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Highlights:

e A nanostructured CPE sensor based first on fullerene was developed for electrochemical
determination of vanillin.

e Fullerene (FNTs) and MWCNT contribute to the nanostructuration of the carbon paste leading
to amplify vanillin electrochemical signal (LD of 34 nM) with a wide linear range

e The sensitive sensor was validated for the determination of vanillin additive in commercial
vanilla sugars without interferences.

e The f-MWCNTSs-FNTs/ CPE presented a simple and economical device without any

pretreatment.

Abstract.

In this paper, a simple, economical, selective and sensitive electrochemical sensor is proposed for
the quantification of vanillin (VAN) in real food samples. It consists of a carbon paste electrode
(CPE) nanostructured with Fullerene (FNTs) and functionalized multi-walled carbon nanotubes (f-
MWCNTS). The developed electroanalytical method was performed with cyclic voltammetry after
optimization of operating conditions, such as supporting electrolytes, pH values and accumulation
time. After optimization, the nanostructured sensor showed wide linear responses in the range from
5x10°8 to 9x10 mol.L™ for VAN trace levels and from 107 to 10 mol.L"* for higher
concentrations, with a low detection limit of 3.4x10® mol.L%. For concentrations lower than 10
mol.L?, VAN was stripped after a previous quick adsorption step (300 s). The f-MWCNTSs-
FNTs/CPE sensor showed a good stability, repeatability and reproducibility (less than 7 %). This
nanostructured sensor was successfully applied to determine VAN concentration as additive in
commercial vanilla sugar samples with a satisfactory recovery and a good accuracy (< 6.5 %) in

comparison with UPLC/UV control method.
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1 Introduction

Vanillin (4-hydroxy-3-methoxybenzaldehyde) is a polyfunctional compound with an aromatic ring
bonded to an aldehyde group, -OH phenolic, and a methoxy group (Isac-Garcia et al., 2016). It is
the flavor component of vanilla bean, one of the most popular flavors in the world. According to
vanilla and vanillin market report done in 2019, the global VAN demand was 37.286 Tons in 2018
and it is estimate to reach 59.458 Tons by 2024. This growing demand is due to its wide use in
foods, beverages, fragrance, and pharmaceutical products (Research And Markets, 2019).

Apart from its flavor properties, this widespread application of VAN is due to their beneficial
proprieties, when it is used in low concentrations, offered by their biological and therapeutic
activities such as antioxidant, antimicrobial, antimutagenic, hypolipidemic, antisickling and others
activities, when it is used in low concentrations (Sinha & Sharma, 2008).

However, excessive ingestion of VAN have a side effects toward the human health, it can cause
potential health problems and aggravate the condition of migraine sufferers, headaches, insomnia,
nausea, vomiting, and even liver and kidney problems, apart from the fact that the enticing smell of
VAN may cause addiction to such food or beverages (Sivakumar, Sakthivel & Chen, 2017). Also,
skin contact can cause irritation and swelling (inflammation) (Ahmad et al., 2020). In addition,
VAN in high concentrations (mM range) has been described as a cytotoxic agent against many cell
lines, including mouse fibroblast 3T3 cells, human ovarian carcinoma A2780-SC1 cells, human
colorectal carcinoma HT-29 cells, HepG2 cells, human cervical carcinoma HeLa cells, and human
colorectal carcinoma SW480 cells (Bezerra et al., 2016).

An acceptable daily intake (ADI) of 10 mg/Kg for VAN has been set by the Joint FAO/WHO
Expert Committee on Food Additive (JECFA) in 1967 and later confirmed in its 2001 re-evolution
as flavoring. This value of ADI has been also agreed by the European Union (Younes et al., 2018).
Toxic effects are observed when the intake exceeds 75 mg/Kg (Ramesh & Muthuraman, 2018).
Therefore, the monitoring of the level of VAN is necessary not only to control the quality of the
product but also to ensure the protection of the human health.

Several analytical techniques have been proposed for the quantitative determination of VAN such
as high performance liquid chromatography with a fluorescence detector (Nasuno, et al., 2020),

capillary electrophoresis (Shu et al., 2016), optical fluorescence (Dur an & Contento, 2015) and
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colorimetric assay (Zhao et al., 2018). However, these techniques are often complicated, expensive,
require qualified personnel and often very long analysis time.

However, electrochemical techniques constitute a promising alternative because of their simplicity,
sensitivity, inexpensiveness, fast response time and their capacity to miniaturize (Manasa et al.,
2019; Karimi-Maleh et al., 2020). Especially, the use of carbon paste electrode (CPE) has received
the highest attention due to its simple preparation procedure, homogeneity, low background current,
cost-effectiveness and adaptability to modifications (Bojdi, 2016).

In the literature, various types of electrodes and modified electrodes have been reported recently for
the detection of VAN based on carbon materials as graphite (Dilgin, 2019), carbon black (Kutty et
al., 2019), carbon nanotubes modified with gold nanoparticles (Ceylan Kogak & Ulubay
Karabiberoglu, 2018), graphene (including reduced graphene oxide and graphene oxide) containing
metal nanoparticles (Gao et al., 2018; Ning et al., 2018; Mohan, 2019). Moreover, others sensors
involve surface modification by metal oxide or metal nanoparticles or by using other material such
as cetyltrimethylammoniumbromide (CTAB) (Duran et al., 2018; Murtada et al., 2018; Erady et al.,
2020). However, the most of them need a complicated procedure of surface functionalization and/or
do not aim the determination of the real VAN concentration in food samples.

Recent work revealed that the Fullerene, the third allotropes of carbon which were discovered in
1985 (Kroto, 1987), attracted enormous attention from physicists, chemists and material designers
due to its unique tree-dimensional nanostructure, remarkable electrochemical, electrocatalysis and
photocatalysis proprieties. Especially, Fullerene possess high electroactive surface area, good
electronic conductivity, high chemical stability. These new discovered carbon allotropes have
multiple redox states and an ability to accept and transport easily electrons, which leads to the
possibility of functionalization, signal mediation and others remarkable characteristics (Sherigara et
al., 2003; Pan et al., 2020; Pilehvar & Wael, 2015). The use of Fullerene as electrode modifier
material is still recent and considered as new and attractive element in the development of sensors
and biosensors.

In the recent years and with the emergence of nanotechnology, the scientists are focusing on
arranging atoms and molecules in different shapes and patterns by self-assembly in order to
recognize their properties (Rao et al., 2016). In this context, novel various form of fullerene have
been investigated such as fullerene nanowhiskers (CeoNWSs), fullerene nanofibers (FNFs) and
fullerene nanotubes (FNTS). In our study, we have interested to the use of FNTs as material in the
conception of a nanostructured sensor. The fullerene nanotubes (FNTSs) are fullerene that grow
spontaneously into the form of tubes with a single crystalline, polycrystalline or amorphous

structures (Miyazawa, 2009).
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Carbon nanotubes are considered as graphite sheets that are rolled up into cylindrical shapes, which
has received a great attention due to its exceptional optical, mechanical, electronic and thermal
properties. Their electrocatalytic properties have driven the researchers to explore these
nanomaterials in electrochemical sensing (D'Souza et al., 2017).

In addition, fullerene and multi-walled carbon nanotube composite was used for the first time by H.
Zhang and his team to modify a glassy carbon electrode and studied the direct electrochemical
behavior of hemoglobin (Hb) in aqueous solutions. Their study demonstrated that MWCNTS-FNTs
films nanocomposite were more effective in facilitating the direct electron transfer of hemoglobin
(Hb) than MWCNTSs films. Furthermore, the heterogeneous electron transfer rate constant ks of Hb
calculated on MWCNTSs-FNTs composite film was almost an order of magnitude larger than that on
MWCNTSs film (Zhang et al., 2006). In the same case of application of MWCNTs-FNTs composite
like electrochemical sensor, H. Zhu et al. have developed a MWCNTs-FNTSs electrode for the
sensitive detection of dopamine in presence of ascorbic acid (Zhu et al., 2009). M. Mazloum-
Ardakani et al. have fabricated an electrochemical sensor based on fullerene-functionalized carbon
nanotubes composite for the sensitive and simultaneous determination of the levodopa and
acetaminophen (Mazloum-Ardakani et al., 2016). Both works investigated the performance of FNTs
and multi-walled carbon nanotubes on the responses of the sensor. But, as our knowledge, no sensor

based on fullerene is available for the quantification of VAN.

In the present work, we describes the simple design and the performance of a nanostructured and
sensitive f-MWCNTSs-FNTs modified carbon paste electrode as a new electrochemical sensor for
the quantification of VAN in real samples of commercial vanilla sugar and our method was
validated in comparison to UPLC/UV control method. The newly fabricated electrode offers several
advantages over other techniques used for the determination of VAN, including the simplicity of the
sensor preparation, low cost, rapidity with very good analytical characteristics as selectivity, high
sensitivity and low detection limits. Moreover, the most important advantage is the feasibility to the
determination of the real VAN concentration in real matrices, with any pretreatment by following a

simple procedure.
2 Experimental
2.1 Reagents

Graphite powder (4 um) (99,5%) were purchased from Prographite GmbH; Multi-walled carbon
nanotubes (1.5 pm) (90%) from GoodFellow (NC006090); Fullerene nanotube multi-walled (20
nm, 5- 20 um) (95%), Paraffin oil and VAN (= 98%) and acetic acid (= 99%) from Fulka



Chemika; phosphoric acid (85%) and Boric acid (99.5%) from Acros Organics. Nitric acid (70%),
sulfuric acid (98%), sodium hydroxide (= 98) and potassium hexacyanoferrate (111) (= 99) were
purchased from Sigma-Aldrich. All agueous solutions were prepared by deionized water 10 to 15
MQ.cm at 25 °C.

2.2 Apparatus

The voltammetric measurements were carried out with an Autolab PGSTAT20 Metrohm
potentiostat / galvanostat, controlled by a computer equipped with NOVA 2.1.2 software for
controlling analysis and data processing. A conventional three electrodes system was used
throughout this study. The working electrode was --MWCNTs-FNTs/ CPE (diameter 1.6 mm), the
auxiliary and reference electrode were respectively a platinum wire and a Ag/AgCl (3M KClI) as
reference electrode. All measurements were performed at room temperature. The surface
morphology was characterized by scanning electron microscopy (SEM) (JEOL JSM-7100F,
Detector EDS Oxford Instrument 50 mm?) from CMEBA center of ISCR-CNRS6226 at Rennes,
France. The analytical measurements were performed with Ultra performance Liquid
Chromotography (UPLC) which was conducted on ACQUITY HClass Waters model including
Acquity UPLC R BEH C18 1.7um, 2.1 x 100 mm column thermostated at 30°C and equipped with
PDA e detector. An elution gradient was used by using two mobile phases, A: ultra-pure water,
10% Acetonitrile and 0.1% formic acid and B: acetonitrile with 0.1% in a flow rate of 0.4

mL.min™%. The injected volum was 10 pL and the chromatograms were registred at 230 nm.

2.3 Preparation of the functionalized multi-walled carbon nanotubes (f-MWCNTYS)

The preparation of -MWCNTSs was inspired by the method followed by (Baykal et al., 2013) with
some modification in the procedure: 0.5 g of MWCNTSs was added in 15 mL concentrated sulfuric
acid and 5 mL concentrated nitric acid. The mixture was stirring vigorously for 24 hours. Then, 100
mL of distilled water was added to the previous solution and stirring for another hour. After that,
the suspension was filtered and washed 2 times with distilled water and dried at room temperature
for a night. Afterwards, the product was washed again with distilled water for 3 times. At the end,
the f-MWCNTSs were dried at 70°C for 18 hours.

2.4 Fabrication of the proposed sensor

The functionalized multi-walled carbon nanotubes/FNTserene composite modified carbon paste
electrodes (-MWCNTs-FNTs/ CPE) was prepared by thoroughly mixing of graphite, -MWCNTSs,
FNTs with paraffin oil at ration (55%; 20%; 10%; 15%), respectively, in agate mortar with pestle.

All the components were homogenized to obtain a paste. The latter was introduced and compacted
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into the cylindrical cavity (1.6 mm diameter and 3mm depth) at the extremity of the electrode body
and smoothed on a clean paper until it had a uniform surface. A wire of copper passing through the
electrode support ensured the electrical contact with the paste.

In order to compare the performance of the developed sensor and to improve the impact of the
introducing of FNTSs in the matrix of the electrode, we have also prepared CPE (85% of graphite)
and f-MWCNTSs/ CPE, were the composition of the graphite and f-MWCNTs was 55% and 30%,
respectively. The portion of the binder (paraffin oil) was been maintaining at 15%. This percentage
was chosen to have a paste with good mechanical strength, consistent, which does not crumble and
with sufficient conductivity. The steps of the preparation of f-MWCNTs-FNTs/ CPE are illustrated
in Fig.1.

Insert Figure 1.
2.5 Electrochemical measurements

The electrochemical behavior of different electrodes was investigated in an electrochemical cell
containing a platinum wire as auxiliary electrode and an Ag/AgCl (3M KClI) electrode as reference
electrode. The three electrodes were immersed in 20 mL BR solution (0.04 mol. L) at pH = 7.
Then, an appropriate micro-volume of VAN concentrated solution was added into the cell. The i~E
curves were recorded by cyclic voltammetry, in the potential range of -0.2 to 1.2 V at a scan rate of
20 mV.s?, after 5 minutes of constant stirring at room temperature. All electrochemical
measurements were performed inside a Faraday cage in order to minimize the contribution of

background noise to the analytical signal.
2.6 Preparation of the commercial food samples

Sugar vanilla samples of four different commercial brands were purchased from a local
supermarket. Their packaging indicated just the ingredients without indications of quantities: sugar,
cornstarch, VAN and exhausted vanilla pods. The sample solutions were prepared by the following
procedure. About 5 mg of each samples was dispersed in 100 mL of ultra-pure water. Then,
sonicated for 30 min in ultrasonic bath. After filtration with syringe filter (0.45 pum), 1 mL of each
sample was transferred in the voltammetric cell containing 19 mL of the supporting electrolyte (BR
Solution, pH = 7), for voltammetric analysis. Each solution was analyzed in the day of preparation
according to the same procedure developed for the synthetic solution. In parallel, the filtrated
solutions of sugar samples were analyzed by UPLC/UV as control method after the realization of a
calibration curve (.0.2 — 15 mg.L™?) by integrating the peak chromatogram at tr=2.03 min (230nm).



3 Results and discussions
3.1 Characterization of the materials of electrode

The morphology and particle size analysis of the components of the f-MWCNTs-FNTs modified
electrode were studied by SEM technique. The graphite appears as particles with flake shaped
structure ranging in size from lower than 4 um diameter and lower than 1 um thick. (Fig.2-A).
While fullerene wires showed their nanometrical size in diameter (estimated from 15 to 20 nm) they
have a tube shaped structure and are wound into a ball and appear as balls of wood with a diameter
lower than 50um (Fig.2-C, D). The multi-walled carbon nanotubes (MWCNTS) appear with a
spaghetti shaped structure less compacted than FNTs and with a diameter slightly weaker 10-15 nm
(Fig.2-E). The functionalization of MWCNTSs as proposed in section 2.3 provided a more disperse
structure with lower length of the nanotubes in comparison with the non-functionalized one (Fig. 2-
F). For the CPE modified electrode, in the (Fig. 2-B), it can be seen that in the mixture of of f-
MWCNTSs, FNTs and graphite are linked in a way to avoid the stacking of graphite platelet and to
promote the accessibility to the analyte in their surfaces and improve the charge transfer in the
paste. Globally, the -MWCNTSs-FNTSs electrode showed a uniform and nanostructured surface
which could yield to large surface area and improve the characteristics of the pervious fabricated

sensor.
Insert Figure 2.
3.2 Chronoamperometry (CA) studies

Chronoamperometric measurement was performed to determine active surface area of the prepared
electrode. This study was recorded in the presence of 1 x 1073 mol. L™ of potassium
hexacynoferrate (111) as the redox probe in the condition of diffusion control for the current
obtained in CA. In this case, the current-time response is described by the Cottrell equation (Bard &
Faulkner, 2001):

__ nFAD/2¢*

T n/et2
Where A is the active area of the electrode, C* is the initial concentration of ferrocyanide, D the
diffusion coefficient of ferrocyanide which is well known to be 6.22 x 107°cm?.s~1 (Denuault et
al., 1991) in aqueous electrolyte and the other parameters have their typical significances.
The electrochemical active area of the sensor was estimate to be 0.14 cm? from the slope of the
linear regression line of current density versus square root of time. While, the geometric surface of

the 2 mm diameter electrode was calculated to be 0.02 cm?2 considering the cross section of the



cavity. Thus, the nanostructuration of the carbon paste sensor gives a greater specific surface than
the geometric one and enables the access of the cell solution to a larger surface of graphite particles

by avoiding their stacking.

3.3 Electrochemical impedance spectroscopy (EIS) studies

EIS is a sensitive electrochemical technique to characterize the electrical impedance of the interface
between electrode and electrolyte. This procedure also give information about the change in
conductance or impedance of an electrode/electrolyte interface during its modifications. EIS
diagram named Nyquist plot have a semicircle part at higher frequencies corresponding to the
limiting by electron transfer process and a linear part at lower frequencies correlating with the
diffusionally controlled region (Randviir & Banks, 2013; Pajkossy & Jurczakowski, 2017).

The impedance spectra were recorded for the electrodes of CPE and f-MWCNTs-FNTSs/CPE in
electrolyte solution containing 10~2 mol. L™ of potassium hexacynoferrate (111) in the frequency
range from 1073 to 10™> Hz by using a sinusoidal excitation signal (sine signal) with amplitude of
0.01V (Fig.3).

The CPE showed a semicircle with a large diameter and charge transfer resistance of 16.7 KQ. The
nanostructuration of CPE leads to the decrease of the semicircle diameter at 6.81 KQ, which
indicated a lower charge transfer resistance (reduction by a factor of 2.5). This is ascribed to the
nanostructuration by f-MWCNT and FNTSs, which reduce charge transfer resistance and therefore
increase the electron transfer kinetic. The linear parts for the lowest frequencies are not depending
on the composition of the carbon paste electrode (same slope). This is consistent with the

diffusional controlled process identical in the two cases.

Insert Figure 3.

3.4 Voltammetric Behavior of VAN at f-MWCNTs-FNTs/ CPE

In order to evaluate the performance and the sensitivity of developed f-MWCNTs-FNTs/ CPE
sensor toward the detection of VAN, voltammetric curves (CV) were recorded for CPE, f-
MWCNTs and f-MWCNTSs-FNTs nanostructured modified CPE in presence of 10~> mol. L™ VAN
at the scan rate of 20 mV.s! in BR buffer at pH=7 as the supporting electrolyte-(Fig.4). The CV of
CPE, in the presence of VAN shows a not well defined anodic peak (2.3 uA) at around +0.6 V. The
incorporation of f-MWCNTSs in the paste (30%) leads to enhance the peak current of VAN
oxidation (6.3 pA). The addition of FNTs (10%, by replacing a part of MWCNTSs and maintaining
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all the carbon nanotubes to 30%), improves notably the peak intensity. Therefore, the anodic peak
current obtained with the nanostructured modified electrode (9.2 pA) is 4 times higher than with
CPE. The combination of FNTs and f-MWCNTSs facilitate the accessibility of VAN to graphite
particles and the electron transfer at the electrode material.

Insert Figure 4.
3.5 Effect of pH

The effect of the electrolyte pH on the oxidation of 107 mol. L™ VAN was investigated using CV
measurements in the BR solution in the pH range from 5 to 9 at 18°C.

As can be seen in Fig. 5-A, the oxidation peak current of VAN is depending on the pH value and
increases with increasing pH until it reaches the maximum at pH=7, and then decreases with higher
pH values. The optimized pH corresponding to the higher peak current was 7, indicating that
protons are involved in the reaction of VAN oxidation. Moreover, as the pKa of VAN was equal to
7.4 at 25°C (Serjeant & Dempsey, 1979), this result indicated that the analyte was preferentially
adsorbed in the neutral form.

In addition, it is found that the values of peak potential shift to lower values with the increase of pH,
as shown in Fig.5-B. Thus, the peak potential is linearly depended on the pH according to the
following equation:

Ep(V) =—0.0542 pH+ 1.01 (R = 0.993). A shift of typically 54.2 mV per pH unit is approximately
close to the theoretical value of 57.6 mV per pH unit at 18°C (Bard & Faulkner, 2001), and it
demonstrates that the electron-transfer process during the oxidation of VAN, involved an equal
number of protons and electrons (two electrons and two protons take part in the oxidation process),
which is in agreement with that obtained before by different authors (Ceylan Kogak & Ulubay
Karabiberoglu, 2018; Abbasghorbani, 2017; Kalaiyarasi et al., 2017).

Insert Figure 5.
3.6 Effect of potential scan rate

Cyclic voltammograms of 107 mol. L"*VVAN at f-MWCNTs-FNTs modified paste electrode were
recorded for different potential scan rates and the variation of the peak current in function of the
scan rate are presented in Fig. 6-A. It can been seen that, in presence of a low VAN concentration,
the oxidation peak current of VAN increases linearly with the scan rate in the range from 0.005 to

0.08 V.s~1 , with a linear relationship I,;. = 7.80 x 10** 9 + 5.35 and a correlation coefficient of

pic
R? = 0.995. This indicates that the oxidation of VAN is not controlled by the diffusion of VAN but
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by an adsorption-controlled process for this low VAN concentration. This adsorption step will

provide sensibility for the developed sensor and lead to a low detection limit.
3.7 Effect of accumulation time

Accumulation time for the electrochemical measurements is an important parameter that affects the
current response of 107¢ mol. L~ VAN at f-MWCNTs-FNTs/ CPE. As shown in Fig. 6-B, the
oxidation peak current of VAN gradually increased with increasing accumulation time from 30 to
360 s, and reached the maximum current response at 300 s then remains almost constant at longer
accumulation times. For practical purposes, a 300 s accumulation time is sufficient and used for a
determination of VAN.

Insert Figure 6.
3.8 Calibration curves and detection limit

In order to evaluate the linear range and detection limit of the f-MWCNTs-FNTs/CPE, the
guantitative analysis of VAN concentration using the developed sensor was performed by cyclic
voltammetry under the optimized conditions (Fig. 7-A).

The intensity of the oxidation peak current of VAN increases with the VAN concentration. The
calibration curve for peak current (Ip) versus [VAN] (Fig. 7-B & 7-C) indicates that there are two
clearly defined linear ranges:

- from 5 x 1078 t0 9 X 107° mol. L™ with a linear regression equation of I,, = 3.89 x
10*5[VAN] + 0.522 , R = 0.999

-from 1 x 107> to 1 x 10~* mol. L"*with a linear regression equation of I,;. = 7.80 X
10*4[VAN] + 5.35, R? = 0.995

These two concentration ranges indicate that the VAN oxidation is not controlled by the same
process.. For the lowest concentrations (below 10~° mol. L™1), the peak current is controlled by an
adsorption step of VAN at the electrode surface (as seen in 3.6 section) which provides an
interesting sensibility. For highest concentration (>10~° mol. L™1) the peak current is controlled by
the diffusion of VAN.

The detection limit of the proposed method is found to be 3.4 x 1078 mol. L™, calculated from the

formula:

LD—33><SD
= 3. -

Where SD the standard deviation of the linear regression solution and b is the slope of the linear

regression (Shrivastava & Gupta, 2011).
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Insert Figure 7.

As can be seen on Table 1, the -MWCNTSs-FNTs/CPE prepared sensor shows a low detection limit
and a large linear concentration range compared to those reported in the literature (Ceylan Kocak et
al., 2018; Dilgin et al., 2019; Chen et al., 2019; Fu et al., 2020; Raril et al., 2020; Raril et al., 2020;
Tabanligil Calam, 2020).

Thus, the proposed electrochemical sensor show very good performances by just using a few cost
electrodes materials in comparison with some reports that give practically similar analytical
characteristics. It is also distinguished by the simplicity and the quick modification step of the
electrode, which make it an attractive sensor for the monitoring of the quality analysis of food
products containing VAN as additive.

Insert Table 1.

3.9 Repeatability and reproducibility of -MWCNTSs-FNTs/ CPE

The repeatability of the nanostructured carbon paste electrode is carried for three different
concentrations (1077, 107% and 10~ mol. L™1), in order to cover the two adsorption and diffusion
control processes. Three successive measurements were carried out for each concentration by using
the same sensor. The resulted values of relative standard deviation (RSD) are presented in Table 2-
A indicating an acceptable repeatability (less than 7%). Furthermore, reproducibility is checked by
recording the current response of three concentrations at two independent sensor prepared with the
same procedure and paste composition. As one can see from Table 2-A, the obtained values of RSD
are lower than 6% and good accuracy could be achieved especially for the lowest concentration
(1077 mol. L™1) with RSD value of 2.1%.

3.10 Selectivity and stability of -MWCNTs-FNTs/ CPE

The selectivity of the -MWCNTs-FNTSs/CPE is tested using the CV technique in adsorption control
process by performing the response of 107¢ mol. L1 of VAN in the presence of some potential
interfering substances at similar concentrations.

The presence of sugars such as glucose and saccharose have no noticeable effect on peak intensity
(variation < 5 %; Fig.8). This indicates that it is unlikely to have matrix effects for the analysis of
vanilla sugars. The greater effects were observed for caffeine and uric acid with a variation not
exceeding 22%. These low variations in the oxidation current response of VAN were likely due to

the presence of a similar electroactive functional group. In order to preserve the selectivity for VAN
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for samples containing these interferents, it is preferable to dilute samples to minimize their
concentrations and to analyze low concentrations of VAN with an adsorption step to guarantee the
specificity of the response. Indeed, for any target molecules to be absorbed on the surface of the
electrode, they must have sufficient affinity for the sensor material to adsorb selectively in order to
be detected. Vanillin has a hydrophobic character (log Kow=1.37) in comparison with the
hydrophylic tested interferents (log Kow < 0). This is probably not the own reason that could
explain this selectivity. In fact, the possibility of charge on molecule, in relation with pKa value and
pH of electrolyte could influence molecule adsorption on carbon paste. For vanillin (pKa=7.4) , it
adsorbed preferentially in neutral form while others studied molecules such uric acid and ascorbic
acid (pKa < 5.5) are charged negatively in PBS electrolyte (pH=7), and this could be unfavorable to
their adsorption. Other interferents such sulfate and chloride anion, Fe** ion, oxalate and acetate,
show negligible impact on current responses. Therefore, the results demonstrate the possibility to
obtain a high selectivity of f- MWCNTs-FNTs/CPE toward VAN and permit feasibility for real
food sample analysis of VAN.

Insert Figure 8.

Moreover, the stability of -MWCNTs-FNTs/ CPE sensor is evaluated using CV for VAN

(1075 mol. L™1) in BRS (pH=7.0) at 20 mV.s™. Then, the CV current responses were tested before
and after storage at 25°C during 10 days without following a specific procedure and the results are
shown in Fig.9. It appears that the electrode remains stable during 7 days storage, with a slight
decreasing of peak current lower than 5%. The variation doesn’t exceed 10 % after 10 days

indicating a good stability of the sensor.

Insert Figure 9.
3.11 Vanilla sugar analysis

The performance and the feasibility of the developed sensor to quantify VAN are evaluated by
using the -MWCNTs-FNTs/ CPE in four real sugar vanilla samples from different commercial
brands for which the manufacturers don’t indicate the VAN proportion in composition. The
concentration of VAN in the samples was determinate by standard addition method by successive
addition of known VAN amounts (2 X 107%; 4 x 107% and 6 x 107® mol. L™1) in the
electrochemical cell containing the electrolyte in which the sugar sample was dissolved (as
described in Section 2.6). This operation was achieved in triplicate for each sugar sample. In order
to validate the results, high performance liquid chromatography (UPLC/UV) was used as a control
method to determine the content of VAN in these samples. The results obtained with the proposed
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method and the control analytical method are compiled in Table 2-B. The contents of VAN for the
different samples were between 2.9 and 4.8 mg of VAN per g of sugar (lower than 0.5%) with
repeatability comparable to that observed previously in synthetic solutions (see section 3.9). The
results obtained with the developed sensor were in accordance with those obtained by the
UPLC/UV control method (recovery values between 100-107% for the different samples). We can
concluded that the constituents of vanilla sugar do not interfere in the VAN analysis.

Therefore, the proposed nanostructured composite modified carbon paste electrode (f-MWCNTs-
FNTs/CPE) is able to control VAN as ingredient after simple dissolution of vanilla sugar samples
without extraction procedure. This proposed electroanalytical method demonstrates a good accuracy

of the proposed sensor and its feasibility in food sample analysis.
Insert Table 2.

4. Conclusion

The proposed sensor for the detection of vanillin was fabricated using a carbon paste electrode
modified with fullerene and functionalized multi-walled carbon nanotubes. The excellent
proprieties of the nanostructured carbon paste enhance surface area and improve considerably the
electrons transfer that lead to a remarkable electrochemical and analytical performances with a wide
linear range, lower detection limit, excellent sensitivity, good stability and satisfactory repeatability
and reproducibility. The proposed modified electrode was successfully applied to the determination
of vanillin in commercial sugar vanilla samples with a satisfactory recovery in comparison of the
control UPLC/UV analytical method and without any specific preparation of the samples, just by
dissolving the sample in the BRS electrolyte. Hence, the so-designed sensor could be a promising
and suitable devise to quantify and monitory vanillin as ingredient in commercial food.
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Figure captions
Figure 1. Graphical presentation of f-MWCNTSs-FNTs/ CPE sensor fabrication.

Figure 2. SEM images for (A) graphite (x10.000), (B) f-MWCNTs-FNTs/ CPE (x10.000), (C)
FNTs (x10.000), (D) FNTs (x50.000), (E) MWCNT (x30.000) and (F) f-MWCNT (x30.000).

Figure 3. Nyquist diagrams for EIS of CPE (@) and f-MWCNT-FNTs/CPE (o) in 1mM Fe(CN)e3-
and BRS 0.04 M at pH=7; frequency range 0.001-10 000 Hz, potential amplitude 10 mV

Figure 4. Cyclic voltammograms at (1) CPE without VAN, and with 10~°mol. L™ VAN at (2)
CPE, (3) f-MWCNTs/ CPE and (4) f-MWCNTs-FNTs/CPE in BRS 0.04 M (pH = 7); 20 mV.s.

Figure 5. (A) Effect of pH on the peak current oxidation of VAN with different pH value (5 to 9) at
the -MWCNTs-FNTs/ CPE in BRS 0.04 M (pH = 7) at 20 mV.s-1. (B) Corresponding plot of the
oxidation peak potential of VAN versus pH.

Figure 6. (A) The effect of different scan rates (10 to 80 mV.s'1) and (B) the effect of
accumulation time on the oxidation peak current of 10°® mol.L VAN at the f-MWCNTSs-FNTs/
CPE in BRS 0.04M (pH = 7).

Figure 7. (A) Cyclic voltammograms of VAN from 5x10-8 to 1x10-* mol L-lat -MWCNTs-FNTs/
CPE in BRS 0.04M (pH = 7), Insert: from 5x10-8 to 9x10-¢ mol L-1. (B, C) Calibration curves of
VAN concentrations against peak current from 5x10-8 to 9x10-¢ mol L and from 1x10- to

1x10-4* mol L1, respectively.

Figure 8. The relative peak current response of 1uM VAN in the presence of some potential
interfering substances at the -MWCNTs-FNTs/ CPE in BRS 0.04M (pH = 7).

Figure 9. The study of stability of the -MWCNTSs-FNTs/ CPE for the relative peak current
response of 1uM VAN in ten days of storage.
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Table captions
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Table 1. Comparison with this work of previously reported VAN analysis with electrochemical

sensor
. Detection limit
Electrode Linear range (mol. L™1) _1 Ref.
(mol.L™1)
7 x 1078 t0 6.5
Ceylan Kocak et
Au-MWCNTS/GCE ? % 10-5 and 3.8 x 10-° " y2018 ¢
7%x107°% to 7.5 x 1075 "
PGE 2 5x10"7to1x 1075 1.6 X 1077 DilaQ “8-
P ' 2019
CPE/NiO-SWCNTSs/BPrPF¢® 1x1078t03.5%x 107 4%x107° Gupta et al., 2018
CB/SPCE * 5% 1075 t0o4.5x 107* 3.9x 1078 Kutty et al., 2019
CNT-SPE # 25%x107%t0 7.5 x 107* 1.03x 10°° Chenetal., 2019
2x1078to1x 1075 and
C3N4/GCE ¢ -9 )
sNa 15 % 10-5 to0 2 x 10-* 7x10 Fuetal., 2020
4%x10"®to 1.5
BGPE ’ x 1075 and 1.29 x 107° Raril et al., 2020
2x10°to7 x 1073
Tabanligil Calam,
T3T-Au electrode ® 1%x1077to1.13 x 1075 4 %1078 abanfigt! L-alam
2020
-8 -6
f-MWCNTS-ENTs/ CPE X 10° "o 9 XQE " and 3.5 % 1078 This work

1x105to1x107%

1 Gold nanoparticles modified multi-walled carbon nanotubes glassy carbon electrode, ? Pre-

oxidized Pencil Graphite Electrode, 2 Carbon Paste Electrode modified with NiO decorated single

wall carbon nanotubes and 1-butylpyridinium hexafluorophosphate, 4 Carbon Black Nanoparticles

Modified Screen Printed Carbon Electrode, ® Multi-walled carbon nanotube screen-printed

electrode, ¢Pyrolyzed graphitic carbon nitride electrode, 7 Bare graphene paste electrode, ¢ 1H-

1,2,4-triazole-3-thiol polymer film modified gold electrode.
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Table 2. Validation of the electrochemical method: (A) Study of repeatability and reproducibility of

detection for different VAN concentrations at f-MWCNTSs-FNTs/ CPE in BRS 0.04M (pH = 7);

preconcentration time under stirring 300 s; 20 mV.s-1. (B) Determination of VAN mass fraction

in different real commercial sugar vanilla samples with electrochemical and UPLC/UV methods

Table 2-A

VAN concentration (uUM)

Determination of repeatability & reproducibility

Repeatability of I, RSD% *

Reproducibility of I, RSD% **

0.1 2.1% 2.1%
1 6.7% 5.8%
10 2.9% 1.1%
Table 2-B
Sugar Determination of VAN mass fraction mg.g* Relative
samples Electrochemical method (n=3) UPLC Analytical method (n=3) R(()acovery error
+ +

:\r/mltee??/a_l gzﬁdence RSD % :\rqlt?;?/a_l igzﬂdence RSD % (%) (%)
El 3.91+£0.22 3.0 3.67 £0.02 0.3 106.5 6.5
E2 4.79£0.92 10.4 4.61 +£0.02 0.2 103.9 3.9
E3 3.64£0.23 3.3 3.61+£0.01 0.1 100.8 0.8
E4 2.88+£0.34 6.5 2.76 £ 0.02 0.7 104.3 4.3

*n=3, **n=2, ***Confidence interval for x= 0.5




