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Abstract: Fast-scan differential pulse voltammetry
(FSDPV) is an electroanalytical technique that uses high
scan rate to record voltammograms within several milli-
seconds and ensures high temporal resolution. Here,
a FSDPV on a glassy carbon working electrode in combi-
nation with a flow injection analysis (FIA) system was de-
veloped and characterized using the hydroquinone/qui-
none redox system. Later, enhanced resolution of the

technique was confirmed with the parallel determination
of caffeic acid and p-coumaric acid. Finally, the optimized
procedure has been applied for the first time to deter-
mine capsacinoids in chili pepper and total phenols in
extra virgin olive oils. The proposed procedure is fast,
simple, and enables the monitoring of complex samples in
real-time.
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1 Introduction

With the increasing pressure of industry to monitor and
control manufacturing processes, there is a growing
demand to establish reliable tools and systems capable of
meeting this need. The challenge for research is to trans-
late such needs into robust instrumentation capable of
monitoring the critical process parameters in real time. In
addition, due to the recent advances in signal processing,
there is a growing interest in the development of analyti-
cal systems that can record in real-time a huge amount of
multivariate signals and transform them into the relevant
key-parameters of the process.

This approach is popular nowadays for the spectromet-
ric detection techniques, but it is less frequent for the
electrochemical detection. Occasionally, multiple electro-
des are used in the so-called electronic tongue systems,
where several sensors, made by different metals or polar-
ized with different potentials, are applied on the same
sample to achieve a multivariate electroanalytical signal
and, thus, enhance the discriminatory capacity of the
system. However, this setup has also the disadvantage be-
cause it increases the complexity of the instrumentation.

Alternatively, traditional single electrode systems can
be also used to achieve multivariate signals in the so-
called fast-scan voltammetry technique, where the elec-
trode potential is quickly raised and lowered in a triangu-
lar wave fashion to allow the rapid acquisition of voltam-
mograms within several milliseconds and ensures high
temporal resolution. This approach was tested several
times in the past, first on traditional glassy carbon elec-
trodes and on microelectrode arrays [1], later particularly
on microelectrodes due to the better suppression of the
capacitance current [2-3]. Besides the combination with
HPLC and flow injection analysis (FIA), the technique
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was also applied in capillary zone electrophoresis [4]. Se-
lected potential programs were compared, including
normal pulse voltammetry, staircase voltammetry [1],
cyclic voltammetry [4], and square-wave voltammetry [5].
The studies were generally aimed to the determination of
neurotransmitters, hormones, and metabolites in biologi-
cal systems. Besides, this approach enables the determina-
tion of even electrochemically inactive species by observ-
ing their adsorption on the electrode [6-8].

Despite its long success, fast scan voltammetry tech-
niques have a number of problems, namely the large
background current, distorted ohmic drop, instrument
low-pass filtering and distortion caused by the cell time
constant [9]. Such problems are derived mainly because,
under conditions of linear diffusion, the faradaic current
(i) for a simple redox reaction increases with the square
root of the scan rate, while the current arising from charg-
ing the double layer (i) increases with scan rate. This, in
turn, decreases the if/i, ratio as the scan rate is increased,
resulting in lower analytical performance.

Although these drawbacks at fast sweep rates can be
minimised by background subtraction, the subtracted
signal remains distorted by the ohmic drop resulting from
the background current. Furthermore, complications of
the electron transfer at fast sweep rates can be encoun-

[a] D. Bavol, H. Dejmkova, M. Scampicchio
Free University of Bolzano, Piazza Universita 5, 39100
Bolzano, Italy
*e-mail: dejmkova@natur.cuni.cz

[b] D. Bavol, H. Dejmkova, J. Zima, J. Barek
Charles University in Prague, Faculty of Science,
Department of Analytical Chemistry, University Research
Centre Supramolecular Chemistry, UNESCO Laboratory of
Environmental Electrochemistry, Albertov 6, CZ-128 43
Prague 2, Czech Republic

Electroanalysis 2017, 29, 182-187 182



Full Paper

tered when the technique is applied not only to simple
redox reactions but to more complex real samples. Not
surprisingly, to date, the application of fast scan voltam-
metry on the determination of bioactive food polyphenols
has received very little attention in the research litera-
ture.

In this study, fast scan differential pulse voltammetry
(FSDPV) in connection with flow injection analysis
(FIA) has been investigated using hydroquinone, p-cou-
maric acid, and caffeic acid as model compounds and
then applied for the first time for the determination of
capsaicinoides, compounds responsible for the pungency
of chili pepper [10] (structures of the used compounds
are in Fig.1). Furthermore, as a second application,
FSDPYV with FIA has been applied for the determination
of total phenol content in extra virgin olive oils [11-12].
The potential advantages and limitations of the proposed
procedure are assessed, giving particular emphasis on the
easy sample handling, high throughput of the samples,
and the selectivity for the determination in food analysis.
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Fig. 1. Structure of hydroquinone (A), p-coumaric acid (B), caf-
feic acid (C), and capsaicin (D).

2 Experimental
2.1 Reagents

Hydroquinone (CAS Number: 123-31-9), gallic acid
(CAS Number: 149-91-7), p-coumaric acid (CAS
Number: 501-98-4), caffeic acid (CAS Number: 331-39-
5), and capsaicin (CAS Number: 404-86-4) were supplied
by Sigma-Aldrich. The stock solutions (c=1mmolL™)
were prepared by dissolving the exact amount of the re-
spective substance in deionized water with addition of
B-R buffer solutions of appropriate pH, or in acetonitri-
le:ethanol mixture (both from Fluka) (1:1, v/v) contain-
ing 0.1 mM lithium perchlorate (Sigma-Aldrich), accord-
ing to the medium in which the measurement was per-
formed. All stock solutions were kept at low temperature
in the dark. More diluted solutions were prepared by
exact dilution of the stock solutions with above men-
tioned aqueous buffer or acetonitrile-ethanol mixture.
Voltammetric experiments in aqueous media were car-
ried out in B-R buffer solutions prepared by mixing
0.2 M sodium hydroxide (Fluka) with acidic solution con-
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sisting of 0.04 M boric acid, 0.04 M phosphoric acid, and
0.04 M acetic acid (all by Sigma-Aldrich).

Voltammetric experiments in a non-aqueous medium
were carried out in the mixture of acetonitrile:ethanol,
(1:1, v/v) containing 0.1 mM lithium perchlorate.

Other used chemicals were sodium carbonate (Sigma-
Aldrich), potassium chloride (Sigma-Aldrich), Folin-Cio-
calteu reagent (Sigma-Aldrich) and deionized water (Mil-
lipore Q-plus System, Millipore, USA). All used chemi-
cals were of analytical grade purity.

2.2 Electrode Preparation

The three-electrode wall-jet system was used for FSDPV.
Glassy carbon electrode (GCE) (Metrohm, Switzerland,
diameter of 2 mm and geometric area 3.1 mm?®) was used
as a working electrode. Before each run, the surface of
GCE was polished for 1 min with alumina (particle size
1.0 um). After polishing, the electrode was thoroughly
washed with distilled water. Ag/AgCl (3M KCI) refer-
ence electrode (Monokrystaly Turnov, Czech Republic)
was used for all measurements in aqueous media; non-
aqueous silver/silver ion reference electrode (0.01 M
AgNO;; 0.1 M TBAP in acetonitrile) (BASi, USA) was
used in non-aqueous media. The auxiliary electrode was
made of a Pt wire, 1 cm in length and 0.5 mm in diame-
ter.

2.3 Apparatus

FIA measurements were performed using a high pressure
pump Waters 515 HPLC pump (Waters Corporation,
USA) and a six-way injection valve (Supelco Rheodyne
Model 7725i) with a 100 pL sample injection loop.
FSDPV detection was performed using a Twelve Channel
Multi Autolab Potentiostat/Galvanostat, controlled by
NOVA version 10.2 software (Metrohm, Switzerland)
working under Windows 7 (Microsoft Corporation). A
Basic 204+ pH meter (Crison Instruments, Spain)
equipped with a combined glass pH electrode was used
for pH measurements. The pH meter was calibrated with
aqueous buffers at a laboratory temperature. The spectro-
photometric measurements were performed using UV/Vis
spectrophotometer G9820A (Agilent Technologies, USA)
in 1 mm quartz cuvettes.

2.4 FIA Procedures

FSDPV was performed with the following parameters:
pulse width 100 ms, pulse amplitude 50 mV, and scan rate
5Vs™. Reverse LSV scan with the same scan rate was
also included. The flow rate of the carrier solution during
the experiments was set to 0.8 mL/min. All these parame-
ters were set up after the optimization of detection
system.

All the injections were repeated three times unless
stated otherwise and the measurements were carried out
at laboratory temperature.
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The peak height was evaluated from DPV recordings.
The limit of quantification (L) was calculated as the an-
alyte concentration corresponding to a tenfold standard
deviation of the respective response from ten consecutive
determinations at the lowest measurable concentration
[13].

2.5 Sample Preparation

The olive oils used for measurements were purchased at
local store in Bolzano, Italy. Fruits of the chili pepper va-
rieties in ripe state were provided by Xundgarten; St.
Jakob, Leifers.

Analyzed extracts of olive oil were prepared by shaking
10 ml of oil with 5ml of 0.1 M LiClO, in acetonitrile:e-
thanol (1:1) mixture for five minutes. After the phase
separation, upper part was collected and used directly.

The chili peppers were heat-dried at 65°C and ground-
ed by vibrational mill. The extraction of capsaicinoides
was performed by stirring of 0.2 g of pepper powder with
10 mL of acetonitrile for 15 min under room temperature.
The aliquots were then filtered using 0.45 pm membrane
filters and diluted ten times by the carrier solution before
injection.

2.6 Folin-Ciocalteau Micro Method for Total Phenol in
il

Ten calibration stock solutions from 0 to 500 mgL™" of
gallic acid were prepared. Each calibration solution and
blank were mixed with water, Folin-Ciocalteu reagent
and sodium carbonate solutions, as described in [14].
After 2 h at 20°C the absorbance of each solution was
measured at 765 nm against the blank.

3 Results and Discussion
3.1 Fast Scan Differential Pulse Voltammetry

Preliminary experiments were aimed at characterizing the
electrochemical detection system based on FSDPV using
hydroquinone/quinone as model redox system. Basic pa-
rameters, such as the scan rate of the electrochemical de-
tection and the resulting peak potential, peak height, and
background current were evaluated together with other
parameters of the flow system, such as flow rate and in-
jected volume.

The most important parameter for the optimized proce-
dure is the scan rate. The potential window and the
number of current readings were limited by the 6 ms
limit of the potentiostat used; the scan rate value deter-
mines the distribution of resolution between the respec-
tive axes. Increased scan rate results, besides the lower
resolution of the potential axis, in the increased back-
ground current. Low scan rate, on the other hand, leads
to the lower resolution of the time axis; this effect can be
partly compensated by lower flow rate, i.e. slowing the
measurement down to the level, where the diffusion
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causes unnecessary peak broadening. Scan rate from 1 to
10 Vs~ and flow rate from 0.4 to 2 mlmin~" were tested
and values of scan rate of SVs™' and flow rate of
0.8 mlmin~" were selected as optimal.

The optimization of the injected volume was done simi-
larly to any FIA system, i.e. the optimal injection volume
was selected as the maximum volume above which the
peak does not further increase its height, but only broad-
ens. In this case, injection volumes from 20 to 200 puL
were tested and the optimum value of 100 uL was select-
ed. Under such optimized conditions, the injection of
a blank sample provided negligible response.

Fig.2 shows the resulting three-dimensional FIA-
FSDPV recordings of hydroquinone oxidation measured
under the optimized conditions; the peaks are well de-
fined and the relative standard deviation (RSD) of their
height is 3.5% (n=10).

Current, pA

8.0

05 -
Potential,V

03

0

Fig.2. Three-dimensional representation of FIA-FSDPV re-
cordings of 0. mmolL™"' hydroquinone with addition of
0.1 mol L™ KCI; scan rate 5 Vs, flow rate 0.8 mlmin™*, four re-
peated injections of 100 uL. Detection at GCE in BR buffer
(pH 4).

3.2 Simultaneous Determination of Caffeic Acid and p-
Coumaric Acid

After having defined the best conditions for the determi-
nation of a single redox species, we have paid attention to
the enhanced spatial resolution offered by FSDPV for
the simultaneous detection of caffeic acid and p-coumaric
acid. These two redox species are common antioxidants
found in many vegetable products, including wine. Also,
their peak potentials differ of about 0.35 V, which is large
enough to be resolved by batch voltammetric techniques.
Therefore, this determination allows us to explore the
real peak resolution on the potential axis.

FIA-FSDPV recordings of a series of solutions of these
individual compounds and in various concentration ratios
were measured in non-aqueous medium of acetonitrile:e-
thanol mixture (1:1, vv) containing 0.1 mmol L™ of lithi-
um perchlorate under the previously optimized condi-
tions. Selected record is shown in Fig. 3. High background
current is attributed to the high scan rate, but also to the
non-aqueous supporting electrolyte; nevertheless, the
background magnitude is constant. The relative standard
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Fig.3. Three-dimensional representation of FIA-FSDPV re-
cordings of ten times repeated injection of the mixture of caffeic
acid (A) and p-coumaric acid (B), c=1x10"> molL"'. Measured
at GCE in a mixture of acetonitrile:ethanol, (1:1, v/v) containing
0.1 mmolL ! of lithium perchlorate.

deviation of the peak heights was 3.3% for caffeic acid
and 3.8% for p-coumaric acid (n=10), which confirms
good stability and repeatability of the measurements.

The measured FIA-FSDPV peak current signal at con-
stant time is linearly related to the concentration in the
range from 0.01 to 1 mmol L™ for caffeic acid and from
0.02 to 1 mmolL™" for p-coumaric acid (Fig. 4). The cor-

caffeic acid
p-coumaric acid

130 s " L

01 02 03 04 05 06 07 08 09 10 11
E,V
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relation coefficients close to one and the limit of quantifi-
cation 15 pmol L™ and 26 pmol L' for caffeic acid and p-
coumaric acid, respectively (Table 1), prove the suitability
of the proposed technique to monitor the redox species
in real time. Furthermore, in comparison with classical
FIA technique with amperometric detection, the use of
FIA-FSDPV provides an enhanced selectivity, which ena-
bles to distinguish two compounds having different oxida-
tion potentials without the need of previous separation
step or the use of chromatographic columns.

3.3 Determination of Capsaicin in Chili Pepper Extracts

Determination of capsaicinoides in chili peppers was se-
lected as a suitable problem for testing the performance
of the technique. Capsacinoids such as capsaicin are well-
known redox species presenting a pH dependent anodic
peak corresponding to one electron/one proton reaction
mechanism [15]. Furthermore, their fast detection is of
special importance for food manufacturers and pharma-
ceutical industries that have to dose the potency of such
ingredient in their formulations or premixes.

The response of standard solutions of capsaicin (from
0.5 to 0.01 mmolL™) is shown in Fig. 6A. The position of
the peak, i.e. 0.6V, is the same as observed during the
measurement by classical batch cyclic voltammetry. As

B caffeic acid

p-coumaric acid

01 02 03 04 05 06 07 08 09 10 11
EV

Fig. 4. FIA-FSDP voltammograms of caffeic acid (0.02, 0.06, 0.1, 0.2, 0.6, and 1 mmolL ") in the presence of 1 mmolL ' p-coumaric
acid (A) p-coumaric acid (0.02, 0.06, 0.1, 0.2, 0.6, and 1 mmolL™) in the presence of 1 mmolL™ caffeic acid (B) at GCE in a mixture
of acetonitrile:ethanol, (1:1, v/v) containing 0.1 mmol L™ of lithium perchlorate.

Table 1. Parameters of calibration curves and limits of quantification of caffeic acid, p-coumaric acid, and capsaicin measured in a mix-
ture of acetonitrile:ethanol, (1:1, v/v) containing 0.1 mmol L™ of lithium perchlorate; obtained by FIA-FSDPV at GCE, variability ex-

pressed as standard deviation.

Substance Concentration Slope mAmol™L  Intercept nA  Correlation LommolL™  RSD (%), n=10
range mmol L™ coefficient

caffeic acid 0.01-1 3.78+0.09 422413 0.9823 15+05 3.3 (1 mmolL™)

p-coumaric acid 0.02-1 2.36+0.07 521+15 0.9844 26+0.6 3.8 (1 mmolL™)

capsaicin 0.01-0.5 6.32+0.21 462+11 0.9829 16+0.5 4.0 (0.5 mmolL™")
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Fig.5. Three-dimensional representation of FIA-FSDPV re-
cordings of three repeated injection of the selected sample of
chili pepper extract. Measured at GCE in a mixture of acetonitri-
le:ethanol, (1:1, v/v) containing 0.1 mmol L~ of lithium perchlo-
rate.

observed before, the variability of the peak heights
for the same concentration of capsaicin standard
(0.5 mmol L) is below 4% (n=10). The figures of merit
of the applied procedure for the detection of capsaicin
are summarized in Table 1, confirming the linear depend-
ence of the peak current on increasing concentration of
the standard and L, of 16 pmol L™

The procedure was then applied on the determination
of a total capsaicin value in 9 samples of chili pepper ex-
tracts (Fig. 5). The graphical comparison of the results ob-
tained with the FIA-FSDPV and with HPLC with spec-
trophotometric detection is shown in Figure 6B. Parame-
ters of the dependence are c(electrochemical)=
0.9549.c(HPLC) - 82.585 (R®=0.9451), confirming the
high correlation between the two methods. Also, this
result provides proof of the concept of the suitability of
the proposed procedure for the rapid monitoring of com-
plex sample extracts.

0.1 03 05 07 09 11
E,V
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3.4 Determination of Total Phenol in Olive Oils

Last experiments aimed at verifying the suitability of the
proposed procedure to quickly measure the total phenol
content of olive oil extracts. Fig. 7A shows the resulting
FIA-FSDPV recordings of olive oil extracts. In contrary
to the expectations, only single peak with the potential of
approx. 0.75 V was observed in the voltammogram; for
that reason, suitable potential range for the charge calcu-
lation was not sought, but the peak area was evaluated in-
stead. For the calculation of phenol content, concentra-
tion dependence of gallic acid measured under the same
conditions was used. For comparison, the total phenol
values obtained by the Folin-Ciocalteu (FC) assay, a popu-
lar spectrometric method used in quality control, are also
reported (Fig. 7B). The correlation between the two
methods is not too good, showing that the results ob-
tained by FSDPV are always lower than those obtained
by the FC. This can be explained by the presence of
redox compounds in the test solution that react positively
to the Folin-Ciocalteu test, but have oxidation potential
higher than the potential window used in our procedure.

4 Conclusions

This study presents a newly developed method of capsai-
cin determination and determination of total polyphenols
content in olive oils performed by FSDPV in FIA system,
using GCE as a working electrode. To find out the overall
optimization parameters of the method in this arrange-
ment, the well-known redox system hydroquinone/qui-
none was used. The best measurement conditions with
scan rate 5 Vs™; flow rate 0.8 mlmin~'; injection volume
100 uL were found. Under these conditions, the selectivi-
ty of the measurement is sufficient to distinguish several
voltammetric responses in the potential window.

-]
°

oy
°

4.0

2.0

1.0

¢, mmol L™, electrochemistry

0.0

0.0 10 20 3.0 40 50 6.0
¢, mmol L, HPLC

Fig. 6. (A) FIA-FSDP voltammograms of concentration dependence of capsaicin at GCE in a mixture of acetonitrile:ethanol, (1:1,
v/v) containing 0.1 mmolL™" of lithium perchlorate (concentrations of analyte 0, 0.01, 0.02, 0.04, 0.06, 0,08, 0.1, 0.2, 0.4 and
0.5 mmolL™); (B) correlation of capsaicin concentration in analyzed samples of chili pepper obtained by FIA-FSDPV and by HPLC

with diode array detection.
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Fig.7. (A) Three-dimensional representation of FIA-FSDPV recordings of three repeated injection of the selected sample of olive
oil extract. Measured at GCE in a mixture of acetonitrile:ethanol, (1:1, v/») containing 0.1 mmol L of lithium perchlorate. (B) Com-
parison of total phenol content in analyzed samples of olive oils obtained by FIA-FSDPV and by Folin-Ciocolteu micro method.

The newly developed method presented good correla-
tion with traditional methods used for the determination
of capsaicin, HPLC with diode array detection; the corre-
lation of the total polyphenols content in olive oils is less
tight, probably due to the presence of compounds with
detection potential outside of the applied range.

The main advantages of the FSDPV are small amount
of the consumed sample and speed of measurement, ena-
bling to obtain a complete voltammogram each 10, to-
gether with the selectivity provided by the electrochemi-
cal part of the measurement. On the other hand, disad-
vantage of the technique can be the higher limit of quan-
tification (20 umol L"), which, nevertheless, does not neg-
atively influence the applicability of the methods for the
determination of total polyphenols in olive oils and cap-
saicin in chili peppers.
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ARTICLE INFO ABSTRACT

‘We report the first amperometric method for the simultaneous determination of tert-butylhydroquinone (tBHQ),
propyl gallate (PG), and butylated hydroxyanisole (BHA) using flow injection analysis coupled to multiple-pulse
amperometry. A sequence of potential pulses was selected in order to detect tBHQ, PG, and BHA separately in a
single injection step at a glassy carbon electrode without the need of a preliminary separation. A mixture of
methanol and 0.040 M Britton-Robinson buffer was used both as a carrier solution and for dilution of analyzed
solutions before injection. The method is precise (RSD < 5%, n = 10), fast (a frequency of 140 injections h~1),
provides sufficiently low quantification limits (2.51, 1.45, and 0.85 ymol L™ for tBHQ, PG, and BHA, respec-
tively) and can be easily applied without high demands on instrumentation. As a practical application, the
determination of these antioxidants contained in commercial chewing gum samples was carried out by applying
a simple extraction procedure.

Keywords:

Flow injection analysis
Multiple-pulse amperometry
Glassy carbon electrode
Antioxidants

1. Introduction

Synthetic phenolic antioxidants are extensively used in the food
industry as additives to improve the stability of various products,
especially for the prevention of lipid oxidation reactions, responsible
for the production of volatile compounds with unpleasant flavours.
Among the most commonly used additives are propyl gallate (PG), tert-
butylhydroquinone (tBHQ), and butylated hydroxyanisole (BHA), used
alone or together (Fig. 1). In many countries, the use of these anti-
oxidants is controlled by official legislation, and consequently, it is
important to be able to determine reliably the amounts of these sub-
stances in food products. Last but not least, determination of anti-
oxidants, and eventually, mixtures of antioxidants (PG, tBHQ, and BHA)
can provide important information on the quality of food products,
because the concentration of antioxidants may be related to their oxi-
dation stability.

Many electrochemical methods, such as cyclic voltammetry [1],
differential pulse voltammetry [1,2], stripping voltammetry [3], and
square-wave voltammetry [1,4] have been used to determine phenolic
antioxidants. Also the adsorptive preconcentration of synthetic anti-
oxidant at a carbon paste electrode has been described [5]. All these
techniques generally have high sensitivity, and are widely used in many
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areas of analytical chemistry. However, their applicability for the de-
termination of several components in mixtures is limited when the re-
corded voltammograms display significant partial overlapping.

As a result, techniques preceded by a separation step, particularly
HPLC with electrochemical [6], DAD [7] or MS [8] detection are most
frequently used for the determination of the mixture of antioxidants.
Usually, HPLC may be employed for the separation of the analytes
previously to their quantification, or two or more sensors are used with
the application of a different constant potential at each sensor, whose
resulting signals are analyzed with a multivariate calibration method.
However, application of such complex separation methods might not be
necessary in many cases and flow injection analysis (FIA) in combina-
tion with a selective detection method might present a suitable alter-
native. Multiple-pulse amperometry (MPA) has been used for the si-
multaneous determination of different analytes [9-11]. It involves the
application of an appropriate potential waveform consisting of a sui-
table succession of pulses on a single working electrode, thus allowing
to distinguish the analytes in a mixture with no need of separation,
chemical pretreatment of the sample or electrode modification, or the
application of mathematical techniques for data analysis. This strategy
was used for simultaneous determination of sugars [12], drugs [13-15],
antioxidants [16], synthetic colorants [17], as well as for the use of
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Fig. 1. Structure of tert-butylhydroquinone (A), propyl gallate (B), and butylated hy-
droxyanisole (C).

internal standard method in FIA [18]. This method has some important
advantages: it is inexpensive, simple, has small sample and reagent
consumption (with reduction of waste generation) and high sampling
rates. Considering the number of injections that can be done in one
hour, less than 1 mL of carrier solution (i.e. 100 pL of methanol) is
consumed per one sample. Moreover, the use of MPA detection can
prevent contamination of the working electrode surface by inserting
cleaning pulses in the potential program.

The purpose of this paper is to report a MPA-FIA method using a
single working electrode for simultaneous determination of three
compounds (tBHQ, PG, and BHA). The novelty of the newly developed
method rests in the continuous application of three potential pulses
(with simultaneous acquisition of three separate amperograms) at a
single-injection step. It was confirmed that this approach enables the
determination of the tested antioxidants contained in chewing gum as
an example of practical application of the new method.

2. Experimental
2.1. Reagents

Propyl gallate (CAS Number: 121-79-9), tert-butylhydroquinone
(CAS Number: 1948-33-0), and butylated hydroxyanisole (CAS
Number: 25013-16-5) were supplied by Sigma-Aldrich. Their individual
stock solutions (¢ = 1.00 mmol L™ ') were prepared by dissolving the
exact amount of the respective substance in methanol (Merck Millipore,
Germany) and were kept at 4 °C. More diluted solutions were prepared
by exact dilution of the stock solutions with mixture of methanol and
0.040 M Britton-Robinson (B-R) buffer (1:9, v/v). All electrochemical
measurements were carried out in the same solution. The B-R buffer
was prepared by mixing 0.20 M sodium hydroxide (Lach-Ner
Neratovice, Czech Republic) with acidic solution consisting of 0.040 M
boric acid (Lach-Ner Neratovice, Czech Republic), 0.040 M phosphoric
acid (Merck Millipore, Germany) and 0.040 M acetic acid (Merck
Millipore, Germany). All chemicals used for buffer preparation were of
analytical grade purity. Distilled water was provided from a Mega-Pure
3A Liter Automatic Distillation System, USA.

2.2. Instrumentation and apparatus

All electrochemical recordings were performed using an Autolab
PGSTAT12 potentiostat/galvanostat, controlled by NOVA version
1.11.2 software (Metrohm, Switzerland) working under Windows 7
(Microsoft Corporation). The three-electrode wall-jet configuration
described in our previous paper [19] included a glassy carbon working
electrode (GCE) (Metrohm, Switzerland, diameter of 2 mm and geo-
metric area 3.1 mm?), a platinum wire, 1 cm in length and 0.5 mm in
diameter, as a counter electrode, and an Ag/AgCl (3 M KCl) electrode as
a reference electrode (Monokrystaly Turnov, Czech Republic). Flow of
the carrier solution was provided by peristaltic pump MINIPULS Evo-
lution (Gilson, USA) and injection of the sample was performed with a
six-way injection valve (VICI Valco Instruments, Canada) equipped
with a 100 pL sample injection loop. An ultrasonic bath (Ultrasonic PS
02000A, DANAE VISION, Czech Republic) was used during the sample
preparation and an Orion 266S pH meter (Thermo Fisher Scientific,
USA) equipped with a combined glass pH electrode was used for pH
measurements. The pH meter was calibrated with aqueous standard
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buffer solutions at room temperature.
2.3. Procedures

Pre-treatment of the GCE was done by polishing with alumina
powder suspension (0.1 pm) on a damp polishing cloth (Metrohm,
Switzerland) before fixing to the flow cell. This procedure was per-
formed at the beginning of the working day.

Hydrodynamic voltammograms of tBHQ, PG, and BHA were ob-
tained separately by application of eleven sequential potential pulses
(from +0.20 to +0.70 V; pulse width: 100 ms) in triplicate injections
of standard solutions through the FIA system using the MPA technique.
The same technique was used for simultaneous amperometric detection
of tBHQ, PG, and BHA, applying pulses of +0.40V for 100 ms,
+0.55V for 100 ms, and +0.70 V for 100 ms continuously, and sam-
pling the current once during each potential pulse. Thus, the current
was sampled in each amperogram every 300 ms (total time of the po-
tential waveform). The peak width under the proposed conditions is
approximately 12 s, the current was therefore sampled around 40 times
during each peak.

The samples analyzed were chewing gums purchased in a local su-
permarket; the quantity of synthetic antioxidants was not declared.
About 1.5 g of finely cut sample was extracted with 5.0 mL of methanol
in the ultrasonic bath for 15 min. Afterwards, the mixture was placed at
4°C for 2 h in order to precipitate the gum-base polymer components.
Then, 1.0 mL aliquot of the supernatant solution was mixed with B-R
buffer pH 2.0 (1:1 v/v), filtered through a syringe filter (Nylon (PA),
0.45 pm) and injected into the system [20].

The peak height (I,) was evaluated from the amperometric FIA re-
cording. The limit of quantification (Lg) was calculated as the analyte
concentration corresponding to a tenfold standard deviation of the re-
spective response from ten consecutive determinations in the lowest
measurable concentration range [21].

3. Results and discussion

3.1. Deter

of the peak p ial

Previous electrochemical investigations of phenolic antioxidants
(which includes also tBHQ, PG, and BHA) using GCEs have demon-
strated that acidic media provide the best performance for electro-
chemical oxidation [20,22,23]. These results of detailed voltammetric
study of the tested antioxidants were taken into account in searching for
optimum conditions for their amperometric detection. Due to low so-
lubility of these phenolic antioxidants in water, an aqueous-methanolic
solution containing 10% (v/v) methanol in 0.040 M B-R buffer pH 2.0
was used as a carrier solution in this work.

In order to identify the potential of oxidation to perform simulta-
neous determinations of tBHQ, PG, and BHA, hydrodynamic voltam-
mograms were first obtained separately for each compound using MPA-
FIA. The current at each potential pulse (from +0.20 to +0.70 V; pulse
width: 100 ms) was monitored continuously during three injections of
0.1 mmol L. ~? solution of the target analyte. The average value of peak
current (n = 3) at each potential pulse was used to construct the hy-
drodynamic voltammogram for the electrochemical oxidation of tBHQ,
PG, and BHA (Fig. 2).

It can be seen that the peak potentials of the obtained curves differ
enough to enable the selective determination of the analytes. Namely, a
potential of +0.40V can be used for determination of tBHQ alone.
Under potential of +0.55V, both tBHQ and PG provide response; the
current response of PG can be calculated by subtraction. The current
response of BHA is two orders of magnitude lower under this potential
and therefore can be considered negligible. At +0.70 V, all three target
compounds are oxidized and the current response of BHA can be again
obtained by subtraction. The direct subtraction of the current obtained
by lower-potential pulse is generally impossible due to the difference
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Fig. 2. Hydrodynamic voltammograms obtained by plotting peak current values as a
function of the potential of applied potential pulses. The solutions contained tBHQ (+), PG
(@) or BHA (M) (all 0.1 mmol L™1). Carrier solution: methanol — 0.040 M B-R buffer pH
2.0 (1:9, v/v); injected volume: 100 pL; flow rate: 1.0 mL min™.

between the heights of the peaks at different potentials. In our case,
potential differences are small, so one would assume that the differ-
ences between the heights of the peaks would be minimal and can be
neglected. Actually that is possible only in the case of mutually similar
concentrations. For subtraction even in the case of varying concentra-
tions, we have used correction factors (CFs). A CF is obtained as the
proportion of the current response of the particular compound obtained
under the higher and lower potential; knowledge of its value enables us
to calculate the current response at higher potential from the known
response at lower potential, thus offering the value suitable for sub-
traction. The values of CF must be independent of the concentration of
determined compounds, thus the concentration interval between 10
and 100 pmol L~ for tBHQ and PG measurement was used for its as-
sessment. For example, CFipro +0.55 v Was obtained from the injection
of a standard solution containing only tBHQ by the equation:

CFprq +0.55 v = IBHq +0.55 v/IiBHQ +0.40 v @

Then, the current originating from PG oxidation at +0.55 V during
the analysis of solution containing both tBHQ and PG can be calculated
using the equation:

Ipg = Lioss v—(CFuq +0.55v X Iipuq +0.40v) @

CFs necessary for the determination of BHA were calculated simi-
larly. The obtained CF values for tBHQ and PG were: CFgrg +0.55 v =
1.04 £0.03, CFpug +o7ov = 1.06 £0.04, and CFpg +o70v =
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1.09 + 0.06.

3.2. Optimization of FIA parameters

The FIA parameters were optimized in order to obtain the highest
signal for tBHQ, PG, and BHA. Fig. 3 presents the dependence of the
peak current of the analytes on the injected volume (Fig. 3A) and flow
rate (Fig. 3B). The optimization of the injected volume was done ac-
cording to usual FIA approach, i.e. the optimal injection volume was
selected as the maximum volume above which the peak does not further
increase its height, but only its width. This point was reached for an
injection volume of 100 pL of 0.1 mmol L~! of tBHQ, PG, and BHA in
the MPA-FIA system (Fig. 3A), which was thus selected for further
measurements. Another investigated parameter was the flow rate. The
flow rate (Fig. 3B) was varied in the range from 1.0 to 3.0 mL min !,
keeping the injection volume of 100 uL for 0.1 mmol L™ ! of tBHQ, PG,
and BHA. An increase in the flow rate resulted in the slight decrease in
the peak area because of the shorter contact of the analytes with the
electrode and in the rapid increase of the peak height due to its nar-
rowing. On the other hand, excessive narrowing of the peak affects the
resolution due to the 300 ms length of pulse program. As a compromise,
flow rate of 2.0mLmin~! was selected for further amperometric
measurements, due to lower consumption of the carrier solution. No
influence of the pulse width was observed between 70 and 150 ms and
thus 100 ms pulse width was used further.

To examine the stability of the analytical signal, a repeatability
study (Fig. 4) was conducted; under the optimized conditions, ten
successive injections of the mixture of a standard solution (all com-
pounds at 0.1 mmol L~ ) were carried out. The results demonstrate that
the MPA-FIA system provides good repeatability (RSD < 5%, n = 10).
Besides, this arrangement demonstrates the high throughput (140 in-
Jjections hh.

3.3. Concentration dependences

Using the optimized conditions, calibration curves for tBHQ, PG,
and BHA were constructed using solutions containing varying con-
centrations of one antioxidant while the concentration of the other two
remained constant. Fig. 5 shows the amperometric responses of this
measurement at one concentration level (100-10 ymol L™%) and the
calibration plots proving the proportionality between the amperometric
current and the concentrations of the analytes. Linear regression of
these three series of experiments leads to excellent correlation coeffi-
cients (r > 0.99 in all cases) and the obtained limits of quantification
(Lg) calculated as the analyte concentration corresponding to a tenfold
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