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Abstract

In the present work, the electrochemical detection of ferulic acid (FA) was done using zinc
oxide (ZnO) prepared by the application of the green synthesis method in combination
with carbon nanotube modified with arginine (PAG/ZnO-CNTCE). X-ray diffraction,
scanning electron microscopy, electrochemical impedance spectroscopy and energy-
dispersive X-ray spectroscopy were applied for the morphological and structural analysis
of prepared ZnO nanoparticles, ZnO carbon nanotube composite electrode (ZnO-CNTCE),
and polyarginine modified electrode, PAG/ZnO-CNTCE. Cyclic voltammetry (CV) and linear
sweep voltammetry (LSV) were successfully applied for electrochemical characterization
and sensitive detection of FA under optimum conditions of pH, accumulation time,
accumulation potential, and scan rate with the transfer of two electrons and two protons.
The limit of detection of 0.08 and 0.404 uM, respectively, was obtained for CV and LSV in
the wide range of 0.4 to 10.0 uM and 0.2 to 10.0 uM. The limit of quantification was found
to be 0.274 and 1.348 uM for CV and LSV. The simultaneous analysis confirmed the
selectivity of the electrode towards FA in the presence of hydroquinone at two different
potentials. The developed PAG/ZnO-CNTCE exhibited excellent reproducibility, stability,
repeatability, and anti-interferent properties. FA was successfully detected at the surface
of PAG/ZnO-CNTCE with an impressive recovery rate for both popcorn and corn powder
samples.

Keywords
Antioxidant compounds; carbon nanomaterial; metal oxide nanoparticles; Muntingia
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Introduction

Antioxidants play a vital role in reducing the oxidative stress caused by free radicals, which might
cause cancer, cardiovascular diseases, aging, and other neurological disorders. Apart from the anti-
oxidant systems present in the human body, antioxidants can be sourced through food and diet [1].
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Ferulic acid (FA) is a hydroxycinnamic acid-derived phenolic compound widely found in fruits,
vegetables, grains, nuts, coffee, leaves, beans, beverages, Chinese medicinal plants, etc. It is basi-
cally found in the cell walls of several plants, both in the esterified saccharide form and in the free
form [2]. FA exhibits various properties such as antioxidant [3], anticarcinogenic [4], antiaging [5],
anti-inflammatory [6], antithrombic [7], antiallergic [8], antiviral [9], anti-diabetic [10], and
antimicrobial [11]. Along with these advantages, FA has other applications in cosmetics primarily in
body lotions due to its UV absorber property [12], in the preservation of food due to its ability to
reduce the growth of fungi and bacteria and act as a natural preservative [13], as a precursor of
vanillin [14], and as an edible film for packing purposes [15]. Owing to these advantages, detection
of FA has gained importance in both the food and cosmetic industries. On the other hand,
hydroquinone (HQ) acts as a stabilizing agent in photographic developers, as an antioxidant, and in
cosmetics for the treatment of hyperpigmentation. Therefore, simultaneous analysis of FA and HQ
is necessary to detect them separately, as they may coexist.

There are several quantitative methods applied for the detection of FA, including UV-Vis spectro-
photometry [16], capillary electrophoresis [17], high-performance liquid chromatography (HPLC) [18],
thin layer chromatography [19], and gas chromatography [20]. However, these techniques require
expensive instruments, pre-treated reagents, time, and expertise in instrument handling. To solve
these complications, electrochemical sensors were introduced as a promising method for the study of
FA. Various working electrodes, such as rG-CdO/MOITF/CPE [21], MgO/SWCNTs-[Bmim][Tf2N]-
-CPE [22], C-C3N4/Li,CoMn30s nanocomposite [23], etc., were previously reported for the sensitive
detection of FA. These reported works have few drawbacks, such as complicated preparation
techniques, affordability, selectivity, etc. Therefore, suitable working material needs to be
developed to overcome the barriers to the detection of FA. The sensitivity of the working electrode
depends on the modifier used to enhance the performance of the electrode.

Carbon materials like graphite, graphene, carbon nanotubes (CNTs), nanostructured metals, and
composites are widely used as the electrode material for electrochemical oxidation of dyes, vitamins,
hormones, heavy metals, etc. [24-26]. CNTs are widely used for the preparation of electrodes due to
their electron transfer process, which enhances the sensitivity of the electrode. They have good
electrical conductivity, mechanical strength, and a large surface area to mass ratio [27,28]. Metal
oxide nanoparticles, due to their properties like chemical stability, high surface area, Biocom-
patibility, electron transfer property, and sensitivity, are used as electrode material [29-31].
Synthesis of metal oxide through environmentally friendly green synthesis techniques has been
considered a conventional method due to its sustainable approach. It uses natural sources such as
fungi, bacteria, and plant extracts as the reducing agents for nanoparticle synthesis. The green
synthesis approach has a wide range of applications, like affordability, retarded pollution, availa-
bility of reducing agents, and environmental conditions. Zinc oxide (ZnO) nanoparticles are one of
the most widely used metal oxides in the sensing field due to their biocompatibility, wide bandgap,
high adsorption ability, and fast electron transfer kinetics [32,33]. Many works have been reported
for the synthesis of ZnO nanoparticles, but no one has reported the synthesis of ZnO from Muntingia
calabura and applied it for the detection of FA.

Electropolymerized layer is one among the widely used modifiers on the surface of the electrode
due to its easy preparation method and high sensitivity towards the electroactive molecules,
including food dyes, antioxidants, drugs, metal ions, etc. [34]. Polyamino acids play a vital role in
surface modification as they form stable sensing surfaces with good stability, reproducibility, and
thin polymer films. Arginine (AG) has been employed as a modifier for sensing in many works
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because of its conductivity and hydrophilicity properties [35]. However, AG in combination with
nanomaterials has not yet been reported as a sensor for FA analysis.

The aim of the current work was to fabricate a stable sensing surface by polymerizing AG on
ZnO-CNT composite surface and to study the performance of the sensor for the analysis of FA. The
electrolyte pH and other electrochemical operations were optimized and finally applied for the
validation of FA in real samples.

Experimental

Chemicals and reagents

Zinc nitrate hexahydrate (Zn(NOs)2:6H20) (96 to 103 % purity) from Molychem, India. FA (98 %
purity) from Tokyo Chemical Industry, Japan. CNT was purchased from Sisco Research Laboratory,
India. Monosodium dihydrogen phosphate (NaH2P04-H,0) (99.5 % purity), disodium dihydrogen
phosphate (Na;HPO4:2H,0) (99 % purity), potassium chloride (KCl) (99.5 % purity), HQ (98 % purity),
potassium ferrocyanide (Ka[Fe(CN)e]), and silicone oil (90 % purity) were purchased from Nice
Chemicals, India. Analytically grade chemicals were dissolved in distilled water to obtain the
standard solutions and used for the investigation. FA (0.1 mM), Zn(NO3s),:6H,0 (0.1 M), KCI (0.1 M)
and K4[Fe(CN)s] (0.1 mM) were prepared by dissolving in distilled water.

Instrumentation and electrochemical cell

The electrochemical analysis was done using the three-electrode setup incorporated within the
CHI-6038E. The ZnO carbon nanotube composite electrode (ZnO-CNTCE) and polyarginine modified
carbon nanotube composite electrode (PAG/ZnO-CNTCE) functioned as the working electrodes,
while the platinum electrode and saturated calomel electrode (SCE) acted as the auxiliary and
reference electrodes, respectively. The supporting electrolytic solutions used for the analysis were
prepared using an EQ-610 pH meter. The scanning electron microscopy (SEM), energy-dispersive X-
ray spectroscopy (EDS) and X-ray diffraction (XRD) were obtained from Vignan Bhavan, Mysore,
India. EIS was measured at 0.018 V, using 0.005 V amplitude of the alternating signal, and a
frequency range between 1 MHz and 1 Hz.

Preparation of ZnO nanoparticles

Zinc nitrate hexahydrate solution (0.1 M) was prepared using distilled water. Muntingia calabura
leaves extract (20 ml) was added to the above solution with constant stirring at 80 °C for 30 minutes,
and the colour of the solution changed to yellow. After stirring for 30 minutes, NaOH (1 M) was
added dropwise till the solution colour changed to a pale-yellow precipitate. Stirred for a few more
minutes at 80 °C until full precipitation, the solution was cooled to room temperature and
centrifuged. The ZnO nanoparticles obtained were collected and oven dried overnight at 70 °C. The
obtained sample was calcinated in a furnace at 400 °C with 15 minutes holding time to remove the
impurities. The ZnO nanoparticles obtained were used for the preparation of the electrode. The
schematic representation for ZnO synthesis can be seen in Scheme 1.

Preparation of ZnO-carbon nanotube electrode

A carbon nanotube electrode (CNTCE) was fabricated by mixing carbon nanotubes and silicone
oil in the proportion 60:40 using a mortar and pestle. The prepared paste was then embedded into
the 3 mm cavity of the Teflon tube, and the smooth surface was obtained by gently rubbing the
surface on tissue paper. The composite sensor was developed by adding 40 mg of ZnO nanoparticles
to the above mixture. The prepared ZnO-CNTCE was utilized for additional studies.
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Scheme 1. Schematic illustration for the preparation of ZnO nanoparticles

Preparation of real samples

The popcorn sample was dried, weighed, transferred into a beaker containing ethanol, and
sonicated at 50 °C for 2 hours. The mixture was cooled until it reached room temperature and filtered
using a Whatman paper and diluted with ethanol to attain the standard stock solution. The corn
powder solution was also prepared following the above procedure and used for the analysis of FA.

Results and discussions

Structural analysis of ZnO nanoparticles

The XRD pattern for the ZnO nanoparticles prepared using Muntingia calabura leaf extract can
be seen in Figure 1. The diffraction peaks at 26 of 32.02, 34.64 and 36.46° corresponding to (110),
(002) and (110) planes, respectively, confirm the development of ZnO with a crystalline structure.
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Figure 1. XRD pattern of ZnO nanoparticles
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All the peaks obtained matched with the JCPDF Card No.36-1451. The expanded diffraction peaks
are caused by the ZnO nanoparticles' refined size, which remains after 400 °C calcination. The
average crystalline size (D) of the synthesized ZnO nanoparticles was calculated using Scherrer’s
formula, Equation (1)

KA
D=
[cosf @)

where K is the Scherrer constant, f designates the width of the XRD peak at half height, A is the
wavelength of X-ray diffraction, and @ signifies the Bragg diffraction. The crystalline size of the
synthesized ZnO particles was found to be 17.14 nm.

Energy-dispersive X-ray spectroscopy interpretation of ZnO nanoparticles

The element analysis of ZnO nanoparticles was investigated using EDS. Figure 2 shows the EDS
spectrum obtained for the ZnO nanoparticles synthesized using Muntingia calabura leaves. The
results depict that the synthesized material contains zinc and oxygen, confirming the formation of
the desired nanoparticles. It was further used as the electrode material.
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Figure 2. EDS spectrum of ZnO nanoparticles

Optimization of PAG/ZnO-carbon nanotube electrode formation

The electropolymerization technique was applied for the development of the polyarginine (PAG)
on the surface of ZnO-CNTCE by cycling 10 potential cycles in 7.0 pH of 0.2 M phosphate buffer (PB)
solution containing 1.0 mM AG for the preparation of PAG/ZnO-CNTCE. CVs for the formation of
polymer can be seen in Figure 3(a). The optimization of the number of cycles was done by measuring
the sensitivity of the fabricated sensor towards the detection of 0.1 mM FA. The number of cycles
was increased in the interval of 5 cycles, like 5, 10, 15 and 20. It was observed that the current for
0.1 mM FA at the surface of PAG/ZnO-CNTCE increased from 5 to 10 cycles, and thereafter it was
reduced until 20 cycles. As the thickness of the polymer layer increased, the working electrode lost
its electrocatalytic activity. The results depicting the current response at different numbers of cycles
can be seen in Figure 3(b). Given the observed enhancement after 10 cycles, these were deemed
the optimal conditions for further studies.
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Figure 3. (a) Electropolymerization of 1.0 mM AG on the surface of ZnO-CNTCE in 7.0 pH (0.2 M PB) in the
potential window of -1.0 to 1.5 V at 0.1 V/s of scan rate; (b) graph of peak current for 0.1 mM FA oxidation
against the number of cycles

Scanning electron microscopy characterization of working electrodes

The surface modification of the fabricated electrodes was analyzed using SEM images. In
Figure 4(a), the prepared ZnO nanoparticles are presented, showing a sponge-like cluster containing
tube-like structures. Figure 4(b) presents the ZnO-CNTCE electrode surface, which is rough and
contains irregularly shaped structures. Figure 4(c) depicts the surface of ZnO-CNTCE after
electropolymerizing of AG. We can see the polymer layer covering the composite paste of ZnO and
CNT. The polymer film formed is thin since we can still see the nanoparticles. The polymer film
increased the active surface area of PAG/ZnO-CNTCE.
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Figure 4. SEM images of (a) ZnO nanoparticles; (b) ZnO-CNTCE; (c) PAG/ZnO-CNTCE

Analysis of active surface area and electrochemical impedance spectroscopy

The electrochemical characteristics of the working electrodes were analysed in the redox solution
(1.0 M KClI) containing 0.1 mM Ka[Fe(CN)e], at the scan rate of 0.1 V s. Figure 5(a) displays the CVs

6 (ec)



K. P. Moulya and J. G. Manjunatha J. Electrochem. Sci. Eng. 15(5) (2025) 2711

for the oxidation of K4[Fe(CN)e] at ZnO-CNTCE (curve a) and PAG/ZnO-CNTCE (curve b). Due to the
slow electron transfer, a small redox peak current was observed for ZnO-CNTCE, while at the surface
of PAG/ZnO-CNTCE, the peak current was enhanced, possibly due to the fast electron transfer. The
peak-to-peak separation (AE,) for ZnO-CNTCE was 0.3857 V, and at PAG/ZnO-CNTCE, it was 0.0708
V. The decreased AE, value for the PAG modified electrode validates the development of polymer
film on the unmodified surface, which enhances the sensitivity of the sensor. The surface area of
both ZnO-CNTCE and PAG/ZnO-CNTCE was formulated using the Randles-Sev¢ik equation given
below as Equation (2) [37]:

1,=2.65x10°n3/2v1/2DY2CA (2)

The active surface area was found to be 0.008 cm? for ZnO-CNTCE and 0.018 cm? for PAG/ZnO-
CNTCE, respectively. These values were obtained by substituting the values of I, representing the
peak current, n representing the number of electrons transferred, v representing the scan rate,
D indicating the diffusion coefficient, and C symbolizing the concentration of K4[Fe(CN)s].
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Figure 5. (a) CVs (0.1 V/s) of 0.1 mM K4[Fe(CN)s] in 0.1 M KCl at ZnO-CNTCE (curve a) and PAG/ZnO-CNTCE
(curve b); (b) Nyquist plots for 0.1 mM Ky[Fe(CN)e] in 0.1 M KCI at ZnO-CNTCE (curve a) and PAG/ZnO-CNTCE
(curve b)

To gain information related to the charge transfer resistance (Rct) for 0.1 mM Ka[Fe(CN)e] in 0.1 M
KCl at the surface of both ZnO-CNTCE and PAG/ZnO-CNTCE, an EIS study was conducted. Figure 5(b)
shows the Nyquist plots related to the EIS analysis containing a dominant linear part corresponding
to the diffusion-controlled process at lower frequencies, while the semicircle region corresponds to
the electron transfer taking place at higher frequencies. The diameter of the Nyquist plot gives the
charge transfer resistance (Rc) value, and R values were 190 Q for ZnO-CNTCE (curve a) and 119 Q
for PAG/ZnO-CNTCE (curve b), signifying the formation of a polymer film, which increases the
sensitivity of the proposed electrode. The heterogeneous electron transfer rate (ks) was found by
substituting the corresponding values in Equation (3) [38].

ks = RT/n?F2R4AC (3)

The ks value for ZnO/CNTCE was found to be 1.246x10° cm s%, while for PAG/ZnO-CNTCE it was
9.797x10® cm s. The higher value obtained for the PAG modified electrode suggests that the
modification promotes the transfer of electrons between the redox solution and the electrode
surface.
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Electrochemical response of ferulic acid at the surface of working electrodes

The redox behavior of 0.1 mM FA at 4.5 pH of 0.2 M PB was investigated at the electrode surface
of both ZnO-CNTCE and PAG/ZnO-CNTCE by applying the CV method (Figure 6). The CV curves for
FA at ZnO-CNTCE (curve a) showed poor redox response, while at the surface of PAG/ZnO-CNTCE
(curve c), good oxidation and reduction peaks were obtained at 0.3654 V anodic peak potential (Epa)
and cathodic peak potential 0.3121 V (Epc) with peak currents of 72.48 pA anodic peak current (/pa)
and 69.24 pA cathodic peak current (/yc). For the absence of FA in 4.5 pH (0.2 M PB) at PAG/ZnO-
CNTCE (curve b), the CV curve showed no peak response. Hence, the sensing ability of PAG/ZnO-
CNTCE had a great impact on the detection of FA.

80.0- ¢

40.0-

00 02 04 06 08

Potential, V

Figure 6. CVs (0.1 Vs) for 0.1 mM FA in 4.5 pH of 0.2 M PB at ZnO-CNTCE (curve a),
PAG/ZnO-CNTCE (curve c), and for the absence of FA at PAG/ZnO-CNTCE (curve b)

Effect of solution pH

The CV technique was implemented for studying the influence of pH of 0.2 M PB solution on
electrochemical reaction of 0.1 mM FA in the pH range of 3.5 to 5.5 at 0.1 Vs of the scan rate at the
PAG/ZnO-CNTCE surface. The obtained voltammograms are shown in Figure 7(a), depicting well-
defined redox peaks shifting in the negative direction with an increase in pH. The peak current
intensity increased as the pH of the solution increased from 3.5 to 4.5, and thereafter it slowly decre-
ased till pH 5.5, as depicted in Figure 7(b). Thus, pH 4.5 was chosen as the optimum pH for the further
studies. The shifting of the peak in the negative direction with respect to the change in pH confirms
the proton involvement in the electrochemical reaction of FA. The graph representing this can be seen
in Figure 7(c), and the linear regression equation related to this is represented by Equation (4):

Epa =-0.044 pH + 0.562 (R?=0.986) (4)

The slope value of 0.0448 V/pH, which is close to the Nernst value (0.059 V/pH), confirms that an
equal number of protons and electrons are participating in the reaction. The number of protons (m)
involved in the redox reaction of FA was found to be 1.62 = 2, calculated from Equation (5):
_ —2.303mRT
E—

B (5)

Here, B is the slope value from the graph of Epaversus pH, R indicates the universal gas constant,
n signifies the number of electrons, T is the temperature, and F indicates Faraday’s constant.
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Figure 7. (a) CVs (0.1 V s%) for 0.1 mM FA in 0.2 M PB of different pH, at the surface of PAG/ZnO-CNTCE;
(b) plot of |,s against pH; (c) plot of E,s against pH

Optimization of accumulation potential and time

The impact of accumulation potential on the redox behaviour of 0.1 mM FA in pH 4.5 of 0.2 M PB
at PAG/ZnO-CNTCE was investigated by varying the potential in the range of 0.4 to 1.0 V. The experi-
ment was conducted by dipping the developed electrode in pH 4.5 of 0.2 M PB containing 0.1 mM FA
in different potential ranges 0.0t0 0.4 V,0.0t00.5V,0.0t0 0.6 V,0.0t00.7V,0.0t0 0.8 V,0.0t0 0.9V
and 0.0 to 1.0 V. Figure 8(a) shows the CV curves of the results, and Figure 8(b) represents the graph
of current against accumulation potential. Both graphs show that the maximum response was recor-
ded inthe 0.0to 0.8 V potential range and was considered for further FA analysis. Moreover, the effect
of accumulation time on the current of 0.1 mM FA was studied in the range of 0 to 100 s. Figure 8(c)
depicts the CV curves, and Figure 8(d) shows the current response against time. The current increased
with anincrease in time up to 40 s, and thereafter the current response decreased significantly. Hence,
40 s was chosen as the optimum condition for the detection of FA at PAG/ZnO-CNTCE.

Investigation of scan rate effect

The effect of scan rate on the redox behaviour of 0.1 mM FA in pH 4.5 of 0.2 M PB was investi-
gated in the range of 0.01 to 0.1 V s at the surface of PAG/ZnO-CNTCE. Figure 9(a) depicts that the
peak current increases with an increase in scan rate, with small shifts in oxidation peak towards
positive potential and reduction peak towards negative potential. Two oxidation peaks are observed
for the redox behaviour of FA. The first peak is due to the formation of diphenol, while the second
peak is the result of double bond oxidation, which is present in the side chain. Furthermore, the first
peak is due to the oxidation of the FA molecules in the solution, and the second peak is probably
due to the oxidation of the molecules at the surface of the electrode.

https://doi.org/10.5599/jese.2711 9
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Figure. 8 (a) CVs (0.1 V s?) for 4.5 pH of 0.2 M PB containing 0.1 mM FA at PAG/ZnO-CNTCE recorded in
potential windows of 0.0 V to different accumulation potentials; (b) plot of anodic peak current versus
accumulation potential; (c) CVs for the accumulation time between 0 to 100 s; (d) plot of anodic peak

current against accumulation time

A linear relation was observed between current and scan rate (v/ V s!), shown in Figure 9(b),
and the logarithm of the current and the logarithm of the scan rate, shown in Figure 9(c). These
indicate an adsorption-controlled process at the surface. The corresponding regressions are
presented by Equations (6) to (9):

lpa =-2.2629x10° + 0.0016 v  R*=0.9992 (6)
loc = -3.215x107 + 0.001 v R?=0.999 (7)
log Ipa =-2.729 + 1.0059 logv  R? =0.999 (8)
log Ipc = 2.887 + 0.986 log v R?=0.999 (9)

The R? values from Equations (6) and (7) and the slope values of Equations (8) and (9) are close
to the theoretical values, indicating the surface follows an adsorption-controlled process for the
detection of FA. A good linearity was observed for the relation between potential and logarithm of v,
and the corresponding regression Equations (10) and (11) related to this are presented:

Epa =0.440 + 0.054 logv R?=0.940 (10)

Epc =0.235 +0.045 logv R?=0.953 (11)

The slope values of 0.0544 and 0.045 obtained from oxidation and reduction potential,
respectively, were utilized for calculating the number of electrons involved in the redox reaction of
FA by substituting in Laviron’s Equations (12) and (13) [39]:

o [ 23T ,
P (1-o)nF (12)
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8 __(2.3RTJ (13)
> anF

The charge transfer coefficient (a) and n values were found to be 1.54 and 0.78 = 1.0, respec-
tively, which were obtained by substituting the values of Bpa and By representing the slopes of
equations (12) and (13). T is the temperature, R defines the universal gas constant, and F indicates
Faraday’s constant. The redox mechanism related to the transfer of two protons and electrons can
be seen in Scheme 2 [40].

The surface coverage concentration (/) of the developed PAG/ZnO-CNTCE was found to be

2.683 M cm? obtained by substituting the values of Q, the charge, and n, the number of electrons,
in Equation (14) [41].
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Figure 9. (a) CVs for 0.1 mM FA in 0.2 M PB, pH 4.5, at PAG/ZnO-CNTCE for the scan rate range (v)
of 0.01 to 0.1 V s*%; (b) graphs of anodic and cathodic peak currents against v; (c) graphs of log of
peak current against log v; (d) graphs of peak potential against log v
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Scheme 2. The mechanism for the redox reaction of FA
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Effect of ferulic acid concentration on PAG/ZnO-carbon nanotube electrode

The effect of FA concentration on the intensity of the redox peak current was studied by applying
CV and LSV techniques, for the concentration ranging from 0.4 to 10.0 uM and 0.2 to 10.0 uM,
respectively. The resulting voltammograms can be seen in Figure 10(a) and (c). The sensitivity of the
peak current increased with respect to the enhanced concentration of FA, uM, but the linear
dependence between the current and concentration of the analyte showed two ranges with two
different slopes. Therefore, the calibration plots in Figure 10 showed two linear ranges, represented
by Equations (15) to (18):

lpa = -16.341 + 6.878 Cia R?=0.991 (CV range 1) (15)
lpa =-18.528 + 49.11 Cra R?=0.993 (CV range 2) (16)
lpa = -10.528 + 1.374 Cia R? =0.989 (LSV range 1) (17)
Ipa = -4.990 + 3.674 Cea R?=0.987 (LSV range 2) (18)

The LOD and LOQ were calculated by substituting the values of standard deviation (o) and slope
of the calibration plot (b) in LOD = 30/b and LOQ = 10a/b [42]. The obtained LODs for CV and LSV
were 0.082and 0.404 uM, respectively. The LOQs obtained for CV and LSV were 0.274 and 1.348 puM.
A comparison of analytical performances, i.e. linear range, and LOD value of the current work with
some previous works has been tabulated in Table 1.
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Figure 10. (a) CVs (0.1 V s?) for PAG/ZnO-CNTCE in pH 4.5 of 0.2 M PB and FA concentrations ranging from
0.4 uM to 10.0 uM; (b) CV-based calibration plot for peak current versus concentration of FA; (c) LSVs for FA
concentrations ranging from 0.2 uM to 10.0 uM; (d) LSV-based calibration plot for current versus
concentration of FA
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Table 1. Assessment of performance for FA detection of electrodes reported in the literature

Voltametric method Electrode Linear range, uM LOD, pM Reference

cv CNF/SPE 10-1000 0.778 [43]

cv PPy-MWCNTs/GCE 3.32-25.9 1.17 [44]

cv polyBCP/f-SWCNTs/GCE 0.10-5.0 0.072 [45]

cv Exf-SGR/GCE 0.1-100 0.030 [46]
SWv Boron-doped diamond electrode 0.15-0.41 0.15 [47]

cv DDAB/nafion/CPE 2-1200 0.39 [48]
DPV TiO2/C/Au/GCE 0-20.0 0.016 [49]

(Y PAG/ZnO-CNTCE 0.2-5.0 0.082 Present work
LSV PAG/ZnO-CNTCE 0.4-5.0 0.404

Analysis of ferulic acid in the presence of hydroquinone at polyarginine modified/ZnO-carbon
nanotube electrode

The electrochemical behaviour of FA (0.1 mM) and HQ (0.1 mM) in pH 4.5 of 0.2 M PB was
investigated to study the selectivity of the fabricated electrode. Figure 11(a) shows the LSV response
for FA and HQ at ZnO-CNTCE (curve a) and PAG/ZnO-CNTCE (curve b). No response was observed at
the unmodified ZnO-CNTCE surface, but at the surface of the polymer-modified electrode,
prominent current peaks of 69.57 yA and 77.72 pA are obtained for HQ and FA, respectively. The
oxidation current response for both HQ and FA increased with an increase in the concentration
range of 0.5 to 2.5 uM at the surface of PAG/ZnO-CNTCE in pH 4.5; the LSVs for this are depicted in

Figure 11(b).
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Figure 11. (a) LSVs for HQ concentration of 0.1 mM and FA concentration of 0.1 mM at 4.5 pH of 0.2 M PB at
ZnO-CNTCE (curve a) and PAG/ZnO-CNTCE (curve b); (b) LSVs for concentration variation of HQ and FA in the
range 0.5 to 2.5 uM at PAG/ZnO-CNTCE; (c) LSVs for constant HQ concentration (0.5 1iM) and varying FA

concentration in the range 0.5 to 2.5 uM at PAG/ZnO-CNTCE
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By considering the constant concentration of HQ (0.5 uM), the concentration of FA was varied in
the range of 0.5 to 2.5 uM. As seen in Figure 11(c), the current of the FA peak increased with the
concentration of FA at PAG/ZnO-CNTCE, while the effect of FA concentration variation was
insignificant for HQ peak current. The selectivity of the polymer-modified electrode was found to be
good towards the simultaneous analysis of FA in the presence of HQ. Since both HQ and FA are

widely used in cosmetics, the fabricated electrode can be utilized for differentiating the analytes.
Study of reproducibility, stability, and repeatability

The reproducibility of five different PAG/ZnO-CNTCEs was determined for the solution comprising
0.1 mM FA in 4.5 pH of 0.2 M PB, where the relative standard deviation (RSD) of 3.58 % was attained.
The stability of PAG/ZnO-CNTCE for the detection of FA was investigated at an interval of 7 days by
storing the electrode, and in this span, the current response decreased to 92.28 %. The repeatability
study conducted for five different solutions of 0.1 mM FA for the same PAG/ZnO-CNTCE gave an RSD
value of 3.54 %, suggesting good repeatability for the developed electrode. The bar graph
representations of reproducibility, stability, and repeatability are shown in Figure 12.

Reproducibility b Stability
0001 60.0
< ) «
g 400 = 400
= g
~ 20,01 ~T 00
0.0+ :
1 2 3 4 5 1**day 7Mday
Number of trails Number of cycles
80.0- Repeatability
60.0
R
":"L" 40.0
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—
20.0
0.0
1 2 3 4 5
Number of trails

Figure 12. Bar graph representations of reproducibility, stability, and repeatability of PAG/ZnO-CNTCE

Interference study at polyarginine modified/ZnO-carbon nanotube electrode

The selectivity of PAG/ZnO-CNTCE for the detection of FA was verified in the presence of commonly
existing foreign components. CV method was employed for the oxidation of 0.1 mM FA in pH 4.5 of
0.2 M PB at PAG/ZnO/CP-GPCE in the presence of 0.1 mM of each possible interferent, i.e., uric acid
(UA), tartrazine (TZ), riboflavin (RF), methyl orange (MO), adenine (AD), ascorbic acid (AA), Na*, Hg?",
Co?*, Cd?, Ca?*, As?* and Mg?". The summarized results indicated that the performance of the
developed sensor was not affected by the presence of different interferents, and the tolerance limit
was less than + 5 %. The graph associated with the obtained results can be seen in Figure 13, which
proves that the developed electrode presents good selectivity for FA detection.
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Figure 13. Graphical representation of signal changes of 0.1 mM FA at PAG/ZnO-CNTCE versus 0.1 mM of
denoted interferents

Determination of ferulic acid in popcorn and corn powder

The fabricated PAG/ZnO-CNTCE was validated for the determination of FA in real samples like
popcorn and corn powder using the CV method. The FA content was analysed in both popcorn and
corn powder samples by adding successive amounts of prepared real sample solutions at pH 4.5 in
the range 0.5 to 2.5 uM and the voltammograms were recorded. The calculated recovery rates are
tabulated in Table 2.

Table 2. Recovery rates of FA in real samples

Sample Amount added, uM Amount found, uM Recovery rate, %
0.5 0.49 98.08
Popcorn 1.0 0.96 100.85
1.5 1.44 96.63
2.0 1.96 98.01
0.5 0.49 98.78
Corn powder 1.0 0.99 99.08
1.5 1.48 99.09
2.0 1.93 96.70

Conclusion

The ZnO nanoparticles were successfully synthesized by applying a plant-mediated eco-friendly
method using Muntingia calabura leaf extract. The surface morphology and chemical structure of
the synthesized ZnO nanoparticles were analysed using XRD, EDS, and SEM images. The increase in
the surface area from 0.0084 to 0.018 cm? for the developed PAG/ZnO-CNTCE electrode confirmed
the formation of the polymer film on the surface of the bare sensor. The fabricated PAG/ZnO-CNTCE
showed good sensing ability for the redox reaction of FA with the involvement of 2 protons and 2
electrons. The PAG/ZnO-CNTCE showed LOD values of 0.082 and 0.404 uM, respectively, for CV and
LSV in the wide range of 0.2 to 5.0 and 0.4 to 5.0 uM. Good selectivity, sensitivity, stability,
repeatability, and reproducibility make the developed electrode a most reliable sensing material for
the detection of FA. The PAG/ZnO-CNTCE was successfully implemented in the simultaneous
detection of FA and HQ. The applicability of the developed sensor was assessed for FA analysis in
both popcorn and corn powder samples, with a recovery rate of 96.63 to 100.85 % and 96.70 to
99.09 %, respectively.
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