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lid-state sulfite sensors modified
with two different ion-to-electron transducers:
rapid assessment of sulfite in beverages

Hisham S. M. Abd-Rabboh, ab Abd El-Galil E. Amr, *cd Ayman H. Kamel, *a

Mohamed A. Al-Omarb and Ahmed Y. A. Sayedc

An integrated all-solid-state screen-printed ion-selective potentiometric sensor for rapid assessment of

sulfite ion in beverages, based on analytical transduction, is described. The constructed potentiometric

cell incorporates a polymeric membrane sulfite ion-selective electrode based on cobalt(II)

phthalocyanine (CoPC) as a recognition material and an Ag/AgCl reference electrode with a polyvinyl

butyral reference membrane. Two different solid-contact transducers, namely multi-walled carbon

nanotubes (MWCNTs) and polyaniline (PANI) were used for a comparative study. The presented sensors

exhibited a rapid Nernst response across the concentration ranges from 2.0 � 10�6 to 2.3 � 10�3 M and

from 5.0 � 10�6 to 2.3 � 10�3 M with detection limits equal to 1.1 � 10�6 M and 1.5 � 10�6 M for

sensors based on MWCNTs and PANI, respectively. The proposed sensors manifested high selectivity and

sensitivity, enhanced stability and low cost that provides a wide number of potential applications for food

analysis. Good performance characteristics were obtained for the proposed method after applying the

validation requirements. Method precision, accuracy, bias, trueness, repeatability, reproducibility, and

uncertainty are examined. These analytical capabilities support the rapid and direct determination of

sulfite in different beverage samples. The analytical results were verified and compared with the standard

iodometric method.
1. Introduction

For centuries, sulte has been extensively used as a preservative
agent in the food industry, and beverages, in addition to some
pharmaceutical products.1,2 The role of sulte is to prevent
oxidation, browning occurring via enzymatic and non-
enzymatic reactions, and bacterial growth in such products.3

Sulte has a negative effect on human health, especially for
people suffering from sulte oxidase deciency disease. So, the
amount of sulte in food should be well controlled. The United
States Food and Drug Administration (US-FDA) has set the
maximum sulte content in non-alcoholic beverages, and wine
products as 10 mg mL�1.4,5 Therefore, the need for sensitive,
highly selective, fast, and cost-effective methods for sulte
assessment is in great demand. These methods should be
developed for quality control and quality assurance (QC/QA) in
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the food industry.6 Different analytical techniques were pre-
sented in the literature for sulte determination. Some of these
techniques include spectrophotometry,7,8 spectro-
uorimetry,9–11 chemiluminescence spectrometry,12–14 and
phosphorimetry.15 Chromatography based techniques have
been widely used for sulte determination including ion chro-
matography (IC),16 gas chromatography (GC),17 liquid chroma-
tography (LC),18,19 electrophoresis20 and ion exclusion
chromatography.21 Biosensors based on electrochemical trans-
duction using enzymes were also reported for sulte determi-
nation.22–24 Most of these reported methods and techniques
have several drawbacks including low selectivity, time
consumption, need for expensive equipment; require tedious
sample pre-treatment steps and low efficiency for sulte deter-
mination in real food samples.

Electrochemical techniques, especially potentiometric ion-
selective electrodes, can be considered as good alternatives to
other reported techniques for sulte determination. They are
characterized by their high sensitivity and selectivity, low-cost
instrumentation, no sample pre-treatment is required and
eases of operation. Potentiometric electrodes based on neutral
or charged carrier ionophores have been widely introduced for
detecting several ions either in medical, environmental, or
industrial samples.25–30 Only few reports regarding potentio-
metric sensors for sulte anion determination were reported in
RSC Adv., 2021, 11, 3783–3791 | 3783
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the literature.31–33 On the other hand, there is no commercial
sulte electrodes are available in the market till now for the
determination of sulte.

Nowadays, all-solid-state potentiometric electrodes have
attracted great interest in ion sensing for diverse applications
such as clinical and environmental elds due to their
outstanding properties such as high portability, simplicity of
use, affordability and exibility.34–38 They are now recognized as
the next generation for ion-sensing potentiometric electrodes.
When the ion-sensing membrane is directly casted on the
electronic conductor (i.e. Coated wire electrodes, CWEs), an
unstable boundary potential response is induced because of the
unfavorable blocked interface between the sensing membrane
and electronic conductor. An ion-to electron transducing
material, which is inserted between the ion-sensing membrane
(ISM) and the electronic conducting substrate, is assigned as
the essential part for designing robust, and reliable solid-state
potentiometric electrodes. Actually, the existence of ion-to
electron transducer can enhance the long-term stability and
the reproducibility of these types of electrodes.

In this work, we offered a simple, reliable and whole-cell all-
solid-state screen printed potentiometric sensors based on
cobalt(II) phthalocyanine ionophore for detecting sulte ions.
Polyaniline (PAN) and multi-walled carbon nanotubes
(MWCNTs) lms were used as the solid contact transducers.
The sensors offered low detection limit, wide linearity,
enhanced selectivity, high accuracy, long term stability, rapid
response time with low fabrication cost, and are suitable for
quality control/quality assurance in beverage industry.
2. Materials and methods
2.1. Apparatus

A PXSJ-216 pH per mV meter (INESA Scientic Instrument Co.,
Ltd, Shanghai, China) was used for all potentiometric
measurements at room temperature. Metrohm DropSens
Screen-Printed Carbon electrodes were used for chron-
potentiometric measurements. The working (4 mm diameter)
and auxiliary electrodes are made of carbon, while reference
electrode is made from Ag/AgCl (Ref. C11L, Ceramic substrate:
L33 � W10 � H0.5 mm). Screen-Printed Carbon Electrodes
(SPCEs) (Ceramic substrate: L33 � W10 � H0.5 mm with silver
electric contact) modied with either carboxyl functionalized
multi-walled carbon nanotubes (MWCNT–COOH/carbon) (ref.
110CNT) or polyaniline (PANI/carbon) (ref. 110PANI) were used.
Metrohm potentiostat/galvanostat (Autolab, model 204, Her-
isau, Switzerland) was used for these measurements.
2.2. Chemicals and reagents

De-ionized water (specic resistance ¼ 18.2 MΏ cm) obtained
with a Pall-Cascada laboratory water system was used for solu-
tion preparations. Tridodecylmethylammonium chloride
(TDMAC), high molecular weight PVC and 2-nitrophenyl octyl
ether (o-NPOE) were obtained from Sigma-Aldrich. Cobalt(II)
phthalocyanine (CoPC) was purchased from Midcenturey
(Posen, IL, USA). Tetrahydrofuran (THF), freshly distilled prior
3784 | RSC Adv., 2021, 11, 3783–3791
to use, was purchased from Fluka Chemika-BioChemika (Ron-
konkoma, NY, USA). All other chemicals were of analytical grade
and used as received without any prior treatment. All potential
measurements were performed in 1 : 1 mix of 10 mM NaCl and
10 mM phosphate buffer solution (PBS) of pH 6. The liquid
junction potentials and the activity coefficients were corrected
according to the Henderson and Debye–Huckel equations,
respectively.

2.3. Sensors' fabrication and calibration

The ion-sensing membrane (ISM) was prepared aer dissolving
of 32.0 mg of PVC powder, 63.0 mg of o-NPOE as a plasticizer,
2.0 mg of TDMAC additive and 3.0 mg of CoPC in 2 mL THF.
From the homogeneous solution, a 15 mL of the sensing
membrane solution and that of the PVB reference membrane
solution, was drop-cast over the modied screen-printed elec-
trode and the Ag/AgCl ink electrode surface, respectively. The
same step is also done for unmodied screen-printed electrodes
(C/SO3

2�-ISE) to prepare coated-wire electrodes (CWEs).
Conditioning of the proposed sensor was carried out aer
soaking at rst in 1.0 � 10�3 M sulte solution for 2 h and then
in 10�8 M sulte solution for two days before use. When the
electrodes are not in use, the storage was carried out in
a mixture of 10 mM NaCl and 10 mM phosphate buffer solution
(PBS) of pH 6. Potential values were recorded for different sulte
concentrations aer potential stabilization of �0.1 mV and
were plotted versus the logarithm of sulte ion concentration to
construct the calibration curve.

2.4. Analytical applications

In food/beverage matrices, sulting agents producing different
species including sulte, bisulte, metabisulte, and other
sulte forms depending on the pH of the food/beverage.39 The
level of sulte in some beverage samples collected from the
local market was evaluated using the proposed electrodes. A
comparison in parallel for sulte monitoring was carried out
using the standard iodometric method. To a 25 mL beaker
containing 5 mL of a 1 : 1 mix of 10 mM NaCl and 10 mM
phosphate buffer solution (PBS) of pH 6, a 5 mL aliquot of the
beverage sample was added and the solution was stirred. The
proposed electrode was then immersed in the solution in
conjunction with the reference electrode and the potential was
recorded. The level of sulte content in the measured samples
was calculated using the constructed calibration plot. In
absence of the beverage sample, the blank experiment was
carried out under the same conditions.

The standard iodometric method was used for comparison
with the proposed potentiometric method. In this standard
method, a 100 mL aliquot of the test sample was transferred to
a 250 mL measuring ask with 1 mL of 1 : 1 H2SO4 and 0.1 g
sulfamic acid. A 1 mL of soluble starch solution as an indicator
was added to the solution. The titration process was conducted
using 2mM standard KI/KIO3 solution [0.4458 g KIO3 + 4.35 g KI
+ 310 mg NaHCO3 in 1 L de-ionized water]. The observed end
point was characterized by the existence of the dark purple color
(1.00 mL of the titrant ¼ 500 mg sulte).
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Calibration plot of sulfite PVC membrane-based sensors: (a) C/
MWCNTs/SO3

2� ISE (sensor I); (b) C/PANI/SO3
2� ISE (sensor II); and (c)

C/SO3
2� ISE (sensor III).

Fig. 2 pH plot for all sulfite PVC membrane-based sensors in 1 mM
sulfite solution: (a) C/MWCNTs/SO3

2� ISE (sensor I); (b) C/PANI/SO3
2�

ISE (sensor II); and (c) C/SO3
2� ISE (sensor III).
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3. Results and discussion
3.1. Sensors' performance characteristics

Solid-contact screen-printed sulte-selective electrodes based
on a polymeric membrane containing cobalt(II) phthalocyanine
ionophore were evaluated and studied. The electrodes were
modied with two different solid-contact transducers namely
MWCNTs and PANI. The polymeric membrane contains CoPC
as an ionophore, TDMAC as ionic additive, o-NPOE as a solvent
mediator, and PVC as a polymeric matrix. The calibration plot
was made in a background solution containing 1 : 1 mixture of
1 mM NaCl and 1 mM PBS at pH 6. Sensors based on MWCNTs
(sensor I) and PANI (sensor II) ion-to electron transducers
revealed a linear potential response over the concentration
ranges of 2.0 � 10�6 to 2.3 � 10�3 M and 5.0 � 10�6 to 2.3 �
10�3 M with Nernstian slopes of �29.8 � 0.4 and �26.5 �
0.6 mV per decade, and detection limits of 1.1 � 10�6 and 1.5 �
10�6 M, respectively (Fig. 1). Un-modied electrode (sensor III)
(i.e. in absence of solid-contact transducer) was also checked for
comparison. It revealed a linear potential response over the
concentration range of 7.2 � 10�6 to 2.3 � 10�3 M with
a Nernstian slope of �28.8 � 0.7, and a detection limit of 2.7 �
10�6 M. All performance characteristics of the proposed sensors
were summarized in Table 1.
Table 1 Potentiometric characteristics of sulfite sensors in 1 mM PBS/1

Parameter Sensor I

Slope (mV per decade) �29.8 � 0.4
Correlation coefficient (r2) 0.998
Linear range (M) 2.0 � 10�6 to 2.3 � 10�3

Detection limit (M) 1.1 � 10�6

Working acidity range (pH) 5–7.2
Response time (s) <5
Accuracy (%) 99.2
Precision (%) 1.1
Trueness (%) 99.2
Bias (%) 0.7
Within-day repeatability (%) 0.4
Between-days variations (%) 0.8

© 2021 The Author(s). Published by the Royal Society of Chemistry
For routine analysis and industrial purposes, it is essential to
test the life span of the presented sensors. Therefore, the
performance characteristics of these sensors were evaluated
day-to-day by daily calibration. It was found that the slope and
detection limit were constants over six working-days. Aer the
sixth day to the 15th day, both calibration slope and detection
limit start to decline. Aer two weeks working, a complete
electrode failure was observed. Therefore, all performance
characteristics of the proposed electrode such as detection
limit, response time, linear range and calibration slope were
found to be reproducible within their original values over
a period of at least one week.

The pH effect on the potential response of the proposed
sulte sensors was evaluated aer changing the pH of 1 mM
sulte solution in 1mMNaCl background solution from pH 3 to
11 using CH3COOH and NaOH concentrated solutions. The pH
versus potential was plotted and represented as Fig. 2. It was
found that the sensors revealed a constant potential for the
above-mentioned concentration over the pH ranges 5 to 7.2, 4.8
to 7.7 and 5 to 7 for sensors I, II and III, respectively. At pH > 8,
the potential is interrupted due to the severe interference
coming from OH� ions. At pH < 3, the potential is sharply
mM Na2SO4, pH 6

Sensor II Sensor III

�26.5 � 0.6 �28.8 � 0.7
0.999 0.999
5.0 � 10�6 to 2.3 � 10�3 7.2 � 10�6 to 2.3 � 10�3

1.5 � 10�6 2.7 � 10�6

4.8–7.7 5–7
<5 <5
98.9 98.7
0.8 0.9
99.1 98.8
0.9 1.2
0.9 1.1
0.3 0.9

RSC Adv., 2021, 11, 3783–3791 | 3785
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Fig. 3 Real-time potentiometric response of the developed ion-
selective electrodes. (a) C/MWCNTs/SO3

2� ISE (sensor I); (b) C/PANI/
SO3

2� ISE (sensor II); and (c) C/SO3
2� ISE (sensor III).
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increased due to the formation of the un-detectable H2SO3/
HSO3

� species (pKa ¼ 1.89). So, all subsequent measurements
were carried out in 1 mM PBS of pH 6, containing 1 mM Na2SO4

as a background solution.
Response times for the presented sensors were assessed by

recording the time required to attain 95% of the equilibrium
steady-state potential (within �0.3 mV). It was found that all
suggested sensors have a response time of <5 s over all sulte
concentrations in the range of 1.0 � 10�6 to 1.0 � 10�3 M. The
real-time potentiometric response of the developed ion-
selective electrodes was shown in Fig. 3.

Precision and accuracy of the proposed method were evalu-
ated aer replicate measurements of internal quality control
sulte samples (IQC) containing 1.0, 10.0, 50.0 and 100.0 mg
mL�1 sulte, (n ¼ 6, each). The relative standard deviations
(RSD) were found to be in the range 1.1� 0.3 to 0.8� 0.02%, 0.9
� 0.02 to 1.3 � 0.2% and 1.2 � 0.4 to 0.9 � 0.05% for sensors I,
II and III, respectively. Eqn (1) is used to calculate the method
precision, in which the average of sulte results is (X) and the
standard deviation is (S).

Precision, % ¼ (S/X) � 100 (1)

Absolute uncertainty is expressed as: X sulte value �
precision.

Accuracy of the test method was evaluated by spiking
a reference sample with known sulte amount. It was calculated
using eqn (2) and found to be 99.2 � 0.6 to 98.7 � 0.3%.
Table 2 Potentiometric selectivity coefficient log Kpot
SO3

2�;J for the propos

Sensor type

log K
pot
SO3

2� ;J

NO3
� NO2

� Cl�

Sensor I �4.2 � 0.2 �4.7 � 0.1 �4.9 � 0.1
Sensor II �4.5 � 0.1 �4.4 � 0.3 �4.8 � 0.2
Sensor III �4.1 � 0.3 �4.7 � 0.1 �4.3 � 0.4

a �: standard deviation of 4 measurements.

3786 | RSC Adv., 2021, 11, 3783–3791
Accuracy, % ¼ [(Xs � X)/Xadd] � 100 (2)

where: Xs is the mean results of sulte content in the spiked
sulte sample, X is the mean result of the amount of sulte in
the un-spiked sample and Xadd is the amount of sulte added to
the sample.

Trueness and bias of the test method were evaluated aer
replicate analyses carried out on standard sulte samples (1.0,
10.0, 50.0 and 100.0 mg mL�1 sulte) according to eqn (3) and
(4), respectively.

Trueness, % ¼ (X/m) � 100 (3)

Bias, % ¼ [(X � m)/m] � 100 (4)

where: X is the mean of test results obtained for the standard
sample and m is the true value of this standard sample.

Method repeatability and reproducibility were measured
aer detecting the spread of results of a sulte sample (10–100
mg mL�1) either in the same day or on different days. The data
obtained were collected aer measuring the sulte reference
sample using different sensor assembly and different instru-
ments at different times.

Reproducibility (R) is evaluated from eqn (5) aer calculating
the standard deviation (SR) of the results obtained.

R ¼ 2.8 � SR (5)

The obtained data for reproducibility within-day and
between-days were calculated and registered as 0.4 � 0.02 to 1.1
� 0.2% and 0.8 � 0.05 to 0.3 � 0.05% for sensors I and II,
respectively.
3.2. Selectivity

One of the most important parameters for sensors' character-
ization is to evaluate their selectivity behavior. Potentiometric
selectivity coefficients ðKpot

SO3
2� ;JÞ of the proposed electrodes were

evaluated using the modied separate solutions method
(MSSM).40 All anions used in this study were in either their
sodium or potassium form. Table 2 summarized the selectivity
coefficient values for all tested anions. All measurements were
performed within the concentration range of 1 � 10�5 M to 1 �
10�2 M solutions of interfering anions. The selectivity patterns
for the proposed sensors were in the orders: SO3

2� > NO3
� >

NO2
� > Cl� > CH3COO

� > F� > SO4
2� > PO4

3�; SO3
2� > NO2

� >
NO3

� > CH3COO
� > Cl� > F� > SO4

2� > PO4
3�; and SO3

2� > NO3
�

ed sulfite sensorsa

CH3COO
� F� SO4

2� PO4
3�

�5.1 � 0.1 �5.7 � 0.1 �5.9 � 0.2 �6.3 � 0.1
�4.7 � 0.3 �5.2 � 0.4 �5.5 � 0.4 �6.1 � 0.3
�4.5 � 0.4 �5.3 � 0.3 �6.1 � 0.1 �6.2 � 0.2

© 2021 The Author(s). Published by the Royal Society of Chemistry
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> Cl� > CH3COO
� > NO2

� > F� > SO4
2� > PO4

3� for sensors I, II
and III, respectively. It was noticed that the revealed enhanced
selectivity towards sulte ions obeyed the anti-Hofmeister order
and in accordance with Kpot

SO3
2� ;J order reported with other

metallo-phthalocyanine based sensors designed for other
anions.41,42
3.3. Redox/double-layer capacitance measurements

The well-dened ion-to-electron transduction processes of solid
contact ion-selective electrodes (SC-ISEs) are governed by the
existence of a redox/double-layer capacitance at the ion-sensing
membrane/solid contact (ISM/SC) interface. This redox/double-
layer capacitance is affected by the inherent characteristics of
the solid-contact functional materials used as ion-to-electron
transducers. These materials act as asymmetric capacitors
based on redox/double-layer capacitance, allowing charging/
discharging over a small but nite measuring current during
potentiometric measurements.43 In this work we compare
between the effects of two different solid contact transducers on
the sensors' response. The rst one is polyaniline (PANI), which
is assigned as a conducting polymer and generates a redox
capacitance on the interface between ISM and SC substrate.
This generated redox capacitance relies on the redox buffering
capacity that comes from the intrinsic properties of ionic and
electronic conductivities, which can be affected by the doping
agents. The ion-to-electron transduction using PANI layer can
be considered as a surface-conned charge-transfer process
that only occurs on its surface, and depends on its surface
reactivity and electrical capacitance, not its thickness. The other
transducer is MWCNTs, in which the ion-to-electron trans-
duction is based on the formation of a double-layer capacitance
at ISM/SC interface. The electrical double layer is created aer
Fig. 4 Schematic representation of (A) an SC-ISE with PANI layer (redo
capacitance layer).

© 2021 The Author(s). Published by the Royal Society of Chemistry
the attraction of the electrons/holes in the solid-contact side
and the anions/cations in the ISM side. This interfacial capac-
itance has a remarkable effect on the potential stability of the
solid-contact electrodes; as it increases, it allows an enhanced
potential stability. The response mechanism in presence of
either PANI or MWCNTs layers were presented in Fig. 4.

To evaluate the potential stability of these electrodes and the
interfacial capacitances in absence and presence of solid-
contact transducer, reversed-current chronopotentiometry
technique was used.44 Aer applying the current I ¼ �1 nA, the
chronopotentiograms for both C/MWCNTs/SO3

2� ISE (sensor I)
and C/PANI/SO3

2� ISE (sensor II), together with C/SO3
2� ISE

(sensor III) are shown in Fig. 5. The potential dris (DE/Dt) were
calculated to be 38.3, 41.2 and 173.2 mV s�1 for sensors I, II and
III, respectively.

Long-term stability of both C/MWCNTs/SO3
2�-ISE (sensor I)

and C/PANI/SO3
2�-ISE (sensor II), together with C/SO3

2�-ISE
(sensor III) were also checked due to that the adhesion between
ISM and substrate might decrease in a long time, resulting in
the deterioration of potential responses. Long-term potential
stability was examined aer continuous measuring in freshly
prepared 1 mM sulte solution for 24 h. The potential dri was
found to be 18.2 � 0.3, and 21 � 0.2 mV h�1 (n ¼ 3) for C/
MWCNTs/SO3

2�-ISE (sensor I) and C/PANI/SO3
2�-ISE (sensor

II), respectively. The potential dri for C/SO3
2�-ISE (sensor III)

was found to be 112� 0.2 mV h�1 (n¼ 3). From these results, the
presence of solid-contact material produces an excellent long-
term stability as compared to C/SO3

2�-ISE (sensor III). The
short-term and long-term potential stabilities of the C/
MWCNTs/SO3

2�-ISE (sensor I) and C/PANI/SO3
2�-ISE (sensor II)

are greatly enhanced in the use of these solid-contact
x capacitance layer) and (B) an SC-ISE MWCNTs layer (double-layer

RSC Adv., 2021, 11, 3783–3791 | 3787
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Fig. 5 Chronopotentiometry for sulfite-ISEs (a) C/SO3
2� ISE (sensor

III); (b) C/MWCNTs/SO3
2� ISE (sensor I) and (c) C/PANI/SO3

2� ISE
(sensor II).

Fig. 6 Impedance plots of the C/SO3
2�-ISE (a), C/PANI/SO3

2�-ISE (b)
and C/MWCNTs/SO3

2�-ISE (c).
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nanomaterials. This can be attributed to the interfacial capac-
itance of the solid-contact material.

The interfacial capacitances (C) (i.e. DE/Dt ¼ I/C) were also
evaluated and found to be 26.1� 1.2, 24.3� 0.7 and 5.7� 0.6 mF
for sensors I, II and III, respectively. From all of these obtained
Fig. 7 Effects of CO2, O2 and light on the potential stability of (A) C/MW

3788 | RSC Adv., 2021, 11, 3783–3791
results, it was noticed that the sulte sensor based on MWCNTs
has better enhanced potential stability and better interfacial
capacitance than that sensor based on PANI as a solid-contact
transducer. Un-modied sulte electrode (sensor III) revealed
low potential stability than sensors I and II, with solid contact
materials inserted between SC and ISM. In sensor III, the elec-
trical double layer can also form but the capacitance value is
quite small due to the absence of effective ion-to-electron
transduction. Therefore, this electrode is seen to be polariz-
able without the ability to buffer any random tiny charge noise.
3.4. Impedance measurements

The impedance spectra of C/MWCNTs/SO3
2� ISE (sensor I), C/

PANI/SO3
2� ISE (sensor II) and C/SO3

2� ISE (sensor III) were
shown in Fig. 6. The bulk resistance (i.e. Membrane resistance
and contact resistance at the interface between the ion-sensing
membrane and the electronic support) is represented as the
high-frequency semicircle in the impedance spectrum. The
calculated values were 5.3, 12.4 and 8.7 kU for C/MWCNTs/
SO3

2� ISE (sensor I), C/PANI/SO3
2� ISE (sensor II) and C/SO3

2�

ISE (sensor III), respectively. This indicates that the C/
MWCNTs/SO3

2� ISE (sensor I) has a low charge transfer resis-
tance at the sensing membrane/MWCNTs interface. In addi-
tion, the low-frequency semicircle part of the of C/MWCNTs/
SO3

2� ISE (sensor I) and C/PANI/SO3
2� ISE (sensor II) is rela-

tively smaller than that of the C/SO3
2� ISE (sensor III). These

demonstrated the presence of a low-charge transfer resistance
as well as a high double-layer capacitance at the interface
between the sensing membrane and MWCNTs layer.
3.5. Effects of O2, CO2, and light

The effects of dissolved CO2 and O2 in addition to light on the
potential-stability of both C/MWCNTs/SO3

2�-ISE and C/PANI/
SO3

2�-ISE were evaluated. The potential responses of the pre-
sented electrodes were recorded in 1 mM SO3

2� solution under
the condition of bubbling CO2 and N2, or O2 and N2 for 30 min.
The effect of light is evaluated aer introducing the presented
sensors in 1 mM SO3

2� with the ambient light on/off. As pre-
sented in Fig. 7, there no observable potential dri can be found
CNTs/SO3
2�-ISE and (B) C/PANI/SO3

2�-ISE.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Water layer tests for (A) C/MWCNTs/SO3
2�-ISE and (B) C/PANI/SO3

2�-ISE. [C/SO3
2�-ISE (dotted line)].

Table 3 Sulfite determination in some non-alcoholic beverage samples using the proposed potentiometric method and the standard iodo-
metric method

Sample

Sultea, mg mL�1

F-TestPotentiometry Iodometry,45

Non-alcoholic malt beverage, (Birell, Alahram Beverage Co.), Egypt 11.2 � 1.3 13.4 � 0.8 4.76
Non-alcoholic malt beverage, (Fayrouz, Alahram Beverage Co.), Egypt 19.1 � 0.6 20.4 � 1.1 1.42
Non-alcoholic malt beverage, (AMSTEL Zero, Alahram Beverage Co.), Egypt 7.8 � 0.3 7.4 � 1.5 3.55
White sparkling apple juice (Appetites, Spain) 290.3 � 0.8 285.2 � 2.3 5.23
White sparkling grape drink (Carl Jung, Germany) 266.3 � 0.5 271.2 � 2.3 2.34

a Average of six measurements.
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in the presence of CO2, O2 and light. This conrms the
robustness of the presented sensors towards either CO2, O2 or
light.

3.6. Water-layer test

The effect of a water-layer between the sensing-membrane and
the inserted solid-contact transducer on the potential stability
of the presented sensors was carried out. The modied elec-
trodes and C/SO3

2�-ISE were sequentially immersed in 1 mM
SO3

2�, 0.1 M Na2SO4, and 1 mM SO3
2�. As shown in Fig. 8,

compared with C/SO3
2�-ISE, the C/MWCNTs/SO3

2�-ISE and C/
PANI/SO3

2�-ISE revealed a stable potential-response during the
test. This demonstrates the absence of a water layer at interface
between the sensing membrane and the solid contact trans-
ducer. This can be attributed to the resultant hydrophobic
characteristic of both MWCNTs and PANI.

3.7. Sulte assessment in non-alcoholic beverages

The amount of sulte present in different real non-alcoholic
beverage samples collected from the local market was
assessed using the validated presented method with sensor C/
MWCNTs/SO3

2� ISE (sensor I). The obtained results were
compared with the results of the standard iodometric method45

and summarized in Table 3. An F-test presented no remarkable
difference at the 95% condence level between means and
© 2021 The Author(s). Published by the Royal Society of Chemistry
variances of both the potentiometric and titrimetric sets of
results. The calculated F values (n ¼ 6) were found to be in the
range of 1.42–5.23 compared with the tabulated value (6.39) at
the 95% condence level.
4. Conclusions

Cost-effective, reliable and robust solid contact carbon screen-
printed sulte electrodes based on potentiometric trans-
duction were developed, characterized and applied for sulte
detection in non-alcoholic beverages. The electrodes were based
on the use of cobalt(II) phthalocyanine (Co-PC) as an ionophore
and a selective recognition receptor for sulte. The conductive
substrate of the screen-printed electrodes was made from
carbon and modied with multi-walled carbon nanotubes
(MWCNTs) and polyaniline (PANI). These compounds were
used as solid contact transducers between the ion-sensing
membrane (ISM) and the solid contact (SC). The sensors were
electrochemically characterized and revealed rapid Nernst
responses across the concentration ranges from 2.0 � 10�6 to
2.3 � 10�3 M and 5.0 � 10�6 to 2.3 � 10�3 M with detection
limits equal to 1.1� 10�6 M and 1.5� 10�6 M for sensors based
on MWCNTs and PANI, respectively. They displayed fast
response times (<5 s) in 10 mM PBS, pH 6. Reversed-current
chronopotentiometry was used to calculate the short-term
RSC Adv., 2021, 11, 3783–3791 | 3789
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potential stability and interfacial capacitances of the proposed
sensors.
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21 S. Islas-Valdez, S. López-Rayo, H. Hristov-Emilov,
L. Hernández-ApaolazaJuan and J. J. Lucena, Int. J. Biol.
Macromol., 2020, 142, 163.

22 R. Rawal, S. Chawla and C. S. Pundir, Biosens. Bioelectron.,
2012, 31, 144.

23 A. S. S. N. M. Teixeira, P. R. S. Teixeira, E. A. O. Farias,
B. F. Sousa, K. B. L. M. Sérvulo, D. A. da Silva and C. Eiras,
J. Solid State Electrochem., 2020, 24, 1143.

24 B. Molinero-Abad, M. A. Alonso-Lomillo, O. Domı́nguez-
Renedo and M. J. Arcos-Mart́ınez, Anal. Chim. Acta, 2014,
812, 41.

25 A. H. Kamel and A. M. E. Hassan, Int. J. Electrochem. Sci.,
2016, 11, 8938.

26 E. H. El-Naby and A. H. Kamel, Mater. Sci. Eng., C, 2015, 54,
217.

27 A. El-Kosasy, A. H. Kamel, L. Hussin, M. F. Ayad and N. Fares,
Food Chem., 2018, 250, 188.

28 A. H. Kamel, X. Jiang, P. Li and R. Liang, Anal. Methods, 2018,
10, 3890.

29 A. H. Kamel, T. Y. Soror and F. M. Al-Romian, Anal. Methods,
2012, 4, 3007.

30 S. S. M. Hassan, I. H. A. Badr, A. H. Kamel and
M. S. Mohamed, Anal. Sci., 2009, 25, 911.

31 I. H. A. Badr, M. E. Meyerho and S. S. M. Hassan, Anal. Chim.
Acta, 1995, 310, 211.

32 R. S. Hutchins, P. Molina, M. Alajaŕın, A. Vidal and
L. G. Bachas, Anal. Chem., 1994, 66, 3188.

33 S. S. M. Hassan, S. A. Marei, I. H. Badr and H. A. Arida,
Talanta, 2001, 54, 773.

34 N. S. Abdalla, M. A. Youssef, H. Algarni, N. S. Awwad and
A. H. Kamel, Molecules, 2019, 24, 712.

35 A. Galal Eldin, A. E. Amr, A. H. Kamel and S. S. M. Hassan,
Molecules, 2019, 24, 1392.

36 S. A. Ezzat, M. Ahmed, E. A. Amr, M. A. Al-Omar, A. H. Kamel
and N. M. Khalifa, Materials, 2019, 12, 2924.

37 M. Cuartero and G. A. Crespo, Curr. Opin. Electrochem., 2018,
10, 98.
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