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Abstract: In this work, a very simple, rapid, cheap, sensitive, and selective polymer film-modified electrode for vanillin
determination in commercial food products was developed via electrochemical polymerization and overoxidation of
pyrrole. The formation of both poly(pyrrole) and overoxidized poly(pyrrole) films on a glassy carbon electrode surface
was characterized by electrochemical impedance spectroscopy, scanning electron microscopy, and X-ray photoelectron
spectroscopy. Under optimized conditions, the calibration graph comprises two linear segments of 0.032-1.500 g mol
L~! and 3.00-150.00 pmol L ™! with a detection limit of 0.012 pmol L ™*. The selectivity of the modified electrode
was examined in the presence of metals, inorganic ions, and organic substances. Moreover, the proposed method was
successfully used for the assessment of vanillin contents in commercial food products with satisfactory results.

Key words: Polymer film electrode, overoxidized polymer, vanillin determination

1. Introduction
The main chemical component of natural vanilla is vanillin (VAN; 4-hydroxy-3-methoxybenzaldehyde), which
is extensively used as a flavoring in confectionery, tobaccos, beverages, foods, pharmaceuticals, and perfumes.
The reason for the widespread use of VAN is its desirable flavor and aroma properties.! =3 Synthetic VAN is
extensively used as an additive due to the high-cost production of natural VAN from vanilla beans or pods.*
VAN also has positive health effects such as preventing cardiac disease mortality, antisickling influence in
sickle cell disease, and defending human keratinocyte stem cells against ultraviolet B irradiation.®~” However,
excessive consumption of synthetic VAN can cause some side effects such as headache, nausea, vomiting, and
allergic reactions, and it can also cause damage to the liver and kidneys.®~!' Hence, for the sake of food
safety and quality, it is crucial to develop an approach for simple, sensitive, and low-cost determination of VAN
concentrations in foodstuff.
Several analytical methods can be used for the analysis of VAN such as gas chromatography,!?13 high-

14,15 snectroscopy, ' and capillary electrophoresis. !” Although satisfactory

performance liquid chromatography,
results have been obtained using these sensitive methods, they have disadvantages including time-consuming
procedures, complicated pretreatment, and high-cost analysis equipment.% '8 On the other hand, other alter-
native techniques for VAN determination are electroanalytical methods, which are simple, cheap, rapid, sensitive,

and selective. Despite these advantages, electrooxidation of VAN at bare electrodes occurs at a relatively high

*Correspondence: sukriyeulubay@gmail.com
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potential, and the sensitivity and selectivity are inadequate due to a fouling effect or the electrooxidation of
VAN, which is phenolic compound that can produce phenoxy radicals that readily polymerize and passivize the
electrode surface.® The most effective way of overcoming this problem is to modify the surface of bare electrodes
with various materials such as graphene, polymers, metal nanoparticles, and carbon nanotubes, which have fas-
cinating structures and low price. Examples of electrodes modified with these materials for VAN determination

are acetylene black paste electrodes modified with graphene—polyvinylpyrrolidone composite films,®

glassy
carbon electrode (GCE) modified with gold nanoparticles stabilized in poly(allylamine hydrochloride),?° elec-
trolytic manganese dioxide-graphene composite-modified electrode,® cobalt sulfide nanorods—Nafion-modified
GCE,?! poly(valine)-modified GCE,!° poly(acid chrome blue K)-modified GCE,” Ag nanoplates-graphene
composite,?? Au-Ag alloy nanoparticle-modified GCE,2 Au-Pd nanoparticles-graphene composite-modified
GCE,? poly(Alizarin Red-S)-modified GCE,? and molecularly imprinted ionic liquid polymer—carboxyl single-
walled carbon nanotube composite electrode. '8

Recently, conducting polymers have attracted much interest and have been widely used in electroanalyti-
cal applications because of their high conductivity, easy synthesis, and low-cost processability. 32324 A common
method of polymer film synthesis on electrode surfaces is electropolymerization due to its advantage of forming
reproducible polymer films with controllable film thickness.?® To improve the conductivity and obtain more
porous surfaces, polymer films should be overoxidized at high potentials. Poly(pyrrole), which is an attractive
polymer due to its commercial availability, ease of oxidation, high chemical stability, and high electronic con-
ductivity, is positively charged when it is oxidized at high positive potentials. As a result of overoxidation of
poly(pyrrole), additional carbonyl and carboxyl groups can appear in the polymeric structure.

To our knowledge, there has been no paper published about VAN determination at overoxidized poly(pyrrole)-
modified GCEs. In this study, an overoxidized poly(pyrrole)-modified glassy carbon electrode was prepared
to develop a simple and sensitive method for VAN determination. For this purpose, after the poly(pyrrole)
electrode was fabricated at the GCE electrode surface via electrochemical polymerization by cyclic voltamme-
try, overoxidation of the polymer film was carried out using a chronoamperometric technique. The modified
electrodes were characterized using electrochemical impedance spectroscopy (EIS), X-ray photoelectron spec-
troscopy (XPS), and scanning electron microscopy (SEM) techniques. The overoxidized polymer film electrode

(PPY pv—0xz /GCE) was also used for VAN determination in commercial food products.

2. Results and discussion

2.1. Electrochemical preparation and characterization of PPy films and PPy ,,_ox on GCE surface

Figure 1A displays the cyclic voltammograms of poly(pyrrole) film formation on the GCE surface. The electrode
potential was scanned seven times between —0.35 and 0.85 V at a scan rate of 20 mV s ! in 0.1 mol L ~! pyrrole
dissolved in 0.1 mol L' sodium dodecyl sulfate. No oxidation or reduction peaks were observed during the
first potential scan. An irreversible oxidation peak occurred at about 0.1 V during the 4th cycle. During the
successive potential sweep, the oxidation peak current increases, indicating that the conductivity of the electrode
surface increases. To enhance the electrochemical reactivity of the PPy/GC electrode, the overoxidation process
was accomplished in NaOH solutions at a constant potential (Figure 1B). As can be seen from Figure 1B, the
current suddenly decreases after 60 s and reaches a stable value at 80 s. As a result of the overoxidation step,
gain-enhanced conductivity and a more porous surface due to the formation of carbonyl and carboxyl groups

were obtained by chronoamperometry. 26—29
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Figure 1. A) Cyclic voltammograms of 0.1 mol L ™! pyrrole polymerization on a GCE electrode in 0.1 mol L ™! SDS

from 1st cycle to 7th cycle. Inset: Magnified oxidation peak. B) Overoxidation of poly(pyrrole) at 1.0 V on GCE in 0.1
M NaOH solution.

To examine the interfacial electrical properties of bare and modified GC electrodes, EIS measurements
were performed in 0.1 mol L =1 KCI solution containing 5 mmol L~ K3[Fe(CN)g]/K4[Fe(CN)g]. EIS studies
provide valuable information about the charge transfer resistance (R.) between electrode and electrolyte
interfaces and the electrical conductivity of all electrodes. An impedance spectrum comprises two parts, which
are a semicircular part at high frequencies related to the electron-transfer process and a linear region at low
frequencies indicating diffusion-controlled electrode reactions. The R value is proportional to the semicircle
radius in a Nyquist plot and it gives information about the conductivity of the electrodes. Figure 2 shows the
Nyquist plots for bare, PPy-, and PPy ,,_,;-modified GC electrodes. R. and other component values, the
ohmic resistance of the electrolyte solution (R;), double-layer capacitance (Cy;), electron-transfer resistance
(Rct), and Warburg impedance (W) were obtained from EIS measurements by fitting data using a Randles
equivalent circuit model. The R.; values of bare, PPy-, and PPy ,,_,, modified GC electrodes are 343 €2, 671
Q, and 168 2, respectively. The highest R, value was obtained with the PPy-modified GC electrode, which
indicates that the conductivity was decreased by modification of the GC electrode surface with the polymer film.
The R.; value decreased due to overoxidation of the PPy film. The low R.; value for PPy ,,_, /GCE suggests
that the charge transfer process is relatively fast compared with the other two electrodes and the conductivity
of the PPy/GC electrode is greatly enhanced with the overoxidation step. The R, values were measured as
202 Q, 204 Q, and 207 Q for bare GCE, PPy/GCE, and PPy,,_,; /GCE. This negligible difference in R;
values indicates that the ohmic resistance of the solution is not influenced by electrode modification. The
highest Warburg impedance value was observed with the PPy ,,_,, /GC electrode because more ions linearly
diffused from the solution to the electrode surface. The Cy; value is increased with the PPy 4,0, /GC electrode
(2.82 uF for bare GCE, 1.43 uF for PPy/GCE, and 4.25 uF for PPy ,,_,. /GCE), which is probably because
electron transfer becomes easier when the electroactive surface area is increased. These results imply that the
PPY yy—ox /GC electrode has good conductivity, which facilitates the electron transfer.

The Randles—Sevcik equation (Eq. (1)) was used to test whether the electroactive surface area of the

modified electrodes3%:3! was increased in 1.0 mmol L=! K 4Fe(CN)g + 0.1 mol L~! KCI solution:

I, = (2.69 x 10°) n*2AD'Y2C*v!/? (1)
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Figure 2. Nyquist plots of bare GCE (®), PPhRed/GCE (Vv), and PPhRed,, /GCE (M) in 0.1 M KCI solution
containing 5 mM K3 [Fe(CN)g]/K4[Fe(CN)g].

Equivalent electrical circuit.

Frequency range: 100 mHz to 100 kHz, amplitude: 10.0 mV. Inset:

In this equation, n denotes the number of electrons transferred in the redox reaction (n = 1), v is the scan
rate of the potential sweep (V/s), A is the electroactive surface area (cm?), D is the diffusion coefficient of
the molecules in the solution (D = 6.7 x 1076 ecm? s~ at 25 °C), C* is the concentration of K4Fe(CN)g
(1.0 mmol L), and I, is the peak current of the redox couple3? From the slope of a linear plot of I, vs.
v1/2 | the electroactive surface areas of bare GCE, PPy/GCE, and PPy ,,—or /GCE were calculated as 0.0485,
0.0945, and 0.2819 cm?2, respectively. Clearly, after overoxidation of the PPy film, the electroactive surface area
was increased due to the formation of more functional carbonyl and carboxyl (-COO ~ /COOH) groups on the
polymer film surface, which is in good agreement with the XPS data (Figure 4).

SEM measurements were performed in order to examine the surface morphologies of PPy/GCE and
PPy yy—0x /GCE and to monitor the surface characteristics. Figure 3A shows an SEM image of the PPy/GCE

surface; the film has a homogeneous porous surface with small microspherical grains. On the other hand, as
can be seen from Figure 3B, after overoxidation of the polymer film, the surface porosity was increased due to
formation of additional functional groups (-COO ~ /-COOH).

XPS measurements were performed to evaluate the chemical compositions of PPy/GCE and PPy 4o, /GCE
surfaces. Figures 4A and 4B display detailed Cls and N1s spectra relevant to PPy/GCE and PPy after overox-
idation. The curve fits of the Cls peaks for PPy and PPy ,,_,; include three components located at 284.27,
284.75, and 285.78 eV and 284.31, 285.01, and 286.06 eV, respectively (Figure 4A). Signals at low energies
(located at 284.27 eV and 284.31 eV) are generally associated with C=C (sp?) bonding in polymeric rings.
The other signals centered at 284.75 eV and 285.01 eV are attributed to C—C (sp?®) and C-N bonding, respec-
tively, in PPy and PPy ,,_os polymeric structures.?3 35 As expected, a new peak located at 287.37 eV was
observed after overoxidation of the PPy film. This new peak is associated with COOH/COO ~ functionalities
in PPy oy—os . 533 The fitted N1s spectra of PPy and PPy ,,_.. surfaces are shown in Figure 4B. The N1s peak
has four main components located at 397.98 eV, 399.49 eV, 400.00 eV, and 401.55 eV. The peak at 399.49 eV
is assigned to neutral amine nitrogen (-NH-) and the higher binding energy components centered at 400.00

eV and 401.55 eV are assigned to positively charged amine nitrogens (polarons and bipolarons, respectively) in
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Figure 3. SEM images of A) PPy/GCE, B) PPy 0. /GCE (5000 x magnitude), and C) PPy oy—0z /GCE (10,000 x
magnitude) film on GCE with different magnitudes.

PPy. In the case of PPy ,,—o» /GCE, the peak at 397.88 eV can be attributed to the =N—bonds in overoxidized
polymer rings. The peaks at 399.73 eV and 400.13 eV can be attributed to NH?*. The presence of NH*
indicates that PPy is partially overoxidized.36—38

2.2. Electrochemical oxidation of VAN on different electrodes

Figures 5A and 5B display cyclic voltammograms (CVs) of the absence or presence of 0.1 mmol L =% vanillin
on bare GCE, PPy/GCE, and PPy ,,_,, /GCE surfaces in pH 5.2 acetic acid/acetate buffer solution. Clear
background signals were obtained in the absence of VAN (Figure 5A) for the bare and modified electrodes
in the studied potential range. As is clearly seen from Figure 5A, the background current increased with

electrode modification with poly(pyrrole) due to the increasing of the electrode surface area. With addition
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Figure 4. XPS detailed spectra of A) Cls and B) N1s of PPy/GCE and PPy oy—0z /GCE.

of 0.1 mmol L~! vanillin into the pH 5.2 acetic acid/acetate buffer solution (Figure 5B), an irreversible peak
of VAN electrooxidation was observed at 0.73 V with a small peak current on bare GCE; the oxidation peak
of VAN disappeared on PPy/GCE due to the decreased conductivity caused by poly(pyrrole) modification on
GCE surface, and the background current increased significantly. On the other hand, the oxidation peak of VAN
was obtained at 0.79 V and the peak current dramatically increased by about 12.0 times on PPy ., /GCE
compared with bare GCE. The increase in the peak current for 0.1 mmol L ~! VAN confirms the overoxidation of
the PPy/GCE surface, which means that the formation of -COO~ and COOH groups on PPy surface catalyzed

the oxidation of VAN.
To find optimum conditions for VAN determination, some main parameters associated with preparation

of the overoxidized PPy film and supporting electrolytes during the polymerization step were also examined.
The concentration of pyrrole monomer, cycle number of the electropolymerization step, scan rate of electropoly-
merization potential scan, time and potential of the overoxidation process, and NaOH concentration were chosen
as parameters that could be optimized for overoxidized PPy film preparation. These parameters were readily
determined by evaluating the peak current of VAN oxidation and the optimized parameters were obtained as

follows: 0.1 mol L~! pyrrole; seven cycles for electropolymerization; 20 mV s ! scan rate; 100 s and 1.0 V as

overoxidation time and potential, respectively; and 0.1 mol L ~! NaOH.

2.3. The effect of supporting electrolyte pH on VAN electrooxidation

The effect of pH on the oxidation of 0.1 mmol L~ VAN was studied in the whole pH range used (3.15-9.13)
by linear voltammetry on PPy ,,_,. /GCE (Figure 6A). In Figure 6B, the highest oxidation peak currents are
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Figure 5. Cyclic voltammograms in the absence (A) and in the presence (B) of 0.1 mmol L ™' VAN at a bare GCE (a),
PPy ov—o0z /GCE (b), and PPy/GCE (c- inset of Figures 5A and 5B) in 0.1 M pH 5.2 buffer solution, with scan rate 50

mV s~ L.

obtained with pH 5.2 buffer solution. Thus, the subsequent electrochemical measurements were performed in
0.1 mol L~!, pH 5.2 buffer solution. It was also found that the peak potential of VAN electrooxidation on
PPy yy—os /GCE shifted to negative potential values with increasing pH (Figure 6B), which proved that protons
were directly involved in the VAN electrooxidation. The peak potential linearly depends on pH in the range of
3.15-9.13 according to the following equation: E, (V) = -0.059 pH + 1.1298, with R? = 0.9954. The slope
of -59.0 mV pH ™! indicates that electron transfer is accompanied by an equal number of protons during the
electrochemical oxidation reaction of VAN on PPy, — o, /GCE.

30
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Figure 6. A) Linear voltammograms for 0.1 mmol L™' VAN on PPy 4y—o, /GCE in different buffer solutions with pH
values of 3.15, 4.01, 5.20, 6.29, 7.22, 8.22, and 9.13. B) Influence of pH on the oxidation peak current and potential of

VAN.
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2.4. The effect of scan rate on VAN electrooxidation

In order to investigate whether the oxidation behavior of VAN was due to VAN diffusing in solution or adsorbing
on PPy ,, .. /GCE, the cyclic voltammograms of 0.1 mmol L~! VAN at different scan rates (0.005-0.200 V
s~1) were recorded in pH 5.2 buffer solution on PPy 4o, /GCE (Figure 7A). The results showed that the
peak current (4,,) varies linearly with the square root of the scan rate (v'/2) (Figure 7B). The linearity of

the i,, — v'/? plot indicates diffusion-controlled behavior during the electrode reaction of VAN oxidation on
PPy ov—0z /GCE.
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Figure 7. A) Cyclic voltammograms of 0.1 mmol L ™" VAN in pH 5.2 buffer solution with various scan rates (5.0, 10.0,
25.0, 35.0, 50.0, 75.0, 100.0, 125.0, 150.0, 200.0, 250.0 mV s~ !). B) The I, vs. v plot. C) The Ep, vs. Inv plot.

The oxidation peak potential of VAN shifted to more positive potential with the increasing of the scan rate

of potential scan. A linear relationship formed between the oxidation potentials (E£,) and Inv. The regression

equation was found as E, = 0.0219 Inv + 0.8652 (R? = 0.9959) (Figure 7C). According to Laviron’s theory3°

for an irreversible electrode process, £, is defined by the following equation:
+  RT
E,=E" + —l1 2
p + anF nv ( )
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Here, E, is the peak potential (V vs. Ag/AgCl), E” is the formal potential (V vs. Ag/AgCl), R is the
universal gas constant (8.314 J K~! mol 1), T is the temperature (K), « is the charge transfer coefficient for
the oxidation step, mis the number of electrons involved in the rate-determining step, and F' is the Faraday
constant (96,485 C mol™'). The slope of the E,-In v line can be expressed as RT/anF. According to Bard
and Faulkner,°E,, positively shifted by an amount of 1.15 RT /aF (or 30/a mV at 25 °C) for each tenfold
increase in v. Thus, the value of a can be calculated from this equation as 0.588. The number of electrons (n)
transferred in the electrooxidation of VAN was found to be 1.99 (approximately equal to 2), so the proposed
electrooxidation mechanism of VAN on the PPy ,,—_o. /GCE surface may be expressed with the following Scheme,

in which two electrons and two protons take part in the electrode process.

OH @)
OH &
9]
e
CHy +H,0 OH g
—_— —_—-
-CH,OH 2H*
HO (#] HO (8]
HO

SchemeProposed mechanism for the electrooxidation of VAN on the PPy o,z /GCE surface.

2.5. The calibration curves for VAN determination on PPy, _ox /GCE

Under the optimized working conditions, differential pulse voltammetry (DPV) studies were carried out to
evaluate the sensitivity of the chemical sensor with various VAN concentrations on PPy ,,_,. /GCE in pH 5.2
buffer solution (Figures 8A and 8B). The obtained calibration curves in the inset of Figures 8A and 8B clearly
indicate that the oxidation peak current is linearly proportional to VAN concentrations in the ranges of 3.20
x 1078 t0 1.50 x 1079 mol L' and 3.0 x 107 to 1.50 x 10~* mol L~'. The linear equations obtained
from the calibration curve are i, (uA) = 1.3785 Cyany (pmol L™1) + 0.0148 (R? = 0.9990) and i, (uA)
= 0.1915 Cyany (pmol L™1) + 3.4974 (R? = 0.9965), respectively. The limit of detection (LOD) value for
VAN on PPy,,_o: /GCE was calculated to be 1.21 x 1078 mol L~! using the equation LOD = 3.3 /m,
where o is the standard deviation of the response for blank solution and m is the slope of the calibration curve.
The relative standard deviations (RSDs) of the calibration curve slope and intercept value (n = 3) were also
calculated as 2.1% and 1.1%, respectively. These results showed that PPy ,, . /GCE has higher sensitivity and

lower detection limit than some developed sensors in previously published studies, as illustrated by the values
in Table 1.

2.6. Selectivity, reproducibility, repeatability, robustness, ruggedness, and long-term stability of
PPyov_ox/GCE

To investigate the selectivity of the developed method, an interference study was performed under optimized

conditions in the presence of various interferences such as organic and inorganic compounds. It was found
that K+, C1=, NO5, Nat, SOF ™, Zn?*, Al%+ Mg?*, Fet Pb2*, glucose, sucrose, oxalic acid, citric acid,

benzoic acid, tartaric acid, and caffeic acid showed no obvious interference to the determination of 5.0 x 106
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Figure 8. DPVs of PPy -0z /GCE in different concentrations of vanillin solutions in pH 5.2 buffer solution. A) a—m:
0,32 x 1078 78 x 107%,1.2 x 1077,1.8 x 107,24 x 1077,3.80 x 1077, 4.85 x 1077, 6.15 x 1077, 8.02 x
1077, 1.03 x 107°%,1.2 x 107%, 1.5 x 107% mol L ~*. Insert: Calibration curve. B) a—o: 3.0 x 107°,6.0 x 107°,

1.0 x
9.5 x

Table 1. Comparison of some characteristics of the different electrodes for the determination of VAN.

1075,1.5 x 107,22 x 107%,3.0 x 107°,3.8 x 107%,5.0 x 107%,6.0 x 107°,7.0 x 1075,83 x 1075,
1075, 1.1 x 107, 1.3 x 1074, 1.5 x 10~*. Insert: Calibration curve.

Electrode Mode LR (pumol L=1) LOD (pumol L™1) | Ref.
CDA/AnAgNPs/GCE | “MPEOmetic | o 5o g 0.04 2
measurement

Graphene/GCE DPV 0.06-48.0 0.056 41
BDDE DPAdSV 3.3-98.0 0.16 1
Au-Pd/graphene/GCE | DPV 0.1-7.0 10.0-40.0 0.02 9
AgNPs/GN/GCE SWV 2.0-100.0 0.332 2
AuNP-PAH/GCE SWV 0.90-15.0 0.055 20
EMDG/GCE DPV 0.10-45.0 0.032 8
CPB/CNF/GCE DPV 0.50-75.0 75.0-750.0 | 0.14 1
CoSNR-GCE DPV 0.5-56.0 0.07 2
PPYoy—0r/GCE DPV 0.032-1.50 3.0-150.0 | 0.012 This study

CDA/Au-AgNPs/GCE: Cellulose diacetate-Au-Ag alloy-glassy carbon electrode; DPV: differential pulse voltammetry;
BDDE: boron-doped diamond electrode; DPAdSV: differential pulse adsorptive stripping voltammetry; Arg-G/GCE:
arginine functionalized graphene modified GCE; AgNPs/GN/GCE: Ag nanoplates graphene modified GCE; SWV:
square wave voltammetry; AuNP-PAH/GCE: Au nanoparticles stabilized in poly(allylaminehydochloride) modified GCE;
EMDG/GCE: electrolytic manganese dioxide-graphene modified GCE; CPB/CNF /GCE: cationic cetylpyridium bromide-
carbon nanofibers modified GCE; CoSNR-GCE: cobalt sulfide nanorods modified GCE.

mol L ! VAN even when present 1000 times in excess, with deviations below 5.0%. On the other hand, the
presence of ethyl vanillin in the same concentration with VAN showed strong interference due to a similar
oxidation potential of this compound. Another positive difference was observed for the VAN oxidation peak

current in the presence of more than 500-fold amounts of Cu?* or Mn?* ions. Hence, the selectivity of the
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suggested voltammetric method for VAN determination is similar to that of other developed sensors in the
literature. In order to evaluate the analytical parameters of the polymer film electrode for VAN determination,
the RSDs were obtained from the DPV analyses for interday (n = 10) and intraday (n = 10) sampling intervals
with PPy 4oz /GCE for two VAN concentrations. The interday RSD values for 5.0 x 107 and 5.0 x 10~°
mol L~ VAN were 2.6% and 3.31%, respectively, and the intraday RSD values for these two concentrations were
3.56% and 4.76%, respectively. These RSD values indicate that the PPy ,,_,. /GCE has good reproducibility.
The repeatability of the PPy ., o, /GCE was investigated under optimized conditions for 5.0 x 10~¢ mol L !
VAN in pH 5.2 with 20 DPV measurements. The RSD value of subsequent measurements was calculated as

2.9%.
The robustness of the developed method is the ability to remain unaffected by small changes in its

operational parameters. Robustness tests were performed with small changes of buffer solution pH (pH 5.0 and
pH 5.4), scan rate (18.0 mV s~! and 22.0 mV s~!), and amplitude (48 mV and 52 mV) of the DPV technique
with PPy gy_oz /GCE (Table 2) in the presence of 6.0 pmol L~=! VAN. Only one parameter was changed in
each experiment. As can be seen from Table 2, the RSD% and recovery% values were not significantly affected
by these variations. Minor changes in the pH of the buffer solution, scan rate, and amplitude values of the DPV
technique did not have any important effect on the peak current and peak potential of VAN. Consequently, the
results indicated that the developed method was reliable for the assay of VAN in the various samples and hence
it could be considered robust.

Table 2. The robustness data of the proposed DPV method with PPy oy—oz /GCE.

Added concentration (gmol L~1) Found concentration (ymol L) | RSD% | Recovery%
Optimum conditions (6.0 pmol L=1) | 6.11 0.17 101.83

pH 5.0 6.20 0.16 103.33

pH 5.4 5.91 0.59 98.50

Scan rate 18 mV s~! 5.95 0.68 99.17

Scan rate 22 mV s~! 6.18 0.85 103.00
Amplitude 48 mV 5.98 0.51 99.66
Amplitude 52 mV 6.30 0.92 105.00

Ruggedness is the degree of reproducibility of the assay results obtained by the analysis of the same
sample under a variety of normal test conditions, such as different laboratories and analysts on different days.
The ruggedness of the proposed method was evaluated by applying the developed procedures to assay 5.0 pmol
L~! of VAN standard solution in the method using the same instrument by two different analysts under the
optimized conditions on different days. The obtained results were compared by means of the F-test. The results
were found to be reproducible because there was no significant difference between the results obtained by the
two analysts, which are experimental value F; and theoretical value F. (F. = 19.00 > F, = 3.21, P > 0.05,
n = 3). The developed method could be said to be rugged.

The long-term stability of the modified electrode was investigated by examining the peak current response
of 5.0 x 1076 mol L' VAN, and the modified electrode was stored in 0.1 mol L ! at pH 5.2 buffer solution at
room temperature during the stability measurements. The current response of the electrode for VAN retained
about 97.2% of its initial current after 20 days, which shows that the stability of the modified electrode is good

enough for use in long-life voltammetric sensors.
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2.7. VAN determination in commercial food products

In order to evaluate the applicability of the developed method, the PPy 4, /GC electrode was used to analyze
VAN in three commercial products including biscuit, cake, and wafer samples pretreated according to the sample
preparation method in Section 3.3 under optimized conditions. The standard addition method was applied to
determine the content of VAN in these samples. The contents of VAN in real samples and the recovery results
are listed in Table 3. The contents of VAN in biscuit, cake, and wafer samples were found to be 83.38 ug/g,
58.12 pg/g, and 108.64 ug/g, respectively. The recoveries for the added standards ranged between 94.03%
and 104.23%. As can be seen from these results, the prepared PPy ,,—,. /GCE can be successfully used for the

determination of VAN in real samples.

Table 3. Determination of VAN at PPy y—or /GCE in different food samples (n = 3).

Samples | Added (pmol L=1) | Found (umol L=1) | Recovery (%) | RSD (%)
0 2.74 - 2.2
Biscuit 6.0 8.52 97.48 2.6
8.0 10.98 102.23 3.5
10.0 11.98 94.03 4.1
0 1.91 - 3.1
Cake 6.0 7.62 96.33 3.7
8.0 10.20 102.93 3.1
10.0 12.01 100.83 2.8
0 3.57 - 4.1
Wafer 6.0 9.78 102.19 4.2
8.0 12.06 104.23 3.7
10.0 13.07 96.31 3.5

The obtained results for determination of vanillin in three different samples, biscuit, cake, and wafer,
by DPV technique were compared with the high-performance liquid chromatography (HPLC) technique. The
statistical comparison of DPV analysis results with HPLC analysis results was performed using the t-test and
F-test and the results are shown in Table 4. All experimental values (t; and F;) did not exceed the theoretical
ones (t. and F.) (P > 0.05), which revealed that there is no significant difference between the performance of
the two methods.

2.8. Conclusions

We have successfully fabricated a novel, simple, and cheap electrochemical sensor for VAN determination based
on an overoxidized poly(pyrrole) film-modified GCE. The PPy ,,_,, /GCE displayed excellent electrocatalytic
properties in terms of fast current response, low detection limit, good selectivity, reproducibility, and long-term
stability towards the electrochemical oxidation of VAN. DPV studies showed that the peak currents increased
linearly within the ranges of 0.032-1.500 pmol L~! and 3.00-150.00 gmol L~! with a detection limit of
0.012 pmol L1,

VAN in three commercial products including biscuit, cake, and wafer samples. These results indicate that the

Furthermore, this modified electrode has been successfully applied to the determination of
PPY yy—0r /GCE may be applicable to other related food products.
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Table 4. Comparative determination of VAN in commercial food product by the proposed DPV method and the HPLC
method (n = 3).

Sample | Proposed DPV method (pg/g VAN) Comparison method (HPLC) (ug/g VAN)

T = 83.380 £ 0.029 T =83.382£0.12
Biscuit | RSD% = 0.034 RSD% = 0.143

te = 2.77 > t, = 0.06, P > 0.05

F.=190>F; =179, P > 0.05

T = 58.12+0.493 T = 58.12 £ 0.497
Cake RSD% = 0.849 RSD% = 0.855

te = 2.77 > t, = 0.001, P > 0.05

F. =190 > F; = 1.014, P > 0.05

Z = 108.640 £ 0.467 Z =108.644 £ 0.578
Wafer RSD% = 0.429 RSD% = 0.532

te = 2.77 > t, = 0.014, P > 0.05

F.=19.0 > F; = 1.53, P > 0.05

Found = Z = mean =+ standard error; RSD% = relative standard deviation.

3. Experimental

3.1. Reagents and apparatus

All the reagents were of analytical grade and all the solutions were prepared using ultrapure water obtained
from a Millipore Milli-Q System (18.2 Q). Pyrrole (Py) was distilled three times until a colorless liquid
was obtained, and the monomer was then stored in a refrigerator at 4.0 °C. Sodium dodecyl sulfate (SDS),
CH3COOH, NaCH3COO, H3CgH507, NagCgH507, NaH2PO,4, NasHPO,, H3BO3, NaBO,.4H-O,
NaOH, and ethanol were purchased from Sigma-Aldrich or Merck. All experiments were performed at room
temperature. Pure nitrogen was used to remove oxygen from the solution. Electrochemical measurements were
performed using an Autolab PGSTAT 302N Electrochemical Analyzer. GCE, Ag/AgCl (sat. KCl), and Pt wire
were used as the working, reference, and counter electrodes, respectively, for all experiments. Electrochemical
measurements were carried out with EIS, CV, and DPV techniques. The morphological, electrical, and chemical
properties of polymer film electrodes were investigated by SEM (Carl Zeiss 300 VP), EIS (Autolab PGSTAT
302N Electrochemical Analyzer), and XPS (Thermo Scientific K-Alpha), respectively. An HPLC analysis system
(Agilent-1100) equipped with a UV detector was used for HPLC analysis for VAN. Chromatographic separation

was carried out on a Phenomenex HyperClone 3 pm ODS (C18) 150 x 4.6 mm column.

3.2. Preparation of overoxidized poly(pyrrole) film GCE

Prior to the electropolymerization procedure, the GCE was cleaned by polishing with a 0.5 pm aqueous alumina
slurry on microcloth pads to obtain a mirror-like finish. The electrode was sonicated for 3 min each in ethanol
and pure water, respectively. A PPy film was coated on the GCE surface by cyclic voltammetry according to
the procedure described in our previous work.4? Briefly, the PPy film was electrodeposited on the GCE surface
in 0.1 mol L~! SDS containing 0.1 mol L ! pyrrole with the cycling potential between —0.35 and 0.85 V vs.
Ag/AgCl at a scan rate of 20 mV s ! for seven cycles. In the electrochemical polymerization experiments of the

pyrrole, SDS acts as a unique dopant and significantly changes the microscopic and macroscopic properties of
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the polymer structure. Moreover, using SDS decreases the polymerization potential, allowing the microstructure
polymer. The electroreduction removes the SDS anion from the polymer backbone. This leads to changes in
the morphology of the poly(pyrrole) structure, which enhances the polymer’s specific capacitance. 44 After
the electropolymerization step, the polymer film electrode (PPy/GCE) was rinsed thoroughly with ultrapure
water for further application. Then the PPy/GCE was moved into 0.1 M NaOH solution for electrochemical
overoxidation of the PPy film at +1.0 V for 100 s. The obtained electrode was ready for use after a final
wash with ultrapure water and denoted as PPy ,y—or /GCE. The PPy 4,—0. /GCE was prepared before each
voltammetric study of the whole effect of pH and effect of scan rate on VAN oxidation experiments. The DPV

studies were carried out with the same modified electrode.

3.3. Preparation of commercial food samples for vanillin determination

Various commercial food products such as biscuits, cakes, and wafers were bought from a market. VAN was
extracted from these food products as follows. First, the food samples were ground in a mortar with a pestle
until powder samples were obtained. About 0.5 g of powdered biscuit, cake, and wafer samples were weighed
and transferred into tubes. Ethanol (10.0 mL) was added to the tubes. The mixture was mechanically shaken
for 90 min. Centrifugations of the samples were then carried out at 4000 rpm for 20 min. Finally, the clear part
of the solution in the tube was used for vanillin determination.
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