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Abstract—We created glassy carbon electrodes (GCEs) modified with CeO, nanoparticles and various sur-
factants and determined the voltammetric characteristics of tartrazine oxidation on them. The electrode
modified with the cationic surfactant cetyltriphenylphosphonium bromide (CTPPB) ensures a 72.5-fold
increase in the oxidation currents of tartrazine compared to a GCE. The oxidation of tartrazine on the CeO,-
CTPPB/GCE proceeds irreversibly, involves one electron, and is controlled by surface processes. A proce-
dure was developed for the voltammetric determination of tartrazine on a CeO,-CTPPB/GCE. The analyt-
ical range is 1.00—250 uM of tartrazine with a limit of detection of 0.4 uM. The procedure was applied to

quantify tartrazine in the Tarkhun beverage.

Keywords: voltammetry, chemically modified electrodes, metal oxide nanoparticles, food colorants, food
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Dyes are widely used to restore color lost during
processing or to improve the appearance of food prod-
ucts. Among the wide variety of food colorants, tartra-
zine (trisodium salt of 5-hydroxy-1-(p-sulfophenyl)-
4-[(p-sulfophenyl)-azo]-pyrazole-3-carboxylic acid)
can be noted. It is labeled as food additive E102 [1].
Tartrazine is found in soft drinks, juices, jellies,
sweets, cakes, cereals, soups, and other products [2].
However, like other synthetic dyes, tartrazine exhibits
toxic properties depending on its concentration. A
high concentration of tartrazine combined with
sodium benzoate, a food preservative, can cause
hyperactivity in children, allergies, and asthma [1].
The decomposition of the dye in a body under the
action of azoreductase yields toxic aromatic amines
[2]. In this regard, it is necessary to control tartrazine
concentration in food products, which requires rapid,
sensitive, and selective methods for its determination.

The azo and hydroxyl groups in the structure of tar-
trazine are electrochemically active; therefore, many
electrochemical methods have been proposed to
determine tartrazine. For example, Lipskikh et al. [3]
studied the electroreduction of tartrazine on a glassy
carbon electrode (GCE) in an acidic medium. Under
the conditions of adsorptive stripping voltammetry,
the range of determined concentrations is 0.05—
0.50 mg/L with a limit of detection of 0.011 mg/L. To
increase the sensitivity of the determination of tartra-

zine, several chemically modified electrodes based on
surfactants [4], carbon nanomaterials [5, 6], metal
nanoparticles [7, 8], polymer coatings [9], and their
combinations [10—12] were developed. To improve
the selectivity of the determination of tartrazine, elec-
trodes based on molecularly imprinted polymers have
been proposed [13—15]. The determination was car-
ried out by recording a decrease in the reduction cur-
rents of K;Fe(CN)y in the presence of tartrazine [13,
15]. The performance characteristics of the voltam-
metric determination of tartrazine on modified elec-
trodes are presented in Table 1.

CeO, nanoparticles in combination with surfac-
tants are promising as electrode surface modifiers.
This approach significantly increases sensitivity and
lowers the limits of detection for the target analytes,
which was shown on an example of natural phenolic
antioxidants [16—19]. The modified electrodes do not
exhibit electrochemical activity. This enables the
recording of the own analytical signal of the analyte,
increasing its selectivity. Such a combination of mod-
ifiers was not described in publications regarding food
colorants.

In this work, we propose a GCE modified with
CeO, nanoparticles and surfactants for determining
tartrazine.
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Table 1. Analytical characteristics of the voltammetric determination of tartrazine on chemically modified electrodes

Electrode Method DL, uM Analytical range, uM Ref.
CPE—sodium dodecyl sulfate CvV 5.2 20—50, 60—110 [4]
Pyrolytic GE/MWCNTSs CvV 0.93 3.7—130, 130—430 [5]
GCE/exfoliated graphite AdADPV 0.0028 0.0094—0.37 [6]
GCE/bismuth-chitosan nanosheets DPV 15.12 24-980, 980—2780 [7]
CPE-gold nanoparticles DPV 0.017 0.05—1.5 [8]
CPE/polyglycine CvV 0.283 1-27, 35—-87 [9]
GCE/electrochemically reduced graphene oxide Second-order 0.020—20 [10]
composite-TiO, DV 0.008
GE/poly(L-phenylalanine)/graphene DPV 1.54 2.0—100 [11]
CPE-ZnO nanoparticles/poly(p-aminobenzenesul- DPV 0.080 0.0349—1.246, 1.246—5.44 [12]
fonic acid)
GCE/polypyrrole MIP SWv 0.001 0.001-0.010 [13]
GCE/MWCNTs-1-propargyl-3-butylimidazolium DPV 0.008 0.03—-5.0, 5.0-20 [14]
bromide@Pt nanoparticles/4-vinylpyridine MIP
GCE/electropolymerized m-dihydroxybenzene DPV 0.0035 0.005—1.1 [15]
and o-phenylenediamine MIP

Designations: LOD is limit of detection; CPE is carbon paste electrode; GE is graphite electrode; MWCNTSs are multi-walled carbon
nanotubes; CV is cyclic voltammetry; GCE is glassy carbon electrode; AAADPYV is adsorptive anodic differential pulse voltammetry;
DPV is differential pulse voltammetry; DV is differential voltammetry; MIP is molecularly imprinted polymer; SWV is square-wave vol-

tammetry.

EXPERIMENTAL

Reagents and solutions. We used tartrazine (85%,
Sigma, United States), cetylpyridinium bromide
(CPB) (98%, Aldrich, Germany), cetyltrimethylam-
monium bromide (CTAB) (99%, Acros Organics,
Belgium), cetyltriphenylphosphonium  bromide
(CTPPB) (synthesized at the Department of Macro-
molecular and Organoelement Compounds, Butlerov
Institute of Chemistry, Kazan Federal University),
sodium dodecyl sulfate (SDS) (pharmacopoeial
grade, Panreac, Spain), Brij® 35 (Acros Organics,
Belgium), and Triton X-100 (Aldrich, Germany).
Other reagents were of cp grade.

A standard 10 mM tartrazine solution was prepared
by dissolving its accurately weighed portion in 5.0 mL
of distilled water. Diluted solutions were prepared
immediately before measurements in 5.0-mL volu-
metric flasks, bringing them to the mark with distilled
water.

Surfactant solutions (5.0 mM solutions of CPB and
CTAB, 3.0 mM CTPPB, 10 mM SDS, Brij® 35, and
Triton X-100) were prepared by dissolving their accu-
rately weighed portions in distilled water. Working
solutions were prepared by diluting the stock solutions.

Modification of the electrode. An aqueous disper-
sion containing 10 wt % of CeO, nanoparticles (parti-
cle size <25 nm, Sigma-Aldrich, United States) was
used as an electrode surface modifier. Working disper-
sions in solutions of surfactants of various nature and
concentrations were prepared by sequential dilutions
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followed by ultrasonic treatment for 10 min. The con-
centration of nanoparticles was varied from 0.5 to
1.5 mg/mL.

A 3-uL portion of the suspension was applied to a
GCE surface by drop evaporation. Before modifica-
tion, the GCE working surface was renewed mechan-
ically by polishing it with alumina with a particle size
of 0.05 um. Then, the electrode was rinsed with ace-
tone and distilled water.

Voltammetric and chronoamperometric measure-
ments were carried out in a 10.0-mL three-electrode
electrochemical cell using an Autolab PGSTAT 320N
potentiostat/galvanostat (Eco Chemie, Netherlands)
with the NOVA 1.10.1.9 software. We used a working
GCE (surface area 7.07 mm?, CH Instruments,
United States) and a GCE modified with CeO,
nanoparticles, a saturated silver—silver chloride refer-
ence electrode, and an auxiliary platinum electrode.
For calculations in voltammetry, baseline correction
was applied using the NOVA 1.10.1.9 software, which
ensured a more accurate measurement of the peak
parameters. A supporting electrolyte and an aliquot
portion of a tartrazine solution (the total volume of the
solution in the cell was 5.0 mL) were added to the elec-
trochemical cell, and differential pulse voltammo-
grams were obtained at a pulse amplitude of 50 mV and
a pulse time of 50 ms or cyclic voltammograms were
recorded from 0.4 to 1.5 V at various potential scan
rates. For the quantitative determination of tartrazine,
voltammetry with linear potential sweep from 0.4 to
1.6 V at a rate of 250 mV/s was used.
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An Ekspert-001 pH meter (Ekoniks-Ekspert, Rus-
sia) was used to determine the pH of the supporting
electrolyte.

Real samples were analyzed after preliminary
degassing in an ultrasonic bath for 10 min. Five hun-
dred microliters of a Tarkhun beverage was added to
the electrochemical cell, and voltammograms were
recorded with linear potential sweep in the range from
0.4 to 1.6 V at a potential scan rate of 250 mV/s.

The statistical processing of the results was carried
out for five measurements at a confidence level of
0.95. The results were presented as X = AX, where X
was the mean value and AX was the confidence inter-
val. The random error of the determination was esti-
mated by the relative standard deviation (RSD).
Regression analysis was performed using the Origin-
Pro 8.0 software (OriginLab, United States).

RESULTS AND DISCUSSION

Tartrazine is oxidized on the GCE at 0.890 V in a
phosphate buffer solution of pH 7.0 (Fig. 1). Despite
the high concentration of tartrazine in the cell (100
uM), the oxidation currents are 12 = 4 nA even in the
differential pulse mode, which impedes using the
GCE for analytical purposes. Therefore, we consid-
ered GCEs modified with CeO, nanoparticles dis-
persed in surfactants. CeO, nanoparticles have a par-
tial negative surface charge at pH 7.0 [20], which
causes their electrostatic interaction with positively
charged “heads” of cationic surfactants. Electrostatic
repulsion is observed for anionic SDS under these
conditions, while in the case of nonionic surfactants,
hydrophobic interactions probably play the key role.
Thus, cationic surfactants are more strongly held on
the electrode surface.

Variation of the nature of surfactants showed that,
for all the surfactants under consideration, the oxida-
tion currents of tartrazine increased compared to the
GCE (Table 2). Higher oxidation currents were
observed for electrodes modified with cationic surfac-
tants, which is explained by electrostatic interactions
of the cationic surfactant with tartrazine present at
pH 7.0 as an anion (pK,; = 2.0, pK,, = 5.0, pK,; =
10.89) [21]. A comparison of the oxidation currents for
CTAB, CPB, and CTPPB illustrates the contribution
of hydrophobic interactions, in particular, interactions
of aromatic rings in the structure of surfactants and
tartrazine. The maximum currents were observed for
CTPPB, which has the highest hydrophobicity among
the studied cationic surfactants. The tartrazine oxida-
tion peak split into two for cationic CTAB and CPB
(Table 2). A similar effect was described for eugenol
oxidized on the CeO,-SDS/GCE [16]. This phenom-
enon is characteristic of the electrooxidation of
organic compounds in surfactant-containing media
and is explained by a change in the electron transfer
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Fig. 1. Differential pulse voltammograms of 100 uM of tar-
trazine (/) on a glassy carbon electrode in (2) phosphate
buffer solution with pH 7.0; pulse amplitude 50 mV, pulse
time 50 ms, potential sweep rate 10 mV/s.

rate [22]. The shift in tartrazine oxidation potentials
also supports this.

We estimated the effect of the concentrations of
CeO, nanoparticles and CTPPB in the dispersion on
tartrazine’s voltammetric characteristics. The oxida-
tion potentials did not change in this case, and the oxi-
dation currents varied significantly (Fig. 2). With an
increase in the concentration of CeO, nanoparticles to
1.0 mg/mL, oxidation currents increased, regardless of
the concentration of CTPPB. A change in the concen-
tration of CeO, nanoparticles to 1.5 mg/mL decreased
the currents, while for the CTPPB concentration of
0.10 mM, this decrease was statistically unreliable. For
the further studies, we selected an electrode based on
1.0 mg/mL of CeO, nanoparticles in a 0.10 mM
CTPPB solution.

The electrooxidation of tartrazine on the CeO,-
CTPPB/GCE was studied (Fig. 3). Varying the pH of
the supporting electrolyte from 4.8 to 8.0 showed that

Table 2. Voltammetric characteristics of tartrazine oxida-
tion on electrodes modified with CeO, and various surfac-
tants (Courfactant = 0-10 MM, n =15, P=0.95)

Electrode E,V I, uA
GCE 0.890 0.012 = 0.004
Ce0,-SDS/GCE 0.890 0.17 £ 0.04
Ce0O,-CTAB/GCE 0.750 0.078 £ 0.03
0.910 0.18 £0.01
Ce0O,-CPB/GCE 0.745 0.27 £ 0.01
0.900 0.31 £0.02
CeO,-CTPPB/GCE 1.02 0.87 £ 0.03
CeO,-Brij® 35/GCE 0.900 0.21 £ 0.01
CeO,-Triton X-100/GCE 0.895 0.087 £ 0.005
JOURNAL OF ANALYTICAL CHEMISTRY Vol. 77 No. 6 2022
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Fig. 2. Influence the concentration of CeO, nanoparticles
and cetyltriphenylphosphonium bromide on the oxidation
currents of 100 uM of tartrazine in phosphate buffer solu-
tion with pH 7.0 according to differential pulse voltamme-
try data.

the oxidation potential of tartrazine shifted to lower
values as the pH of the supporting electrolyte was
increased (Fig. 3a), which indicates the involvement
of protons in the electrode reaction. Tartrazine oxida-
tion currents gradually increased up to pH 7.5 and then
sharply decreased (Fig. 3b). The further studies were
carried out at pH 7.5.

To determine the nature of the electrochemical
process, we assessed the effect of the rate of potential
change on the oxidation currents of tartrazine (Fig. 4).
Oxidation was controlled by the adsorption of the ana-
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lyte, which was confirmed by the linear dependence of
oxidation currents on v (Eq. (1)) and the slope of the
dependence of In /; on In v (Eq. (2)), that is,

1, (uA) = (0.06 +0.02)

p

+(0.0189 +0.0001) v (mV/s), (1)
R* =0.9995,

In/, (UA) =(2.86£0.03) +(0.95+0.01)Inv (V/s),
R =0.9992. 2)

The absence of a cathodic step in the cyclic voltam-
mograms and the shift of the oxidation potential of
tartrazine to more positive values with increasing v
indicate irreversible oxidation. The oxidation poten-

tial increased linearly as a function of In v according to
the equation

E, (V) = (1.225+0.002)
+(0.050 £ 0.001)Inv (V/s), (3)
R® =0.9979.

According to the Laviron equation [23] (Eq. (4)),
o,n = 0.51.

RT In s 4 RT
onlF o,nF o,nF

E, =E" + Inv. (4)

For an irreversible process, o, = 0.5 [24]. Then, the
number of electrons participating in the reaction is 1,
which agrees well with the data for other modified

electrodes [9—12]. Thus, considering the data [9—12],
tartrazine is oxidized on the CeO,-CTPPB/GCE with

the involvement of one electron and one proton
according to Scheme 1.

I, nA
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35k
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2.1
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50 55 60 65 70 75 8.0

pH

Fig. 3. Effect of the pH of the supporting electrolyte on (a) the potential and (b) oxidation currents of 250 uM of tartrazine accord-

ing to cyclic voltammetry data; potential sweep rate 100 mV/s.
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Fig. 4. Cyclic voltammograms of 100 uM of tartrazine on CeO,—CTPPB/GCE in () phosphate buffer solution with pH 7.5 at
the potential sweep rate of (2) 10, (3) 25, (4) 50, (5) 75, (6) 100, (7) 120, (8) 150, (9) 175, (10) 200, and (/1) 250 mV/s.
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Scheme 1. Oxidation of tartrazine on a glassy carbon electrode modified with CeO, nanoparticles
and cetyltriphenylphosphonium bromide.

To quantify tartrazine, we used voltammetry with a 7 (UA) = (0.008 + 0.002) + (14.9 + 0.2) X 10°c(M
linear potential sweep. The voltammograms showed a » (uA) = (0. - 2 )+(14.940.2) (M),
pronounced oxidation peak at 1.17 V (Fig. 5), the R” =0.9990,
height of which was linearly related to the tartrazine

3
concentration in the ranges of 1.0—15and 15-250 uM 7o (MA) = (=0.25+0.04) + (37.9£0.3)x10 C(M)(’6)

(Egs. (5) and (6)). R =0.9997.
1, uA (a) I, uA (b)
0241
6 gl s
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Fig. 5. Voltammograms with a linear potential sweep for tartrazine at different concentrations on a CeO,-CTPPB/GCE in phos-
phate buffer solution at pH 7.5: (a) (/) 1.0, (2) 2.5, (3) 5.0, (4) 7.5, (5) 10, and (6) 15 uM of tartrazine and (b) (/) 15, (2) 25, (3)
50, (4) 75, (5) 100, and (6) 250 uM of tartrazine; potential sweep rate, 250 mV/s.
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Fig. 6. Voltammograms with a linear potential sweep for
the Tarkhun beverage: (/) 500 uL of the beverage,
(2) 500 uL of the beverage + 3.7 uM of tartrazine, and
(3) 500 uL of the beverage + 5.6 uM of tartrazine, on the
CeO,-CTTPB/GCE in phosphate buffer solution with
pH 7.5.

The limit of detection for tartrazine is 0.40 uM.
The characteristics obtained are superior to those
described for other chemically modified electrodes
(Table 1). The proposed electrode is also character-
ized by a simpler and faster manufacturing procedure.

Table 3. Voltammetric determination of tartrazine in model
solutions using a CeO,—CTPPB/GCE in phosphate buffer
solution of pH 7.5 (n =5, P=10.95)

Added, ug Found, ug RSD, % R, %
2.67 2.7x0.1 0.049 101 =4
13.3 13.3+0.2 0.015 100+ 2
26.7 26.71+0.3 0.0085 100+ 1
200 201 £ 4 0.015 100 £2
668 669 + 4 0.0045 100.1 £ 0.6
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We performed the determination of tartrazine in
model solutions. The accuracy of the procedure was
evaluated by the standard addition method (Table 3).
The relative added-found did not exceed 2%. The val-
ues of the recovery point to the high reliability of the
results obtained using the developed approach.

The selectivity of the response of tartrazine in the
presence of 1000-fold amounts of inorganic ions (K*,

Mg2*, Ca**, NOj, CI-, and SO;"), 100-fold amount
of glucose, rhamnose, sucrose, arabinogalactan,
ascorbic acid, and Sunset Yellow FCF food colorant
often used together with tartrazine was demonstrated.

The developed approach was applied to the deter-
mination of tartrazine in a Tarkhun beverage. The vol-
tammograms showed a clearly pronounced peak of
tartrazine oxidation at 1.17 V (Fig. 6), which was con-
firmed by the standard addition method. The percent-
age recovery was 100—101%, indicating high determi-
nation accuracy and an absence of matrix effects.

The results of the quantification of tartrazine are
presented in Table 4. The results are consistent with
the data of the spectrophotometric determination [25]
and do not exceed the regulated upper limit for the tar-
trazine concentration in drinks [26]. The values calcu-
lated by the 7-test and F-test were smaller than the tab-
ulated values at P = 0.95, which indicates the absence
of a systematic error and the equivalence of the meth-
ods of voltammetry and spectrophotometry. The pro-
posed method is characterized by high sensitivity and
accuracy, simplicity, and availability, which ensure its
use in laboratories for the quality control of beverages.
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Table 4. Determination of tartrazine in a Tarkhun beverage (n = 5, P = 0.95)

Found Found
No. |voltammetrically, RSD, % spectrophotomet- RSD, % t* F**
mg/mL rically, mg/mL
1 29.9+0.7 0.019 312 0.025 1.96 1.99
2 38.8 £ 0.8 0.016 38+4 0.040 1.17 6.11
3 261 0.044 27+2 0.030 1.20 2.07
*fq =2.45at P=0.95and f=6.
** Foit = 6.94at P=095and f] =4,/ =2.
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