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Selective determination of nitrite in water and food
samples using zirconium oxide (ZrO,)@MWCNTs
modified screen printed electrodet
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Nitrite ions are being used in different forms as food preservatives acting as flavor enhancers or coloring
agents for food products. However, continuous ingestion of nitrite may have severe health implications
due to its mutagenic and carcinogenic effects. Thus, this study constructed an electrochemical assay
using disposable nano-sensor chip ZrO,@MWCNTs screen printed electrodes (SPE) for the rapid,
selective, and sensitive determination of nitrite in food and water samples. As a sensing platform, the use
of nanomaterials, including metal oxide nanostructures and carbon nanotubes, exhibited a superior
electrocatalytic activity and conductivity. Morphological, structural, and electrochemical analyses were
performed using electron microscopy (SEM and TEM), Fourier-transform infrared (FTIR) spectroscopy,
electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV) and chronoamperometry (CA).
Accordingly, a wide dynamic linear range (5.0 uM to 100 pM) was obtained with a limit of detection of
0.94 uM by the chronoamperometric technique. In addition, the sensor's selectivity was tested when
several non-target species were exposed to the sensor chips while no obvious electrochemical signals
were generated when the nitrite ions were not present. Eventually, real food and water sample analysis
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Introduction

Nitrite, an inorganic nitrogenous compound that occurs in
nature, is considered a hazardous pollutant because of its
toxicity to human health, and persistence in the environment.*?
It is widely used in food additives in cured meat products,
chemical bleaches, soil fertilizers, dying agents, and corrosion
inhibitors,*” in addition to some pharmaceutical uses such as
cyanide poisoning antidotes and blood anticoagulation drugs.®
However, excessive nitrite intake in the human body causes
arterial hypertension,” brain anoxia,® induced abortion,’ and
irreversible oxidation of hemoglobin to methemoglobin.* Also,
it has mutagenic and carcinogenic effects that cause gastric
cancer' and birth defects such as blue baby syndrome.*
Accordingly, WHO and the European Commission's Food
Science Committee (ECFSC) set an acceptable daily intake (ADI)
for nitrite of 0.07 mg kg™ ' body weight per day, equivalent to
4.2 mg nitrite per day for a 60 kg adult.”*** Therefore, contin-
uous monitoring of nitrite levels in food or any other environ-
mental samples is necessary. Hence, there is a need to develop
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was conducted, and a high recovery was achieved.

a sensitive and simple analytical method to be applied for the
fast detection of nitrite.

Classically, nitrite can be detected by many analytical
approaches such as ion chromatography,"”® chem-
iluminescence,"” flow injection analysis,"® spectrophotometry,*
and Raman spectrometry.”® However, these techniques are not
cost-effective and require complicated pretreatments that
consume time and chemicals. In addition, these techniques
involve sophisticated instruments that do not fit the on-site
monitoring. On the other hand, electrochemical methods are
more efficient and cost-effective,*** especially among them, the
cyclic voltammetry and chronoamperometry techniques. Both
techniques are used because of their high fast response, and
rapid analysis.”*** For better electrochemical performance,
modifications of working electrode surfaces with sensing
nanomaterials can be applied while using disposable screen-
printed electrodes, which have extra advantages of preventing
contamination by sample impurities, and less sample volume is
needed for analysis.”?®

As has been previously published in several articles, modi-
fied electrodes with multi-walled carbon nanotubes (MWCNTS)
exhibited a reasonable electrochemical sensitivity to nitrite
detection.”””* Electrode surface functionalization and modifi-
cation with MWCNTs are simple.** That is why the use of
MWCNTs in several sensors and biosensors applications are
widely common. For example, the synergistic integration of Au
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nanoparticles, Co-MOF and MWCNT as biosensors is used for
the sensitive detection of low-concentration nitrite.*** In
addition, ZrO, is highly reactive with a large surface area, and
offers a good distribution of particles in the composite.** Here,
a novel nanocomposite consisting of ZrO,@MWCNTs was
introduced as a new sensing platform for nitrite detection.
Thus, nanomaterial characterization, electrode surface modifi-
cation, electrochemical assay optimization, and real sample
analysis were accomplished in this study.

Materials and methods
Reagents and preparation of solutions

The tested nanomaterials that were used for the selection of the
composite were: multi-walled carbon nanotubes (MWCNTS),
manganese oxide (MnO,), tungsten oxide (WO;), cobalt oxide
(C003), cerium oxide (CeO;), aluminum oxide (Al,0;), antimony
oxide (Sb,0;) and zirconium oxide (ZrO,) nanomaterials were
screened for the selection of the highest oxidation peak current
of nitrite. For preparing the solutions: sodium acetate (CH;-
COONa), glacial acetic acid (CH;COOH), potassium ferricyanide
(K3[Fe(CN)s]) (FCN), potassium chloride (KCI) were prepared by
distilled water.

The nanomaterials were prepared at the concentration of
5.0 mg mL~". 0.1 M acetate buffer at pH 4.5 was prepared by
adding the glacial acetic acid to sodium acetate to adjust the pH
at 4.5 then adding distilled water to reach the volume of the
required molarity 0.1 M of sodium acetate. 0.1 M KCl and 5 mM
of (Ks[Fe(CN)s]) were used for the electrochemical character-
ization of modified electrodes using the CV and EIS.

Electrochemical measurements

Electrochemical investigations were conducted using Palmsens-
4 electrochemical portable-potentiostat from Palm-Sense
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Company (Randhoeve, Netherlands). Corrtest bench potentio-
stat from Corrtest-Instruments Company (China), commercial
screen-printed carbon electrodes were obtained from Zensor
Company (Taichung, Taiwan) with the following specifications:
carbon as the working and counter electrodes, Ag as the refer-
ence electrode. Electrode surface area was 3.0 mm. Electro-
chemical impedance spectroscopy (EIS), and cyclic
voltammetric (CV) analysis were carried out in triplicates using
potassium ferricyanide [Fe(CN)¢]*” (5 mM) as the standard
redox mediator. KCI (0.1 M) solution was used as the supporting
electrolyte. The impedimetric measurements were performed at
an open circuit potential, under a 10 mV potential magnitude,
and through the frequency range from 10 kHz to 0.1 Hz. For
quantitative EIS data analysis, all collected Nyquist plots were
fitted with an equivalent circuit model.

Voltammetric working parameters were recorded by
sweeping the potential within —0.4 to +0.9 V, with a 50 mV s *
scanning rate. All electrochemical studies were operated at lab
temperature (25 + 2 °C).

Modification of the screen-printed electrodes with the
nanocomposite (ZrO,@MWCNTSs)

Individual aqueous suspensions of metal oxides nano-
structured ZrO, and MWCNTs were prepared with the concen-
tration of 5.0 mg mL ™" using distilled water and sonicated for
20 minutes to have a homogenous dispersal nano-suspension.
In order to prepare a metal oxide/carbon nanotube nano-
composite, a volume of ZrO, was added to the dispersion of the
MWCNTs at the final ratio (3 : 1) respectively, and re-sonicated
for an additional 20 minutes. From this nanocomposite
suspension, 5.0 pL was drop-casted onto the active surface of
the working electrode of the disposable screen-printed elec-
trodes, and air dried. Scheme 1 represents the fabrication of
modified-screen printed electrodes (SPEs).
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Scheme 1 Electrochemical setup and steps of SPEs modification using the nanomaterials.
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For nitrite assay optimization, CV was performed in a 0.1 M
acetate buffer solution (pH 4.5) at a scan rate of 50 mV s~ " in the
potential range from -0.4 to 1.5 V. Moreover, chro-
noamperometry was carried out with an applied potential of
09 V.

Nanomaterial characterization using TEM, SEM and FTIR

Sensors surface morphological analysis was conducted using
high-resolution scanning electron microscopy (SEM-Quanta
FEI-250, with field emission gun, and an accelerating voltage
of 20.00 kV). 2D nano-sized images were obtained using high-
resolution-transmission electron microscopy (HRTEM, FEI-
Tecnai-T20). Functionalized SPEs surfaces were investigated
directly using Fourier transform infrared (FTIR) spectroscopy
(Thermo-Scientific-Nicolet iS10 FTIR) in the range of 400-

4000 cm 1.

Food and water samples analysis

The protocol described by Ding et al.> was applied to prepare
extracts of food samples in this study. A 5.0 g of food sample was
crushed, homogenized, and transferred quantitatively into
a 250 mL conical flask. 12.5 mL of sodium borate solution (50 g
L") was added, followed by adding 150 mL of distilled water,
and the mixture was heated for 20 minutes at 70 °C while stir-
ring continuously. Afterwards, the samples were left to be
cooled down before adding 5.0 mL of zinc acetate solution
(220 g L™"), and 5.0 mL of potassium ferricyanide solution
(106 g L™"). The grease was removed by centrifugation after 30
minutes of shaking and stirring at 10 000 rpm by (4200 tabletop,
Kubota centrifuge) and the supernatant was stored in the
refrigerator at 10 °C, and taken for examination within two
weeks after collection.

Different water samples were collected including tap water,
sheller water, wastewater, and ground water samples. A certain
volume of each sample was spiked with standard nitrite
concentration (45 uM) then the samples were analyzed, and the
recovery values were calculated. Worth meaning, sheller water is
the water used in the cooling systems of shellers. It contains
chemicals additives including nitrite to protect the pipes from
corrosion. The ground water sample was collected from an area
near to agricultural activities, while the wastewater was
collected from pharmaceutical production company where
nitrite salts are in use for many targets. In the case of tap water,
it was collected from a rural area where leak from the agricul-
ture drainage to the surface water may be possible especially
this water is stored in an underground tank before pumping.

Data analysis and statistics

The obtained data were estimated as mean = relative standard
deviation (RSD) from three individual investigations. After the
data investigation, the statistical significance was estimated by
the statistical hypothesis and the significance of the obtained
values was assumed to be p < 0.05. The limits of detection, LOD
= 3 X (SD/slope of the curve), and quantification, LOQ = 10 X
(SD/slope of the curve), SD: the standard deviation of the
intercept, were calculated in correlation to the designed

© 2023 The Author(s). Published by the Royal Society of Chemistry
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calibration curve."** The reproducibility of the nitrite sensor
was estimated as a relative standard deviation (RSD). All the
electrochemical results were drawn as correlated figures, and
the values were estimated and analyzed using Origin-Lab
software.

Results and discussion
Electrochemical screening of nanomaterials

For designing an effective sensor platform to be used for the
rapid and sensitive electrochemical determination of nitrite
traces in environmental and biological samples, screening
diverse of nanomaterials was conducted electrochemically
using CV, as well as EIS.

EIS is one of the most important electrochemical techniques
where the impedance in a circuit is measured by ohms (as
resistance unit). Over the other electrochemical technique, EIS
offers several advantages reliant on the fact that it is a steady-
state technique that utilizes small signal analysis, and it can
probe signal relaxations over a very wide range of applied
frequency, from less than 1 mHz to greater than 1 MHz, using
commercially available electrochemical working stations. In
a conventional electrochemical cell, matter-(redox species)-
electrode interactions include the concentration of electroactive
species, charge-transfer, and mass-transfer from the bulk
solution to the electrode surface in addition to the resistance of
the electrolyte could be monitored. An electrical circuit that
consists of resistances, capacitors, or constant phase elements
that are connected in parallel or in a series to form an equiva-
lent circuit characterizes each of these features. Thus, the EIS
could be used to explore mass-transfer, charge-transfer, and
diffusion processes.*>*® Accordingly, the EIS can study intrinsic
material properties or specific processes that could influence
conductance, resistance, or capacitance of an electrochemical
system.

All nanomaterials were characterized and screened either
using the targeting analyte (nitrite ions NO, ), or using the
5.0 mM ferricyanide (FCN) as the standard redox probe,
whereas the height of oxidation current of nitrite was applied as
the main selection criteria. Besides, FCN redox behaviors
alongside its EIS signals were taken into consideration for the
confirmation of the electrochemical performances of the
nanostructured screen-printed electrodes (nano-SPEs). As
shown in Fig. 1a, all modified electrodes with the metal oxides
nanostructures provided higher oxidation currents than the
unmodified electrode. In this regard, peak height with around
300 pA was obtained from the modified surfaces, and less than
100 pA peak height was obtained from the unmodified surface.
Among all tested metal oxides, zirconium dioxide (ZrO,)
modified-SPE provided the highest nitrite voltammetric signal.
Accordingly, ZrO, was selected as the first sensor component
that will be integrated with the MWCNTSs for better catalytic
activity and conductivity. As a result, the electrochemical signal
of nitrite oxidation was raised from 100 pA, to about 600 pA
(almost 6-fold increase) when the modified SPE with the
ZrO,@MWCNTs was employed for nitrite oxidation, as shown
in Fig. 1b. The modification with composite ZrO,@MWCNTSs

RSC Adv, 2023, 13, 21259-21270 | 21261


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra03448h

Open Access Article. Published on 17 July 2023. Downloaded on 1/21/2026 7:55:54 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

700 700
= Bare SPE a = Bare SPE
600 4 = MnO, ( ) 60094 Zro, (b)
€00, MWCNTs
500 === WO, 500 4
= ZrO,@MWCNTs
Sb,0,
g 4009 —ce0, 24
ES
= Zro, / = 3004
5 300 = ALO, \ é
E 5 2004
3 200 3
100 4
100 /
/ 04
0+
-100 4
-100 v v v T T T T
0.0 04 0.8 12 16 0.5 0.0 05 15
Potential (V) Potential (V)
1000 900
(C) 8004 R?=0.999 (d)
800 o 10 mM
7004 I,(4A)=77.7186C (mM) + 11.9755
_ 600+ 6004
3 é 500 -
£ 400+ -
g £ 400+
5 1mM 5
© 2004 © 3004
200 4
0+
100 4
200 oy T T T 0 T T T T T
0.5 0.0 05 1.0 15 0 2 4 6 8 10
Potential (V) NO; Concentration (mM)
600
0.94 4 f .
w00, (e) R? = 0.997 M
-1 L
0 100 mV.s 9929 E(v) = 0.1708l0g v + 0.5938
_ __0.904
g 300 S
1 S oss
o 2004 <
5 E 0.86 4
© 1004
0.84 4
0
0.82 4
-100
T T T T T 0.80 T T T T T T T
0.5 0.0 05 1.0 15 12 13 14 15 16 17 18 19 20 21
Potential (V) log v
360 o
R? = 0.990 (9)
3404 I (nA) = 27.0347v"2 + 86.7322
320 4
i 300 4
€ 280 4
e
3 2604
240 4
220 4
2004 ®

Fig. 1

6 7 8 9

v112 (mv_s-1 )1/2

10

View Article Online

Paper

(a) CVs of bare and modified SPEs with different metal oxides (MnO,, WOz, CoOs, CeOs, Al,O3, Sb,03, and ZrO,), using a single nitrite

concentration (0.1 M) at scan rate of 50 mV s~ (b) CVs of bare, ZrO,, MWCNTs and Zr,Os@MWCNTSs on SPE for detecting 0.1 M nitrite, at scan

rate 50 mV s L. (c) Effect of nitrite subsequent additions on the voltammetric signal of the ZrO,@MWCNTs-based SPE at scan rate of 50 mV s

-1

with nitrite range 1-10 mM. (d) The corresponding linear relationship between the oxidation current of nitrite, and its concentrations (n = 3). (e)
CVs of ZrO,@MWCNTs at different scan rates with 8.0 mM of nitrite. (f) Peak current value versus the square root of scan rates. (g) The calibration

plot of the current versus the scan rate'’2. The voltammetric experiments were conducted in acetate buffer (pH 4.5, 0.1 M).

21262 | RSC Adv,, 2023, 13, 21259-21270

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra03448h

Open Access Article. Published on 17 July 2023. Downloaded on 1/21/2026 7:55:54 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Fig. 2

Paper

resulted in enhanced peak current of nitrite compared to the
peak current of the bare electrode by enhancing the effect of
electron transfer rate. As a result, the modified SPEs with the
chosen nanocomposite have substantially supported quick and
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effective voltammetric oxidation of varying nitrite concentra-
tions, where a strong dependency of the oxidation current on

the nitrite concentrations was obtained. As shown in Fig. 1c and

d, a linear increase in

the obtained oxidation currents was
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(a) CVs of the voltammetric characterization for the modified screen-printed electrodes with metal oxides (MnO,, CoOs, WO3, CeOs,
Sb,04, AlbO3z and ZrO,). (b) Impedimetric characterization (Nyquist plots) for the modified screen-printed electrodes with metal oxides nano-
structures. FCN (5.0 mM) was used as a standard redox probe for the voltammetric as well as the impedimetric characterizations in 0.1 M KCL. (c)
CVs of 5.0 mM FCN voltammetric signals of bare, ZrO,, MWCNTs and ZrO,@MWCNTs modified SPEs. (d) The corresponding Nyquist plots of
bare and the modified electrodes. (e) Effect of scan rate changes (from 10-100 mV s~%) on the voltammetric signals, inset: the equivalent circuit
of ZrO,@MWCNTs (f) the corresponding calibration plot of peak current vs. the scan rate’’2. All electrochemical characterization experiments
(CV, and EIS) were conducted in the electrolyte solution containing 5.0 mM of [Fe(CN)gl®*~ in 0.1 M KCl with the scan rate of 50 mV s~ 1.
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correlated with the frequent increase in the nitrite ions
concentration from 1.0 to 10 mM. The obtained oxidation peak
current densities were plotted with respect to nitrite concen-
trations and the corresponding linear regression equation is I,
(nA) = 77.7186C (mM) + 11.9755 (R> = 0.999).

Moreover, the effect of scan rate on the voltammetric peak
current and peak position of the nitrite oxidation was studied
using the modified SPEs, as depicted in Fig. 1e and f. Further-
more, the enlarged surface area, due to the implementation of
MWCNTs, offered the possibility of carrying on redox reactions
for nitrite ions for a wide range of concentrations without
reaching a saturation or declining level as shown in Fig. 2Sa
(ESIT). In fact, the large surface area, and the high electro-
catalytic properties are the main advantages for designing the
targeting electrochemical nitrite sensors.

Electrochemical properties

The electrochemical (CV & EIS) characterization yielded well-
defined and sharp reversible redox peaks, confirming the
importance of metal oxides in improving voltammetric signals
and decreasing the overall charge transfer and diffusion resis-
tances, as shown in Fig. 2a and b.

The different materials were tested for the reversible reaction
of 5 mM [Fe(CN)]*~ in 0.1 M KCl. Distinguished behaviors of the
nanomaterials were obtained where some of the metal oxides
exhibited weaker electrochemical performances than the bare-
SPE (e.g. the Sb,03), and others showed extremely high electro-
chemical signals (MWCNTs incorporated with the zirconium
oxide). This was supported by the voltammetric as well as the
impedimetric patterns, Fig. 2a and b. From the Nyquist plots
(Fig. 2b), the Warburg impedance (W) was predominant than the
charge transfer resistances (R.), this was very clear from the
sharp line that was extend along the imaginary and real imped-
ances. This is an interesting phenomenon to reflect the diffusion
characters demonstrated by nanomaterials.***¢

Moreover, incorporation of MWCNTs with the zirconium
oxide provided the maximum voltammetric signal, which was
combined with the generated (favored) lowest impedimetric
signals, as shown in Fig. 2c and d. Additional EIS analysis
explained the behavior the selected nanomaterials, as the resul-
ted Nyquist plot (Fig. 2b) of bare SPE, ZrO, and ZrO,@MWCNTSs
in presence of 5.0 mM of the FCN was conducted, the ZrO,
showed a poor conductivity with a high resistivity of 1500 Ohm in
spite of its relatively good catalytic activity. Probably the high
charge transfer resistance is caused by the disordered aggrega-
tion of the nanomaterials.”> MWCNTs provides the lowest elec-
tron transfer resistance, and accordingly, the modification of
ZrO, with MWCNTs (ZrO,@MWCNTSs/SPE) enhanced the
conductivity of the proposed sensor as the charge transfer resis-
tance decreased to 280 Ohm, indicating a faster electron transfer
rate. This is attributed to the combination of the tubular shape of
MWCNTs and the crystallinity of the ZrO, providing abundant
electron transport pathways and active sites, that improves the
nitrite absorption during the oxidation reaction.’”

Consequently, the effect of scan rates was demonstrated, as
the increase in scan rates led to an increase in peak current in
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a dynamic and linear relationship, as shown in Fig. 2e and f.
The linear regression equation between the current and the
square root of the scan rate confirmed that the redox reaction
occurred on the electrode's surface was a diffusion-controlled
process and affected by the scan rate value.

Scan rate effect, number of electron transfer, surface area
calculation

Diffusion controlled process or adsorption-controlled process is
a scan rate dependent phenomenon. To define which process is
taking place at the nano-SPE, voltammetric oxidation of nitrite
was tested over a range of scan rates, while the other parameters
are kept constant.

As shown in Fig. 1e, the oxidation peak height was contin-
uously increased with increasing the scan rate from 20 to
100 mV s *. From the obtained and presented results in this
figure, the square root of the scan rate (X-axis) was plotted vs.
the increase in the oxidation current (Y-axis), i.e. (V"> vs. i),
Fig. 1f. In parallel, a systematic shift in the oxidation peak
position with scan rate in cyclic voltammetric measurements
was obtained in Fig. 1g. As a result, the anodic peak current
provided a good linearity with the square root of scan rate,
confirming that nitrite oxidation is dominated by a diffusion-
controlled process, which agrees with the previous nitrite
sensor of Pt/CoO/GCE electrode.*® The linear regression equa-
tion between oxidative peak potential (E,) and logarithm of
scanning rate (logv) is E, (V) = 0.1708logv + 0.5938 (R*> =
0.997).

The number of electrons in this redox reaction was calcu-
lated by Laviron equation:*

E, = E” + (RTlanF)log(RTkolanF) + (RT/lanF)logv (1)

where E” = the standard electrode potential (V), R = the
universal gas constant (8.314 J mol ' K™ '), T'= the temperature
(298.15 K), a = the electron transfer coefficient, n = the number
of electrons participating in the reaction, and F = the Faraday's
constant (96.485 C mol ).

Based on the slope between E, and logv inset (Fig. 1f), an
was calculated to be 0.15041.

Afterward, using eqn (2), where Ep, = the half-peak poten-
tial, and E;, = the standard potential.

|Epi — Ep| = 1.857(RT/aF) )

« was calculated to be 0.0795, and the n was estimated to be
1.89-2 electrons, which matches with the previous reported
finding.*®* Thus, the proposed voltammetric oxidation mecha-
nism of nitrite on two electrons could be presented as follows:

NO,™ + H,0 — NO;~ + 2H* + 2¢~ (3)

On the other hand, electroactive surface area of the electrode
was determined from the change of scan rates of the redox
reaction of ferricyanide, as shown in Fig. 2e. The increase of the
anodic peak current (I,,) with increasing the scan rates (from 10
to 100 mV s~ ') exhibited a linear relationship when the I,,, was

© 2023 The Author(s). Published by the Royal Society of Chemistry
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plotted vs. the square root of the scan rate (v*?), (Fig. 2f) with I,
(nA) = 319.6396v"% — 676.3417 (R*> = 0.998). This linearity
demonstrated the dynamic diffusion-controlled process
occurred at ZrO,@MWCNTs modified electrode.

Further calculations were conducted to estimate the elec-
troactive surface area according to Randles-Sevcik eqn (4):

I, = (2.69 x 10°n**CAD"*y'? (4)

where, I, is the oxidation peak current (A), n is the number of
electrons transferred in a redox cycle, C is the molar concen-
tration of redox-active species, A is the electroactive participated
surface area (cm®), D is the diffusion coefficient (cm” s™*), and v
is the applied scan rate (V s™%).

Accordingly, the electroactive surface area of the bare SPE,
ZrO, and MWCNTs was calculated to be 0.023 cm?, 0.047 cm?
and 0.037 cm?, respectively. Moreover, the calculated effective
surface area of the modified electrodes with the nanocomposite
ZrO,@MWCNTs was estimated to be 1.5 cm” (65 times higher
than the effective surface area of bare SPE). These results indi-
cated that the modified ZrO,@MWCNTs sensor exhibited
a large electroactive surface area. From the relationship of the
increase of the peak highest with the scan rate changes and the
stable position in their potential (i.e. no shift towards the
positive potential was obtained) thus, a diffusion-control
process could be concluded.

The reason behind this process is attributed to the use of the
hybrid of nanostructures (metal oxides plus the carbon nano-
tubes) that accelerated the kinetic reaction (rapid charge

View Article Online

RSC Advances

transfer) that created the diffusion-controlled process. In fact,
this was expected since the fast charge transfer process was
observed and revealed by the EIS results (Fig. 2d).

Sensors morphological and functional analysis

The morphology of the ZrO, and MWCNTs had a major role in
the diffusion-controlled process. The average size of the ZrO,
NPs is about 21 + 5 nm. ZrO, has a large surface area, higher
reactivity and a good distribution of the particles in the
composite.* In addition, MWCNTs are widely used as catalyst
due to their chemical stability, excellent electronic properties,
physical shape, and specific surface area.*® Therefore, the dual
properties of ZrO, and MWCNTs exerted a synergistic effect on
the electron transfer rate of nitrite in the oxidation reaction. To
further explore the morphological characterization for the
nanocomposite, the scanning electron microscopy (SEM), as
well as the transmission electron microscopy (TEM) were
employed. As shown in Fig. 3a, direct imaging of the active area
of the nanomaterial-based screen-printed showed a full
coverage with tube-like structures decorated with bright
spherical dots, which represented the homogenous dispersion
of the nanoparticles of zirconium metal oxide with the
MWCNTs onto the SPE surface. Similarly, TEM image (Fig. 3b),
showed the classical nanotube shape with the nano-spheric
decoration. Meanwhile, a selected area electron diffraction
(SAED) pattern was obtained, as shown in Fig. 3c. Thus,
multiple-defined rings of the SAED indicate the crystallinity of
the nanocomposite, which is mainly acquired by the zirconium
oxide nanoparticles.

Fig. 3
TEM grid. (c) The corresponding diffraction pattern (SAED).

© 2023 The Author(s). Published by the Royal Society of Chemistry

(@) SEM image of the SPE modified with the nanocomposite (ZrO,@MWCNT). (b) TEM image of the nanocomposite suspension on the
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Fig. 4 FTIR spectra recorded from the MWCNTSs, ZrO, and SPE modified with ZrO,—MWCNTs.

Additionally, FTIR spectra were collected directly from the
surfaces of SPEs modified with ZrO, and ZrO,-MWCNTs (as
shown in Fig. 4). The results demonstrated the declining and
disappearance of the remarkable stretching bands of the ZrO,
to show the successful conjugation between the metal oxide
nanoparticles and the elongated shapes of the carbon
nanotubes.

Electrochemical assay optimization

The successful selection of the nanocomposite (ZrO,@-
MWCNTs) was followed by testing the weight ratio between the
zirconium oxide and carbon nanotubes, as shown in Fig. 5a.
The highest voltammetric signal resulted from the nitrite
oxidation at the electrode surface was exhibited when the ratio
between ZrO, and MWCNTSs was (3 : 1). Increasing the concen-
tration of ZrO, in the matrix led to an inhibition in the vol-
tammetric signal at (4 : 1) ratio. The reason behind the decrease
in the voltammetric signals when the metal oxide exceeded the
limit is referring to material nature of the ZrO,, which one of the
metal oxides that have semiconducting property. Accordingly,

~
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Fig.5
acetate buffer on 0.1 M nitrite peak signal of the ZrO,@MWCNTs/SPE.
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this ratio (3 : 1) was selected for further analysis as the optimal
composition.

Consequently, the effect of pH change on the peak current of
nitrite oxidation was tested over pH range 4-6 using acetate
buffer. The highest peak current was obtained in solution of pH
4.5, followed by a gradual decrease in the peak current until it
disappeared completely above pH > 6, as given in Fig. 5b. The
voltammetric signal of nitrite is very sensitive to the pH
changes. As the acidic pHs (less than 3) caused deterioration of
the nanomaterials from the SPE surface, also at alkaline pHs
(more than 5) the signal became disturbed and noisy. Hence,
PH 4.5 was selected as the optimal.

Chronoamperometric measurements for nitrite quantitative
analysis

Direct oxidation of nitrite ions was operated here chro-
noamperometrically, under the optimized conditions, using the
modified screen-printed electrodes. A convenient route is
introduced by subsequent additions of standard nitrites
concentrations at a fixed time interval of 50 s with continuous
stirring of the electrolyte (0.1 M acetate buffer, pH: 4.5).

400 o — (b)

~,

)
A
=3

Current (pA)
@
8
o

250

4.0 45 5.0 55 6.0
pH

(a) CVs of the ZrO,@MWCNTSs weight ratio effect after addition of 0.1 M nitrite, in 0.1 M acetate buffer. (b) CVs of the effect of pH change of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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linear relationship between the nitrite ions concentration, and the generated signals at different applied DC values (n = 1). The measurements
were conducted in acetate buffer (pH 4.5) as the supporting electrolyte. (c) Chronoamperometric response of ZrO,@MWCNTSs/SPE to the
successive additions of nitrite (5-100 pM) at 0.90 V in 0.1 M acetate buffer (pH: 4.5), (n = 3) Fig. 3S (ESI¥). (d) The corresponding calibration plots.

All optimum parameters were applied.

Accordingly, standard individual calibration curves were con-
structed at different applied DC potentials (0.7, 0.75, 0.8, 0.85,
and 0.9 V) to determine the effect of such applied potential on
the chronoamperometric responses of nitrite oxidation at the
disposable sensor chips. The selected potential values were
based on the voltammetric signal of the nitrite oxidation and
from the faradaic current obtained at the potential range
starting from 0.6-1.1 V, Fig. 1c. Therefore, the effect of DC
potential was studied among this potential range. To that end,
very fast oxidation currents were recorded for all DC values, the
increase in the amperometric signal was dependent on the
addition of nitrite ions into the electrochemical cells, as shown
in Fig. 6a. In respect to the linearity relationship between the
analyte concentration and intensity of the generated signals,
applied DC value of 0.9 V provided the best linear proportion
and highest electrochemical signal, as shown in Fig. 6b. Thus,
for the further analytical measurements, 0.9 Vwas chosen as the
optimum applied potential in the chronoamperometric tech-
nique. Eventually, a chronoamperometric curve was con-
structed with the addition of nitrite in Fig. 6¢c, and a standard
calibration curve was maintained for the sensitive sensing of
nitrite, as shown in Fig. 6d. With a quick sensing time of 1.2 s
Fig. 1S (ESIf), ultra-high sensitivity was obtained over a wide

© 2023 The Author(s). Published by the Royal Society of Chemistry

range of nitrite concentrations (5.0 uM to 100 uM). With a very
strong regression coefficient (R” = 0.999) and a good linearity Ia
= 0.03495x + 0.09586, the limit of detection and quantification
were calculated to be 0.94 uM and 3.14 uM, respectively. Worth
mentioning here that the obtained limit of detection is lower
than the fatal level set by the WHO which is (8.7-28.3) uM of
nitrite in water,*" Table 1. Hence, a very high sensitivity was
achieved with the quick chronoamperometric sensing
responses when the ZrO,@MWCNTSs/SPEs were used for the
quantitative analysis of nitrite ions.

Nitrite sensor's selectivity testing

As the sensor is planned for real sample analysis, then it will be
exposed to some sort of complex matrices. Therefore, testing its
amperometric performance towards nitrite species mixed with
other non-targeting analytes is necessary. Accordingly, 0.1 M of
the non-targeted analytes solutions of sodium nitrate NO;™,
potassium chloride, sodium benzoate, monosodium glutamate,
potassium sulphate, sodium bicarbonate, and sodium tetrabo-
rate were prepared and their individual electrochemical
behaviors were tested by CV Fig. 4S (ESIt). In addition, all the
interferents were tested by CA. As a result, no obvious cyclic
voltammetric or amperometric signals were generated from

RSC Adv, 2023, 13, 21259-21270 | 21267
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Table 1 Comparison between ZrO,@MWCNTs/SPE and previously described nanomaterial-based working electrodes for nitrite electro-

chemical determination

The modified electrode Method Linear range (uM)  LOD (uM)  Ref.
Metal-organic gel-carbon nanotube/glassy carbon electrode DPV 0.3-100 0.086 2
Molybdenum oxide/cobalt oxide/carbon cloth AMP 0.3125-4514 0.075 4
Bismuth selenide/carboxylic multiwalled carbon nanotubes AMP 0.01-500 0.002 25
500-7000
Gold nanoparticles/cobalt hydroxide/carbon cloth AMP 0.625-77.5 0.1 42
0.625-3387.5
Zinc oxide/Nafion/glassy carbon electrode AMP 0.3-6.1 (AMP) 0.21 12
LSV 0.8-4.8 (LSV) 0.62
Flexible laser-induced graphene electrodes functionalized SWV 10-140 0.9 5
by CNT decorated by Au nano-particles
a-Manganese oxide/molybdenum disulfide AMP 100-800 16 9
Iron sulfide nanorods-functionalized carbon cloth AMP 0.625-235.5 0.07 13
Molybdenum disulfide AMP 1-386 0.028 43
Silver/copper/multi-walled carbon nanotube AMP 1-1000 0.2 44
Tin sulfide AMP 0.1-2830 0.0136 11
Glassy carbon electrode modified with hierarchical porous carbon, DPV 4-148 0.09 39
silver sulfide nanoparticles and fullerene
Carbon spheres decorated with iron oxide/iron carbide/iron nanoparticles =~ AMP 1-2540 0.06 45
Near spherical zin oxide/glassy carbon electrode CA 0.6-5500 0.39 (CV) 46
LSV 1.9-5900 0.89 (LSV)
Iron-nickel layered double hydroxide nanosheet arrays supported on CvV 2-1000 0.4 47
carbon cloth
Silica/carbon/alumina/silica pyridinium chloride group AMP 0.2-280 0.01 48
Carbon selenide nanofilms on carbon cloth LSV 0.5-1800 0.04 37
Gold nanowires/carbon nano fibers/graphene AMP 1.98-3771 1.24 41
Ammonia oxidizing bacteria (AOB) in biofilm sensor AMP 7-70 2.39 49
70-700
ZrO,@MWCNTSs/SPE Chrono-AMP (CA)  5-100 0.94 This work
250 Reproducibility and sensor's stability
NO: NO; To evaluate the reproducibility issue, amperometric measure-
2 l ments were carried out for a single concentration of nitrite,
200 4 8 mM, using several freshly prepared sensor chips. For each
sensor chip, the obtained oxidation current intensity was very
1 similar, as shown in Fig. 8a. Only a slight deviation of about
€ 150 « 3.65% was observed, showing the high reproducibility level of
[ o1e .
£ the sensor surface. On the other hand, sensor stability and its
o lifetime were evaluated over four weeks after its fabrication, as
100 + can be seen in Fig. 8b. A deviation of 6% was obtained indi-
cating the high stability of the sensor's fabrication.
50 T T T T T s ..
0 100 200 300 400 500 Nitrite detection in real samples
Time (s) As mentioned in the above section, the sensor is mainly

Fig. 7 Chronoamperometric responses of targeting analyte (0.5 mM
nitrite ions), and 0.1 M of non-targeting analytes including (a) nitrate,
(b) chloride, (c) benzoate, (d) glutamate, (e) sulphate, (f) bicarbonate,
(9) borate, with additions of 0.5 mM of nitrite in 0.1 M acetate buffer pH
(4.5).

those tested foreigner species, while the sensor was responding
quickly to the addition of the nitrite ions even in the presence of
mixtures of the foreigner ions, as shown in Fig. 7. Thus, the
newly designed nitrite sensor provides high selectivity and
sensitivity supported by fast responses.

21268 | RSC Adv, 2023, 13, 21259-21270

designed for the practical application in real samples Fig. 5S
(ESIt). The optimized assay offers high sensitivity and high
selectivity towards nitrite analysis. Thus, determination of
nitrite ions in several water and processed meat samples was
established by applying the standard addition method. In this
regard, raw processed food and water samples were tested
chronoamperometrically (n = 3) using individual sensor chips.
The electric response of each sample was tested before and after
adding a standard nitrite solution, 45 pM, to each where the
sample concertation was calculated based on the difference in
the electric response. The obtained results are tabulated in
(Table 2) showing high recoveries (from 99.86 to 102.89%) with

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(a) CV responses of 8 mM nitrite with using multiple sensor chips. (b) CV responses of 8 mM nitrite with using a single sensor chip for

multiple measurements in four different weeks. All optimal parameters were applied.

Table 2 Nitrite determination in reals food and water samples using the newly developed nitrite sensor”

RSD (%),
Sample Detected (uM) NO, ™ added (uM) Spiked (M) Recovery (%) (n=23)
Chicken salami 437 £1.41 45 49.4 100.06 2.86
Meat salami 4.54 £ 0.17 45 49.5 99.91 0.34
Sausage 5.06 £ 0.35 45 50.0 99.86 0.72
Burger 4.55 £ 1.19 45 49.5 99.88 2.40
Tap water 0.41 £ 0.16 45 45.4 99.97 0.37
Sheller water 43.3 £ 1.78 45 89.6 102.89 1.99
Wastewater 2.55 £ 1.30 45 47.6 100.11 2.74
Ground water 2.60 £ 1.15 45 47.5 99.78 3.31

% WHO permissible limit for nitrite 3.0 ppm recovery% = 100 x (spiked — detected)/NO,~ added.

the RSD (from 0.34 to 3.31%), confirming the high reliability of
the sensor to be applied in real sample analysis. Although the
nitrite ion was detected in the tap water, for the present sample,
its concentration is very low relative to the WHO permissible
limit (3.0 ppm).

Based on the real samples results, the present nanomaterial
is promising for constructing portable analysis systems suitable
for the direct and onsite monitoring of nitrite concentrations,
an ease sensors' fabrication, cheap and no previous experience
is required for the system operation.

Conclusion

A new nanocomposite was introduced here as a sensor platform
ZrO,@MWCNTSs/SPE for the sensitive and selective determina-
tion of nitrite ions in food and water samples. Among a long list
of metal oxide nanostructures, ZrO,exhibited superior electro-
chemical properties that were supported by the CV and EIS
measurements. Conjugation of ZrO, with the multi-walled
carbon nanotubes forming the ZrO,@MWCNTs
composite showed remarkable enhancements in the electro-
catalytic activity and conductivity of the sensor surface.
Chronoamperometric assay was fully optimized, and the sensor
chips showed a high stability over a long period, in addition to
the high stability and reproducibility. The specificity features of
the sensors was evaluated by testing several non-targeting
species, and with no general chronometric responses, the

nano-

© 2023 The Author(s). Published by the Royal Society of Chemistry

high selectivity was proven. Accordingly, real food and water
samples were analyzed, and the results confirmed the high
recovery. ZrO,@MWCNTSs/SPE has a great promise for the
sensitive and reliable detection of nitrite onsite. Android or I0S
application smart phones for the onsite detection of nitrite by
wireless portable potentiostats can be considered in the next
approach.
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