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Abstract

In this study, we developed a sensor utilizing a pencil graphite electrode combined with
triton X-100 surfactant prepared by immobilization technique. This modified electrode can
concurrently detect sunset yellow (SY) and tartrazine (TZ) in a binary mixture. Both com-
pounds are synthetic azo dyes known to have hazardous effects on human health, including
the potential for malignant growth at prolonged exposure. The modified electrode shows
remarkable sensitivity toward SY and TZ individually and in combination. We conducted pH
studies, scan rate analysis, reproducibility tests, and simultaneous detection studies using
cyclic voltammetry. Differential pulse voltammetry technique was used to investigate
concentration and mutual interference effects. Our pH study found that the maximum
anodic peak current for SY occurs at pH 7.4, while TZ shows a higher current at pH 7.0. The
scan rate analysis indicated that the anodic reactions of both dyes are controlled by the
adsorption process. The limit of detection (LOD) and limit of quantification (LOQ) for SY are
0.17 and 0.59 uM, respectively, while for TZ, the LOD and LOQ are 0.67 and 2.26 uM,
respectively. The surfactant-modified pencil electrode demonstrates excellent peak
separation between SY and TZ in a binary mixture, exhibiting stability of 86.3 % for sunset
yellow and 65 % for tartrazine over 25 cycles.

Keywords
Synthetic azo dyes; binary mixture; modified pencil graphite electrode; non-ionic

surfactant; immobilization method

Introduction

Azo dyes are a class of chemicals widely used in various fields, including food [1], leather [2],
textile [3], and pharmaceutical industries [4], to impart attractive colours. In the food industry, these
dyes enhance both colour and taste. In the leather industry, they are applied to give products
appealing colours, increasing their marketability. Pharmaceuticals utilize dyes to differentiate
between various drugs by colour. The increasing use of azo dyes is attributed to their low cost and
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high attractiveness. Depending on the manufacturer, these dyes can be synthesized through natural
and synthetic methods [5]. However, their use raises safety concerns because of their toxic nature.
Prolonged exposure to these dyes may pose health risks [6]. Nowadays, almost every packaged food
product contains artificial colours. In some cases, dyes are used without being listed on labels, and
instances of using higher concentrations than those indicated have also been reported [7]. This has
heightened interest among researchers in developing methods to detect azo dyes. Azo dye
manufacturers focus on cost-effectiveness, stability, solubility, versatility (used in baked goods,
snacks, and ice creams), and regulatory approval [8]. As a result, they often use dyes like sunset
yellow (SY) and tartrazine (TZ), which meet these criteria.

SY is a synthetic azo dye with various applications, as mentioned earlier. It is commonly used in
many food products, including gummies, dairy items, baked goods, ice creams, yogurts, and other
locally popular foods. Historically, SY has been analysed using techniques such as high-performance
liquid chromatography (HPLC) [9], capillary electrophoresis [10], mass spectrometry [11], and thin-
layer chromatography [12]. Tartrazine is another important synthetic azo dye, primarily used in food
products such as confectionaries, dairy items, and gummies[13]. This dye is often analysed and
validated using HPLC [14], mass spectrometry [15] and capillary electrophoresis [16] as well. In
addition to these methods, both SY and TZ can be detected using electrochemical techniques [17],
which are cost-effective, less time-consuming, and provide reliable results.

The electrochemical techniques have already been used to develop sensors by employing various
carbon-based working electrodes, such as glassy carbon electrodes [18], carbon paste electro-
des [19], and graphite pencil electrodes [20]. Glassy carbon and carbon paste electrodes can be
modified with nanomaterials [21,22], polymer films [23,24], and surfactants [25,26]. The pencil
electrode also uses nanomaterials, polymer films [27], and surfactants for modification [28]. Surfac-
tants, i.e. surface-active agents, have extensive use across multiple industries, including food [29],
paints [30], and pharmaceuticals [31]. They consist of two components: a hydrophilic head and a
hydrophobic tail. Triton X-100 is poly(ethylene glycol) p-nonyl phenyl ether due to its effective
emulsifying, wetting, and solubilizing properties, which is suitable for voltammetric detection of SY
and TZ. Triton X-100 has previously been employed in various sensor research efforts. The
modification of electrodes with this surfactant can be performed using the pretreatment
method [32] and immobilization [33] technique.

Although SY and TZ have been detected using various nanomaterials [34], polymer films [35], and
carbon-based electrodes, the same opportunity remains for TX-100 as a modifier for graphitic pencil
electrodes. In the present work, a pencil graphite electrode was used for the electrochemical detec-
tion of SY and TZ by using the immobilization method. The detections were simultaneously validated
with a variation of scan rate (v), concentration and mutual interference studies at surfactant-modified
graphite pencil electrodes, leading to simple electrochemical sensor development. Electrochemical
reactions that are substantial for the detection of SY and TZ are presented in Schemes 1 and 2.
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Scheme 2. Oxidation scheme of tartrazine

Experimental

Chemicals and apparatus required

Sunset yellow was brought from Sigma Aldrich and tartrazine was procured from Loba chemicals,
Triton X-100, Na;HPO4, NaH;PO4, and KCl were brought from Himedia. The electrochemical studies
were carried out using the potentiostat CHI 660c. A graphite pencil electrode was used as a working
electrode, a saturated calomel electrode (SCE) was used as a reference electrode, and a platinum
wire was used as an auxiliary electrode. All the experiments were carried out at lab temperature.

Preparation of electrodes

The graphite pencil electrode (PE), with a diameter of 0.7 mm, was procured locally and used as
the bare electrode. The modified graphite pencil electrode (TX-100/MPE) was prepared using the
immobilizing technique, where 1 ml of 20 uM TX-100 was directly added to the analyte solution,
and then the PE electrode was dipped into the analyte solution. After regular intervals (0, 15, 30 and
45 s), CVs were recorded to determine the optimized CV (TX-100/MPE).

Results and discussion

Immobilization of TX-100

CVs were taken to select the optimized time needed for the immobilization of TX-100 at PE, which
would give the best analyte response. As represented by Figure 1A showing CVs for 1ImM SY in
0.2 M PBS, pH 7.4 at TX-100/MPE, there is an increase of anodic peak current (/,a) as immobilization
time (t) was increased from 0 to 30 s, while after 45 s, the anodic current is decreased (Figure 1B).
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Figure 1. (A) CVs (v=100 mV s) of 1 mM SY in 0.2 M PBS, pH 7.4 electrolyte solution at TX-100/MPE
formed after different immobilization times of TX-100 at PE surface; (B) Graph of |,q versus t
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Figure 2A represents the CVs for finding the optimized immobilization time of TX-100 at PE in
0.2 M PBS, pH 7.4, containing 1 mM TZ analyte. The CV shows an increase in peak current till 30 s
and then it decreases when the immobilization time reaches 45 seconds (Figure 2B). On the basis of
Figures 1B and 2B, all subsequent experiments with SY and TZ were carried out using the same
optimized time for TX-100 immobilization at a PE surface of 30 s.
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Figure 2. (A) CVs (v=100 mV s2) of 1 mM TZ in 0.2 M PBS of 7.4 pH electrolyte solution at TX-100/MPE
formed after different immobilization times of TX-100 at PE surface; (B) Graph of lpq versus t

SY and TZ responses at TX-100/MPE at different pH

The CV technique was applied to monitor the effects of pH variations (6.2, 6.6, 7.0, 7.4 and 7.8)
of supporting electrolyte (0.2 M PBS) on the response of 1 mM SY at TX-100/MPE. Figure 3A shows
that as pH increases, the anodic peak potential (Epa) shift occurs from a higher to a lower value,
which is validated by the Epa versus pH curve in Figure 3B. The graph shows the linear decrease of
Epa as the pH increases, where the slope is -64 mV, which is almost equal to the Nernstian value of -
59 mV, indicating that protons and electrons are shared in a 1:1 ratio (Scheme 1). The linear
regression equation is defined as Epq = 1.16085 - 0.06475 pH and the R? value was found to be 0.998.
The anodic peak current (/pa) vs.pH is represented in Figure 3C, showing a rise in /pa as pH increases
from 6.2 to 7.4, while at pH 7.8, the current decreases [36,37].

Figure 4A represents the effects of the pH variation of 0.2 M PBS containing 1 mM TZ at
TX/100MPE recorded via the CV technique. As the pH increases, Epa decreases to a negative value,
which is represented in Figure 4B. The slope of the curve was found to be -53 mV, which is near the
theoretical value of -59 mV and represents that electrons and protons are equally shared in the
oxidation process (Scheme 2). The linear regression equation was defined as E,q =1.192 - 0.053 pH
(R?=0.998). The Ipa versus pH graph is shown in Figure 4C, representing a rise in anodic peak current
as pH increases from 6.2 to 7.0 and then a decrease for subsequent pH increases. According to the
results obtained in Figures 3C and 4C, the remaining studies for both synthetic azo dyes were carried
out using a physiological pH of 7.4 [38,39].
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Figure 3. (A) CVs for 1 mM SY in 0.2 M PBS of varying pH at TX-100/MPE; (B) Epq vs. pH; (C) lpq vs. pH
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Figure 4. (A) CVs for 1 mM TZ in 0.2 M PBS of varying pH at TX-100/MPE; (B) Epa vs. pH; (C) 1pa vs. pH

Comparison of SY and TZ responses at BPE and TX-100/MPE

Figure 5 represents the CVs for 1 mM SY in 0.2 M PBS, pH 7.4, at a scan rate of 100 mV s. The
black dotted line represents the CV of SY at the bare graphite pencil electrode (BPE) and the red
solid line represents the CV of SY at TX-100/MPE. The /5, of SY at TX-100/MPE is 34.53 pA, while the
lpa for SY at BPE is 3.647 uA, comparing the current values shows nearly 10 folds higher anodic peak
current of SY at TX-100/MPE than BPE [40,41].

The CVs of 1 mM TZ at the scan rate 100 mV st in 0.2 M PBS of 7.4 pH are represented in Figure 6.
The black dotted line represents the CV of TZ at BPE and the solid yellow line represents the CV of
TZ at TX-100/MPE. The Iy of TX-100/MCPE is 10 times higher compared to the /,, of BPE. From these
results (Figures 5 and 6), it can be concluded that the increase in current in CVs of both dyes is due
to the surface activity of TX-100 surfactant [42].
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Figure 5. CVs (v=100 mVs') of 1 mM SY in 0.2 M PBS, pH 7.4, at TX-100/MPE (red solid line) and
BPE (black dotted line)
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Figure 6. CVs (v=100 mVs?')of 1 mM TZ in 0.2 M PBS, pH 7.4, at TX-100/MPE (yellow solid line) and
BPE (black dotted line)

Scan rate effects on anodic peak currents of SY and TZ

The resultant CVs, recorded at different sweep rates (50 to 500 mV s?) at TX-100/MPE for 1 mM
SY in 0.2 M PBS, pH 7.4, are represented in Figure 7A. The anodic peak current increases sub-
sequently with the increase in scan rate and has a slight shift in anodic potential. The graph of /pavs.
scan rate is represented in Figure 7B, and linear regression for the straight line is defined as:
lpa = 2.18 x10*(v) + 5.596 x10°® (R?=0.997). Figure 7C shows the graph of log /pa versus log v, with a
slope of 0.706, indicating that the process involved is controlled by adsorption.

Figure 8A presents CVs measured under the variation of scan rate for 1 mM TZ in 0.2 M PBS of
7.4 at TX-100/MPE. As the sweep rate increases, the resultant anodic peak current increases with a
slight shift in peak potential.
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Figure 7. (A) CVs at different sweep rates for 1 mM SY in 0.2 M PBS, pH 7.4, at TX-100/MPE; (B) l,q Vs. V;
(C) log lpa vs. log v
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Figure 8. (A) CVs at different sweep rates for 1 mM TZ in 0.2 M PBS, pH 7.4, at TX-100/MPE;
(B) lpavs. v; (C) log lpa vs. log v

The graph of /,a versus scan rate is represented in Figure 8B, where the resulting linear regression
equation is: lpa = 2.986x10% v + 3.392x10° (R?= 0.993). The log /5a versus log v graph is shown in
Figure 8C, which indicates a slope of 0.533, suggesting that the electrode shows an adsorption-
controlled phenomenon [43].
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Effect of concentration of SY and TZ at TX-100/MPE

The differential pulse voltammetric (DPV) technique was used to detect the concentration effects
of SY and TZ at TX-100/MPE using 0.2 M PBS, pH 7.4 solution. Figure 9A represents the concentration
effect of SY (1 to 6 uM) at TX-100/MPE. It is seen that as the concentration of SY increases, the
subsequent anodic peak current also increases. This trend was further proven by Figure 9B, which
shows that the increase in peak current is linear and the linear regression equation is defined as:
lpa=1.44x107 Csy + 4.746x107 (R?= 0.999).
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Figure 9. (A) DPVs for rising concentrations of SY in 0.2 M PBS, pH 7.4 at TX-100/MPE;

(B) lpa Vs. concentration of SY

Figure 10A demonstrates the effect of the concentration of TZ (1 to 8 uM) at TX-100/MPE. When
the concentration increases the peak current also increases simultaneously, this was further proven
by Figure 10(B), where linear regression is defined as: /o = 6.303x10°® Crz + 1.103x107° (R?>= 0.996).
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Figure 10. (A) DPV for rising concentrations of TZ in 0.2 PBS, pH 7.4 at TX-100/MPE;

(B) l,q vs. concentration of TZ
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Equations (2) and (3) were used to calculate the limit of detection (LOD) and limit of quantification

(LOQ):
LOD =3S5/Mm
LOD = 10S/Mm

(2)
(3)

Here, S is the standard deviation, and M is the slope of a straight line. The LOD and LOQ of SY at
TX-100/MPE were found to be 0.17 and 0.59 uM, respectively. TZ at TX-100/MPE has a LOD of 0.67
puM and LOQ of 2.26 uM. Some reported literature data on LOD values already obtained by
voltammetric determination of SY and TZ at different electrodes are presented in Tables 1 and 2.

Table 1. LOD values of TZ for some reported electrodes

Electrode Method LOD, uM Reference
PGMCPE cv 2.045 [44]
CNF/AuNP-CPE DPV 2.64 [45]
SDSMCPE cv 5.2 [46]
Gr/PLPA/PGE DPV 1.54 [47]
TX-100/MPE DPV 0.67 Present work
Table 2. LOD values of SY for some reported electrodes
Electrode Method LOD, uM Reference
ePad cv 2.38 [48]
PTA/GCE DPV 0.5 [49]
Chitosan/graphene cv 0.6 [50]
GC/EGr-1 LSV 1.8 [51]
TX-100/MPE DPV 0.17 Present work

Reproducibility of TX-100/MPE

The CV technique was employed to evaluate the stability of TX-100/MPE for SY and TZ in

0.2 M PBS at pH 7.4. Figure 11 presents CVs of 1 mM SY at TX-100/MPE over 25 cycles, while
Figure 12 displays CVs for 1 mM TZ at TX-100/MPE. Stability was determined using the formula
lon/lp1 [52], where Ip represents the peak current of the 25™ cycle and /p1 denotes the peak current
of the 1st cycle. The stability of TX-100/MPE was found to be 86.3 % for SY and 65 % for TZ,

respectively [53].
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Figure 11. CVs (v = 100 mVs?) for 1 mM SY in 0.2 M PBS, pH 7.4 at TX-100/MPE for 25 cycles
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Figure 12. CVs (v =100 mVs™?) for 1 mM TZ in 0.2 M PBS, pH 7.4, at TX-100/MPE for 25 cycles

Simultaneous responses of SY and TZ at TX-100/MCP and BPE

Figure 13 displays the CV of 1 mM SY and 1 mM TZ in a binary mixture at TX-100/MPE in 0.2 M PBS,
pH 7.4. The black dotted line represents the CVs for SY and TZ mixture at BPE, showing a current peak
for SY at an anodic peak potential of 0.675 V and a current peak for TZ at 0.897 V. The green solid line
represents the CVs for both SY and TZ at TX-100/MPE, indicating a shift in potential compared to BPE;
the anodic peak potential for SY appears at 0.682 V, while TZ shows a peak potential at 0.937 V.
Additionally, the peak currents at TX-100/MPE for both SY and TZ increase nearly three times
compared to BPE. This demonstrates that TX-100/MPE can detect SY and TZ in a binary mixture [54].
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Figure 13. Comparative CVs of 1 mM SY and 1 mM TZ binary mixture in 0.2 M PBS, pH 7.4 at
BPE (black dotted line) and TX-100/MPE (green solid line)
Selectivity study of SY and TZ at TX-100/MPE

The differential pulse voltammetry (DPV) method was utilized to investigate the selectivity of SY in
the presence of TZ, and vice versa, at TX-100/MPE in 0.2 M PBS, pH 7.4. Figure 14A illustrates the
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selectivity of SY when TZ is maintained at a constant concentration of 1 mM. As the concentration of
SY increases from 1 to 5 mM, the anodic peak current of SY rises significantly, while the peak current
of TZ shows only a negligible increase. Figure 14B confirms that this increase in the peak current of SY
is linear, described by the equation /s = 8.745x10® Csy + 4.859x10°° (R?=0.996) [55-57].
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Figure 14. DPVs of varied concentrations of SY in the presence of 1 mM TZ in 0.2 M PBS, pH 7.4;

(B) lpaVs. concentration of SY

Similarly, Figure 15A presents the selectivity study of TZ in the presence of SY. When the concen-
tration of TZ is increased from 1 mM to 5 mM while keeping SY concentration constant at 1 mM, the
peak current of TZ also increases, while the peak current of SY remains largely unchanged with

minimal fluctuations [58].
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Figure 15. (A) DPVs of varied concentrations of TZ in the presence of 1 mM SY in 0.2 M PBS, pH 7.4;

(B) lpavs. concentration of TZ
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Figure 15B shows that the increase in TZ peak current is linear, with the regression equation given
by lpa = 4.466x10® Crz + 1.278x10°® (R2=0.993). Overall, TX-100/MPE demonstrates excellent selecti-
vity for distinguishing between SY and TZ in a binary mixture.

Conclusion

The TX-100 modified pencil electrode (TX-100/MPE) was fabricated using the immobilization
technique with the aim of obtaining valuable sensors for sunset yellow (SY) and tartrazine (TZ) azo
dyes. TX-100/MPE was electrochemically characterized by comparing its sensitivity for SY and TZ
with the bare pencil electrode (BPE). The modified electrode demonstrated excellent sensitivity for
both SY and TZ. The pH study for SY indicated that the process involves sharing an equal number of
protons and electrons. Additionally, the analysis of the scan rate change effects revealed that the
reaction for both azo dyes at the TX-100/MPE is adsorption-controlled. The modified electrode
achieved impressive LOD and LOQ for both SY and TZ. The voltammetric study reveals a clear peak
separation between TZ and SY in a binary mixture, and selective studies confirmed the excellent
separation. The reproducibility of the TX-100/MPE in SY exhibited higher stability compared to TZ.
Overall, the TX-100/MPE demonstrates exceptional sensitivity, selectivity, and reproducibility for
both azo dyes. The same method can also be used for other dyes with promising results.
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