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Abstract — The proposed study describes a novel and disposable voltammetric sensor that designed for the
sensitive determination of celestine blue (CelsB) using a pencil graphite electrode (PGE). The electrochemical
characterization study of the designed sensor was performed by recording the cyclic voltammograms (CVs) and
electrochemical impedance (EI) curves in 5.0 mM of Fe(CN)e**- including 0.10 M of KCI, and compared with
the other carbon-based electrodes such as carbon paste (CPE) and glassy carbon (GCE) electrodes. The
Received: 1 Oct 2023 electrochemical behaviour of CelsB was examined at different carbon-based electrodes including PGE, CPE, and
Accepted: 21 Nov 2023 GCE by the cyclic voltammetric (CV) method. The recorded CVs showed that the remarkable response obtained
Published: 15 Mar 2024 at PGE toward oxidation of CelsB. Moreover, the PGE shows a wide linear range (4.0 — 150 uM) and detects the
CelsB with a notable limit of detection (1.21 uM). In addition, the results from the interference studies proved
that the PGE enables selective voltammetric determination of CelsB in presence of various species. A feasibility
study for CelsB sensor was also tested on tap water and cherry apple juice samples and the recovery values
obtained between 96.2 — 103 % with high precision and accuracy indicated that the PGE shows an acceptable and
good applicability to real samples.
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1. Introduction

Dyes have been used as an important component in leather, paper, textile, and pharmaceutical products. As a
result, the widespread use of dyestuffs induced soil and water pollution [1-4]. The CelsB which is soluble in
water and classified as an essential oxyazine group dye, shows good mediator properties due to its high electron
transfer properties (Figure 1) [5]. The CelsB has a non-complex structure, and it is structurally positively
charged property [6]. On the other hand, it causes harmful effects on human health [7-9]. It has also been
expressed that the extreme use of azo dyes [10] may cause mutagenic, hyperactivity, and carcinogenic impacts
in children [11]. According to the information mentioned above, the rapid, selective, and sensitive
determinations of CelsB have a great importance on humans and the environment. It may be stated that the
electrochemical oxidation and reduction of CelsB proceeds with the exchange of two protons and two electrons
via catechol groups [7].
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Figure 1. Structure of molecular CelsB [5]

Electrochemical methods are still attractive due to their cheapness, high sensitivity, mobility, selectivity,
speedy response, easy instrumentation, ability to be miniaturized properties [12,13]. Various carbon-based
electrodes, such as PGE, CPE, and GCE have been widely used in the design of electrochemical sensors [14].
The GCE is expensive and includes hard and time-consuming surface cleaning and polishing procedures. The
other commonly used electrode, CPE has a renewable surface and cost-effective, but it also includes hard
preparation steps and the same limitations mentioned above [15]. Among these electrodes, the PGE attracts
great attention due to its many advantageous properties. These features can be listed as follows; disposability,
low-priced, pretty reactive, renewable surface, less toxicity, extensive potential range, well mechanical
rigidity, and easily available [16-22].

As far as we know from the literature, there is no study that performed for the electrochemical determination
of CelsB using PGE. In this study, the disposable PGE firstly was used for the sensitive and selective
voltammetric detection of CelsB. Considering the recovery values obtained from the feasibility test on different
samples suggested that the proposed methodology can be applied successfully in the determination of CelsB
from daily samples.

2. Materials and Methods

2.1. Apparatus and Chemicals

All electrochemical measurements were performed using a Galvano plot GX203 analyzer originating in
Tiirkiye. Experiments were carried out by choosing RESB-BASI Ag/AQCI (sawrated kcr) (Diameter size: 6.0 mm)
as the reference electrode, MW1032-BASI Pt wire (Diameter size: 0.50 mm) as the counter electrode, and
pencil graphite as the working electrode in the cell of the conventional triple electrode system where the
experiment was conducted. All electrochemical measurements were evaluated for the PGE (The used length
is 1.0 cm that equals to 0.159 cm? of geometric area (Ag), CPE (BASI, Diameter size: 2.87 mm), GCE (BASI,
Diameter size: 3.0 mm). A pH meter device (HI-221 Hanna) including a unified glass electrode system was
used to regulate Britton-Robinson buffer solutions (BRBS) at different pHs. The pure water was generated
from the device of Q7B Elga option. Celestine blue (97%, Ci7H1sN304Cl, 363.80 g mol™), citric acid,
D(+)glucose, tartrazine (Tz), quinoline yellow (QY), and brilliant blue (BB) were purchased from Aldrich.
Ks[Fe(CN)e]) and dopamine hydrochloride (DA), were provided from Alfa Aesar. KNO3, Na;SO., Na;COs,
CaCl2.2H,0, M@,S04.7H,0, Na;HPO., NaH-POs MgCl,, KCI, NaCl, CHsCOOH, NaOH, H3;BOs;, H3POs,
Ka[Fe(CN)e].2H,0, L-ascorbic acid (L-AA), fructose, and were provided from Merck company.
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2.2. Electrochemical Experiments

The CPE used in the experimental study was prepared by filling the CPE body after obtaining a paste
consistency with mineral oil (25%) and graphite powder (75%). Before use, GCE was cleaned with alumina
slurry (0.30 um) and polished. Then, resulted electrode was left in an ultrasonic bath in ethanol and water for
10 minutes to remove the trace of impurities. El curves of PGE, GCE, and CPE (frequency range of 0.10 —
100000 Hz) were recorded in 5.0 mM of Fe(CN)s*"* solution that contains 0.10 M KCI. Cyclic voltammetric
responses of 16 uM CelsB at the mentioned electrodes were recorded in pH 5.0 BRBS containing KCl. The
effect of pH and scan rate on electrochemical response of CelsB was examined from the recorded CVs of 50
uM CelsB.

2.3. Real Sample Study

To determine the CelsB in tap water and cherry apple juice samples, known (5 and 10 uM) concentrations of
CelsB were spiked into both samples. Afterward, the standard additions were performed from the 5.0 mM
standard CelsB solution, and CVs were recorded. Recovery values were calculated for the samples.

3. Results and Discussion

3.1. Characterization Studies

Electrochemical impedance spectroscopy (EIS) is a useful method for the examination of the surface
conductivity properties of electrodes. The semicircle part of the curves corresponds to charge transfer
resistance (Rct) directly related with the surface conductivity at high frequencies, and the linear part is related
with the diffusion [23,24]. The PGE, CPE, and GCE are electrochemically characterized by the recording of
the CVs (Figure 2A) and EI curves (Figure 2B) of 5.0 mM of Fe(CN)s **~ solution that contains 0.10 M KCI.
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Figure 2. A) CVs and B) El curves for 5.0 mM of Fe(CN)s * " solution contains 0.10 M KClI at (a) PGE, (b)

CPE, and (c) GCE, the inset of Figure B is the electrochemical impedance circuit model: (C: Capacitance for

double-layer; Rs: Ohmic resistance; WE: Working electrode ; W: Warburg impedance, (Scan rate (S.rate): 50
mV/s)

As can be seen in Figure 2A, the oxidation (Ea) and reduction (E.) peak currents of different carbon-originated
electrodes (CPE and GCE) are significantly lower than that obtained with PGE (Table 1). The reversibility of
the peaks belongs to Fe(CN)s* ™ higher (AE= 173 mV) than those obtained at CPE and GCE and its surface
exhibits better conductivity (Re= 96 ohm). The PGE shows high voltammetric response and better conductivity
among the other electrodes. Because, the PGE has a composite structure including graphite and clay that
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provides larger electroactive surface. Therefore, this structural property may have improved the electron
transfer between PGE and Fe(CN)s** [25].

Table 1. CV and EIS responses obtained as a result of the characterization studies of the electrodes

Results from the recorded CVs Results from the recorded EI curves
e Ea(mV) Ec(mV) AEmV) la (LA) le (LA) Ret (Ohm)
PGE 299 126 173 885 871 96
CPE 325 110 215 94 95 574
GCE 309 100 209 98 97 310

3.2. Investigation of the Electrochemical Behavior of CelsB

The recorded CVs for 16uM CelsB in BRBS (pH 5.0) at the PGE, CPE, and GCE was given in Figure 3. The
recorded CVs indicate that the irreversible oxidation of CelsB observed at 746, 800, and 708 mV at the PGE,
CPE, and GCE, respectively. Moreover, the highest voltammetric response based on the irreversible oxidation
of CelsB obtained with PGE. The best voltammetric response observed at PGE are attributed to the porous
composite structure that leads an increase in electroactive surface area of PGE. In other words, the electron
transfer between CelsB and PGE on the surface of PGE improved [25]. Therefore, the PGE was selected for
the determination of CelsB according to its highest response.

0 250 500 750 1000 1250

E/mV
Figure 3. CVs of 16 uM CelsB electrochemical responses at (a) CPE, (b) GCE, and (c) PGE in BRBS (pH
5.0) at S.rate 50 mV/s

3.3. The Effect of pH

The CV method was used to determine the most suitable supporting electrolyte developed for the determination
of CelsB. For this aim, CVs of 50uM CelsB in BRBS solutions with different pH values (2.0 — 6.0) were
recorded at PGE (Figure 4). Because of the fact that the best electrochemical response was achieved at the pH
of 5.0, this supporting electrolyte was chosen for further studies.
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Figure 4. A) The CVs recorded for 50uM CelsB in various pH values (2.0 — 6.0) of BRBS (Potential range:
0 — 1200 mV, S.rate: 50 mV/s) and B) pH versus current graph

3.4. The Influence of Scan Rate

The influence of scan rate on the voltammetric response of CelsB was investigated by recording the CVs 50uM
CelsB in BRBS (pH 5.0) at enhanced scan rates ranging from 10 to 600 mV/s (Figure 5). The effect of scan
rate on peak current among 10 and 600 mV/s was investigated using the CV method of 50 uM CelsB in pH
5.0 BRBS. As can be understood from the given Figure, the voltammetric response based on the oxidation
peak current of CelsB enhances by the increasing of scan rate. In addition, the high linearity (R? = 0.9977)
between the l.(uA) vs. square root of scan rate generated from the recorded CVs confirms that the irreversible
oxidation of CelsB occurs with a diffusion-controlled process [25-28].
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Figure 5. A) CV responses acquired from PGE against 50 uM CelsB at different S.rate (10-600 mV/s) at pH
5 (BRBS) potential range: 0 — 1200 mV, B) the linear variation of the square root of the scan rate versus the
oxidation peak currents of CelsB

3.5. The Cyclic Voltammetric Determination of CelsB

The determination of CelsB performed by CV technique. Figures 7 and 8 show the CVs of the increased
concentrations of CelsB (0 — 150 uM). The obtained calibration curve generated from the CVs confirmed that
the voltammetric response of CelsB goes linearly between 0 — 150 uM. The LOD value was calculated
according to the 3xStd/slope and was found to be 1.21 uM (Std is the standard deviation of the minimum
CelsB concentration that observes as a measurable signal; the slope was calculated from the calibration plots).
The electrochemical performance of the CelsB sensor has been compared with the only study reported in
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literature (Table 2) (Roushani at al., 2021). In the reported study, screen printed carbon electrode was modified
with NiO nanoparticles and synthesized molecularly imprinted polymer of CelsB (CB-MIP/NiO-NPs/SPCE)
for the differential pulse voltammetric determination of CelsB. Although the related sensor shows wider linear
range (2.0 — 150 uM) and lower LOD (0.35 uM), the method includes significant limitations. Firstly, the SPCE
is an expensive electrode material. Secondly, the synthesis of CB-MIP and the preparation of the CB-MIP/NiO-
NPs/SPCE include hard and time-consuming procedures. These significant factors limit the practical usability
of the designed sensor. On the other hand, the CelsB sensor based on PGE does not include these
disadvantages, and provides disposable, low-cost, fast, and practical determination of CelsB. Moreover, there
is a limit of study based the electrochemical determination of CelsB [2], the proposed method has the potential
to be an example based on practical and low-cost electrochemical determination of CelsB that will contribute
to the deficiency in this field.

The reproducibility and repeatability were examined by recording under optimized conditions. The
reproducibility was examined five PGEs, and the relative standard deviation (RSD) value was found to be 4.7
%. The intra-day repeatability was researched by 10 times recording the CV responses of 8.0 uM CelsB at the
same electrode and the RSD value was calculated as 4.6%. The obtained RSD values lower than 5.0% indicated
that the PGE exhibits reproducible and stable intra-day voltammetric responses. Although the PGE shows poor
intra-day responses, the disposable and practical use of PGE tolerates this limitation.
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Figure 6. A) CVs from 0 to 16 uM CelsB B) CVs from 20 uM to 150 uM CelsB (BRBS pHS5.0; S. rate: 50
mV/s ) C) Calibration curve of CVs acquired from CelsB at increasing concentrations

Table 2. The performance comparison between electrochemical CelsB sensors

WE Method Ea(mV) Linear response range (uM) LOD (uM) Real sample Reference

PGE cv +746 4.0-150 1.21 Cherry apple juice, tap water This work

Waste water from textile,

CB-MIP/NiO-NPs/SPCE  DPV -100 2.0-150 0.37 .
industry

(2]

3.6. The Selectivity to CelsB

The influence of some possible kinds of molecules and ions on the voltammetric response of 50 pM CelsB
was tested under the optimized conditions. Table 3 shows that the influence of 25-fold Fructose, Na*, Ca?*,
K*, Mg?*, NOg, 10-fold SO,*, COs*, 1-fold Tz, Qy, BB, Citric acid, and 0.01-fold L-AA on CelsB was found
to be negligible according to the tolerance limit of 10%. According to all these results, it was found that the
proposed method can be applied for selective determination of CelsB in real samples including the mentioned
species.
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Table 3. Influence of some possible kinds of interferences (n=3)

Interference  The amount of interference (fold) % Alteration in voltammetric response  +SD

L-AA 0.01 +1.72 0.11
Citric acid 1 +8.15 1.13
Fructose 25 +5.76 0.54
Glucose 50 +0.90 1.74
Tz 1 —0.80 0.16
QY 1 -5.43 0.25
BB 1 +8.72 0.65
Na* 25 +2.79 0.78
Ca?* 25 +3.43 0.86
K* 25 +6.34 1.50
Mg?* 25 +8.33 1.10
NO* 25 +6.30 1.50
S04 10 +8.10 0.78
COs* 10 +2.60 0.56

3.7. The Application on Real Samples

The feasibility of the method was examined in cherry apple juice and tap water samples by using the standard
addition-CV techniques together. Each sample was enriched with 5 and 10 uM of CelsB and the additions
from standard solution were performed and the CVs were recorded. The percentage values for the recovery of
CelsB were calculated from the calibration curves that generated from the recorded CVs (Table 4). The high
percentages of recovery (96.2 — 103%) found from the feasibility studies proved the high applicability of the
proposed sensor on real samples.

Table 4. Results of recovery applications for the detection of CelsB using the standard addition management
in real samples (n=3)

Sample Adding (uM) Found (M) RSD (%) Recovery (%)
5 5.05 3.09 102
Tap water
10 10.22 3.08 102.20
. 5 481 2.60 96.20
Cherry apple juice
10 10.30 4.85 103

4. Conclusion

As aresult, a novel and disposable sensor based on cyclic voltammetric determination of CelsB was performed
at PGE for the first time. The proposed methodology provides fast, practical, and low-cost electrochemical
determination of CelsB without including time-consuming and hard, cleaning, polishing modification, and
steps. The CelsB sensor designed on PGE shows wide linear range (4.0 — 150 uM) and low LOD (1.21 uM)
for the voltammetric determination of CelsB. Moreover, the proposed methodology exhibits good repeatability
and reproducibility, and provides determination of CelsB in high precision and accuracy from real samples. In
summary, considering that the studies upon the electrochemical detection of CelsB in the literature are quite
limited, it is hoped that this study will add diversity to the existing studies in terms of cost, speed, and
practicality.
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