdADPV 0.3 150 0.002 uM 0.01-10 uM [6]
CPE—polyvinylpyrrolidone AdADPV 0.5 120 0.027 uM 0.05-10 uM [7]
GCE/Polypyrrole-SWCNTs 5 AdCV ¢ 0.0 120 0.08 uM 0.8-100 uM [8]
GCE/ERGO -MnQO: nanorods AdASDLSV®  -0.2 180 0.04 uM 0.10-6.0; 6.0-60 UM [9]
GCE/WS: nanosheets/Diamond NPs®  AdADPV -0.85 40 4.5 uM 15-60 uM [10]

1 Multi-walled carbon nanotubes, 2 Adsorptive anodic differential pulse voltammetry, 3 Adsorptive
amperometry,  Poly(diallyldimethylammonium chloride) functionalized reduced graphene oxide,
5 Single-walled carbon nanotubes, ¢ Adsorptive cyclic voltammetry, 7 Electrochemically reduced

graphene oxide, 8 Adsorptive anodic second derivative linear sweep voltammetry, ® Nanoparticles.

Further enlargement of the electrode surface modifiers in Acid Yellow 3 electroanal-
ysis is of interest. Transition metal oxide NPs (CeO2, Fe203, MnO2, SnO2, La20s, M0Os, etc.)
have been shown to be an effective sensing layer for various synthetic dyes [11-14]. A
current trend in this type of electrochemical sensors is focused on the combination of sev-
eral metal oxides in order to obtain a synergetic action of NPs [15-17]. Recently, mixed
CeO2 and SnO:2 NPs have shown a highly sensitive response to Sunset Yellow FCF [18].
Application of such combination to another class of dyes, i.e., quinoline ones, can give
additional application area of mixed CeO2-SnO:2 NPs in organic electroanalysis.

2. Materials and Methods

The stock solution with concentration of 5060 mg L-! was prepared from Acid Yellow
3 (TCI, Tokyo, Japan) by dissolution of the exact weight in distilled water.

Commercial CeO2 NPs (10% wt. water dispersion with particle size <25 nm (Sigma-
Aldrich, St. Louis, MO, USA)) and SnO: NPs (powder with particle diameter < 100 nm
(Aldrich, Steinheim, Germany)) were used for the preparation of electrode surface modi-
fier. The mixture of CeO2 and SnO:2 NPs (1 mg mL-') was obtained by sonication for 10
min in an ultrasonic bath (WiseClean WUC-AO03H from DAIHAN Scientific Co., Ltd.,
Wonju-si, Republic of Korea). 0.10-1.0 mM surfactant solutions were used as dispersive
medium for NPs. Sodium dodecyl sulfate (SDS) (Ph. Eur. Grade, Panreac (Barcelona,
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Spain), Brij® 35 (98%, Acros Organics (Geel, Belgium)), Tween® 80 (Merck, Steinheim, Ger-
many), Triton X-100 and 98% N-cetylpyridinium bromide (N-CPB) from Aldrich (Stein-
heim, Germany) were used. Their 1.0 mM (2.5 mM for Brij® 35) stock solutions were pre-
pared in distilled water. Electrode surface was modified by drop casting of 3 uL of NPs
dispersion. Other chemicals were of c.p. grade and used as received.

The potentiostat/galvanostat PGSTAT 302N with FRA 32M module (Metrohm B.V.,
Utrecht, The Netherlands) with NOVA 1.10.1.9 software was used for electrochemical
measurements. GCE (2 = 3 mm) from CH Instruments, Inc. (Bee Cave, TX, USA) or GCE
modified with CeO2-SnO2 NPs, reference Ag/AgCl (3M NaCl) electrode (Metrohm B.V.,
Herisau, Switzerland), and auxiliary electrode (platinum wire) from Econix-Expert Ltd.
(Moscow, Russia) were used. All measurements were performed in a glass electrochemi-
cal cell containing Britton-Robinson buffer (BRB). Cyclic (CVs) or differential pulse (DPVs)
voltammograms were recorded from 0.0 to 1.5 V or 0.0 to 1.4 V, respectively.

A high-resolution field emission scanning electron microscope MerlinTM (Carl Zeiss,
Oberkochen, Germany) was used at a 5 kV accelerating voltage and a 300 pA emission
current.

3. Results and Discussion
3.1. Voltammetric Characteristics of Acid Yellow 3

Acid Yellow 3 is irreversibly oxidized at +1.17 V on the bare GCE in BRB pH 2.0 (Fig-
ure 2). The oxidation signal is poorly expressed in spite of the high concentration of the
dye and cannot be used for analytical purposes.
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Figure 2. CVs of 50 mg L' Acid Yellow 3 at bare GCE (a) and GCE/CeO2-SnO2 NPs-Brij® 35 (0.5
mM) (b) in BRB pH 2.0, v=0.10 V s7..

The effect of electrode surface modification with a mixture of CeO2-SnO2 NPs dis-
persed in 0.10 mM surfactant medium (anionic SDS, cationic N-CPB, and non-ionic Triton
X-100, Brij® 35, and Tween-80) on the Acid Yellow 3 response was evaluated (Table 2).

Table 2. Voltammetric parameters of Acid Yellow 3 at bare GCE and GCE/CeO2-SnO2 NPs-surfac-
tant. csurfactant = 0.10 mM, n= 5, p= 0.95.

Electrode Epo V Ipo, LA
Bare GCE 1.17 0.068 +0.006
GCE/Ce02-SnO2 NPs-N-CPB 1.15 0.19 +0.03
GCE/CeO2-SnO2 NPs-Brij® 35 1.19 0.35+0.02
GCE/Ce02-SnO2 NPs-Triton X-100 1.18 0.25+0.01

GCE/CeO2-SnO2 NPs-Tween® 80 — —
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GCE/CeO2-SnO2 NPs-SDS 1.24 0.034 + 0.003

Complete suppression and a significant decrease in the dye oxidation peak occur in
the case of Tween-80 and sodium dodecyl sulfate, respectively. The presence of Tween-80
blocks the electron transfer that is seen even for the supporting electrolyte. The electro-
static repulsion between negatively charged SDS and dye can explain a 2-fold decrease of
the oxidation peak currents as well as an anodic shift of the oxidation potential. Other
surfactants provide an improvement of the Acid Yellow 3 signal which is more pro-
nounced in the case of non-ionic surfactants. Electrostatic interactions take place in the
case of cationic N-CPB that agree well with the data reported earlier [18,19]. The CeO:-
SnO2 NPs in Brij® 35 give the best response (7-fold increase in the oxidation peak currents
vs. bare GCE) due to the dye adsorption at the electrode surface via hydrophobic interac-
tions.

The effect of Brij® 35 concentration (0.05-1.0 mM) in NPs dispersion on the oxidation
peak parameters of Acid Yellow 3 has been tested. The dye oxidation currents are in-
creased, and oxidation potential remains unchanged when 0.05-0.5 mM of Brij® 35 is used.
Further increase of surfactant concentration to 1.0 mM leads to significant downfall in
oxidation peak currents that is probably caused by the formation of Brij® 35 micelles and
their more complex aggregates, such as cylindrical ones [20], which affect electrode reac-
tion kinetics. The highest oxidation currents (0.48 + 0.03 pA at +1.20 V) are obtained for
0.5 mM Brij® 35. Thus, GCE modified with CeO>-SnO2 NPs dispersed in 0.5 mM Brij® 35
has been chosen for further investigations.

3.2. Electrode Characterization

The scanning electron microscopic characterization of the electrode surface morphol-
ogy is shown in Figure 3. GCE has a relatively smooth unstructured surface of low rough-
ness (Figure 3a). CeO2-SnO2 NPs-Brij® 35 are evenly distributed at the electrode surface
and presented by spherical and single rhomboid structures of 28-90 nm (Figure 3b).

@) T (b)

Figure 3. Scanning electron microscopic images of the electrode surface: (a) bare GCE; (b)
GCE/CeO2-SnO2 NPs-Brij® 35.

The electrochemical parameters of the electrodes have been studied with chronoam-
perometry and electrochemical impedance spectroscopy (EIS) (Table 3). The electroactive
surface area (A, cm?) of GCE and GCE/CeO2-5nO2 NPs-Brij® 35 has been evaluated using
chronoamperometry of 1.0 mM ferrocyanide ions in 0.1 M KCl. Electrolysis has been car-
ried out at 0.60 V for 25 s and the Cottrell equation has been applied for the calculations
[21]. EIS has been performed in the presence of 1.0 mM ferro/ferricyanide ions as the redox
probe in 0.1 M KCl at 0.25 V (half-sum of the probe redox peaks) and the impedance spec-
tra have been fitted using a Randles equivalent circuit [22]. The heterogeneous electron
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transfer rate constants (ket) (Table 3) have been calculated using electrochemical imped-
ance data as described in [23]. An 8.5-fold decrease in the electron transfer resistance (Ret)
for the modified electrode clearly indicates the increase in the electron transfer rate that
agrees well with the ket values.

Table 3. Electrochemical parameters of the electrodes (1 =5; p = 0.95).

Electrode

A, cm? Rs, Q Re, KQ  Q, pQ! n W, pQ1  x2 ke, cm s

Bare GCE

0.089+0.003 101+6 725+09 0.45+0.05 0.860 - 0.02 5.19x10°

GCE/CeO2-SnO2 NPs-Brij®35 0.100+0.002 116+9 85+05 21+x04 0885 221+4 0.02 4.43x10*

08+

3.3. Acid Yellow 3 Electrooxidation Parameters

Changes in the Acid Yellow 3 oxidation peak at various pH of supporting electrolyte
and potential scan rates have been used to elucidate electrode reaction parameters. Well-
defined oxidation peak of dye is observed in the pH range of 2.0-6.0. The dye signal dis-
appears completely at pH 7.0. The oxidation potential is almost unchanged with increase
of pH (Figure 4a) indicating a proton-independent electrooxidation process. The Acid Yel-
low 3 oxidation peak currents are increased with pH growth achieving a maximum at pH
5.0 (Figure 4b). Then, a 2.3-fold decrease in currents occurs at pH 6.0. Thus, BRB pH 5.0
has been used in further studies.
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Figure 4. Changes in the oxidation peak of Acid Yellow 3 at various pH and potential scan rates on
the GCE/CeO2-SnO2 NPs-Brij® 35: (a) Oxidation peak potential of 100 mg L' dye, v=0.10 V s7; (b)
Oxidation peak currents of 100 mg L™ dye, v=0.10 V s7%; (c) CVs of 250 mg L™! dye in BRB pH 5.0 at
v=0.005-0.075V s7L.

The effect of the potential scan rate in the range of 5-150 mV s! on the dye oxidation
peak parameters has been studied (Figure 4c). The peak currents achieve maximum at the
scan rate of 75 mV s!. Further increase of potential scan rate does not give any changes in
the oxidation peak currents. Thus, a surface-controlled electrooxidation of Acid Yellow 3
is suggested and confirmed by the linear plot of I, vs. potential scan rate (Equation (1))
and the slope of 1.01 for the plot Inlp vs. In v (Equation (2)).

Ip[HA] = (-0.02 + 0.02) + (0.0148 + 0.0005)v [mV s1] R2 = 0.9963, 1)

Inl [uA] = (2.7 + 0.2) + (1.01 + 0.04)Inv [V s-1] R2 = 0.9943. @)

These results agree well with the data obtained for other modifier electrodes [4-8].

Acid Yellow 3 electrooxidation at the GCE/CeO2-SnO2 NPs-Brij® 35 proceeds irre-
versibly as long as there are no reduction steps on the CVs. The anodic transfer coefficient
is equal to 0.5 in this case. Thus, according to AE12 = 62.5/a.n, 2 electrons participate in
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Acid Yellow 3 oxidation. Similar data have been reported for CPE—polyvinylpyrrolidone
[7] and GCE/ERGO-MnQO2 nanorods [9].

3.4. Acid Yellow 3 Quantification

DPV has been applied for the dye quantification. The preliminary optimization of the
pulse parameters has shown that the best response is obtained at a modulation amplitude
of 0.10 V and a modulation time of 0.025 s. Acid Yellow 3 shows well-defined oxidation
peaks at +1.07 and +1.20 V (Figure 5a). The second peak appears at higher concentrations
only. Two linear dynamic ranges of 0.50-7.5 and 7.5-25 mg L-! (Figure 5b) with a detection
limit of 0.13 mg L' of Acid Yellow 3 have been achieved using the first oxidation peak.
The sensor shows sufficient sensitivity to dye as slopes of the calibration plots show.
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Figure 5. (a) Baseline-corrected DPVs of Acid Yellow 3 at GCE/CeO2-SnO2 NPs-Brij® 35 in BRB pH
5.0. AEpuise = 0.10 V, fpuse = 0.025 s, v=0.010 V s7.. (b) Calibration plot of Acid Yellow 3.

The high accuracy of the sensor developed is confirmed on the dye model solutions
and confirmed by recovery values (Table 4). The RSD of 0.007-0.04 indicates the absence
of random errors in Acid Yellow 3 determination.

Table 4. Acid Yellow 3 determination in model solutions on GCE/CeO2-SnO2 NPs-Brij® 35 in BRB
pH5.0 (n=5;p=0.95).

Added, mg L Found, mg L RSD, % R, %
0.5 0.50 +0.02 4.0 100 +4
2.5 2.50 +0.06 2.2 100 £2
7.5 7.49 +0.07 0.69 99.9+0.9
15 15.0+0.2 0.88 100 +1
25 249+0.2 0.67 99.6 +0.8

3.5. Real Sample Analysis

The method developed has been tested on real samples, i.e., beverages and food col-
orants E104 available in local stores. The results obtained have been compared to inde-
pendent spectrophotometric determination [24] (Table 5). The data of two methods agree
well. The F-test confirms similar precision of two methods while ¢-test indicates the ab-
sence of statistically significant errors of determination. Moreover, Acid Yellow 3 contents
in food colorants are in line with the labeled percentage of dye.
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Table 5. Acid Yellow 3 contents in real samples (1 =5; p = 0.95).

Labeled Found by Found by
Sample Type Voltammetry, RSD, %  Spectrophotometry  RSD, %  #-Test! F-Test?
Amount, % o
mg L or *% mg L' or *%
Bever — 66 +2 1.9 64+3 43 1.25 4.94
everage — 8.2+0.3 2.3 8.3 +0.4 4.0 0349 211
Food colorant 70 69.3+0.7 % 0.87 70.1+0.7* 0.85 2.12 1.03
75 751+0.5* 0.58 750+03* 0.28 0.373 4.35

T teit=2.31 at aa=0.05 and f=8. 2 Fuit = 6.39 at @ = 0.05 and fi=4, 2 =4.

4. Conclusions

Mixed CeO:2-SnO: NPs dispersed in non-ionic Brij® 35 have been shown to be a suf-
ficiently sensitive layer of voltammetric sensor to Acid Yellow 3 dye. The sensor is simple,
inexpensive, and express in fabrication, provides fast response to the target dye, and does
not need a preconcentration step. The presence of Brij® 35 enables a hydrophobic interac-
tion with the dye and its adsorption at the electrode surface. The data obtained confirm
the effectivity of the metal oxide based as electrode surface modifier and extend their ap-
plication area in organic analysis.
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