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Abstract

A carbon paste electrode (CPE) was modified with a graphene oxide (GO)/NiO nanocomposite
(GO/NiO/CPE) and used as the working electrode for the voltammetric analysis of carmoisine.
In the oxidation of carmoisine, the GO/NiO/CPE showed increased electrocatalytic activity.
With a detection limit of 0.1 uM under ideal conditions, the oxidation peak currents of
carmoisine were linearly proportional to its concentration over the range 0.3 to 500.0 uM.
Additionally, the GO/NiO/CPE showed good efficacy in detecting carmoisine even in the
presence of tartrazine, suggesting that both chemicals might be determined simultaneously.
The GO/NiO/CPE was appropriate for the simultaneous detection of carmoisine and tartrazine
using differential pulse voltammetry because the oxidation peak potentials of the two azo
dyes were adequately separated by 420 mV.
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Introduction

Food colorants are chemicals that improve the visual appearance of food and beverage products
when applied. The food processing industry applies both natural and artificial edible colorants to its
operations [1]. Food colorants enhance visual appeal and help restore food products to their original
appearance, which can be altered by processing, storage, packing, and distribution [2]. Synthetic
colorants, which include azo dyes, have become common in the food industry because these
substances create appealing colour effects while simultaneously providing excellent water solubility,
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low production costs, low microbial contamination, and high stability against light, oxygen and pH
changes [1].

Synthetic dyes now have extensive applications across multiple industries, which include plastic
and textile, leather, detergent and cosmetic manufacturing sectors. The organoleptic properties of
food products are enhanced by their use [3,4]. Azo dyes, the most significant group of synthetic
dyes, first appeared following Griess's discovery in 1865 [5,6]. Azo dyes demonstrate high water
solubility because their chemical structure includes an azo chromophore together with aromatic
groups. This dye contains an N=N double bond, an active functional group. Azo dyes can exist as
mono-azo dyes, diazo dyes or poly-azo dyes based on their total count of azo functional groups [7].
Most commercial dyes in this group are mono-azo dyes [5].

Azo dyes are included in half of all commercially available dyestuffs [8]. The most widespread
synthetic dye family is azo dyes, as organic materials reach their highest production and usage levels
worldwide [8]. Many textile companies use azo dyes because these dyes possess special physical and
chemical characteristics that enable their application in the pharmaceutical, cosmetic and leather
sectors [8]. The substances function as industrial materials while they serve as food colorants, drug
delivery systems and biomedical research tools [8]. The azo groups, which form chromophores in azo
dyes, lead to the development of hazardous aromatic amines exhibiting biological toxicity [8]. Human
health risks arise from both azo dyes and their breakdown products. People should avoid consuming
these substances beyond safe limits because excessive intake poses risks for food safety and human
health [9]. A few azo dyes cause asthma together with touch hypersensitivity as documented adverse
effects. Azo dyes cause food prejudice together with hypersensitivity and hyperactivity disorders [9].
The European Union Regulation (EC) 1907/2006 prohibits the use of certain azo dyes because these
substances pose serious hazards to human health and environmental safety.

The analysis of key chemical substances requires highly accurate detection methods for precise
control. Carmoisine, a synthetic red dye containing an azo linkage in its chemical structure, imparts
a typical red-to-maroon hue to food and drinks [10].

The use of carmoisine as a colouring agent for jams and preserves dates back to ancient times, but
most industrialized countries later banned its use because of its beta-naphthylamine content, which
scientists recognized as a carcinogen [10]. Many azo dyes undergo reductive cleavage of their azo
groups, which produces an aromatic amine that exhibits carcinogenic properties. The dye causes
nettle rash, water retention, asthma, and medicine intolerance in numerous individuals [11].

Dye consumption at high levels produces coma and convulsions and somnolence, together with
death, while aggravating behavioural issues in children who experience hyperactivity, tantrums and
sleeplessness. The food industry requires strict monitoring of carmoisine because rapid, sensitive
detection methods for carmoisine are vital for food security and human well-being [12].

The food additive tartrazine, which belongs to the azo synthetic food colorant group, has become
a common ingredient in food products, beverages, and pharmaceuticals. Monitoring tartrazine
levels in dietary intake is essential due to this requirement [13]. Excessive tartrazine consumption
leads to multiple health problems, which include food intolerance, hyperactivity, asthma, allergies,
cutaneous toxicity, acute oral toxicity and cancer [14] development. The evaluation of tartrazine
content in food products is necessary to enhance food safety standards. The analysis of carmoisine
and tartrazine can be performed through multiple methods, which include high-performance liquid
chromatography, capillary electrophoresis, spectrophotometry and colorimetric analysis [15]. The
other techniques present operational challenges because they require extended analysis periods,
their testing costs remain high, particular materials must undergo pretreatment, and their
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equipment requires complicated setups. Electrochemical methods provide testing solutions that
enable fast and affordable operations while delivering highly sensitive test results [16]. The
electrochemical analysis process uses carbon-based electrodes because these materials offer
chemical inertness combined with low background current, low-cost operation and broad potential
range and precise sensing capabilities [17]. Researchers have recently developed multiple sensors
that detect bioactive substances through electrochemical methods [18].

Carbon electrodes serve as common components for electroanalysis because they combine
multiple features, which include low background current, wide potential range, chemical inertness,
cost efficiency and ability to work in multiple sensing and detection fields [19]. The carbon electrode
category includes carbon paste electrodes CPE which hold special importance. CPEs provide multiple
benefits that surpass all other carbon electrodes because they feature a porous structure, and they
show extremely low background current, which is below the level of graphite electrodes, and offer
inexpensive materials and allow for multiple ingredient combinations during paste creation, and
provide fast and simple methods to create new surfaces that maintain reproducible qualities [20].
Over the years, various CPEs with different modifiers have been developed and used to analyse
different analytes [21].

The type of materials that make up the detection platform is crucial for obtaining a high-quality,
reliable electrochemical sensor. The combination of electrochemical sensor technology with nanoma-
terials will yield operational benefits, which scientists will investigate by implementing these nanoma-
terials as electrochemical labels and signal-enhancement devices for new transduction systems [22].
Sensors that use nanostructured materials outperform bulk-material-based electrodes because they
provide larger electrode surface areas and better mass transport and rapid electron-transfer
capabilities [22]. Nanomaterials enable researchers to develop cost-effective electrode production
techniques that require less material and produce less waste through their distinctive properties [23].

Recent research efforts have led to the development of various nanostructured materials that
improve the performance of electrochemical sensors. Metal oxide nanomaterials-based
electrochemical sensors have become popular because their electrochemical performance is driven
by their high surface area and low production costs [24,25].

The electrochemical research field has improved its sensitivity and detection limit using nickel oxide
nanoparticles (NiO-NPs), which function as p-type semiconductors with exceptional biological compa-
tibility, broad surface area, stable performance, high conductivity and electrocatalytic properties [26].

Researchers have extensively studied graphene in recent years because this material consists of
a single layer of sp2-hybridized carbon atoms that form a dense honeycomb two-dimensional
lattice, have a large surface area, and exhibit various mechanical and electrical characteristics, as
well as numerous applications that researchers have tested using graphene-based materials [27].

The oxygenated hydrophilic layered carbon material, graphene oxide (GO), which people derive
from graphene, has attracted scientists because of its light weight and high surface area, its availability
as bulk material, its inexpensive production method, and its ability to disperse in water and its capacity
to undergo chemical reactions for multiple practical uses [28]. The benefits of these materials enable
scientists to use graphene and NiO for the electrocatalytic oxidation of various analytes, as reported
by their findings [29]. The results show that the NiO-graphene oxide nanocomposite exhibits superior
electrocatalytic performance compared to its individual components. The electrochemical response
of carmoisine is improved by the addition of NiO particles to graphene oxide [29].

The current work aimed to develop an advanced electrochemical sensor capable of detecting
tartrazine and carmoisine simultaneously. The modified electrode showed electrochemical
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behaviour of carmoisine through CPE modification, while cyclic voltammetry (CV), linear sweep
voltammetry (LSV), differential pulse voltammetry (DPV) and chronoamperometry (CHA) tests
demonstrated its electrochemical performance. The oxidation signal of carmoisine on GO/NiO/CPE
was compared with that on an unmodified electrode. The manufactured electrode measured
carmoisine and tartrazine simultaneously. The successful results from GO/NiO/CPE testing
established it as a certified sensor for tartrazine and carmoisine detection.

Experimental

Chemicals and reagents

Merck chemicals (Germany) provided carmoisine, tartrazine, paraffin oil, graphite powder,
sodium dihydrogen orthophosphate monohydrate (NaH.POs-H,O, 98.0 %), and dipotassium
hydrogen orthophosphate (K;HPO4, 98 %). All electrochemical investigations used a freshly made
0.1 M phosphate-buffered saline (PBS) solution made from the phosphate salts mentioned above
as the supporting electrolyte. Double-distilled water with a resistivity of 15 MQ cm was used for all
solution formulations during the studies.

Synthesis of graphene oxide/NiO nanocomposite

To ensure homogeneity of the suspension, 0.01 g of GO was sonicated for 1 h in 20 mL of deionized
water with 1.2 mmol of Ni(NO3),-6H,0 and 12 mmol of urea. The mixture was stirred for 20 minutes,
then placed in an autoclave and heated to 100 °C for 12 hours. Following the reaction, the precipitates
were recovered by centrifugation and repeatedly cleaned with ethanol. The material was dried for 12
hours at 65 °C. The GO/NiO nanocomposite was then produced by calcining the prepared product in
air at 400 °C for 4 h. Figure 1 shows the GO/NiO nanocomposite's SEM picture using the TESCAN
MIRA3 scanning electron microscope (Czech Republic).

£ 4 - s s %
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Figure 1. SEM image of GO/NiO nanocomposite

Preparation of graphene oxide/NiO/carbon paste electrode sensor

For preparing GO/NiO/CPE, 0.1 g of GO/NiO nanocomposite was combined with 0.9 g of graphite
powder and mineral oil to create a paste that maintained its properties throughout the duration of
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the experiments. A mortar and pestle were used to mix the ingredients for ten minutes to produce a
consistent material. Then the paste was applied to the electrode's sensing area for testing purposes.

Preparation of real samples

The powdered juice sample was prepared by dissolving 5 g of the powder in 50 mL of deionized
water (50 "C) and allowing the mixture to cool to room temperature. Next, 10 mL of 0.1 M phosphate
buffer (pH 7.0) was added to dilute the solution. The diluted solution was then filtered using a
membrane filter (0.45 um).

Electrochemical methods

A Metrohm microAutolab electrochemical workstation was used for all electrochemical studies.
Three electrodes were used in the electrochemical characterization of azo dyes: the working electrode
was GO/NiO/CPE (geometric area of 0.0314 cm?), the counter electrode was a Pt wire, and the reference
electrode was Ag/AgCl (3.0 M KCl). cyclic voltammetry (CV). The GO/NiO/CPE were selected for
carmoisine detection using differential pulse voltammetry because of their better electrochemical
performance. pH (optimum value of 7.0), applied potential (initial potential of 270 mV and end potential
of 960 mV for calibration curve), step potential (optimum value of 0.01 V) and pulse amplitude (optimum
value of 0.025 V) were among the critical parameters that were tuned. To ascertain the limit of detection
(LOD), a calibration curve was created. To ensure consistent and reliable performance, the sensor's
repeatability, reproducibility, and stability were also carefully assessed.

Results and discussion

The electrochemical performance of graphene oxide/NiO/carbon paste electrode for carmoisine

Because protons are involved in the oxidation process, the pH of the PBS solution significantly
affects the electroanalysis of carmoisine. Therefore, using DPV, the electrochemical behaviour of
carmoisine was investigated on the surface of GO/NiO/CPE in PBS (0.1 M, pH 2.0 to 9.0). According
to DPV data, the highest current value was obtained for carmoisine oxidation at pH 7.0. Therefore,
pH 7.0 was used for additional electrochemical experiments.

Figure 2 shows the CVs obtained for carmoisine (100.0 uM) on unmodified CPE and GO/NiO/CPE
in phosphate buffer at pH 7.0.
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Figure 2. CVs (50 mV s) obtained on (a) unmodified CPE and (b) GO/NiO/CPE in
phosphate buffer (0.1 M, pH 7.0) in the presence of 100.0 uM carmoisine

The unmodified CPE, carmoisine, exhibited an electrochemical reaction with an oxidation peak
current height of /o = 3.6 pA. On the Ni-GO/NiO/CPE, the /pa of carmoisine increased to 9.7 pA.
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Additionally, the peak potential of oxidation (Epa) decreased from 680 mV on the unmodified CPE
surface to 600 mV on the GO/NiO/CPE surface. These findings therefore demonstrate the
appropriate catalytic effect of GO/NiO/CPE for the carmoisine oxidation process.

Effect of scan rate

Determining how the scan rates affected the carmoisine oxidation peak current was the next step
(Figure 3). Based on the observed CVs, the oxidation peak current of carmoisine increased with
increasing scan rate. Plots of the current peak height (/p) against the square root of the scan rate
(V2) are shown in Figure 3 (inset). Based on the linearity of the resultant plot, it was concluded that
the reaction of carmoisine on the GO/NiO/CPE is under diffusion control.
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Figure 3. CVs of GO/NiO/CPE at various scan rates (10 to 400 mV s*?) in phosphate buffer (0.1 M, pH 7.0)
containing 100.0 uM carmoisine. Inset: changes in the I, as a function of v¥?

Next, data from the ascent of the /-E curve captured at 10 mV s™* were used to create a Tafel plot
(Figure 4). The Tafel region would be affected by the kinetics of electron transfer between
carmoisine and the GO/NiO/CPE. The anodic transfer coefficient (a) may be calculated from the
slope of the Tafel plot using Equation (1).

2.303 RT
n=———log/+constant (2)

(1-a)nF
In Equation (1) 7/ V is overpotential, R is the gas constant (8.314 J mol™ K1), T/ K is absolute
temperature, Fis the Faraday constant (96485 C mol™), I / pA is current, a is the transfer coefficient
and n is the number of electrons participating in the rate control step that is considered to be 1.
Using the Tafel slope, the value of a for carmoisine was found to be 0.56.
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Figure 4. CV captured for GO/NiO/CPE in phosphate buffer (0.1 M, pH 7.0) with carmoisine (100.0 uM) at the
scan rate of 10 mV s Inset: Tafel plot derived from CV

Chronoamperometry

We were able to calculate the diffusion coefficient for carmoisine using chronoamperometry, as
the scan-rate analysis confirmed that carmoisine oxidation on the modified electrode was diffusion-
controlled. To record chronoamperograms, the potential was stepped to 490 mV (Figure 5).
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Figure 5. Chronoamperograms for GO/NiO/CPE in phosphate buffer (0.1 M, pH 7.0) with different carmoisine
concentrations (0.1 to 1.0 mM)

A linear plot of / vs. t/2 was constructed as the best fit for various carmoisine concentrations, as
shown in Figure 6A. Figure 6B shows the slope plot of this straight line against carmoisine concen-
tration. Using Cottrell's equation and plot slope, the mean diffusion coefficient for carmoisine was
calculated to be 4.3x10® cm? s,
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Figure 6. (A) Cottrell’s plots for chronoamperograms in Figure 5, (B) slope diagram of straight lines versus
carmoisine concentration

Detection limit and standard curve

For the analytical determination of carmoisine, DPV was carried out for the modified electrode
(Figure 7).

y=0.0843x+ 0.988
R*=0.9998

39 4
34 4

25

1A
3

19 A

14 A

200 400

C/um

200 400 600 800 1000 1200

Efmv

Figure 7. DPVs of GO/NiO/CPE in phosphate buffer (0.1 M, pH 7.0) with several carmoisine concentrations
(0.3-500 uM). Inset: peak current as a function of carmoisine concentration

Ina 0.1 M phosphate buffer at pH 7.0, the distinctive peak current of carmoisine increased as the
carmoisine concentration increased from 0.3 to 500.0 uM. Inset of Figure 7 displays the graph of the
connection between peak rise and carmoisine concentration, indicating remarkable linearity with a
linear dynamic range of 0.3 to 500.0 uM. The limit of detection (LOD) for the detection of carmoisine
was found to be 0.1 uM.
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Simultaneous differential pulse voltammetric analysis of carmoisine and tartrazine

Carmoisine and tartrazine were co-detected using the as-fabricated GO/NiO/CPE by simulta-
neously changing their concentrations. Figure 8 shows DPVs obtained for various concentrations of
tartrazine and carmoisine at GO/NiO/CPE in 0.1 M phosphate buffer, pH 7.0. The recorded voltam-
mograms show-that the anodic peaks at 590 mV and 1010 mV correspond to carmoisine and,
tartrazine, respectively, suggesting that these azo-dyes may be detected concurrently on the surface
of GO/NiO/CPE.

E/mV
Figure 8. DPVs for GO/NiO/CPE in phosphate buffer (0.1 M, pH 7.0) with different carmoisine and tartrazine
concentrations

The linearity of changes in the peak current of oxidation against varying concentrations of
tartrazine and carmoisine is displayed in Figure 9.
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Figure 9. I, vs. concentration of (A) carmoisine and (B) tartrazine for GO/NiO/CPE in
phosphate buffer (0.1 M, pH 7.0). Data obtained from DPVs shown in Figure 8

Repeatability, reproducibility, and stability

The DPV approach has been used to assess the repeatability, reproducibility, and stability of the
GO/NiO/CPE. The 4.7 % relative standard deviation (RSD) for the same approach demonstrated the
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exceptional repeatability of GO/NiO/CPE. The outstanding reproducibility of GO/NiO/CPE was
demonstrated by an RSD of 3.5% across seven consecutive measurements of 100.0 uM carmoisine
using the same electrode. The stability of GO/NiO/CPE was examined by keeping the modified
electrode for a whole day. After 24 days, the oxidation current of carmoisine decreased to 96.9 %
of its initial value, indicating that electrode storage was stable.

Interference studies

A GO/NiO/CPE sensor that detects 30.0 uM carmoisine in the presence of several species was
investigated for interference. The concentration of interfering species that results in > £5% change in
the target analyte's peak current is considered the tolerance limit. The results showed that a 20-fold
increase in glucose, alanine, tryptophan, and histidine, and a 50-fold increase in Na*, K*, Ca®*, Mg?*,
NH4*, SO42-, CI~, and Br~ concentration, do not interfere with the determination of carmoisine.

Analytical application of graphene oxide/NiO/carbon paste electrode

Using DPV to detect tartrazine and carmoisine in powdered juice specimens, the suitability of the
as-fabricated electrode (GO/NiO/CPE) was examined. The findings are shown in Table 1. As can be
observed, the computed recoveries had relative standard deviations (RSDs) £3.5 % and ranged from
97.7 to 103.7%. As a result, the GO/NiO/CPE's reaction was unaffected by the genuine specimens'
matrix, indicating that it may be used for sensing in real specimens.

Table 1. The analytical suitability of GO/NiO/CPE for detecting carmoisine and tartrazine in actual
specimens, powdered juice (n = 5)

Spiked concentration, uM Found concentration, uM Recovery, % RSD. %
Carmoisine Tartrazine Carmoisine Tartrazine Carmoisine  Tartrazine Carmoisine Tartrazine
0 0 2.9 3.4 - - 3.5 3.0
2.0 2.0 4.8 5.6 98.0 103.7 1.9 2.6
4.0 4.0 7.0 7.2 101.4 97.3 2.6 2.8
6.0 6.0 8.7 9.5 97.7 101.1 2.9 1.8
8.0 8.0 11.3 11.2 103.7 98.2 3.1 2.1
Conclusions

This study effectively modified a CPE with a GO/NiO nanocomposite, enabling simultaneous
electrochemical determination of tartrazine and carmoisine. The electrocatalytic performance of
the developed GO/NiO/CPE sensing platform was greatly improved by the synergistic effect of GO
and NiO. This sensor demonstrated its capacity for simultaneous determination in the samples by
successfully differentiating the oxidation peaks of both substances. Additionally, the created sensing
platform has notable benefits such as easy preparation, high sensitivity, and outstanding stability.
Additional research is needed to assess the juice's performance and increase its usefulness.

Funding: No funding for this work.
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