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Abstract: The focus of this work was to develop a simple electrochemical method for the determi-
nation of vitamin C (VitC) by using a specially constructed microelectrode made from pyrolytic
graphite sheet (PGS). A procedure for quantifying VitC in a real sample was established. VitC shows
a single quasi-reversible reaction. The method was optimized, and analytical determination was
performed by using cyclic voltammetry and square wave voltammetry for electroanalytical purposes.
The obtained results show a linear response of the PGS electrode in a wide concentrations range. For
the lower concentration range, 0.18-7.04 ug L™, the sensitivity is 11.7 pAcm 2 /mgL~!, while for
the higher concentration range, 10.6-70.4 ug L1, the sensitivity is 134 pAcm~—2/mgL~!, preserving
the linearity of 0.998 and 0.999. The second objective was to determine the effect of the addition
of five different types of “green” biowaste on plant growth, VitC content, and antioxidant activity
in arugula (Eruca sativa L.) using the developed method. After three weeks of cultivation, small
differences in growth and large differences in certain nutritional characteristics were observed. The
addition of black coffee makes the soil slightly alkaline and causes a significant increase in VitC
content and antioxidant activity.
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1. Introduction

Free radicals, oxidants, oxidative stress, and antioxidants are concepts we have often
encountered in the last twenty years. Oxidants and free radicals can play a dual role, being
both beneficial and toxic compounds. Oxidative stress is caused by their excessive accumu-
lation, which the body cannot remove, and can lead to the development of degenerative
and chronic diseases, such as cancer, neurodegenerative and cardiovascular diseases, aging,
autoimmune disorder, and rheumatoid arthritis [1]. Free radicals are short-lived molecules
with an unpaired electron and, therefore, very reactive and unstable. The term free radicals
most often refers to RNS-reactive nitrogen compounds and ROS-reactive oxygen species [2].
These are contained in environmental pollutants, such as cigarette smoke and car exhaust;
they also occur in the body after exposure to infections, harmful chemicals, radiation, and
consumption of various drugs; they also occur via nutrition. Otherwise, the amount of free
radical formation is negligible.

Antioxidants play an important role in the body, being produced in normal physi-
ological processes (during aerobic cellular respiration), and their production and intake
must be balanced during exercise or disease when the free radical production is increased.
When the antioxidant is present in the cell in the appropriate amount, it reacts with free
radicals and is responsible for cell regeneration. VitC, also known as ascorbic acid, belongs
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to the class of organic compounds called butenolides. It has all the properties of a perfect
antioxidant, protecting the cells of most aerobic organisms from the damage caused by
the reactive molecules, cellular metabolism, and exposure to pollutants and toxins. VitC
also prevents the oxidation of other molecules by donating electrons to free radicals and
needing an electron to form a stable radical, thus reducing their reactivity. The ascorbic
acid protects biomolecules (proteins, carbohydrates, lipids, and nucleic acids) from the
damage caused by oxidants. It also reduces tocopheroxyl radicals and is effective in the
regeneration of vitamin E [3-5]. In the presence of ions, such as copper and iron, it plays the
role of a prooxidant, creating hydroxyl radicals that lead to the oxidation of DNA, lipids, or
proteins [1]. For example, Fe** is reduced to Fe?* by ascorbate, which can be re-oxidized to
produce H,O,, superoxide, and hydroxyl radicals. In general, VitC will have a prooxidative
effect at low concentrations and antioxidant effect at high concentrations [6,7].

A large number of methods for the determination of VitC and antioxidant capacity
was described in the literature (fluorimetric titrimetric, chromatographic, and spectropho-
tometric methods) [8-11]. The electrochemical /voltammetric method can be used for the
same purpose [12-21], even in complex matrices [22-27]. Consequently, the comparative
studies have also been reported [28-33]. All methods have one premise in common: the
direct or indirect determination via redox reaction, i.e., reactions for evaluation of VitC
content or antioxidant activity are based on a redox reaction of antioxidants (or reducing
agents) and free radicals, such as OH®, RO®, and ROO®. Classical analytical methods suffer
from some disadvantages that make them unsuitable for routine analysis.

The optimization of the electrochemical methods and development of sensors for the
rapid and accurate evaluation of antioxidant activity, total phenol evaluation, and VitC
content in samples (VitC can be electrochemically oxidized) have become more frequent
in the literature in the last decade. Addditionally, voltammetric methods can provide
important information to elucidate the oxidation mechanism of biomolecules. Different
modified electrodes have been fabricated based on carbon materials, metals, metal ox-
ides, polymers, and DNAs, etc. (Table 1). The electrodes made of carbon materials can
significantly improve the electroanalytical properties of sensitive layers essential for electro-
analytical application, due to their low ohmic resistance. Graphite, glassy carbon, carbon
paste, graphene, or carbon nanotubes also provide a variety of modification options that are
often used to develop highly sensitive sensors for the study of electrochemical properties
and give opportunity for detection of organic and inorganic compounds. [18,34,35].

The electrochemical methods for the determination of VitC are summarized in Table 1.
The design and modification of carbon materials for the preparation of electrochemical
sensors significantly affects the catalytic activity of the electron transfer. The lower detection
limit, higher sensitivity, and wider linear range may be obtained at the pyrolytic graphite
sheet (PGS) electrode without modification, which significantly shortens the duration of the
analysis and costs, making the method environmentally friendly, when compared to others.

However, to the best of our knowledge, there is no report on a PGS usage in a
direct determination of VitC. Hence, in this paper, we described the development of an
analytical method for the determination of VitC by square wave voltammetry (SWV) using
unmodified PGE. Pyrolytic graphite has attracted much attention for application in scientific
disciplines, especially in the fabrication of biosensors, nanoelectronics, and photodetectors,
as well as in the industry of batteries, due to its excellent characteristics [36]. In sensors, it
acts as a sensory layer, providing excellent thermal and electrical conductivity, compactness,
mechanical strength, and potentially low cost. It makes this material a perspective carbon
material for application in the electrochemical detection of molecules [37].

The first objective of this paper was to optimize the parameters of the electrochemical
method for the determination of VitC with a specially constructed microelectrode made
from the PGS. Cyclic voltammetry (CV) was used to characterize the microelectrode and
study the mechanism of VitC oxidation on the PGS electrode, while square wave voltam-
metry (SWV) was used for electroanalytical purposes. The procedure has been applied
satisfactorily for the determination of VitC in six prepared biological samples. The bio-
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logical samples were prepared from raw arugula (Eruca sativa L.) cultivated in soil with
different types of “green” biowaste. The specific objective of this work was to determine the
effect of the addition of different types of “green” biowaste [38] on the growth, VitC content,
and antioxidant activity by using the established procedure with a PGS electrode. The
method is simple, rapid, and sensitive, and no pre-separation procedures were required for
the analysis of VitC.

Table 1. A short review of the literature—comparison of analytical performance of PGS electrode
with other carbon-based and modified electrodes in the literature.

g ae Electroanalytical . Potential of Linear Range Analyzed
Electrode/Modification Methods Solution Oxidation uM LOD uM Samples
o acetate buffer irreversibly . pharmaceutical
Glassy carbon [39] SWV, DPV pH 3.50 0350 V 20-1000 2.95 and Rosa species
PB fruit and
Glassy carbon [40] AMP pH 5.0 0.600 V 0-2.27 0.028 vegetable juice.
Glassy carbon/graphene [41] CV, EIS B irreversibly 100-10000 NA NA
! pH?7.0 0.350 V
. PB irreversibly o
Graphene/carbon paste [42] CV, AMP pH7.0 0350 V 0.1-106 0.07 artificial sample
. , CV, FIA with BR buffer irreversibly food beverage
Reduced graphene oxide [43] AMP pH7.0 0.650 V NA 47 samples
) irreversibly fruit juice and
Carbon paste [14] CV, DPV 0.10 M KC1 0.530 V 70-20,000 62 wine
PB irreversibly pharmaceutical
SWCNT/carbon—ceramic [44] CV, DPV pH 7.0 0.620 V 5.0-700.0 3.0 an(i:rlri)rl)(l)egslcal
Carbon nanotubes/gold PB irreversibly .
nanoparticles [28] cv pH74 0.263V 5-400 18 human urine
. ) KH,POy4 irreversibly | I
Biy O3/ glassy carbon [45] (@)% pH 6.0 0.280 V 0-5000 NA vitamin C tablet
biological irreversibly s
Grafen/CPE/CuO [46] CV,SWV pH 7.4) 0.250 V 0.04-240.0 0.009 artificial sample
Polyvinylpyrrolidone PB irreversibly N .
Grafite/glassy carbon [47] SDLSV pH 6.0 0.034 V 4-1000 08 human urine
Unmodified edge plane BR buffer irreversibly
pyrolytic Graphite [48] CV, DPV pH 7.0 0.050 V 0.2-25 NA laked horse blood
edge plane pyrolytic PB irreversibly . commercial drink
graphite [49] cv pH7.0 0.080 V 200-2200 71 Ribena
Pyrolytic graphite sheet KNO; irreversibly extract of
(this work) Cv,swv pH7.0 0.050 V 1.0-400 04 cultivated aragula

SWV—square wave voltammetry; DPV—differential pulse voltammetry; CV—cyclic voltammetry; EIS—
electrochemical impedance spectroscopy; SDLSV—second-order derivative linear sweep voltammetry; FIA—flow
injection analysis; AMP—amperometric detection; PB—phosphate buffer; BR—Britton—Robinson buffer.

2. Materials and Methods
2.1. Reagents and Solutions

All solutions were prepared from analytical grade chemicals by dissolving the appro-
priate mass of the pure substance in distilled or ultrapure water. The VitC solutions were
freshly prepared before measurement (1.0 mg/mL or 5.7 mM), due to their instability.

2.2. Preparation of Working Electrode—Microelectrode from Pyrolytic Graphite Sheet

The PGS used to make electrode (PGS-Panasonic EYGS121803 Thermal Interface Prod-
ucts), purchased from Panasonic, is synthetically made from a highly oriented graphite
polymer film, which is very thin, light, has excellent thermal conductivity, electrical con-
ductivity, and heat resistance (up to 400 °C); this makes it an excellent material for the
production of electronic assemblies, as well as sensor development. The material is ex-
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tremely flexible and can be easily cut into customizable shapes [50]. In a cross-section of
sheet there are approximately 75,000 graphite surfaces. The cut sheet, with a dimension
40 x 3 mm and 25 pum thick, was poured into an epoxy resin body and air-dried for 24 h.
The cross-section of the PGS electrode, thus, gave a microelectrode with a sensitive surface
area 7.4 x 107* cm? (Scheme 1). Before the measurement, mechanical treatment of the
electrode surface was performed (fine sandpaper and polishing with alumina powder
down to 0.05 um) to achieve a uniform surface, rinsed with distilled water, cleaned in
an ultrasonic bath, and dried on air. Considering the above mentioned, we propose the
pyrolytic graphite sheet (PGS) as a suitable graphite substrate for electroanalytical purposes.

PGS microelectrode

width 25 um
PGS cut length 3 mm
40x3 mm A=7.4 x 10™* cm?
poured
into an
epoxy
resin body

Scheme 1. The preparation of working electrode together with SEM images of electrode surface with
900 x magnification.

2.3. Scanning Electron Microscopy end Energy Dispersive Spectroscopy Analysis of PGS Electrode

PGS electrode were visually characterized by high-definition scanning electron mi-
croscopy (SEM) with energy-dispersive spectroscopy (EDS) analysis. Observation and
imaging were performed using a scanning electron microscope (JEOL JSM-7610F Plus)
at 0.5 kV SEI (Figure 1). Figure 1a shows the lamination of corrugated layers much less
than 1 pm thick. The PGS surface was evaluated with Image] software. A cross-sectional
view is generated from the SEM image and presented as the ZY or ZX planes. The images
show smooth and uniform surface with visible layers of graphite, which significantly
increases the active surface of the material. The energy-dispersive spectroscopy (EDS)
analysis (Figure 1c) showed pure carbon material with no impurities or oxides in the ma-
trix. PGS is a very thin graphite sheet that is 25 pm in thickness with a highly-oriented
single-crystal-like structure made from stacked thin polymer films.

2.4. Preparation of Real Sample

For research purposes, the arugula seeds were purchased in local store.

The arugula seeds were sown in biodegradable cardboard containers in 6 different
substrates, where 1/2 of the soil was replaced with a mixture of a certain biotope and soil in
a ratio of 1:1. The selected biowaste is: peanut shell, banana and kiwi peel, chopped paper
towels, crushed eggshells, and coffee grounds; the sixth substrate was the reference in the
soil without additives, i.e., control sample. Germination of arugula was carried out indoors
with a constant temperature, while growth was carried out outdoors for three weeks. After
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this period, the plants were cut to ground level, and on the same day they were determined
the content of Vitamin C, total phenols, and antioxidant activity.

Real samples were prepared by extracting 2 g of plant material in 20 mL of redistilled
water or 10 g of plant material in 100 mL of redistilled water or a ratio of 1:10.

Electron Image 1

Figure 1. SEM images of electrode surface with (a) 4000x and (b) 22,000 x magnification, together
with (a—c). The energy-dispersive spectroscopy (EDS) analysis.

2.5. Real Samples Measurements

Voltammetric determination of VitC. In order to evaluate the analytical applicability of
the proposed method, established procedure was applied for the detection of VitC in real
samples. Electrochemical measurements were carried out via potentiostat (Autolab PGSTAT
302N), connected to PC, and driven by GPES 4.9 software (Eco Chemie, Utrecht, The
Netherlands). An electrochemical cell with three electrodes was used with Ag/AgCl/3M
KCl as reference; Pt wire as auxiliary and PGS as working electrodes were used. All
experiments were carried out at 25 °C.

Determination of VitC using redox titration. This method determines the vitamin
C concentration in a solution by a redox titration using iodine. As the iodine is added
during the titration, the ascorbic acid is oxidized to dehydroascorbic acid, while the iodine
is reduced to iodide ions, according to Equation (1) [51]:

CgHgOg4 + I3~ ¢+ CgHgOg + 31~ + 2H* 1

In presence of starch as indicator, when all ascorbic acid has been oxidized, the excess
iodine is free to react with the starch indicator, thus forming the blue-black starch-iodine
complex. Due to the sluggishness of the eye and colored specimens, it is sometimes difficult
to notice the end point of the titration.

Antioxidant activity and total phenol content were evaluated with an Agilent Cary
5000 UV-VIS spectrophotometer, with the power of a deuterium light source and quartz
cuvette 1 cm (10 mm optical path length, 2.8 mL) was used for all experiments.

Determination of total phenols. Total phenols are determined by the Folin-Ciocalte
method. The method is spectrophotometric and is based on the oxidation of phenolic groups
via the addition of Folin—Ciocalteu reagent and formation of a colored product. Staining
intensity is measured by determining the absorbance at 765 nm, relative to the blank [52].

Determination of antioxidant activity by FRAP method. FRAP (ferric reducing/
antioxidant power) is a simple, one of the most widely used methods to measure the
antioxidant activity (reducing power) of the samples, based on the ability of the sample
to reduce Fe** to Fe?* ions. At low pH, in the presence of TPTZ (ferric-tripyridyltriazine,
Fe3*-TPTZ), complex is reduced to the ferrous (Fe>*-TPTZ) form, with the formation of
an intense blue color. The results of reducing activity of the samples were monitored at
592 nm at different time intervals (4 and 10 min) and expressed in pM of Trolox equivalents
(UM TE/g of sample.) [53-55]. Increased absorbance of the reaction mixture indicates an
increase of reduction capability. The samples were measured in triplicate.
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3. Results
3.1. Electrochemical Behavior of PGS Electrode

The electrolyte imparts a significant influence on the kinetics and thermodynam-
ics of electron transfer. The processes of carbonaceous electrodes are complex, and it is
crucial to choose an appropriate electrolyte that does not affect the electrode material.
Irreversibility or partial reversibility in electrochemistry is significantly more prevalent
than reversibility, especially for potentially reactive media and bioorganic redox couples.
Oxidative or reductive degradation and reactions with the solvent, depleting the electro-
chemically produced species at the surface of the working electrode, strongly affect the
recorded cyclic voltammograms, making them “asymmetric” and suggesting incomplete
or multiple reactions.

In order to characterize the electrode material and investigate the reduction and
oxidation processes, cyclic voltammograms of PGS electrode in different electrolyte were
recorded, and the results are presented in Figure 2. All electrolytes were bulk concentrations
(0.1 M), and the selected electrolytes are phosphate buffer solutions (pH 2) and acetate
buffer solutions (pH 4.5) in pure solutions of KNOs3 (pH 7) and phosphate buffer solutions
(pH 9.6); a potential scan rate of 25 mVs~! was applied.

03 | —— 0.1 M Phosphate buffer pH=2
’ —— 0.1 M Acetate buffer pH=4.5
02 | —— 0.1 M KNO,pH=7
' —— 0.1 M Phosphate buffer pH=9.6
£ 01}
o
Eo
~
01}
-02+
-03 }
-1.0 -0.5 0.0 0.5 1.0
E/V

Figure 2. Cyclic voltammograms recorded with a PGS electrode in different electrolytes; scan rate
25mV s™1, second cycles.

The recorded cyclic voltammograms start from zero potential in the cathodic direction
(in the range between hydrogen evolution reaction, HER, and oxygen evolution reaction,
OER), thus showing an increase in the cathodic and anodic current at potentials lower than
—0.2 V and higher than 0.6 for all selected electrolytes under given conditions. The kinetics
of the cathodic HER is controlled by electrolyte composition and kinetic parameters and
depends on the diffusion of species to the electrode. The reduction of the electrode material
at the potential of approximately —0.5 V is typical for all observed electrolytes and not
dependent on the pH value. Cathodic reactions can be attributed to the simultaneous HER
and/or the reduction of the oxidized species, sequentially after an anodic cycle. In the
phosphate buffer solution, at pH 2, the highest background currents recorded on the PGS
electrode were observed. From the voltammograms, it can be concluded that the reactions
of the electrode material are incomplete at pH 2. The anodic branch indicates the oxidation
of PGS, which results in the formation of groups with oxygen atoms—hydroxo, carboxy, or
keto groups. In the acetate buffer solution, at pH 4.5, the high background currents and
redox reaction of electrode are noticed. In phosphate buffer solutions (pH 9.6), the anodic
and cathodic reactions of the electrode material are catalyzed and completed. Therefore,
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the presence of background redox processes may also affect the response, which is not
preferable in the electroanalysis. This result shows that KNOj is a suitable electrolyte for
electrochemical application, due to its low background current.

3.2. The Redox-Reaction of VitC at PGS Electrode

VitC is oxidized to dehydroascorbic acid by releasing two electrons and two pro-
tons [1,56], but the mechanism of oxidation of ascorbic acid to dehydroascorbic acid, as well
as the influence of the media on the reversibility of this reaction [57,58], can be deciphered
by electrochemical studies.

The hydroxyl groups of VitC are sensitive to oxidation, forming a keto-derivative. The
overall reaction of ascorbic acid oxidation (Figure 3) can be expressed by the following
two-electron reaction [59]:

HO, HO

HO o N
H

Figure 3. The redox reaction of VitC—molecular forms in equilibrium (ascorbic and
dihydroascorbic acids).

The electrochemical properties of VitC were studied in the beginning by cyclic voltam-
metry in the potential range from —1.0 to 1.0 V or from —0.8 to 0.8 V, depending on the
electrolyte. Figure 4 shows a cyclic voltamogram of VitC, recorded with a potential change
of 25 mV s~1, in a solution of phosphate buffer at pH 2 and KNOj3 at pH 7. According to our
previous work [60], some phenolic compounds present in biological samples can strongly
interfere with electrochemical oxidation at almost the same potential as VitC in an acidic
medium, due to ionization of the species at low pH value. The instability of VitC in alkaline
solution and catalytic current decrease over time at higher pH cause the reproducibility
of electroanalytical measurements to be poor. Therefore, the alkaline medium is excluded
from the study.

—— PGS electrode in pfosphate buffer solution pH2 —— PGS electrode in KNO, pH7
04 | 1x10" M Vit C 04}
’ 1x10* M Vit C 1x10° M Vit C
1x10" M Vit C 1x10" M Vit C
0.2 0.2}
E El
=
~ ~
=~ ~
0 0
02} 02} %
04 L . " " . . . . L L " . " L
-1.0 -0.5 0.0 0.5 1.0 -0 08 -06 -04 -02 00 02 04 06 08 10
E/V E/V

Figure 4. Cyclic voltammograms at PGS electrode with different concentrations of VitC in
(A) phosphate buffer solution (0.1 M, pH 2); (B) KNO; (0.1 M, pH 7); scan rate 25 mV s L.

Cyclic voltammograms obtained at the PGS electrode in all solutions, in the absence
and presence of different VitC concentrations, show that the successive addition of analyte
increases the anodic current, according to the presented reaction (Figure 3).
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In phosphate buffer solution at pH2, the cyclic voltammograms show one redox cur-
rent pair at potential E, = 0.44 V. By scanning in a negative direction (after oxidation of
VitC), a broad cathodic peak, E, appeared at around 0.35 V, corresponding to a reversible
redox reaction of ascorbic/dehydroascorbic acids. As can be observed at higher concen-
trations of VitC at the selected scan rate, the oxidation reaction is completed, taking place
simultaneously with the oxidation of the electrode material. The oxidation potential de-
pends on the analyte concentration, which is clearly manifested in the potential at which
the anode current starts to increase.

In KNOj3 solution, a cyclic voltammogram shows one anodic current peak at potential
E, =0.46 V, corresponding to the oxidation of ascorbic acid to dehydroascorbic acid. At
higher concentrations of VitC at the selected scan rate, the oxidation reaction is incomplete
and takes place together with the oxidation of the electrode material. The high concentration
of VitC may cause the oxidation of the electrode material, and this influence will be
investigated in further studies. The enzymatic oxidation of ascorbic acid by ascorbate
oxidase in principle is a reversible reaction [1,3,4,6]. At the same time, the irreversible
mechanism has been observed in the literature for electrochemical studies, and an overview
is given in Table 1 (ascorbic acid at pH 6-7). The cathodic peak (Figure 4B), under the given
conditions, was not observed, even at the highest concentration of VitC, which suggests
an irreversible reaction, in accordance with the literature data for the redox reaction of
ascorbic/dehydroascorbic acids [13,14].

In order to elucidate the mechanism of VitC oxidation, cyclic voltammograms were
recorded in phosphate buffer solution at pH 2 and KNO; at pH 7, with different potential
scan rates in the presence of VitC (Figure 5).

40+
”g 20
™ 00}
2.0+
. . . . 2 L L . . .
0.0 02 04 06 08 0B Bk 20 04 o8
E/V E/V
PGS electrode in pfosphate buffer solution pH2 PGS electrode in KNO, pH7

Figure 5. Cyclic voltammograms of PGS electrode in electrolyte with analyte: 5 x 10~* M concen-
trations of VitC in (A) phosphate buffer solution (0.1 M, pH 2); (B) KNOj3 (0.1 M, pH 7); at different
potential scan rates.

The cyclic voltammograms show one anodic precursor, which is slightly observed only
at a higher scan rate at pH 2 and manifested in the asymmetric shape of the anodic current
wave at pH 7. These observations suggest possible adsorption of VitC to the PGS electrode
surface. An increase of potential scan rate at all pH values induced a corresponding increase
in peak current and resulted in a shift of oxidation potential to more positive values.

In phosphate buffer solution, at the reverse part of cycle, the cathodic peak potentials
shifted towards positive values with increases in the scan rate, which corresponds to the
reduction of dehydroascorbic acid to ascorbic acid. The obtained results demonstrate
a single quasi-reversible reaction involving the transfer of two electrons, according to
reaction given in Figure 2 [59]. The enhanced anodic and cathodic peak currents and
smaller peak-to-peak separation, with increases in the scan rate, indicated good catalysis
ability of PGS and faster electron transfer of VitC. Additionally, recorded voltammograms
in phosphate buffer after 20 cycles (not shown) show a decrease in the anode peak current
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by more than 20%, which indicates and confirms the unfavorable effect of acidic medium
on VitC oxidation.

In KNOj solution at pH 7, only a slight change in the CV response in the return region
of the anodic branch was observed around 0.1 V, with no current peak, suggesting an
irreversible electrochemical reaction and kinetic limitation of the reaction.

The effect of the scan rate on the electrochemical oxidation of VitC is presented as
an insert in Figure 5B and calculated for 500 uM concentrations of VitC in KNOj3 solution
at pH 7. Linear dependence I, — v!/2 is typical for a diffusion-controlled process. The
mathematical expression that describes the dependence, shown in detail in Figure 5B/left,
is as follows: I, = 13.1 v1/2. A high slope value suggests that an electron transfer may
occur not only through a free diffusion, but also through a surface-absorbed species.
Additional support for the preceding statement arises from the logarithm of a current
peak vs. logarithm of scan rate plots. The slope of logarithmic dependence may be from
0.5 to 1.0:0.5 for pure diffusion, 1.0 for pure adsorption, and between 0.5 and 1.0 suggests
that the process is simultaneously controlled by the diffusion and adsorption [60-63]. As
shown, in Figure 5B/right, dependence on the anodic process was found to be linear, with
a slope of 0.496. The mathematical expression that describes the dependence, shown in
detail, is as follows: —log(l,/mA) = 0.496(—logv/Vs~!) + 1.88 for a process under pure
diffusion control [63].

Although the literature data showed the most commonly used electrolyte to be a
phosphate buffer, the obtained results in our work prevent its analytical usage.

3.3. Electroanalytical Determination of Vit C by SWV

SWV measurements for the determination of VitC were also performed in all selected
electrolytes (phosphate buffer solution (0.1 M, pH 2); acetate buffer solution (0.1 M, pH 4.5);
KNOs; (0.1 M, pH 7); phosphate buffer solution (0.1 M, pH 9.6)). The results show, again,
that KNO3; was a suitable electrolyte for electrochemical application. The electrolyte is
selected to enable the study of the desired reaction on the electrode, originating from
the selected analyte, without the influence of side effects, i.e., the simultaneous reaction
of the electrode material (Figure 2). Other electrolytes show a negative influence on the
electrode material.

The experimental conditions for measurements, with respect to the potential and time
of accumulation and parameters for SWV, were optimized. To establish measurement
procedures, an appropriate amount of VitC (solution containing 10.6 mg/L (0.1 mM))
was added to the selected electrolyte, 0.1 M KNOj solution, and the effect of the initial
potential (starting from 0 V) was performed in the stirred solution for 60 s, as well as 60 s
in quiescence electrolyte. The peak signal increases with a decrease of potential, down to
Eacc = —0.300 V, while the lower potential shows higher, but broader, peak signals. The
time of accumulation for this concentration did not significantly affect the signal peaks. So,
the chosen accumulation time is tacc = 120 s, with 60 s with electrolyte stirring and 60 s in
the quiescence electrolyte. The recording range was —0.30-0.80 V, with a potential scan
frequency (f) of 8 Hz, pulse height (AE}) of 200 mV, and potential increase (AEs) of 5 mV.
Under these conditions, we ensured a good electrode response and high sensitivity and
reproducibility of the measurements.

The results of SWV in the presence of different concentrations of VitC standard solution
are shown in Figure 6, with the corresponding calibration graphs as inset. Voltammograms
were obtained by the standard addition method. The calibration graphs were obtained by
subtracting the background current from the corresponding voltammograms. As can be
seen from the presented results, two different linear regions were obtained, relevant to the
concentration of analyte. For the lower concentration range (Figure 6b), 0.18-7.04 mg/L, the
sensitivity was 11.7 pAcm 2 per unit of mass concentration (mg/L), while, for the higher
concentration range (Figure 6a), 10.6-70.4 mg/L, the sensitivity was 134 A cm 2 per unit
of mass concentration (mg/L). The linearity of both concentration ranges were excellent
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(R? =0.998 and 0.999). Even with the fact that high background current can cause the
oxidation of electrode material, a linearity for higher concentration range was preserved.

12 +
— 70.4 mg/L — 0.18 mg/L
10 F — 528 mg/L - 08- — 053 mg/L
o — 352 mg/L E — 0.88 mg/L
g 17.6 mg/L o — 1.23 mg/L
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Figure 6. SWSV curves of PGS electrode with different concentrations of VitC. (a) Higher concentra-

tion range; (b) lower concentration range.

Other observations are related to the existence of two peaks. For a higher concentration
range (Figure 6a), the peak corresponding to VitC oxidation appears at 0.0 V, suggesting
a facilitated oxidation process, without the need for preconcentration, and high catalytic
electrode performance. When the concentration range is lower (Figure 6b), it shows a
significant shift in the oxidation peak at 0.3 V and suggests a change in the oxidation
mechanism with decreasing concentration. The same observation was verified by the ten
times lower sensitivity for the same electrode with the same optimized parameters and
can be attributed to the kinetic limitation of the processes at the electrode, related to the
concentration of the species in the solution, since a pH value of the analytical solution is
slightly lower in the presence of higher VitC concentration, and the protons are involved in
the electrode reactions.

A limit of detection (LD) of 0.070 mg/L and limit of quantification (LOQ) of 0.130 mg/L
were calculated according to the 3 x s, /m and 10 X sy, /m criterion (s}, is the standard devia-
tion of intercept and m is the sensitivity), respectively. Significantly lower sensitivity for the
lower concentration range was observed and can be a consequence of a slow and insufficient
adsorption, due to the shorter accumulation time. Sensitivity can be increased by prolong-
ing the accumulation time for low-concentration samples; however, in this case, there is also
the possibility of an increase in other potential interferences. The short accumulation time
favors the selectivity of the electrode towards VitC. The intraday reproducibility, measured
as the percentage of relative standard deviation, was found to be 5% after 17 consecutive
measurements of solution containing 10.6 mg/L (0.1 mM). The reproducibility of this
electrode is excellent, as it does not require any pre-treatment or modification.
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3.4. Analysis of Real Samples

After the optimisation of the methodology, all real samples were characterized, with
regard to VitC content by SWV (Figure S1 in Supplementary Materials) and iodometric
titration, as well as spectrophotometric measurements for the determination of total phenols
and antioxidant activity after 4 min (fast antioxidants) and 10 min. The plant material,
arugula (Eruca sativa L.), was cut to ground level after three weeks of outdoor cultivation
(May 2021), and its visual characteristics were first assessed together with the monitored
arugula growth, pH of the soil, and ambient temperature (Figure Al).

All results for the real samples are given in Table 2.

Table 2. Content of VitC, total phenols, and antioxidant activity of arugula—after three-week period

of outdoor cultivation (mean value—standard deviation of first three consecutive measurements).

S Vitamin C Total Phenolic Antioxidant Activity =~ Antioxidant Activity
Vitamin C SWV o Compounds . .

Sample—Arugula Results Determination by Folin-Ciocalteu after 4 Min after 10 Min
Substrate Iodine Titration FRAP Method FRAP Method

mg/L Sample mg/L Sample Reagents M TE M TE

& P mg GAE/L a K

Soil with addition of:
Peanut shells 128 + 4.7 1153 £ 4.7 218 £2 278 £22 591 £17
Paper towels 155 £ 4.7 149.0 £3.1 227+7 223 £ 23 602 + 6
Peel of banana 421 +47 3003 + 1.0 190 + 4 192 + 18 463 + 26
and kiwi
Coffee ground 504 £ 4.7 399.7 +14.5 315+ 18 343 £19 611 +2
Eggshells 136 £ 4.7 126.7 £ 6.7 156 + 4 186 + 23 397 +4
Control sample 399 +4.7 276.7 £ 3.3 218 £ 7 231+£11 596 +7

A volume of 1 L corresponds to 100 g of raw material!

The VitC content, evaluated with two different methods, showed quite similar results;
however, the VitC content determined with PGS electrode was higher for some samples.
On the other hand, the starch is far from an ideal indicator for iodine, and the “shift” of
the endpoint of equivalence is particularly pronounced, in case the analyte solutions used
are colored or diluted. In our case, the deviation of the results is a consequence of slightly
colored sample (green to slightly purple or brown), which can lead to an error in observing
the equivalence point. The deviation is more pronounced at higher concentrations of VitC.

The extract of arugula cultivated on soil with the addition of peel of banana and
kiwi, coffee ground, and control sample, with a higher content of VitC, showed a lower
content of total phenols. These are unexpected and suggest the possible inability of the
conventional FC assay to determine ascorbic acid selectively; additionally, the presence of a
high concentration of ascorbic acid can cause interference in the determination of phenolic
compounds, or the signal can be hampered [64,65]. Another possible reason is a reduction
of some phenolic compounds with an antioxidant activity; the results for these samples
are in line with the trend of an increase of total antioxidant activity. These observations
indicate that the method is limited to samples with a lower VitC concentration or by the
need to dilute the sample, in the case of a high concentration.

From the spectrophotometric measurements, we can see that the highest concentration
of total phenols and antioxidant activity after 4 min (fast antioxidants) was present in
Sample 4 in arugula cultivated with the addition of coffee grounds, while the lowest
concentration was found in arugula cultivated with added eggshells. After 10 min, the
antioxidant activity of almost all plant species followed the same trend. With the addition
of peanut shell, which contributes to soil aeration, the fastest development of healthy and
green Eruca sativa L. was observed. A graphic presentation of arugula characteristics after
three weeks of outdoor cultivation is also presented in Appendix A as Figure A2.
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4. Conclusions

As an electron donor, ascorbic acid is one of the most important low molecular weight
antioxidants contributing to the total antioxidant capacity. The PGS electrode is a good ma-
terial for electrochemical applications. In this paper, a preliminary study of the importance
of PGS electrode for the determination of VitC is presented.

A simple and rapid electrochemical method for the qualitative and quantitative analy-
sis of VitC was investigated. The results show that using PGS as electrode material without
any modification can significantly reduce the analysis time. Square wave voltammetry
(SWV), as a voltammetric method, offers the advantage of high sensitivity and absence of
background signals. Optimized SWYV is used in the electroanalytical determination, and the
results for the obtained arugula samples planted on different substrates agree well with the
classical determination methods at lower VitC concentrations in the sample. At higher VitC
content in the sample, the results were slightly higher, compared to the standard method,
thus indicating a possible reduction of some phenolic compounds with antioxidant activity.
The results for these samples are consistent with the trend of an increase in overall antioxi-
dant activity. Thus, the change in the oxidation mechanism was observed at a higher VitC
concentration, in relation to the higher antioxidant activity. The PGS electrode used for the
determination of real samples shows that the addition of black coffee grounds makes the
soil slightly alkaline, which leads to a significant increase in VitC content, total phenols,
and antioxidant activity and has a positive effect on the growth of arugula. The addition of
eggshells to the substrate did not positively affect the growth or the content of VitC, total
phenols, and antioxidant activity after a period of three weeks.

The proposed electrode and application of voltammetric methods require further
intensive studies on the application and detection of antioxidants. Future challenges for
the determination of VitC in food should focus on specificity, sensitivity, and reproducibil-
ity /repeatability.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/chemosensors10070283/s1, Figure S1: The non-subtracted voltam-
mograms for the six examined real samples, from aqueous extracts of arugula.
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Appendix A
Selected green biowaste additives:

1. Peanut shells contribute to soil aeration and water retention.

Paper towels—help to aerate the soil and improve the ability to maintain plant life.

3. Banana and kiwi peel—the biggest source of potassium in the diet of not only humans,
but also plants, is banana peel. Potassium in the plant plays a significant role in

N
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enzyme activation and the regulation of cell membrane permeability. Plants well-
supplied with potassium are resistant to the effects of drought and disease. Kiwi as
one of the citruses that provides the plant with natural protection from pests.

4.  Coffee grounds promote soil fertility and improve the overall health of the plant,
thanks to the nitrogen content.
5. Eggshells decompose quickly; as they are rich in calcium and minerals, they will help

microorganisms to better process biowaste and enrich the soil with calcium.

The plants grown on substrates with the addition of peal of bananas and kiwis and
eggshells grew to almost the same height as without the additives. Plants grown on
substrates with the addition of peanut shells, coffee grounds, and eggshells were healthier
looking, compared to arugula grown on substrates with the addition of kitchen towels. The
reason is most likely the addition of bleach used in the paper industry. The plant grown on
the substrate with the addition of coffee grounds showed a slightly higher pH (addition of
black coffee to grounds makes the soil slightly alkaline). Furthermore, the color of the plant
was dark green, with an admixture of purple, and it is possible to conclude that the coffee
grounds contribute to the growth of the content of the anthocyanin pigment purple, which
changes color depending on pH.

40 85 35
—e— peanut shells —e— peanut shells
o peel of banana and kiwi . —e— peel of banana and kiwi 30 -
5 —v— pa fer towel g - 8.0 F —v— paper towel @ -
0 cotfee groun o coffee ground -
E —m— eggshells ./ yd —=— eggshells o " 98 5
2 —m— soil without adiﬁves// S - 75} - soﬁ without aditives L £ 20
&0 ” 4 (=) o * 2 [
3 20 . o * T
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Figure A1. Graphic presentation of arugula characteristics and growing conditions after three weeks
of outdoor cultivation.
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Figure A2. Graphic presentation of arugula characteristics after three weeks of outdoor cultivation.
Mean value of (a) VitC determination by iodine titration. (b) Total phenolic compounds Folin—-
Ciocalteu reagents. (c) Antioxidant activity after 4 min FRAP method. (d) Antioxidant activity after
10 min FRAP method.
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