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ABSTRACT: Alloxan (AL) is a toxic glucose analogue that acts as a potent diabetogenic
inducer by selectively destroying the insulin-producing β-cells of the pancreas. Hence, a
sensitive and selective cetyl trimethylammonium bromide (CTAB)-immobilized carbon paste
electrode was utilized for the analysis of AL in the existence of anthrone. The CTAB-
modified carbon paste electrode in contrast with the bare carbon paste electrode showed a
magnificent behavior for the electrocatalytic oxidation of AL by cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) methods. CV studies reveal a quasi-reversible diffusion-
controlled process in the potential window of −0.5 to 0.4 V at an optimum pH of 6.5 in 0.2
M phosphate buffer solution. The electrode materials were characterized by CV, field
emission-scanning electron microscopy, and electrochemical impedance spectroscopy. Under
optimized experimental conditions, low detection limits of 1.09 and 3.64 μM were obtained
in a linear dynamic range of 5−80 μM and from 8 to 90 μM by DPV and CV methods,
respectively. The performance of the modified electrode is impressive in terms of least charge
transfer resistance (Rct), surface concentration (Γ), and heterogeneous electron transfer rate constant (k0). A 50-fold excess
concentration of other potential interferants such as food additives and other organic species present in the human body does not
significantly alter the peak potential and peak current of AL. The analytical application of the modified sensor was appraised by
determining AL in the spiked refined flour sample. The modified sensor with a swift fabrication procedure exhibited enduring
stability, adequate reproducibility, and acceptable repeatability.

1. INTRODUCTION

Alloxan (AL) (pyrimidine-2,4,5,6-tetrone) is a carcinogenic
and cytotoxic glucose analogue that persuades as a potent
diabetogenic agent, which selectively damages insulin-produc-
ing pancreatic β-cells.1 It is assumed that because of the uptake
of AL by pancreatic β-cells, it comes in contact with the
reducing agent such as reduced glutathione, which is present in
eukaryotic cells. Because of the interaction between AL and
reducing species such as glutathione, reactive oxygen species
will be formed, which can be assigned to the cytotoxic nature
of AL potentially leading to selective necrosis of β-cells.2,3

However, the concurrent existence of reducing agents such as
glutathione and AL, which creates a redox cycle where AL is
reduced to dialuric acid, which then endures autoxidation back
to AL in the presence of suitable electron acceptors such as
oxygen.4 As a ramification of this redox cycling, reactive oxygen
species such as superoxide radical anion (O2

−), hydroxyl
radical (OH), hydrogen peroxide (H2O2), and the oxidized
form of glutathione will be formed. Because the catalase
activity is very low in pancreas, H2O2 accumulates and in the
existence of a ferrous ion chelate, Fenton-reaction takes place
where extremely reactive hydroxyl radicals (OH) are formed.
Hydroxyl radical is apparently considered to be the potent

cause for toxicity of insulin-producing β-cell and AL
diabetogenicity.5 Foods made from refined flour are tainted
with AL and they are considered to be the leading cause for
diabetes. Generally, wheat flour is yellow in color and because
of its less sticky and hard nature, it is difficult to use it in bakery
products. With an intention of overcoming this problem, the
food industry uses bleaching agents. Saiz et al.6 reported the
use of benzoyl peroxide, Hamill et al.7 reported the use of
nitrogen peroxide and nitrosyl chlorides while Al-Dmoor et al.8

reported the use of chlorine gas as bleaching agents to improve
its texture and as a result of which AL will be formed as a by-
product. AL enters into the human body on consuming these
bakery products made out of bleached flour and becomes a
target of AL-induced diabetes. The expected amount of AL
limit in the human blood is 1.5 μg/mL9 but with the increase
in AL content, it leads to AL-diabetes, which in turn causes
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weight loss, polyuria, ketonuria, and polydipsia.9,10 Hence, it is
imperative to develop a sensitive, efficient, simple, and cost-
effective technique for the determination of AL. Research
enthusiasts have given ample consideration for developing
methods to quantitatively determine bioactive substances such
as AL in food products. Goyal et al.11 used HPLC,
Raghavamenon et al.12 used fluorometric high performance
liquid chromatography, Zheng13 developed spectrophotomet-
ric method while Shpigun et al.14 used flow injection method
and Murthy et al.15 used electrochemical techniques. Electro-
chemical techniques prove to be the most optimistic approach
because of its ability to determine analyte levels up to the
picomolar range and its automation at nominal cost in
comparison with other instruments. Experimental output of
electroanalytical techniques is not affected by the color,
turbidity, and suspension. Because of its rapid rate of analysis,
flexibility and convenience to handle in available working
condition makes it a suitable tool for the analysis of the
exclusive range of pharmaceutical samples, biologically active
moieties, food samples, and water and soil analysis. Simplicity,
efficiency and ecofriendliness in comparison with other
methods reported makes it a desirable method for the
determination of AL.16,17

In the present study, we have described a modest and
effectual electrochemical technique for the quantitative
determination of AL by using a surfactant-modified carbon
paste electrode in conjunction with cyclic voltammetry (CV)
and differential pulse voltammetry (DPV) methods. Carbon
paste electrodes are explored as more appreciated electrode
materials since eternities because of their nontoxic nature, cost
efficiency, and its effortless accessibility. The mechanical
properties such as less mass density, exceptional endurance
to chemicals, thermal stability, low residual current in inclusive
potential window, and facile modification of the electrode
surface makes carbon paste electrodes the most preferred
electrode material.18−20

Surfactant molecules that are amphiphilic in character, with
a hydrophilic group that is compatible with water in one end
and a long hydrophobic tail that is compatible with oil in the
other end. These surface-active agents have the capacity to
change the electrochemical process at the electrode and
solution interface.21 Assimilation of the surfactant on the
surface of the electrode forms an adsorptive layer, which
aggregates the electron allocation, enhances the peak current,
and amends the redox potential along with changing the
stability of electrogenerated intermediates and electrochemical

product.22,23 The influence of different surfactants such as
sodium dodecyl sulfate (SDS), Triton-X 100 (TX-100), and
cetyl trimethylammonium bromide (CTAB) on the redox
behavior of AL are studied in this work. It was demonstrated
that with a synergistic adsorption mechanism, the cationic
surfactant CTAB combines with the substrate in convinced
forms and displays distinct enhancement effect on the redox
current of AL. It was assumed that CTAB formed a compact
monolayer on the electrode surface with high density of
positive charges focusing on the exterior of the electrode
surface.24,25 In this work, the electrochemical behavior of AL
was investigated at CTAB-modified carbon paste electrode
(CTABMCPE) and analytical performance of the modified
electrode was scrutinized by estimating AL in real samples.
Interference studies was carried out and CTABMCPE was
deliberated to portray exceptional sensitivity and selectivity
toward AL.

2. RESULTS AND DISCUSSIONS

2.1. Surface Characterization of BCPE and CTABMCPE
by FESEM and EIS. In an attempt to relate the voltammetry
response to surface topography, field emission-scanning
electron microscopy (FESEM) images of the CTABMCPE
and bare carbon paste electrode (BCPE) were recorded. Figure
1A shows the FESEM image of the BCPE and Figure 1B shows
the image of the CTABMCPE. The surface of the BCPE is
predominant with graphite flakes, which is more permeable for
adsorption of the surfactant.26 The surface modification was
successfully established in the CTABMCPE proving the
development of active sites, which fills the space between
graphite flakes due to adsorption of the surfactant on the
surface of the carbon paste electrode.
The surface modification mechanism is supported by

electrochemical impedance spectroscopy (EIS) studies, which
is based on electron transfer resistance (Rct). In this work, Rct
values of the BCPE and CTABMCPE were studied using 1
mM K4[Fe (CN)6] solution containing 0.1 M KCl. Figure 2
shows the Nyquist diagram where the diameter of the
semicircle is proportional to the charge transfer resistance
(Rct), and the linear portion is correlated to the diffusion
process.27,28 From the diagram, it is clear that the
CTABMCPE [curve (b)] exhibits smaller semicircle in
comparison with the BCPE [curve (a)], indicating that the
CTABMCPE has high conductivity. The Rct value of 59.50 kΩ
for the BCPE underpins the low electron transfer rate, whereas
the CTABMCPE shows a Rct value 9.30 kΩ indicating the

Figure 1. (A) FESEM depiction of the BCPE. (B) FESEM depiction of the CTABMCPE.
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synergistic effect of conductivity due to CTAB adsorbed layer
promoting a rapid electron transfer in the redox probe.
2.2. Evaluation of Electrode Surface Area. CV of 1 mM

K4 [Fe (CN)6] as an electrochemical redox probe in 0.1 M
KCl on a CTABMCPE (curve a) and BCPE [curve (b)] are
shown in Figure 3. It is clear from Figure 3 that the

CTABMCPE displays stable enhancement in current response,
indicating that the electrochemical active sites of the CPE
increased on surface modification by the surfactant. The largest
current response at the CTABMCPE (Ipa = 27.78 μA) in
comparison to the BCPE (Ipa = 12.44 μA) is ascribed to
electrocatalytic activity and enhancement in surface area
because of surface modification. The electroactive surface
area of the BCPE and CTABMCPE was analyzed by CV using
1 mM K4 [Fe (CN)6] as an electrochemical redox probe in 0.1
M KCl at diverse scan rates. Figure 4A shows the voltammo-
grams of the BCPE and Figure 4B shows the voltammograms
of the CTABMCPE. From Figure 4A,B it is clear that the
oxidation and reduction potential shifts to more positive and
more negative sides along with the linear enhancement in the
redox peak current with the increase in the scan rate from 0.1
to 0.2 V/s.29 The plot of Ipa versus v1/2 (Figure 4C) shows
linearity with R2 value of 0.9935 for the BCPE and 0.9964 for
the CTABMCPE. The active surface area of the electrodes was
estimated considering the slope of Ipa versus v

1/2 based on the
Randles−Sevcik equation

I n AC D v2.69 10pa
5 3/2

o
1/2 1/2= × (1)

Ipa: anodic peak current, n: number of electrons exchanged
during the redox process is presumed to be equal to one, A:
surface area of electrode, Co: concentration of the redox probe,
D: diffusion coefficient assumed to be equal to 7.6 × 10−6 cm2

s−1, v1/2: square root of scan rate in V/s. The microscopic
electroactive surface area is maximum for the CTABMCPE
(0.037 cm2) in comparison with the BCPE (0.027 cm2).30

2.3. Optimization of the Surfactant on the Electrode
Surface. The influence of the surfactant on the peak current of
AL was analyzed by immobilizing CTAB (cationic surfactant),
SDS (anionic surfactant), and TX-100 (non-ionic surfactant).
Even at trace levels, surfactant molecules will have significant
impact on the electrooxidation process. Surfactant molecules
reduce the surface tension at the interface and allow the
molecule to spread effortlessly.31−33 The type and amount of
surfactant will have a substantial impact on the peak current,
peak potential, and extent of the electrooxidation process.
Among the three surfactants used in the present work, it is
obvious from Figure 5B in the inset that SDS and TX-100
portrayed diminished peak intensity while CTAB displayed
healthier electrochemical response by enhancing the peak
current intensity. The pivotal reason behind this is the head
groups and the alkyl chains length of the surfactants. The
surfactant molecules aggregate the species with alike charges
and repel the species with like charges. It is assumed that
because in our optimum pH range AL exists in anionic form,
SDS may repel and TX-100 may hinder the formation of the
adsorb layer. CTAB enhances the polarity on the exterior
surface of the CPE, as an outcome of which the enhancement
of current signals is observed, and hence CTAB was considered
for our successive work.34,35

The performance of the fabricated sensor was examined by
changing the concentrations of CTAB between 5 and 20 μL
and the voltammetric response is shown in Figure 5A. The
peak current response of the fabricated sensor increased
gradually with the increase in immobilization concentration of
CTAB from 5 to 10 μL and after reaching the saturation level
at 10 μL further addition in the immobilization concentration
of the surfactant diminishes the peak current response. Hence,
it can be resolved that the amount of CTAB adsorption
reaches a maximum value at 10 μL and further increase in
immobilization concentration of CTAB on the CPE does not
improve the adsorption of CTAB.36,37 After that, CTAB
reaches its critical micelle concentration and there will be a
corresponding decrease in free CTAB molecules for
adsorption. Therefore, 10 μL was considered as the optimum
immobilization concentration of CTAB to modify the BCPE
into CTABMCPE.

2.4. Accumulation Time. Accumulation time (ACT) can
potentially enhance the amount of adsorption of AL, as a
consequence of which enhancement in peak current sensitivity
is observed. Voltammetric responses (Figure 6A) at different
ACT ranging from 5 to 30 s were obtained through CV
technique in pH 6.5 phosphate buffer solution (PBS) at a scan
rate of 0.1 V/s. In order to fulfil the objective of swift
detection, the range of ACT was kept below 30 s. From Figure
6B, it is clear that ACT of 5 s shows the highest current
sensitivity and with the further increase in ACT up to 30 s, the
current sensitivity showed a steady decline.38,39 A full surface
coverage is obtained at 5 s where a stable and high current
sensitivity response was observed. Hence, it is apparent that
the method employed in this work is accomplished to detect
the target ion in 5 s and was considered as the optimum ACT.

Figure 2. Nyquist diagrams of EIS of the BCPE [curve (a)] and the
CTABMCPE [curve (b)].

Figure 3. CV response of 1 mM K4[Fe (CN)6] at the CTABMCPE
[curve (a)] and BCPE [curve (b)] at the scan rate of 0.1 V/s.
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2.5. Effect of pH. The redox peak current of analyte has a
close proximity with the pH of electrolytic solution because
proton is always involved in the electrochemical reaction of an

organic compound. Sharper response accompanied with
intense sensitivity can be obtained by optimizing the pH of
the supporting electrolyte.40−42 In order to ascertain the
voltammetric response of AL at the CTABMCPE, pH of 0.2 M
PBS was varied from 5.5 to 8 (Figure 7A) where a sharp
oxidation peak and a weak broad redox peak with diminished
current sensitivity was observed. Figure 7A clearly shows that
anodic peak potential (Epa) linearly shifts to cathodic direction
during the change in pH from acidic to basic. The plot of Epa
versus pH (Figure 7B) evidently specifies that Epa linearly
depends on pH values with equation Epa (V) = −0.0510 pH +
0.0310 and correlation coefficient; R2 = 0.9872. The slope of
0.0510 is near to theoretical value, which recommend that the
number of electrons transferred is equal to number of protons
in the electrode reaction.43 The anodic peak current (Ipa)
increased gradually from pH 5.5 to 6.5 and with the further
increase in pH from 6.5 to 8, the oxidation peak current
conversely decreased (Figure 7C). From the plot of Ipa versus
pH it is clear that the finest outcome with respect to sensitivity
escorted with sharper response was obtained at pH 6.5, which
is assumed to be due to the faster rate of electron transfer and
imperative interaction between AL and the CTABMCPE.
Hence, pH 6.5 was designated for further analysis. The number
of electrons exchanged “n” can be calculated by eq 2:44

RT
E E F

1.857
( )n

pa pa/2
α =

− (2)

Calculated value on “n” by using eq 2 is found to be 1.89,
which is considered to be equal to 2. Epa and Epa/2 are anodic
potential and half-wave anodic potential, respectively, R, T,
and F have their own physical significance, “α” the charge
transfer coefficient is calculated to be equal to 0.23 by Bard and
Faulkner eq 3.

E E
47.7

n
pa pa/2

α =
− (3)

Figure 4. (A) Cyclic voltammograms of 1 mM K4[Fe(CN)6] in 0.1 M KCl at the BCPE by varying scan rates (0.1−0.2 V/s) (B) Cyclic
voltammograms obtained for the CTABMCPE in the same electrolytic solution at different scan rates (0.1−0.2 V/s) (C) Plot of Ipa vs v

1/2.

Figure 5. (A) Cyclic voltammograms of AL (1 × 10−3 M) at the
CTABMCPE in 0.2 M PBS, pH 6.5, (v = 0.1 V/s) for different
amounts of CTAB (5−20 μL) (B) Plot of different surfactants (SDS,
TX-100, CTAB) vs Ipa (μA) (figure in the inset).

Figure 6. (A) CV test for optimization of ACT from 5 to 30 s at the
CTABMCPE in 0.2 M PBS, pH 6.5 (v = 0.1 V/s) (B) plot of Ipa vs
ACT under optimum condition.
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The calculated value of surface concentration (Γ) by using
eq 4 was found to be 2.71 nmol/cm2.

Q nFA= Γ (4)

Q is the integrated charge from the area of CV peak under
optimum condition, A is surface area of the electrode, F is
Faradays constant, n is number of electrons.
2.6. Electrochemical Behavior of AL. CV and DPV

studies are used to determine the redox behavior of AL in 0.2
M PBS of pH 6.5 at a scan rate of 0.1 V/s. Figure 8A shows the
voltammetric behavior of 1 × 10−3 M AL at the surface of the
CTABMCPE [curve (a)], BCPE [curve (c)], and curve (b)
depicts the voltammogram of only 0.2 M PBS in a potential
window of −0.5 to 0.4 V. The absence of voltammetric peaks
for blank [curve (b)] at the CTABMCPE indicates its
electrochemical inertness in the potential window of attention.
AL shows a well-defined oxidation peak at a potential of
−0.0105 V (Ipa = 38.37 μA) and a weak plateau-kind reduction
peak at a potential of −0.3260 V (Ipc = −35.85 μA) at the
CTABMCPE; on the contrary, the BCPE under identical
conditions displays redox peak with low current signal. The

substantial increase in the peak current with a sharper and well-
defined peak at the CTABMCPE reflects the faster electron
transfer kinetics due to the presence of the CTAB film, which
enlarges the surface area of the electrode in comparison with
the BCPE where there is low rate of electron transfer. The
cathodic peak is because of the reduction of AL to dialuric acid
and the anodic peak is attributed to be the oxidation of dialuric
acid to AL. The probable mechanism is depicted in Scheme
1.45 Figure 8B shows the DPV, which shows the electro-
chemical behavior of AL under optimum condition at the

Figure 7. (A) CV response of 1 × 10−3 M AL at the CTABMCPE in 0.2 M PBS of pH in the range 5.5−8.0 at the scan rate of 0.1 V/s (B) plot of
the anodic peak potential (Epa) vs pH (C) graph of oxidation peak current (Ipa) versus pH of solution.

Figure 8. (A) CV response of 1 × 10−3 M AL at the CTABMCPE [curve (a)], BCPE [curve (c)], and only PBS [curve (b)] at a scan rate of 0.1 V/
s in 0.2 M PBS (B) DPV response of 1 × 10−3 M AL at the CTABMCPE [curve (a)] and at the BCPE [curve (b)] under optimum condition.

Scheme 1. Probable Reaction Mechanism of AL
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CTABMCPE [curve (a)] and at the BCPE [curve (b)]. The
enhanced peak current is observed at the CTABMCPE [curve
(a)] in contrary to the BCPE [curve (b)] that shows a
diminished peak current.
2.7. Effect of Concentration of AL on Peak Current.

Quantitative analysis of AL was accomplished by recording the
DPV and CV under optimized condition by varying the
concentration from 2 to 100 μM. From the DPV (figure in the
inset of Figure 9A) obtained, it is obvious that the peak current

shows enhancement with the increase in concentration. Using
the optimized conditions, linear calibration plot (Figure 9A)
was obtained with the increase in the concentration of AL from
5 to 80 μM. The linear equation was Ipa (μA) = 9.6000 × 10−6

+ 0.0480 [AL] (M); (R2 = 0.9964). From the obtained data,
detection limit (LOD) and quantification limit (LOQ) at the
surface of the CTABMCPE were estimated to be 1.09 and 3.64
μM, respectively. (LOD = 3S/N, LOQ = 10 S/N where S is
the standard deviation of the peak current of blank and N
represents the slope of the calibration plot).46 Figure 9B shows
the linear calibration plot obtained under optimized condition
for the anodic peak current of AL versus concentration change
of AL in the range of 8−90 μM by CV technique at the
CTABMCPE. Figure 9B shows that the peak current shows an
upsurge with the increase in the concentration of AL. The
linearity is stated by the subsequent equation: Ipa (μA) =
1.1260 × 10−5 + 0.1004 [AL] (M); (R2 = 0.9955). From the
data obtained, calculated value of LOD and LOQ by CV was
found to be 3.64 and 13.1 μM, respectively.
The obtained values of LOD are comparable with the values

obtained in the literature and it is depicted in Table 1.

2.8. Effect of the Scan Rate. The electrochemical
properties of the CTABMCPE on the redox peak of AL was
examined by CV at pH 6.5 in the potential window of −0.5 to
0.4 V by increasing the scan rate from 0.050 to 0.250 V/s.
From the voltammograms (Figure 10A) obtained, it is clear
that the peak current increases with the increase of the scan
rate where both the anodic peak potential and cathodic peak
potential shifts toward more positive and negative side,
respectively, indicating that the redox action of AL is quasi-
reversible.47,48 As shown in Figure 10B, a linear dependence of
the anodic peak current (Ipa) with the square root of the scan
rate (v1/2) is observed, which recommends that the electrode
reaction is a diffusion-controlled process and the linearity
equation can be stated as Ipa (μA) = −0.4588 + 121.55v1/2 (V/
s); R2 = 0.9963. Figure 10C shows the plot of log Ipa versus log
v, which shows linearity (R2 = 0.9970) with a slope of 0.53,
which is in close proximity with theoretical value of 0.5 for the
diffusion-controlled process. Further, the plot of anodic peak
potential (Epa) versus log v (Figure 10D) was investigated. The
regression equation is expressed as follows: Epa = 0.1876 +
0.1893 log v; R2=0.9974.
The electron transfer rate constant (k0) at the interface of

the electrode and electrolytic solution is the primary preference
and is calculated by using eq 549

E E v k201.39 log( / ) 301.78pa pa/2 0− = [ ] − (5)

Epa symbolizes the anodic peak potential, Epa/2 symbolizes
the potential where the current is half the peak value, v
represents the scan rate, and k0 is the rate constant that was
calculated to be 3.17 × 10−3 s−1.

2.9. Simultaneous Determination of AL and AN by
DPV. One of the main objectives of this study is to analyze the
explicitness of the modified electrode and its sensing ability in
selectively determining AL that is a cytotoxic glucose analogue
and anthrone (AN) that is used in the quantitative estimation
of carbohydrate. AN is also used as a laxative and long-term
exposure to AN can cause respiratory tract disorders in
human.50 So the CTABMCPE was used to do the concurrent
determination of 1 × 10 −3 M solutions of AL and AN under
optimized condition of pH 6.5 in 0.2 M PBS at a scan rate of
0.1 V/s. Figure 11A shows the voltammetric response for the
concurrent determination of AN and AL at the CTABMCPE
[curve (a)] and at the BCPE [curve (b)]. BCPE shows
diminished current sensitivity, and on the contrary, under the
identical condition, the CTABMCPE shows two secluded
oxidation peaks with a peak separation of 0.39 V. AN confirms
an enhanced current sensitivity of 50. 21 μA at a potential of
−0.54 V and AL depicts a current sensitivity of 34.58 μA at a
potential of −0.15 V. Figure 11B shows the DPV obtained by
simultaneously changing the concentration of AN and AL. The

Figure 9. (A) Calibration plot for AL at the CTABMCPE in 0.2 M
PBS of pH 6.5 at a scan rate of 0.1 V/s (inset) DPV curve for the
variation of concentration of 1 × 10−3 M AL in 0.2 M PBS of pH 6.5
at the CTABMCPE (B) Calibration plot for AL at the CTABMCPE
in 0.2 M PBS of pH 6.5 at a scan rate of 0.1 V/s.

Table 1. Comparison of the LOD Values of the
CTABMCPE with Previously Reported Sensor for
Voltammetric Quantization of AL

method linear range LOD references

1. flow injection 0.1−1.0 mM 36 μM 14
2. derivative
voltammetry

0.3 μM to 3 mM 50 nm 15

3. LC−MS/MS 0.88−1.02 mg/kg 0.95 mg/kg 12
4. DPV 30 μM to 3 mM 1.2 μM 42
5. CV 8−90 μM 3.64 μM present work
6. DPV 5−80 μM 1.09 μM present work
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peak current displays a linear upsurge with the surge in the
concentration of AN and AL from 100 to 600 μM under
optimized condition. The plot of peak current variation of AN
and AL versus concentration variation of AN and AL (Figure
11C) shows linearity with correlation coefficient of 0.9975 and
0.9966 respectively. The sensitivity of the modified electrode
for the detection of AL in the absence and in the company of

AN were almost the same, which demonstrates that the
oxidation process of AL at the CTABMCPE are independent.
Hence, the CTABMCPE can be used for the independent
measurement of AN and AL without any interference.

2.10. Interference Studies. Interference studies were
performed under optimum condition in the presence of various
potentially interfering substances whose concentrations were

Figure 10. (A) CV response of 1 × 10−3 M AL at the CTABMCPE in pH 6.5 at various scan rates from (0.05 to 0.250 V/s) (B) plot of Ipa vs v
1/2

(C) Plot of log Ipa vs log v (D) plot of Epa vs log v.

Figure 11. (A) DPV response for simultaneous determination of AL and AN (1 × 10−3 M) at the CTABMCPE [curve (a)] and BCPE [curve (b)]
in 0.2 M PBS of pH 6.5 at a scan rate of 0.1 V/s (B) DPV response for interference analysis with varying concentration from 100 to 600 μM of AL
and AN in 0.2 M PBS of pH 6.5 at a scan rate of 0.1 V/s (C) Plot of Ipa vs concentration variation of AL and AN under optimum condition.
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50 times higher than the concentration of AL (1 × 10−3 M).
The addition of food additives such as vanillin and sodium
benzoate and food coloring agents such as carmine, amaranth,
acid yellow 23, and tartrazine caused no significant influence
on the DPV response of AL. The addition of certain organic
species such as estriol, tyrosine, uric acid, and folic acid do not
alter the peak current and peak potential of AL. These
outcomes specify that the CTABMCPE with a high
interference withstanding ability permits a selective surface
for the detection of AL.51

2.11. Examination of Reproducibility, Repeatability,
and Stability of the CTABMCPE. Sensing performance of
the modified electrode can be appraised by evaluating
reproducibility, repeatability, and stability. Five modified
electrodes were fabricated independently by the same
procedure and CV response of 1 × 10−3 M AL was recorded
under optimized condition. The relative standard deviation
(RSD) was 4.34% with a stable reproducible peak.
Repeatability of the modified electrode was evaluated by
running five sequential CV cycles using the same electrode,
which gives an RSD of 3.68% suggesting that the modified
electrode can be used for more measurements. The stability of
the modified electrode was analyzed by running 30 successive
CV cycles under optimum condition and it was noticed that
95.2% of the initial current was retained, which manifests that
the modified electrode is stable.
2.12. Real Sample Analysis. CTABMCPE was used for

the analysis of AL in the refined flour sample to prove its
viability in real sample analysis. The sample was dissolved in
water and centrifuged, and later, the centrifugate was spiked
with an equivalent amount of AL as used in stock solution.52,53

The resultant solution was added by the standard addition
method and DPV (Figure 12) was recorded after each run

under optimized condition in 0.2 PBS of pH 6.5. The recovery
for the procured real sample was found to be in the range of
96.74−99.16%, which provides an authentication that the
fabricated sensor is a reliable tool for real sample analysis.
Experimental data are tabulated in Table 2.

3. CONCLUSIONS

The present work demonstrates the construction of a facile and
versatile CTABMCPE for the sensitive and selective trace level
detection of AL individually and simultaneously in 0.2 M PBS
of pH 6.5. The electrochemical behavior of AL at the modified
electrode was studied by CV and DPV techniques where the
fabricated sensor exhibited highest sensitivity (Ipa = 38.37 μA,
Ipc = −35.85 μA) in comparison with the BCPE, which
displays low current signal. Surface morphological studies were
done by CV, FESEM, and EIS techniques. Trace amount of
the surfactant was sufficient to bring about an excellent
electrocatalytic response with a LOD value of 1.09 and 3.64
μM by the DPV and CV method, respectively. Fifty fold excess
concentration of other interferants such as food additives and
other organic species did not interfere in the determination of
AL. The performance and efficacy of the AL sensor was
evaluated and found satisfactory in terms of repeatability,
reproducibility, and stability. Recovery range for real sample
analysis was found to be in between 96.70 and 99.13%.
Henceforth, with a less expensive fabrication procedure and
quick effectual response in comparison with other techniques
for similar application, which makes the CTABMCPE an
effective tool for the determination of AL in various matrices.

4. MATERIALS AND METHODS

4.1. Apparatus and Procedure. Voltammetry experi-
ments were executed by using the electrochemical analyzer
model CHI6038E from the USA. All of the experiments were
performed in a conventional three electrode cell with a
CTABMCPE of 3 mm diameter as working electrode, calomel
electrode saturated with KCl as the reference electrode
(Equiptronics, Mumbai) and a platinum wire (Equiptronics,
Mumbai) that acts as an auxiliary electrode. FE-SEM data for
the surface characterization of the BCPE and CTABMCPE
were obtained from the DST-PURSE Laboratory, Mangalore
University, India. Carbon paste electrode was prepared by
optimizing the ratio of graphite powder and binder in the
proportion of 70:30 (w/w) methodically to get a homoge-
neous mixture in the agate mortar using a pestle. The resultant
homogeneous mixture was then securely filled into the cave of
the Teflon tube and rubbed on a tissue paper to get an even
surface of the BCPE. The contact with the external circuit is
established by the copper wire implanted into the Teflon tube.
Surfactant CTAB (10 μL) was dropped onto the surface of the
BCPE by a microinjector and left for 5 min where maximum
adsorption of the surfactant on the electrode surface takes
place, after which the unadsorbed surfactants were rinsed with
distilled water.

4.2. Chemicals and Reagents. Analytical grade AL, SDS,
TX-100, CTAB, graphite powder, silicone oil, monosodium
dihydrogen phosphate, and disodium hydrogen phosphate
were obtained from Nice Chemicals, Cochin, India. AN from
Molychem, Mumbai, India. The 25 × 10−4 M solutions of
SDS, TX-100, CTAB were prepared in double-distilled water.
The 1 × 10−3 M stock solution of AL and AN were prepared
by dissolving it in double-distilled water and acetone,
respectively. PBS solution (0.2 M) used as a supporting
electrolyte was prepared by mixing the required quantity of
NaH2PO4 (0.2 M) and Na2HPO4 (0.2 M). For real sample
analysis, refined flour sample was purchased from the local
market. Weighed quantity of the sample was suspended in the
measured amount of water with frequent stirring for 30 min.

Figure 12. DPV obtained for the variation of peak current with
variation of the spiked real sample of AL at the CTABMCPE under
optimized experimental parameters in the real sample.

Table 2. Estimation of Al in Spiked Refined Flour Sample

sample added (10−5 M) found (10−5 M) recovery (%)

refined flour 20 19.34 96.70
30 29.74 99.13
60 58.86 98.10
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The solution was centrifuged and the centrifugate was
collected for the analysis.
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