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ABSTRACT: Despite the wide range of applications of catechol (CC) in agrochemical,
petrochemical, textile, cosmetics, and pharmaceutical industries, its exposure to the environment
leads to health issues as it is carcinogenic. This increased the concern over the risk of exposure
level of CC in the environment, and monitoring its level has become critical. In this work, we
report the fabrication of poly-gibberellic acid-modified carbon paste electrode (PGBAMCPE) to
be a simple, viable, and effective electrochemical electrode for the determination of CC. This was
synthesized by a simple electropolymerization method by the cyclic voltammetry (CV)
technique. The electrodes were characterized by field emission electron microscopy, energy-
dispersive X-ray spectroscopy, and electrochemical impedance spectroscopy. Compared to the
bare carbon paste electrode, the sensitivity for CC fortified at PGBAMCPE in both CV and
differential pulse voltammetry (DPV). We succeeded attaining a lower detection limit of 0.57 uM
by the DPV method. The developed electrode was observed to be highly conductive, transducing,

stable, and reproducible and was highly selective with anti-interfering properties from the
determination of CC with hydroquinone simultaneously. The applicability of the electrode was confirmed from the detection CC in
tea and water samples with good recoveries. This substantiates that PGBAMCPE is promising and consistent for the rapid

monitoring of CC-contaminated area and clinical diagnosis.

1. INTRODUCTION

Strict enforcement measures are necessary in regulating the
exposure level of organic pollutants to prevent the risk of
environmental and human health.'"™* Therefore, there is a
requisite to delve on the exposure level of these toxic wastes.
The organic pollutants containing phenolic derivatives are the
major threat to the environment. Such organic compounds
arise from agrochemical, petroleum, textile, and pharmaceutical
industries. Catechol (CC) (1,2-dihydroxy benzenediols) is one
of the ortho-isomers of the three benzenediols. It is an acute
toxic organic phenol compound, and on contact with human
skin, it leads to eczematous dermatitis and is also
carcinogenic.”® CC is greatly produced due to anthropogenic
activities like processing of coal tar, manufacturing of
insecticides, production of perfumes and drugs, waste
incineration plants, and so forth.” Small amounts of CC are
predominantly found in naturally occurring plants like pine,
tea, oak, and so forth and fruits and vegetables like apples,
potatoes, onions, and so forth.® A larger dosage of CC affects
the central nervous system. Therefore, there is an upsurge of
importance in governing CC environmentally and clinically.
After going through various literature reports, the
quantitative analysis of CC was carried out by utilizing
innumerable sophisticated methods, such as HPLC, GC—mass
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spectrometry, flow injection chemiluminescence, fluorescence,
and so forth,”~"* which require expensive apparatus, pretreat-
ments, trained personnel to handle and operate the apparatus,
and is a time-consuming process.'” Hence, the applications of
the aforementioned methods were greatly prevented in the
rapid detection of target analytes. In contrast to the approach
of complicated methods, voltammetry has achieved more
attention for its intrinsic merits of economical apparatus,
sensitivity, simple and smooth operation, portability, and
immediate on-site response of target analytes disclosing the
charge-transfer abilities."* "% As CC is electrochemically active,
its analytical reaction has been improvized by numerous newly
developed modified electrochemical sensors. As a result, these
studies support in understanding the electrochemical activity of
the target analyte. Further, it helps in the quantification of trace
amounts of target analytes present in the biological samples.
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Thus, voltammetric studies provide innumerable applications
in monitoring the environment and in clinical diagnosis.

Carbon paste electrode (CPE) has provoked huge interest in
the area of sensing materials. This is certainly due to the
aspects of effortless preparation, biocompatibility, rapid surface
regeneration, and easy modification with low Ohmic resistance.
This sensing material can be improvized, focusing on the
significant catalytic behavior, high conductivity, wider surface
area as well as the sensitivity of the target analyte, by enhancing
the oxidation peak current and lowering the oxidation
potential.'” Electropolymerization is a facile technique for
the fabrication of surface-modified CPEs. Gibberellic acid is a
water-soluble phytohormone, and there is no literature survey
about its modification on the electrode, except one.'® GA is a
dihydroxy-acid enclosing a y-lactone ring owing to a double
bond at the terminal methylene group and a free —COOH
group in its structure.'” These functional groups are suitable
for the modification of the electrode. The film was fabricated
through the electropolymerization method, which provides
good rewards compared to other deposition methods in
relation to standardizing the thickness of the film, and holds
higher stability, simple methodology, and is reasonable.

To the best of our knowledge, there were no reports
regarding poly-gibberellic acid-modified carbon paste electrode
(PGBAMCPE) for CC. This motivated us to fabricate PGB on
a CPE film that assured sensitive determination of CC. In this
context, we have effectively implemented a voltammetric
electrode which is proficient in regulating a wide range of CC
concentrations without any disturbance from hydroquinone
(HQ). The developed electrode displayed beneficial character-
istics along with simple fabrication and renewability of the
surface, being an apt applicant for voltammetric quantification
of real samples.

2. MATERIALS AND METHODS

2.1. Instrumentation. Every electrochemical measurement
and electrochemical impedance study were recorded with CH
instruments model CH-6038E (electrochemical workstation,
USA). The pH of the buffer solution was measured by a digital
Equiptronics apparatus with an electrode. Voltammetric
measurements were carried out by utilizing the typical three-
electrode system contained in a single compartment cell with
the saturated calomel electrode as a reference electrode,
platinum wire as an auxiliary electrode, and PGBAMCPE and
bare CPE (BCPE), respectively. The data were secured in the
desktop. FE-SEM and EDX data were obtained from DST-
PURSE Laboratory, Mangalore University.

2.2. Chemicals. CC of 99%, HQ of 98%, sodium
phosphate dibasic dihydrate of 99.5%, and sodium phosphate
monobasic monohydrate of 99% were procured from Sisco
Research Lab, India. GBA of 90%, graphite powder of 90%,
KCl, NaOH, and silicone oil were bought from Nice
Chemicals, India. Potassium ferrocyanide trihydrate K,[Fe-
(CN)4]-3H,O of 98.5% was procured from Himedia, India.
Here, the chemicals used were of analytical grade and without
additional refinement.

2.3. Preparation of Stock Reagents. The stock solutions
0f 25 X 107 M CC, 25 X 10~> M GBA, 25 mM K,[Fe(CN),],
and 0.1 M KCI were prepared by dissolving these reagents in
deionized water. 0.1 M of phosphate-buffered saline (PBS) was
prepared by dissolving the required amounts of 0.1 M sodium
phosphate dibasic dihydrate and 0.1 M sodium phosphate
monobasic monohydrate in adequate volume of distilled water.

2.4. Fabrication of Unmodified as well as Modified
Electrode. The percentage proportion of graphite powder and
silicone oil was optimized to 70:30. The mixture of these two
compounds was perfectly blended with the support of the
pestle in an agate mortar for 1 h. From this, a cohesive paste
was obtained. A bit of the prepared cohesive paste was sealed
gently into the hollow space of the Teflon tube with an internal
diameter of 3 mm, which functions as a sensing body. Further,
it was smoothened to attain an even surface. The obtained
surface was cleaned with double distilled water. However, the
other end of the tube was associated to the external circuit via a
copper wire. Polymeric GBA thin films were tailored smoothly
by the cyclic voltammetry (CV) method. The growth of the
polymer was optimized by a number of deposition cycles. As
soon as continuous running of 15 CV cycles at the potential
range of —1.5 to 1.5V, the electrode was cleaned with double
distilled water to remove the leftover GBA monomers.

2.5. Preparation of Real Samples. About 1 g of tea
powder was weighed and boiled in 25 mL of distilled water and
then cooled. The above sample was centrifuged for half an
hour. The collected supernatant was diluted with normal pH
PBS. Without any pretreatment, tap water samples were
diluted with PBS in the ratio of 1:S.

3. RESULTS AND DISCUSSION

3.1. Fabrication and Optimization of PGBAMCPE for
CC Determination. 1 mM solution of GBA was polymerized
electrochemically in 0.1 M PBS containing 0.1 M NaH,PO,
and 0.1 M Na,HPO,, at pH 6.5. Poly(gibberellic acid)
(PGBA) thin films were encrusted on BCPE by performing 20
sweep potential cycles successively within the range of —400
mV to 1000 mV, sweeping at a scan rate of 50 mV s™h

The performance of PGBA films can be improved for the
electrocatalytic activity of CC by optimizing the number of
sweep potential cycles. From Figure 1 it is observed that there
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Figure 1. CVs recorded for the fabrication of PGBAMCPE using 1
mM of GBA in 6.5 pH of 0.1 M PBS at a scan rate 0.05 Vs™' for 15
cycles repeatedly. Inset: optimization of PGBA cycles of electro-
polymerization.

was a gradual increase in the sensitivity response with the
increase in the number of sweep potential cycles of MB, and
beyond 1S5 cycles, the sensitivity was drastically dropped
because of the saturation on the film which is responsible for
resisting the electron transfer. Moreover, this suggests that the
thickness of the film beyond a certain limit creates no active
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surface area. Thus, 15 potential cycles were chosen for the
studies here.

3.2. Characterization of the Surface of BCPE and
PGBAMCPE. Figure 2 shows the FE-SEM and EDX mapping

BCPE

C-23.77%
O - 47.55%
Si - 28.68 %

PGBAMCPE

C-24.58 %
0-49.16 %
Si - 26.26 %

Figure 2. Characterization of BCPE and PGBAMCPE by FE-SEM
and EDX.

images of both BCPE and PGBAMCPE. To examine the
surface morphology, we employed FE-SEM. As in the figure,
BCPE displayed a distinctive flaky asymmetrical shape with
roughness. However, in PGBAMCPE, the uniform film
without any roughness was covered on the flaky structure.
This substantiates that the thin layer of PGBA was
incorporated in BCPE. In both the electrodes, EDX mapping
for carbon [C], oxygen [O], and silicone (Si) was done. The
percentage composition of C and O in PGBAMCPE was
higher compared to that in BCPE. This authenticates that the
surface was successfully modified.

3.3. Electrochemical and Impedance Characteriza-
tion of PGBAMCPE and BCPE. Cyclic voltammogram of 1
mM of K,[Fe(CN),] in the supporting electrolyte 0.1 M KCI
presented an increase in the redox peak current for
PGBAMCPE than BCPE in Figure 3a. This shows that the
electrocatalytic activity has been successfully enhanced at the
surface of the modified electrode.

In this reversible process, we calculated the electroactive
surface area by using the Randle—Sevcik equation™

I, = (2.65 x 10°)n*?AD"?!*C (1)

where I, is the anodic peak current in amperes attained for
K,[Fe(CN)g], n is the number of electrons involved in the
reversible process, A is the electroactive surface area in cm?, D
is the diffusion coefficient in cm? s™%, C is the concentration of
K,[Fe(CN)4] in mol cm™, and v is the scan rate in V s™.

PGBAMCPE exhibited a larger electroactive surface area of
0.79 cm® which is responsible for the increase of redox peaks
compared to that of BCPE of 0.39 cm’.

To the above solution, electrochemical impedance spectros-
copy (EIS) characterization was also carried out. The attained
Nyquist plot for the duo electrodes is displayed in Figure 3b.
This plot fitted well with an equivalent circuit owing to the
parameters such as CPE—constant phase element conduc-
tance, C,——outer capacitance, C,——inner capacitance, R;—
outer resistance, R,, R;—inner resistance, R,—resistance of the
electrolyte solution, W—Warburg impedance, and R, ,—
resistance of charge transfer at the electrode, respectively.
BCPE and PGBAMCEPE displayed two frequency sections. It is
observed in the Figure 3b that BCPE displayed a long straight
line owing to the higher range of frequency with low
capacitance and greater R, value of 356.1 Q. However,
PGBAMCPE showed a shorter line owing to the lower
frequency range with high capacitance and lower R value of
185.7 Q. This proves that the surface modified with PGBA
tends to be highly conductive, and the increase in electroactive
surface area resulted in efficient electrocatalytic activity.

3.4. Impact of Supporting Electrolyte on CC. The
electrochemical redox behavior of CC was studied over the
range of pH of 6.0 to 8.0 at the scan rate of 0.05 Vs™'. As CC
has two hydroxyl groups, it is necessary to examine the pH on
the structure of CC at PGBAMCPE. As it is seen in Figure 4a,
as the pH increases steadily, the anodic peak potential shifts
steadily to the negative potential. This substantiates that the
elimination of electrons from CC induces the loss of protons,
as in Scheme 1" Another observation from Figure 4b is that
the anodic peak increases from pH 6.0 to 7.0, and beyond 7,
the pH decreases. Therefore, the best supporting electrolyte for
the electrochemical redox behavior of CC was chosen at
neutral pH 7.0 of 0.1 M PBS. At higher alkalinity, there is
another diminished redox peak which shows that there is a
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Figure 3. (a). CV behavior of 1 mM of K,[Fe(CN),] with 0.1 M KCl (scan rate 0.1 V s!) at BCPE and PGBAMCPE. (b). Nyquist curves for
BCPE and PGBAMCPE with the fitted Randles circuit for characterizing EIS data.
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Scheme 1. Redox Mechanism of CC

Lo

X

2H +2¢

Catechol 0-Benzoquinone

chance of hydroxyl group reacting to o-benzoquinone to form
2-hydroxy quinone or semiquinone.”” From the potential—pH
plot in Figure 4c, the linear regression (LR) equation obtained
was E,, (V) = 0.6 (V) — 0.068 pH; from this, the slope
obtained was 68 mV/pH which is relatively closer to the
Nernstian value of 59 mV/pH. This substantiates that the
electrons and protons engaged are of equal ratio.

3.5. Impact of Scan Rate on CC Peak. Figure Sa
illustrates the voltammogram recorded for 0.1 mM of CC with
neutral pH from the oxidative direction of —0.2 to +0.5 and
reversed to —0.2 at variable sweep rates (0.025 to 0.25 V s™").
One more observation is that the CC peak potential slightly
shifts to be positive, with the increase of the sweep rate. Figure
Sb exhibits linearity among the peak current and square root of
the scan rate with the obtained LR equation of I, (A) = 7.74 X
107% + 1.12 X107° */? (R* = 0.998) and I, = 2.44 X 1077 —
12 X 1075 v Y2 (R? = 0.9998). This means that the redox
process of CC at PGBAMCPE is diffusion-controlled. Again,
to confirm this, the plot of log I, versus log v (Figure Sc) was
displayed with linearity with the LR equation of log I,, = —4.9
+ 0.49 log v. The slope 0.49 is nearer to 0.5, confirming that
the reaction was diffusion-controlled at the superficial layer of
the electrode.”” ™"
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Figure 5. (a). CV curves of CC in 0.1 M PBS of pH 7.0 of varying scan rates [0.025 (a)—0.225 (i)] V s~' at PGBAMCPE. (b). Variation of anodic
and cathodic peak currents with the square root of the scan rate. (c). Linear dependence of log I,, on log v.
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Figure 6. Response of CC with pH 7 of 0.1 M PBS at BCPE and PGBAMCPE by (a) CV (0.05 V s™!) and (b) DPV.

3.6. Voltammetric Response of CC at BCPE and
PGBAMCPE. Voltammetric response was examined for 0.1
mM of CC at 7.0 PBS at 0.05 V s~ by means of CV and
differential pulse voltammetry experiments. The cyclic
voltammograms were demonstrated to show both oxidation
and reduction processes for CC at BCPE and PGBAMCPE, as
depicted in Figure 6a. In the case of BCPE, two broader peaks
are observed with a change in the peak potential of 274.7 mV,
which is greater than 59 mV, and the ratio of the peak current
is 1.6, authenticating the quasi-reversible process. However,
PGBAMCPE portrayed pronounced redox peaks with the
change in the peak potential of 64.5 mV almost closer to 59
mV, and the ratio of the peak current was 1.2, almost equal to
unity, authenticating the reversible process. The inflation of the
redox peaks of CC was observed at PGBAMCPE than BCPE.
In addition to this, there was no single peak, except that the
background current was observed for the absence of the CC
analyte at PGBAMCPE as recognized as blank in Figure 6a. In
differential pulse voltammetry (DPV), as it is highly sensitive
than CV, the anodic peak current observed for CC at
PGBAMCPE was S pA, whereas in CV, it was 0.137 pA.
The same trend was observed in CV hereto; the peak was
fivefold greater with a lower potential at PGBAMCPE
compared to BCPE. Moreover, at PGBAMCPE, the CC
anodic peak was observed at the reduced activation energy of
11 mV compared to BCPE, as depicted in Figure 6b. The
inflated peak with a rapid electron transfer of CC was
enhanced at PGBAMCPE as a result of higher surface
area.”” ™' The probable mechanism of CC on PGBAMCPE
is depicted in Scheme 2.

3.7. DPV Method for the Quantification of CC. To
enhance the detection limit (DL) of CC, we utilized the highly
sensitive DPV method at PGBAMCPE. Under optimized
circumstances, Figure 7a represents the DP voltammograms of
the variable concentration of CC. CC oxidation occurred at the
same potential of 0.098 V for variable concentration over the
range of 2—100 xM. Another observation from Figure 7a was
that the anodic peak currents inflated linearly with the increase
of concentration. Figure 7b represents the relationship
between the oxidative peak current responses and variable
concentrations of CC. Here, it is witnessed with two linear
dynamic ranges. The LR equation obtained for 2—10 uM is I,
(uA) = 0.685 uA + 0.0327 C (M) [R* = 0.997] and that for

24683

Scheme 2. Schematic Representation of the Probable
Mechanism of CC on PGBAMCPE
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10—100 uM is I, (uA) = 0.789 uA + 0.0173 C (M) [R* =
0.998]. The reason for two linear ranges was plausibly due to
the kinetic limitations of the reaction toward the surface of the
electrode in the mode of diffusion. The DL and quantification
limit (QL) were measured to be 0.57 uM (3S/N) and 1.9 uM
(10S/N), respectively, where “S” is the standard deviation of
blank for five replicates and “N” is the slope of the calibration
plot.** It is worthy to report that compared to the other
reported literature works, we have achieved lower DL in this
work for the quantification of CC at neutral pH. Table 1
portrays the relative study of PGBAMCPE with published
literature reports. From the results derived from the tabulated
reports, we conclude that PGBAMCPE exhibits good
sensitivity.

3.8. Selectivity Study of CC along with HQ by DPV.
Like CC, HQ (1,4-dihydroxy benzenediol) is also another type
of structural isomer of benzenediols, where the hydroxyl group
is at the para-position, having the same molecular weight.
Hence, both these frequently coexist in the environment.>’
However, it is tedious to determine them simultaneously as
they mutually interfere. Based on this, we inspect the
simultaneous determination of CC and HQ. Figure 8 displays
the DP voltammograms of CC and HQ at PGBAMCEPE,
revealing pronounced peaks for both. When the concentration
of CC was varied and the concentration of HQ was kept
constant (Figure 8a),it was observed that the peak of CC
ascended with the increase of CC concentration, but the HQ_
peak almost remained at the same position. In Figure 8b, the
concentration of CC was kept constant and the HQ
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Figure 7. (a) DPVs of the concentration variation of CC in 7.0 PBS at PGBAMCPE. (b) Calibration plot.

Table 1. PGBAMCPE Characteristics Compared with Other Reported Electrodes

sL. no. name of the electrodes mode linear range (4M) detection limit (#M) reference
1 silsesquioxane-MCPE Dprv 10-300 10.0 33
2 Cu(Sal-p-Ala)(3,5-DMPz)2]/SWCNTs/GCE DPV 5-215 35 34
3 SDBS/GCE DPV 3.0—400 3.0 35
4 MWCNT-NF-PMG/GCE DPV 400—1300 2.5 36
S RGO-MWNT's DPV 5.5-540 1.8 37
6 PEDOT/GO/GCE DPV 2—400 1.6 38
7 LDHf/GCE DPV 3.0—1500 12 39
8 laccase-cysteine/cysteine/gold SPE Chronoamperometry 20-2400 12 40
9 PASA/MWNTs/GCE DPV 6.0—700 1.0 41
10 poly(proline) MGPE Ccv 2—-45 0.87 42
11 poly(rosaniline) MGPE DPV 2.0—-100 0.82 43
12 Au—PdNF/rGO/GCE DPV 2.5—-100 0.8 44
13 LRG/GCE DPV 2-300 0.8 45
14 TRGO/GCE DPV 1-500 0.8 46
I graphene-doped CILE DprvV 10-300 0.74 47
16 poly(phenylalanine)/GCE DPV 10—140 0.7 48
17 MIL-101 (Fe) MCPE DPV 2-100 0.62 49
18 MWCNT-modified GCE LSV 2—-100 0.6 49
19 PGBAMCPE DprvV 2—10 0.57 present work
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Figure 8. (a). DPVs with the change in the concentration (0.1—0.14 mM) of CC and 0.1 mM of HQ_in PBS 7.0 (b). DPVs of 0.1 mM CC and
change in the concentration (0.1—-0.14 mM) of HQ in PBS 7.0.

concentration varied. As the HQ concentration varied, the
peak current also gradually increased, and there was a slight
decrease of peak in CC which almost remained constant

24684

without disturbing the potential shift. This substantiates that
PGBAMCPE is highly selective and specific with anti-
interfering characteristics.
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3.9. Reproducibility, Repeatability, and Stability.
Reproducibility of PGBAMCPEs was examined in five
consecutive CC determinations by utilizing the CV method.
The relative standard deviation (RSD) was calculated to be
1.57%, illustrating the proposed electrodes to have admirable
reproducibility. Then, to examine the repeatability, five trials of
CC solution at the same PGBAMCPE by CV were done. The
RSD was measured to be 2.1%. At last, to check the electrode’s
long-term stability, PGBAMCPE was stored in a desiccator for
1 week. The peak current of CC after storage was retained to
be 93.02%. This result displays PGBAMCPE to have good
long-term steadiness.

3.10. Practical Application of PGBAMCPE.
PGBAMCPE was applied for quantifying CC in the following
real samples, that is, tea and tap water. The standard addition
method was employed by spiking CC of three different
concentrations into the real samples. For each concentration,
three trial measurements were carried out for both the samples.
We achieved good recovery percentage, as illustrated in Table
2. This authenticates the ability of PGBAMCPE for
determining CC in real samples.

Table 2. Recovery Report of CC at PGBAMCPE in Two
Different Real Samples

sample added (uM) found (M) recovery %
tea sample 6 5.77 96.2
7 6.8 97.2
8 7.71 96.4
tap water 6 S.73 9s
7 6.75 96.5
8 7.7 96.3

4. CONCLUSIONS

Phenolic derivatives are the major organic pollutants, and their
exposure is responsible for environmental pollution. Therefore,
in an attempt to monitor the exposure of CC level in the
environment, we have developed an electrochemical sensor for
the analysis of CC in an economical way. PGBAMCPE was the
outcome after the electropolymerization of gibberellic acid on
BCPE through CV. This experimental work authenticates the
voltammetric response of CC under optimized conditions to
PGBAMCPE, and its detection in real sample analysis was
succeeded. The intense electrocatalytic effect with rapid
electron-transporting ability was attained at PGBAMCPE for
CC determination. PGBAMCPE was significant with high
sensitivity with DL of 0.57 yM which is adequate to monitor
CC in various samples. It was succeeded to be highly selective
in determining simultaneously with HQ with two well-defined
peaks. PGBAMCPE was highly stable with good reproduci-
bility. This confirms that PGBAMCPE is capable enough for
CC quantification.
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