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Abstract: The extensive use of the alkaloid quinine (QN) in the cosmetic and food industries has
induced major concerns relating to its impact on human health, considering its potential toxicity.
Therefore, developing sensitive and selective electrochemical sensors is crucial for monitoring QN in
environmental, food, and pharmaceutical samples. To respond to this need, a surfactant-supported
green synthesis approach, based on a straightforward, organic solvent-free hydrothermal method was
employed to synthesize highly crystalline pseudospherical bismuth oxychloride (BiOCl) nanoparti-
cles. This material was used for the enrichment of carbon paste electrodes and its further utilization
for the detection and quantification of quinine. They have superior electrocatalytic performance, due
to their size and morphology, and facilitate the interactions of the target with the electrode surface.
Under optimal operating conditions, differential pulse voltammetry demonstrated a remarkable
feature: a broad linear working range of 10 to 140 pM, a detection limit of 0.14 uM, and a high
sensitivity of 1.995 pA uM~1 em~2. The suggested method’s satisfactory sensitivity, along with
its good stability, repeatability, and reproducibility, strongly point to a possible use for identifying
quinine in real samples.

Keywords: electrochemical sensor; carbon paste electrode; nanomaterials; malaria; alkaloids

1. Introduction

One of the deadliest diseases in the world’s history is malaria. According to the World
Health Organization (WHO), 241 million cases of infection and 627 thousand deaths in
85 malaria-endemic countries were reported in 2021 [1]. The most cases of malaria were
reported in the African Region, 95%, led by Nigeria (27%), the Democratic Republic of the
Congo (12%), Uganda (5%), Mozambique (4%), Angola (3.4%), and Burkina Faso (3.4%) [1].

Quinine (QN), namely, (R)-[(25,4S,5R)-5-ethenyl-1-azabicyclo[2.2.2]octan-2-yl1]-(6-
methoxyquinolin-4-yl)-methanol, is a white, bitter-tasting crystalline alkaloid isolated
from the bark of the cinchona tree (Cinchona calisaya) [2,3]. For the last 300 years, quinine
has been used as a very effective medicine in the fight against malaria, caused by the para-
site Plasmodium falciparum [4,5], which is resistant to other antimalarials such as chloroquine,
quinacrine, and primaquine. Quinine exhibits antibacterial, antiseptic, local anesthetic, and
analgesic effects and acts as a cardiovascular stimulant. In addition to malaria, the drug is
used in the treatment of muscle spasms and in the case of resistance to other drugs during
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chemotherapy. In addition to medical use, quinine is also used in the cosmetic industry,
as a tonic, antiseptic, and lotion [6], and in the food industry, especially in the beverage
industry, where it is added to achieve a bitter taste in soft drinks, most often tonic water
or cocktails containing tonic [7,8]. In addition to all the above properties, quinine can also
have a potentially toxic effect and cause several side effects such as nausea, blurred vision,
diarrhea, stomach pain, headache, fever, and asthma [9].

The attractiveness of nanomaterials in electroanalytical chemistry has drawn the
interest of many research groups to investigate in detail the influence of the material’s
morphological characteristics on its electrocatalytic capabilities [10-14]. A large number
of different metals participate in the formation of these nanoparticles. Materials based
on bismuth offer great potential in electrocatalysis. So far, a large number of bismuth-
based nanomaterials of various structures have been reported that have shown excellent
electrocatalytic properties [15-17].

Considering the potentially toxic effect of quinine on human health, several ana-
lytical techniques have been developed for its determination in biological, pharmaceuti-
cal, and food samples. Analytical techniques used for the determination of quinine are
High-Performance Liquid Chromatography (HPLC) [18,19], Chemiluminescence [20,21],
Gas Chromatography—-Mass Spectrometry (GC-MS) [22,23], and Capillary Electrophore-
sis (CE) [24,25]. All the mentioned methods, although effective, are costly and require
a lot of time and consumption of toxic reagents. Therefore, it is essential to develop a
fast, simple, cheap, and effective method for the determination of quinine content. Elec-
trochemical methods offer several advantages over the mentioned methods, which are
reflected in the simplicity of operation, low prices, sensitivity, and the speed of analysis.
Furthermore, electrochemical systems can be converted into portable systems for in vivo
and in vitro analysis [26]. The application of the modified electrode as a working elec-
trode in electrochemical systems is useful for trace-level analysis. Modified electrodes
reduce the potential of the redox process and increase the sensitivity of the analysis of
electroactive compounds [27]. In addition to the mentioned conventional techniques, elec-
trochemical methods were employed for quinine detection and quantification in a few
works. Electrodes previously used in these works are glassy carbon electrode [3], hanging
mercury drop electrode [6], pencil-graphite electrodes [28,29], and boron-doped diamond
electrode [30].

In this work, bismuth oxychloride nanoparticles were synthesized by a chemical
hydrothermal procedure and used for the modification of carbon paste electrode for detec-
tion and quantification of quinine. Considering the excellent electrocatalytic properties of
bismuth-based materials, synthesized BiOCl was thoroughly investigated morphologically
and electrochemically. The developed method was utilized for a real sample study of bev-
erage drinks under optimized parameters, examining its potential application in everyday
routine analysis.

2. Materials and Methods
2.1. Chemicals and Reagents

Bismuth trichloride monohydrate (BiCl; x HyO; 99.99%), polyethylene glycol 400
(PEG 400; for synthesis), hydrochloric acid (HCI; puriss. p.a), sodium hydroxide (NaOH;
>98%), Quinine (Mr = 324.4; >98.0%), and all other chemicals were of analytical grade and
purchased from Sigma-Aldrich (St. Louis, Missouri, United States). Britton—Robinson buffer
solution (BRBS) was prepared by mixing 0.04 M of each boric acid, phosphoric acid, and
acetic acid; the pH value was adjusted using 0.1 M sodium hydroxide solution. BRBS was
used as a supporting electrolyte in electrochemical measurements. Double-distilled water
(DD water) was used for the preparation of solutions. For voltammetric measurements,
5 mM potassium hexacyanoferrate (IIT) (K3[Fe(CN)s]) and potassium hexacyanoferrate
(II) trihydrate (K4[Fe(CN)g]-3H,0O) in 0.1 M KCl solution was used. Quinine solution was
prepared by dissolving a stochiometric amount of quinine in sulfuric acid.
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2.2. Instrumentation

The crystal structure of bismuth oxychloride nanoparticles was determined using X-ray
Powder Diffraction (XRD) data measured on dried powders in a high-resolution SmartLab®
diffractometer (Rigaku, Japan), equipped with Cu K« radiation source (A = 1.5406 A) under
a voltage of 40 kV and a 30 mA current. The patterns were collected within the 10-70° 26
range at a scan rate of 1°/min and 0.02° step size. Transmission electron microscope Jeol
JEM-2100F (JEOL, Tokyo, Japan) and scanning electron microscope Jeol JSM-7001F (JEOL,
Tokyo, Japan) were used to scrutinize the morphological properties of the material. The
accelerating voltage of the electron gun was set to the 20 kV required for quantitative EDX
analysis.

All electrochemical measurements were performed using a PalmSens4 analyzer
(Houten, Utrecht, The Netherlands) with PSTrace voltammetry software (Version 5.8)
at room temperature. A conventional standard three-electrode system was used with an
unmodified and a modified carbon paste electrode as a working electrode, an Ag/AgCl
electrode as a reference electrode, and platinum wire as a counter electrode. A DPV method
was developed for QN quantification and measurements were recorded at amplitude 25 mV
with both pulse width and period 0.2 s, in a potential range from 0.5 to 1.5 V.

The developed method was validated using the standard UV-Vis method. A Thermo
Scientific Evolution 201 /220 UV-Visible Spectrophotometer with a 10 mm quartz cell was
used for all absorption measurements.

2.3. Methods

The synthesized nanomaterial was characterized morphologically using X-ray Diffrac-
tion (XRD), Scanning Electron Microscopy (SEM), and Transmission Electron Microscopy
(TEM).

The electrochemical properties of the BiOCl-modified carbon paste electrode were
examined using Cyclic Voltammetry (CV), Electrochemical Impedance Spectroscopy (EIS),
Square-Wave Voltammetry (SWV), and Differential Pulse Voltammetry (DPV). Method
validation was performed using UV-Visible Spectrophotometry (UV-Vis).

2.4. Synthesis of BiOCl

Bismuth oxychloride (BiOCl) nanoparticles were synthesized by a chemical hydrother-
mal method following a modified procedure from the literature [31]. This synthesis method
involved dispersing a stoichiometric amount of BiCl3*H,O (0.2 M) in 100 mL of DD water
and 2 mL of HCl solution with continuous magnetic stirring. To obtain a uniform disper-
sion, PEG 400 and a 1 M NaOH solution were thereafter gradually added to the suspension
while being stirred for two hours at room temperature. The obtained residue was then
transferred into a hydrothermal autoclave and treated at 180 °C for 12 h. The resultant
product was washed with ethanol and DD water several times to remove the unreacted
species, and excess solvents were dried in a vacuum oven overnight at 80 °C. Finally, the
collected samples were followed up by thermal treatment at 450 °C for 3 h.

2.5. Preparation of Unmodified and Modified Carbon Paste Electrodes

All of the carbon paste electrodes were prepared by mechanically mixing carbon
powder with paraffin oil for approximately 30 min. An unmodified electrode was prepared
by mixing 80 mg of carbon powder with 20 uL paraffin oil until a homogenous paste
was achieved. Modified electrodes were prepared by adding 2 mg (2%), 4 mg (5%), 6 mg
(7%), and 8 mg (10%) of synthesized material to the carbon powder (to a total mass of
80 mg) and paraffin oil. Prepared electrodes were stored in a fridge for at least 24 h before
measurements. A homemade Teflon electrode body with an inner diameter of 2 mm was
loaded with the obtained paste and smoothed on a paper towel to produce a uniform
surface, before and between all measurements.
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DTEM = (9 + 2) nm

3. Results and Discussion
3.1. Morphological Characterization of Synthesized Material

TEM analysis revealed pseudospherical nanoparticles with an average size of (9 & 2) nm
(Figure 1A,B). Particles are uniform and partially agglomerated with clearly visible crystal
planes on HRTEM micrographs, suggesting the crystalline nature of the sample. The
uniform spherical structure of the nanoparticles can be attributed to the influence of the
PEG surfactant present during the synthesis of the material since similar structures were
reported by Zhang et al. and Li et al. [32,33]. The XRD pattern of the BiOCl sample is shown
in Figure 1C. The prepared BiOCl was crystallized into a standard tetragonal structure (PDF
card #90082426). The intense and sharp diffraction peaks suggested that the as-synthesized
product was well-crystallized. There are no other impurity peaks observed in the patterns.
The average crystallite size was assessed using the Scherrer formula of the most intensive
diffraction maximums and was found to be 8 £ 2 nm. The similar sizes obtained by TEM
and XRD suggest that nanoparticles are formed out of single crystallite. FE-SEM elemental
mapping (Figure 1D,E) revealed the presence of Bi, Cl, and O atoms in the whole mapped
area, confirming the successful formation of bismoclite nanoparticles throughout the whole
sample.

DXRD = (8 + 2) nm
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Figure 1. (A,B) TEM image of the prepared sample; (C) XRD pattern of the BiOCl sample;
(D,E) FE-SEM and elemental mapping for BiOCl.

3.2. Electrochemical Characterization of Prepared Electrode

EIS was used to investigate the electrolyte-electrode charge-transfer mechanism over
both modified and unmodified electrodes since it is a popular analytical electrochemical
technique for the fast, accurate, and non-invasive examination of conductive materials.
EIS was performed over electrodes in a standard solution of 5 mM Kj3[Fe(CN)g] and
K4[Fe(CN)g], containing 0.1 M KCI supporting electrolyte. Nyquist plots (EIS spectra) are
composed of two parts: a semicircular high-frequency region, whose diameter represents a
quantitative value of resistance to charge transfer, and a linear low-frequency area, which
depends on mass transfer. The semicircle’s diameter is very small for materials that have
kinetically quick charge transport [34]. As shown in Figure 2A, a 5% BiOCl-modified carbon
paste electrode has a lower value of resistance (512 (1) than a bare carbon paste electrode
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1{HA)

(5159 Q3) and 2% (1987 )), 7% (1904 ), and 10% (1657 Q2) BiOCl-modified CPEs, meaning
that the active surface area of the modified electrode is higher than the bare carbon paste
electrode. The credit for this can be attributed to the use of PEG 400, which was effective
for the control of the size and shape of nanoparticles. Indeed, it affected the size (9 + 2 nm)
and spherical morphology of the final obtained nanoparticles. In addition, the superior
characteristics and advantages of this material, such as non-toxicity, non-immunogenicity,
and high water solubility, support and recommend the use of this material in various
applications.
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Figure 2. (A) EIS spectra (Nyquist plot) of 5 mM [Fe(CN)¢]3~/4~ and 0.1 M KCl of bare and BiOCl-
modified CPEs at amplitude 5 mV, in a range from 10~2 to 10° Hz; (B) Cyclic voltammograms of
5 mM [Fe(CN)s]>~/#~ and 0.1 M KCl of bare and BiOCl-modified CPEs at 50 mVs~; (C) Cyclic
voltammogram of 5 mM [Fe(CN)¢]>~/%~ and 0.1 M KCl of BiOCl-modified CPEs at different scan
rates in the range from 2 to 200 mVs~!; (D) Dependence of redox peak current on the square root of

the scan rate.

The BiOCl-modified and unmodified carbon paste electrodes were tested by CV
measurements in the same solution containing the [Fe(CN)6]®~ /[Fe(CN)g]*~ redox couple.
The voltammograms show the electron transfer behavior of electrodes, and the 5% modified
electrode displays well-defined redox peaks at a 50 mV s~! scan rate in both forward and
backward scans in the potential range from —0.5 V to 1.2 V (Figure 2B). The increase in
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peak currents as well as the decrease in the peak-to-peak separation values, as the two
most-important parameters, strongly suggest that the electrode has an excellent electron
transfer process and higher electrochemical activity, compared to the unmodified carbon
paste electrode. Since CV can reveal the mechanism of the reaction, CV measurements were
performed in the same solution, in the same electrochemical window, but with different
scan rates (2 mVs~! to 200 mVs~!), as shown in Figure 2C. Increasing the scan rate also
increases the anodic and cathodic peak currents. Analysis showed that the correlation
between the currents of the redox peak and the square root of the scan rate is linear, as
evidenced in Figure 2D, with equations y = 4.4247x + 2.9638 with a linear regression
coefficient R? 0.99 for oxidation and y = —5.8278x — 1.0590 with an R? of 0.98 for reduction.
These results and this linear correlation confirmed that the mechanism of this redox process
is diffusion-controlled. The electrochemically active surface area was calculated using the
Randles—Sevcik equation [35]:

Ip:2.69><105><n%><A><C><\/5><V

where Ip is the peak current (A), n is the number of electrons in the redox reaction, A is
the electroactive surface area (cm?), D is the diffusion coefficient (D = 6 x 107% cm?/s),
C is the concentration of the reaction species in the electrolyte (mol/cm?), and V is the
scan rate (Vs~1). The calculated surface area for the bare carbon paste electrode was
0.205 mm?, compared to 2, 5, 7, and 10% BiOCl-modified CPEs, whose calculated values
were 0.254 mm?, 0.371 mm?Z, 0.324 mm?2, and 0.305 mm?, respectively.

3.3. Electrochemistry of QN and Method Development

Data on the capacity and size of the electrode material’s active surface, as well as the
kinetics of the reaction on the electrode, can be obtained using CV. The voltammetric signals
of quinine solution in BRBS at pH 6 were recorded using unmodified and modified carbon
paste electrodes with varying percentages of modification. Cyclic voltammograms, shown
in Figure 3A, were obtained at a scan rate of 50 mVs~! by recording a 100 uM QN solution
in BRBS pH 6 with an electrode modified with 2, 5, 7, and 10% of the BiOCI material. All
the tested electrodes provide resolved and well-defined oxidation peaks for QN at the
potential of around 0.95 V. However, modified electrodes show an increased peak current,
which is shown in the bar diagram (Figure 3B), indicating the promotion of the interaction
between the electrode surfaces and the tested analyte. This enhancement starts to decrease
for amounts of the modifier higher than 7 wt.%. These results suggest that catalysis loading
is an important part of sensor development. Above 7 wt.% loading of BiOCl, the catalyst
particles may begin to aggregate. This reduces the exposed catalyst surface area and limits
electrolyte access to the active sites. This is observed from the data that we obtained for the
BiOCl material with a high catalyst content of 10 wt.%. Furthermore, electrical conductivity
through the electrode may be impeded by the high content of the aggregated catalyst
particles, which was observed from CV data. Thus, the electrode exhibiting the highest
peak current value, with a 5% modifier, was chosen for additional investigation. Electrodes
with less than 2% modifier were not tested because the results would not be meaningful
due to the inability to homogeneously mix small amounts of material into the carbon paste.

Using a 5% modifier electrode for CV recording, the pH value of the supporting
electrolyte was optimized. The CVs of freshly prepared 100 uM QN solution were recorded
at a scan rate of 50 mVs~! in the pH range of BRBS supporting electrolyte from 2 to 10.
The results are displayed in Figure 3C. There is no discernible QN signal when the pH
of the solution is below 5. The CV shows that there is a significant shifting in the peaks
towards lower values of the oxidation peak potential as the supporting electrolyte’s pH
increases. This shift has a clear dependence in the range of pH values of the supporting
electrolyte from 5 to 10, and this dependence can be expressed through a linear curve whose
corresponding equation is y = —0.054x + 1.406 (Figure 3D). The slope of this curve has a
value of 54 mV /pH, indicating that the same number of protons and electrons are involved
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in the redox reaction on the surface of the electrode, according to the following equation:
Ep = (0.059 m/n)pH + b [36]. The number of transferred electrons in this redox reaction
was calculated using the following equation: Ep — Ep;/, = 47.7 mV/an [37], where Ep
and Epq/, represent peak potential and peak potential at half-height, and o is 0.5. The
calculated number of electrons is 1.17, which is close to 1. Following that, the reaction
mechanism was proposed and presented in Scheme 1. Looking at the literature, similar
behavior was recently reported by Dushna and co-workers, who reported that the redox
reaction of quinine is controlled by one electron and one proton [30]. However, to obtain
more detailed data, and to be able to assume reactions at the interface, additional research
should be carried out. It is noteworthy that, at higher pH values (9 and 10), the presence
of a reduction peak of weak but noticeable intensity was observed. Similar behavior was
reported by other authors at this pH as well as in highly acidic solutions [27,28,38,39].

20 7
bare CPE 6.23
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Figure 3. (A) Electrochemical behavior of QN over bare and differently modified (2, 5, 7, 10%) CPEs
at a potential range from —0.5 to 1.5 V in BRBS at 50 mVs~!; (B) Corresponding bar diagram of
the electrochemical behavior of QN over CPEs; (C) Cyclic voltammograms of 100 uM QN using
5% BiOCl-modified CPE in BRBS at different pH values in the range from 4 to 10 at 50 mVs~!;
(D) Dependence of the potential of the anodic peak current on pH.
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Scheme 1. The proposed mechanism of QN redox reaction over the developed BiOCI@CPE sensor.

Since the peak with the highest current value is obtained at pH 6, it was selected as
the optimal value for additional testing. Subsequently, CVs were recorded in the BRBS at
pH 6 (as was chosen), with scan rates varying from 2 mVs~! to 200 mVs~! (Figure 4A).
The graph shows that an increase in the intensity of the oxidation current accompanies
an increase in the scanning rate. If this dependence is presented as a ratio of the obtained
current for each value of the square root of the scan rate, a linear curve is obtained that can
be represented by the following equation: y = 0.590x — 0.823 (Figure 4B). The correlation
coefficient is R? = 0.9921. This linearity is a confirmation that the diffusion-controlled
process represents the nature of the electrode reaction on the electrode surface. In addition,
one can notice that there is also a slight shift of peak oxidation towards higher values of
the potential with increasing scan rate. This phenomenon, however, is a feature of the
adsorption-controlled process at high scanning speeds. This claim can be confirmed by the
appearance of the voltammograms themselves at higher scanning speeds. This is a general
feature of this system and has been reported by other authors as well [27,38]. Furthermore,
the logarithmic relationship between the oxidation peak current and scan rate was analyzed
and it is presented in Figure 4C. The linear dependence is represented by the equation
y =0.592x — 0.489 (R% = 0.9983), with a slope very close to the theoretical value for diffusion-
controlled processes (0.5), which indicates a dominantly diffusion-controlled process, with
a possible slight contribution of adsorption. This phenomenon can be confirmed with
negligible peak shifts at higher scan rate values.

y = 0.592x - 0.489

y = 0.590x - 0.823
R?=0.9983

R? = 0.9921

4 6 8 10 12 14 16 18 06 08 1.0 12 14 16 18 20 22 24 26
VIZ(mys T2 logV

0.6 08 10 12 14 2
E (V vs. Ag/AgCI)

Figure 4. (A) Cyclic voltammograms of 100 uM QN using 5% BiOCl-modified CPE in BRBS at pH 6
at different scan rates in the range from 2 to 200 mVs~!; (B) Dependence of redox peak current on the
square root of scan rate; (C) The linear logarithmic relationship between oxidation peak current and
scan rate.
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3.4. Quantification of QN

Employing techniques that enhance the ratio of faradaic to capacitive current and
consequently raise the detection sensitivity allows for quantitative analysis in voltamme-
try. Square-wave voltammetry (SWV) and differential pulse voltammetry (DPV) are the
techniques most frequently employed for this purpose. Differential pulse voltammetry
was selected for the quantitative determination of QN after these two approaches were
compared because it produced a better signal at the QN oxidation potential (Figure S1).

DPV measurements were recorded at amplitude 25 mV with both pulse width and
period 0.2 s, in a potential range from 0.6 to 1.5 V. Good results in improving the properties
of the carbon paste electrode were validated by utilizing previously optimized working
parameters to analyze the effects of different concentrations of analyte. Figure 5A represents
the voltammetric response of the developed sensor over different concentrations of QN in
the range from 10 pM to 140 uM, where linear dependence was obtained. Noticeable peak
shifts at higher concentrations confirm a slight contribution of the adsorption of the analyte
at the electrode surface. Figure 5B illustrates how the oxidation current is affected by the
addition of a standard QN solution. The calibration curve is described by the equation
y = 0.014x + 0.273 with a linear regression coefficient of 0.9745. Based on the values of the
calibration curve’s slope and the blank’s standard deviation, the limits of detection (LOD)
and quantification (LOQ) were determined using the following relations: LOD is 30/S and
LOQ is 100/S. In addition, the sensitivity of the developed sensor was calculated as S/ A,
where A stands for the surface area of the electrode. The values of these parameters were
acquired: LOD = 0.14 uM, LOQ = 0.47 uM, and sensitivity = 1.995 nA uM~! cm 2.

25 I
A 214 B &
2.0 1 |
1.8 4
1.5 1.5+
3 1.2
= 1.0
0.9 -
y =0.014x + 0.273
0.5 0.6 4 R?=0.9745
0.0 034 o
0.4 056 10 12 14 1.6 0 20 40 60 80 100 120 140 160
E (V vs. Ag/AgCl) C (uM)

Figure 5. (A) The DPV voltammetric response over the 5% BiOCl-modified CPE toward various
concentrations of QN (10-140 uM) in a potential range from 0.5 to 1.4 V at amplitude 25 mV and
pulse width and period of 0.2 s; (B) Calibration curve of QN for the concentration range from 10 to
140 pM.

In summary, our findings were compared with those of other modified electrodes by
looking at the method’s most crucial analytical parameters, like linear range and detection
limit, as well as how the method was applied to actual samples. Our results are comparable
in terms of operating range and detection limit (Table 1). The most significant benefit of our
sensor is the ease of material preparation, environmentally friendly synthesis, and a wider
linear range of operation. Additionally, according to the World Health Organization [40],
QN exhibits toxic effects on humans in concentrations higher than 100 mg/L (or 308.25 uM),
and it is not present in medicines and beverages in concentrations higher than 166 mg and
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85 mg/L, respectively. In conclusion, the developed sensor with its properties can be easily
applied to analyze various real samples such as pharmaceuticals and food and beverage
samples.

Table 1. Comparison between recently reported results for QN detection.

LR LOD
El Meth H 1 Ref.
ectrode ethod p (M) (uM) Sample e
BDDE ppv 55 0= gy  softdrinksand [30]
1.96 urine
urine and
p-(AHNSA)/GCE SWV 7 0.1-100  0.0142  pharmaceutical [38]
formulations
MIP-MIC- 07 5x
AuNPs/MWCNT- DPV 8 10-3 10-8 blood and urine [28]
chitosan/PGE
MWCNTs-RTIL/GCE ~ SWV 68  3-100 044 commercial [39]
injection
HMDE SWV 104 3 ;472; 0.043 soft drinks 6]
BiOCl/CPE DPV 6 10-140 0.14 soft drinks This work

3.5. Stability, Repeatability, and Reproducibility Studies

For this part, the goal was to examine the response of one electrode during the
recording of the same concentration of quinine over a day, as well as to examine the
response of several different electrodes to the same concentration of quinine. This would
provide data on the reproducibility and repeatability of measurements. For both of these
measurements (20 uM quinine), the relative standard deviation values obtained were less
than 5%. This result indicates that the proposed sensor is adequately reproducible and
that the reproducibility of the measurements is also very high. Additionally, measurement
stability was monitored throughout the study, using prepared paste. A concentration of
20 uM quinine was measured every 3 days. In the meantime, the electrode stood in ambient
conditions, protected from light. After 45 days of monitoring, the ratio initial peak/recorded
peaks were at a value of 5.7%. If it is taken into account that the proposed sensor, like
other CPE electrodes, is a homemade heterogeneous structure, it can be considered that the
obtained deviation values do not represent a significant deviation and that the developed
method and the prepared sensor can be tested in work with real samples.

3.6. Selectivity Studies

The selectivity of the sensor is one of the most important parameters during method
development. To evaluate the selectivity of the BiOCI@CPE sensor for QN detection,
different metal and organic compound solutions were examined. DPV measurements were
performed under optimized parameters in 100 uM QN solution with the addition of 100 pM
interference solutions (1:1 v/v). Our findings revealed that the presence of metals (Ca, K,
Cu, Mg, Na), ascorbic acid (AA), glucose (Glu), uric acid (UA), levofloxacin (LEV), and
paracetamol (PAR) did not interfere with the quantification of QN, resulting in changes in
the current signal of less than 3% (Figure S2).

3.7. Real Sample Analysis

The developed method was used for the determination of QN in beverages. A tonic
drink that has no more than 85 mg/L according to the declaration was tested, after 2 prepa-
ration steps: ultrasonic degassed for 7 minutes and dilution 2.5 times with BRBS pH 6. DPV
measurements were performed under optimized parameters with a 5% BiOCl-modified
electrode. The measurement was repeated in triplicate and the relative standard deviation
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of the measurement was 4.3%, which fully fits the previously obtained values of the re-
peatability of the method. These results support the fact that the influence of the matrix is
negligible and that the developed sensor system is highly selective for the determination
of quinones in real samples. Using a calibration curve and UV-Vis validation, the concen-
tration of QN in a tonic water beverage was determined. Figure 6A represents the DPV
voltammogram of the drink sample. The diluted sample gave an oxidation peak on 1.1 V
potential with a peak current of 0.8605 A, and the calculated value of QN concentration in
tonic drink is 59.51 mg/L. Figure 6B shows the UV-Vis Spectra of 5, 15, 25, 35, and 45 mg/L
ON standard solutions and the sample solution prepared in the same way. After plotting
the calibration curve, the sample gave an absorbance value of 0.3976, and QN concentration
was determined from equation y = 0.016x + 0.003. QN concentration obtained by UV-Vis is
60.58 mg/L, which follows previously obtained results using the developed sensor and the
declaration of the drink. Considering all the above, the developed sensor can be utilized as
a new method for QN determination in beverage samples.

5 4.0
AB sl “
) i 2 —5mg/L 07
—-— baseline ] et 1 y=o016x+0.003
44 Tonic Water | drink sample 1 3.0 25 mgiL R?=0.999
. gos
! m ] ", — 35 mg/L g"
g 254\ 1/| —— 45 mg/L $is
3 4 ~ Al ---=sample
8 2.04\\V)
5 d 0
e 1 '5 T bt o 0 0 0 40 s
2 - 8 E C (mgiL)
o 1.0
< ]
0.0
0 T T T -0.5 T T T T T
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E (V vs. Ag/AgCl) Wavelenght (nm)

Figure 6. Determination of QN in beverage sample using (A) The developed sensor; (B) The standard
UV-Vis method, with the inserted image representing the corresponding calibration curve.

4. Conclusions

To summarize, we have successfully applied an organic solvent-free hydrothermal
method to synthesize highly crystalline pseudospherical BiOCl nanoparticles. Using
TEM, SEM, and XRD techniques, we carefully assessed the nanomaterial’s morphological
properties. The electrochemical performance of a BiOCl-supported carbon paste electrode
for QN detection showed rapid electron transfer kinetics, with remarkable electroactivity.
The developed detection method, DPV, under optimized working conditions exhibited
excellent stability, repeatability, and reproducibility over a wide linear range (10-140 uM),
low detection limit (0.14 uM), and high sensitivity (1.995 pA pM~! cm~2). Additionally, the
BiOCI@CPE sensor demonstrated practical applicability in beverage samples, which was
validated using the standard UV-Vis method. In conclusion, the developed BiOCI@CPE
sensor presents a promising material for the effective electrochemical detection of QN, with
potential applications in beverage sample analysis. This method can be easily applied in
routine research by using the standard addition method or a calibration curve.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/electrochem5040027 /s1, Figure S1: (A) Comparison between
DPV and SWV methods for QN quantification with corresponding bar graph (B); Figure S2: Bar
graph of the peak currents of QN without and with the addition of potential interfering species.
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