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Abstract: In the present study, an inexpensive and practical way to detect phenolic compounds in
wastewater was investigated. By using a simple one compartment three-electrode cell and performing
cyclic voltammetry measurements, it was possible to quantitatively determine the presence of
gallic and vanillic acid in acidic aqueous solutions due to their electrooxidation upon potential
scanning. In the case of gallic acid, two oxidation peaks were observed whereas the vanillic acid
cyclic voltammograms consisted of two oxidation and one reduction peaks. Correlation of the
observed electrooxidation current density value with the concentration of each phenolic compound
led to a linear relationship. Following the above methodology for a 1:1 mixture of these phenols, it
was found that only a qualitative analysis was possible rather than a quantitative one.

Keywords: electrochemical sensor; cyclic voltammetry; glassy carbon electrode; gallic acid; vanillic
acid; electrochemical detection

1. Introduction

The last decades have seen an increased interest in the development of new sensors for
a variety of applications [1-3]. Chemical sensors are analyzers that respond to particular
analytes in a selective and reversible manner and transform input chemical information
into an electrical signal [4,5]. Electrochemical sensors are a class of chemical sensors in
which an electrode is used as a transducer element in the presence of an analyte. Such
sensors often offer chemical specificity and are capable of converting electrochemical infor-
mation (i.e., voltage) into a measurable quantity (i.e., fluid percentage). An electrochemical
sensor consists of a receptor where analyte molecules interact resulting in a stimulus that
is received by the transducer, which in turn produces an output signal that allows the
determination of the analyte concentration. A major advantage of sensors is their high sen-
sitivity to the measured property without influencing it. Today, sensor applications range
from temperature [6], pressure, radiation, flame, and humidity sensing to electrical [7], gas,
chemical [8], and electrochemical [9] sensing. Biosensors are also gaining interest from the
medical field [10], preventing the spread of a disease or even treating patients with that
disease. Independently of the sensor type and use, the sensing and detecting principles
are similar.

Focusing on electrochemical sensors, they are typically simple, handy, and low cost
providing fast and accurate determination of a compound as compared to chromatographic
methods such as HPLC. In addition, electrochemical detection methods display huge po-
tential for miniaturization, competitive price, and portability rather than chromatographic
ones [11]. However, further studies are needed in order to achieve sufficient accuracy and
precision to meet the standards of HPLC analysis. In the case of electrochemical analysis,
a small portion of the sample is initially tested via electrochemical means providing a
rapid estimation of its composition, avoiding the long-lasting and unfriendly pretreatment
of HPLC analysis [12]. In addition, as phenolic compounds are hazardous to humans, it
is crucial to be able to quickly detect the level of their presence in wastewater in order
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to make a timely decision about their toxicity, before their discharge into inland surface
waters. A typical electrochemical sensor consists of three electrodes, the working elec-
trode (where redox reactions take place), the counter, and the reference electrodes [9]. The
counter electrode serves as the electron collector, while the cell potential is recorded at the
working reference circuit. The use of electrochemical sensors for the detection of pollu-
tants in atmospheric, terrestrial, and aquatic environments is gaining increased research
interest [13]. Among the known water pollutants, phenolic compounds exhibit substantial
toxicity for both humans and the natural environment and are an impending threat to the
food chain [14]. Electroanalytical methods using sensors fabricated from carbon and other
materials are commonly utilized for the determination of phenolic compounds. Specifically,
the electrochemical reaction (i.e., the electrooxidation of a phenolic compound) takes place
on the surface of the sensor material upon potential application. In other words, there is a
specific potential where each phenol can be electrooxidized resulting in a current peak.

Due to its exceptional electrocatalytic behavior, pure Pt and various Pt alloys are
commonly utilized as working electrodes for phenol electrooxidation [15-17]. Although
noble metal-based electrodes are sufficiently active with high corrosion resistance, they
are expensive and rare. Hence, alternative and more practical materials, such as carbon-
based electrodes have become attractive in the research community for sensing phenolic
compounds [18]. The electronic properties in combination with the high chemical stability
of carbon materials appears to be suitable for these electrochemical systems. In addition,
they display notable advantages such as commercial availability, minimization of phenol
polymerization and electrode corrosion, and high overpotential for oxygen production [19].
However, modification of their surface is often reported in the literature, preventing elec-
trode fouling and enhancing process efficiency and sensitivity [20]. Mathiyarasu et al. [21]
studied the electrochemical oxidation of hydroxybenzene on glassy carbon (GC) electrodes
using cyclic voltammetry and differential pulse voltammetry varying the pH of the solution
from 7 to 12. According to the authors, a linear relationship between the oxidation peak
and phenol concentration was observed, whereas a pH increase resulted in a shift of the
oxidation peak potential to lower values. The deactivation of GC was also discussed due to
electrode blocking by the polymeric byproducts formed after the second cycle. In a more
recent study, Govindhan et al. [22] designed a single-walled carbon nanotube (SWCNT)
modified GC electrode for the electrocatalytic oxidation of various phenolic compounds
(catechol, para-cresol, ortho-cresol, meta-aminophenol, ortho-chlorophenol, meta-nitrophenol,
ortho-nitrophenol, etc.). The composite electrode exhibited high sensitivity and stability,
suggesting that it can act as an ideal sensor for the simultaneous detection of multiple
phenolic compounds. Along the same line, Chen et al. [23] fabricated a GC electrode coated
with a graphene/polymer film for rapid determination of phenols (such as hydroquinone
and para-chlorophenol) in aqueous solutions. Activated carbon cloth (ACC) electrodes were
investigated for the removal of phenolic compounds (i.e., hydroxybenzene) from aqueous
solutions [24]. According to the authors, under acidic conditions the catalytic conversion of
H,0; into hydroxyl radicals was enhanced thus increasing the phenol removal from 16%
to 55% by its electrooxidation on the surface of ACC. In addition, a variety of studies on
bare or modified glassy carbon electrodes in electrochemical sensors for copper(Il) ions
detection was reported in the recent literature [25-27].

The main disadvantage of the electrochemical detection of phenols present in wastew-
ater is the fast deactivation of the electrode by the adsorption of undesirable byproducts.
The formation of an inactive film on the electrode surface hinders the electron transfer
process resulting in lower current density values and poor sensitivity to the phenol content
of the solution. Therefore, increased research effort is necessary to modify and activate
materials by the addition of functionalized groups, tune their electrochemical properties,
and increase their stability and sensitivity.

In this work, a bare glassy-carbon electrode was studied as an electrochemical sensor
for the detection and quantification of gallic and vanillic acid in acidic aqueous solutions
individually or as a mixture. These acids are mainly contained in olive and wine wastewater
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and considered as environmental pollutants with high ecological impact. The typical value
of total phenolic content in olive wastewaters is in the range of 1.6 to 10.7 g of gallic acid
per L and 0.001 to 0.1 g of vanillic acid per L [28]. According to the international regulatory
body, wastewater has to be treated before discharge, with a permissible limit of phenols at
1 mg-L~! [29]. Since, both phenolic compounds have antioxidant and anti-inflammatory
properties with beneficial effect on human health, their recovery from wastewater is an
intriguing process for the production of high-added-value products [11]. The aim of the
study was to find an easy, rapid, and handy way to identify the above phenolic compounds
in model wastewaters.

2. Experiments

The electrochemical experiments were carried out at 25 °C and atmospheric pressure in
a one-compartment electrochemical cell using a three-electrode setup. A bare glassy carbon
electrode (with a geometrical surface of 0.76 cm?) was used as the working electrode located
at the bottom of the cell. Prior to any experiment the working electrode was polished with
alumina paste. The counter electrode was a platinum spiral (0.5 mm in diameter) and the
reference electrode was a mercury /mercury sulfate electrode (Hg/Hg,SO,) connected to
the working electrode via a Luggin capillary. The solution of each phenol (i.e., gallic or
vanillic acid) was stirred with 3D water at room temperature for 30 min, while the resulting
aqueous solution was stored in the fridge until the analysis. The cell was then filled with
50 mL of aqueous KNOjs (i.e., electrolyte)-phenol solution, and prior to any experiment
a purging with He was performed. All the electrochemical measurements were carried
out with an AUTOLAB potentiostat/galvanostat (PGSTAT302N) using the three-electrode
system described above. The concentration of each solution ranged from 20 to 200 mg-L~1,
while the pH value was measured prior to each experiment and without any extra ad-
justment between three and four (increasing slightly in the lower phenol concentration
values). The pH value remained almost constant during the course of the experiments. This
behavior was expected since the concentration of the phenol did not significantly change
after the run of two cycles. Cyclic voltammetry (CV) measurements were performed in
a potential window from —0.8 V to +1 V in two scan rates of 25 and 50 mV-s~! using the
above potentiostat/galvanostat system. Experiments were also carried out at higher scan
rates, however, they resulted in nonseparable oxidation peaks. All the experiments were
repeated at least twice with a deviation of less than 5%.

3. Results and Discussion

Cyclic voltammetry was performed to study the redox behavior of the phenolic
compounds (i.e., gallic and vanillic acid). For stabilization purposes, the second scan of
cyclic voltammograms is presented. Figure 1 displays the electrooxidation of gallic acid
upon potential variation under two different scan rates (i.e., 25 and 50 mV-s~1).
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Figure 1. Second scan of the cyclic voltammograms for gallic acid in various concentrations at a
constant scan rate of 25 (top) and 50 (bottom) mV-s 1.

The cyclic voltammetry results (Figure 1) displayed the presence of two oxidation
peaks upon anodic polarization at around +0.5 V (labeled as E1) and +0.8 V (labeled as E,),
respectively. Nevertheless, a small shift of both oxidation peaks to higher potentials was
observed by increasing the concentration of gallic acid in the reaction solution. According
to the literature [30], the electrooxidation mechanism of gallic acid in an acidic environment
can be described in four steps. The first peak represents the electrooxidation of gallic
acid to the semiquinone radical cation. Then this radical cation loses a proton to form the
semiquinone radical. The second oxidation peak is associated with further oxidation of
semiquinone radical to the quinone cation. Finally, deprotonation of the quinone cation
completes the overall two-electron process to form the final quinone [30]. It is worth
noting that pure KNOj electrolyte (blank experiment) showed negligible oxidation current
densities (up to 7 x 1073 mA-cm~2). It is clear from Figure 1 that higher concentrations
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of gallic acid in the aqueous solution led to higher anodic current density values. Note
that due to the presence of multiple curves (Figures 1 and 2), the corresponding cyclic
voltammogram without acid is not shown in both figures.
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Figure 2. Second scan of the cyclic voltammograms for vanillic acid in various concentrations at a
constant scan rate of 25 (top) and 50 (bottom) mV-s~1L.
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Analogous electrochemical experiments were carried out also for vanillic acid. Figure 2
demonstrates the second scan of the cyclic voltammetry results for various concentrations
of vanillic acid.

The cyclic voltammograms of vanillic acid (Figure 2) show three distinct peaks: two
oxidation peaks (labeled as E; and E;) and one reduction peak (labeled as E3). Various
smaller peaks (wave-like features) can also be seen prior to the oxidation and reduction
peaks. The E; and E; anodic peaks are localized at around +0.1 V and +0.4 V, respectively,
whereas the E3 cathodic peak appeared at approximately 0 V. A small reduction wave
feature was observed at around +0.25 V during the cathodic scan. It is important to mention
that the first cycle (not shown here) was different than the following one (presented in
Figure 2) since it consisted of only one anodic peak (E;) and a small cathodic peak (E3).
The presence of the new (E;) anodic peak in the second scan can be attributed to the
OCH3; groups present in vanillic acid that are oxidized in parallel with OH groups in
the initial scan sweep of the electrode [31]. Thus, new compounds were formed that can
be subsequently reduced to new catechol-containing polyphenols. This behavior may
also indicate the formation of a thin polymeric film on the glassy carbon electrode [31].
Furthermore, the E; oxidation peak corresponds to the oxidation of the hydroxyl groups
on the B-ring of vanillic acid [32]. The appearance of the reduction peak is due to the
reduction of multiple oxidation products, some of which could remain adsorbed on the
working electrode surface as a carbonaceous film [33]. Similar to the case of gallic acid,
increasing the vanillic acid concentration results in a remarkable potential shift to higher
values. According to the literature [30] a two-electron oxidation mechanism can describe
the vanillic acid results, as the gallic acid ones.

Figure 3 presents a bar chart plot of the intensity of the anodic peak as a function of
the gallic acid concentration at a fixed potential (E; = +0.49 V or E; = +0.81 V) and at the
peak potential Eq jeqx 0T Ep pegr (taking into account the small shift of the two peaks). The
values of Ey jeqx and Ej yeq¢ were taken from Figure 1. The results from the first peak (E;
and Ej ;) can be described by the same equation, j (mA-cm™2)=6.4 x 1074 ¢ (mg-L’l).
A similar equation with a slightly different slope and an intercept value can be applied in
the case of the second oxidation peak, j (mA-em~2) =51 x 1074 ¢ (mg~L_1) +7 %1073,
This non-zero intercept (7 x 1073 mA-cm~2) is the value of the current density observed in
the CV taken without acid (i.e., blank experiment).

Similar bar chart plots have also been constructed for the case of vanillic acid which
are presented in Figure 4. In contrast to gallic acid (Figure 3), where all the results can
be described by only one equation, the data for vanillic acid could be separated into two
concentration ranges. Regardless of the oxidation potential (E; or E;), the results could be
divided into two regions: in a low (0-50 mg-L~!) and a high (70-200 mg-L~!) concentration
range. According to the fitting, each concentration range resulted in a different dependence
on the observed oxidation current, indicated by the change of the line’s slope. A possible
explanation for this behavior is the obvious potential shift to higher applied potentials by
increasing the concentration of vanillic acid in the aqueous solution (as shown in Figure 2).
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Figure 3. Effect of gallic acid concentration on the current density value at E1 and Ey . (left) and Ep and Ej e (right) ata

constant scan rate of 25 mV-s 1.

Figures 5 and 6 present the effect of the scan rate on the relationship between the
phenol concentration and oxidation peak. In the case of gallic acid (Figure 5), there was
not any special change of the interpretation of the data. Similar to Figure 3, a linear
relationship between the intensity of the anodic peak and gallic acid concentration was
also observed, with a minor change on the slope. On the contrary, the scan rate seemed to
significantly affect the calibration curves of vanillic acid (Figure 6) and more specifically
caused an increase in the slope as the scan rate value increased. The peak potential in
Figures 1 and 2 together with the equations written in Figures 3—-6 can be utilized to
qualitatively and quantitatively determine the presence of gallic and vanillic acid in an
aqueous solution. Our results can be rationalized with those reported in the literature.
Mathiyarasu et al. [21] using CV on a bare glassy carbon electrode found that the oxidation
peak current was proportional to the phenol concentration up to 5 uM. Another study
of Wang et al. [34] over a bare glassy carbon electrode revealed the need for an alkaline
environment (pH > 7), where more active -OH radicals were produced to oxidize phenol to
intermediates, enhancing the overall efficiency of the process. Furthermore, using carbon
paste electrodes, Apetrei et al. [33] illustrated that the obtained calibration curve of vanillic
acid could be separated into two regions, as in low concentration values the slope of the
intensity of anodic peak versus the vanillic acid concentration is changed, similar to our
results. A possible explanation is attributed to the potential shift upon varying the vanillic
acid concentration, as well as the observed low current density values at concentrations
below 70 mg-L~!, suggesting a decrease in the electrode’s sensitivity.



Appl. Sci. 2021, 11, 8045

8 of 13

0.08

Vanillic Acid
| Scan Rate =25 mV-s!
Cycle 2
0.06 - [/ vs E1peax
- jvs E4=0.087V

j/mA-em™?
o
g
T

0.02 -

(3)

(1):j=147x10¢
L (2):j=3.05x10" ¢ +0.02
(3):j=138x10"¢

0.06 I (4):j=3.38x10"c+0.02

0.04

j/mA-em™?

0.02

0 50 100
c¢/mg-L*

150

200

j/mA-em™?

j/mA-em™?

0.25

0.2

0.1

0.05

0.2

0.1

0.05

Vanillic Acid

- Cycle 2

0]

0 50

| Scan Rate=25mV-s!

B vs Ezpeak

" I vs E2=0.4V
(3):j=27x10%¢

[ (4):j=7.8x10c+0.02

)

| (1):j=3.08x10"¢
(2):j=6x10"c+0.02

(2)

100
c¢/mg-L*

150

200

Figure 4. Effect of vanillic acid concentration on the current density value at E1 and Ey jq (left) and E; and Ej ey (right) at

a constant scan rate of 25 mV-s—1.



Appl. Sci. 2021, 11, 8045

90f13

0.16

0.04

0.04

0.16
| Gallic Acid Gallic Acid
Scan Rate =50 mV-s1 | Scan Rate =50 mV-s!
Cycle 2 012 L Cycle 2
- Jvs E1peak ’ -J vs E2peak
~ S vs E=0.49V - | [ vs Ex=0.82v
=]
15
« 008 [ j=57x10%c+7x103
j=6.6x10%c E
-~
0.04
0
012 -
ol L
=]
by j=5.7x104% ¢+ 7x103
« 0.08
g
-
o~
0.04
. ‘ 0 ‘ . ‘
0 50 100 150 200 0 50 100 150 200

c¢/mg-L1 ¢/mg-L1

Figure 5. Effect of gallic acid concentration on the current density value at E1 and Ey . (left) and E; and Ej e (right) ata

constant scan rate of 50 mV-s—1.

In an attempt to simulate a real solution, a mixture of the above probe phenolic
compounds was prepared. A 1:1 model mixture of gallic and vanillic acid was prepared
and studied using cyclic voltammetry. In Figure 7, the cyclic voltammograms of pure gallic
and vanillic acid are compared with the corresponding CV of their 1:1 mixture. The cyclic
voltammogram of the mixture consisted of three oxidation and two small reduction peaks.
Hence, the first two oxidation peaks were not distinguished due to the similar oxidation
potentials of pure gallic and vanillic acids. Concerning the reduction peaks, these were
attributed only to the vanillic acid presence because gallic acid does not contribute to any
peak in the cathodic branch. However, these peaks were shifted towards more positive
values, as compared to the pure vanillic acid CV. This fact can possibly be explained
by the interactions between gallic and vanillic acid under the specific electrooxidation
environment. This result is correlated with the observed shift of both oxidation peaks of
the mixture that does not match the corresponding anodic peaks of pure vanillic acid. Thus,
gallic acid seemed to affect the reaction mechanism of vanillic acid electrooxidation over
the working electrode, shifting it to higher potential values. Therefore, the electrooxidation
of vanillic acid in the phenol mixture requires extra power as compared to the case when
gallic acid is absent. Although further experiments are needed to optimize the studied
electrodes under solutions with various phenolic compounds, the current density results
support the conclusion that in the case of monophenolic solution (either with gallic or
vanillic acid) a glassy carbon electrode can be used as an electrochemical sensor for the
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reliable detection and quantification of the organic compound. However, in the case of
multi-phenolic solutions it seems that only qualitative rather than quantitative results can
be extracted using the above methodology.
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Figure 6. The effect of vanillic acid concentration on the current density value at E; and Eq pe (left) and E; and Ej yeqx
(right) at a constant scan rate of 50 mV-s~1.
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Figure 7. Comparison of the cyclic voltammograms for pure gallic acid, pure vanillic acid, and a 1:1
mixture of them at a constant scan rate of 25 mV-s~ 1.

4. Conclusions

Cyclic voltammetry emerges as a costless, portable, and instant tool for the determina-
tion of phenolic compounds in wastewater. A bare glassy carbon electrode was effectively
used for the determination of gallic and vanillic acid in monophenolic solutions with a
detection limit at 20 mg-L~!. The observed oxidation and reduction peaks can be inter-
preted through the standard reaction mechanisms described in the literature. Our results
demonstrate that both gallic and vanillic acid concentrations have a linear relationship
with the detected oxidation current. In the case of vanillic acid, the calibration curve can
be divided into two clearly defined concentration ranges. Cyclic voltammetry can be also
applied in multiphenolic solutions, however only for qualitative analysis. Therefore, this
technique is an ideal tool for the rapid and noninvasive determination of phenolic com-
pounds using the obtained calibration curves. In addition, electrochemical detection has
the notable potential to scale up, balancing the total costs and the overall process efficiency.
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