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ABSTRACT

In this work, a simple and sensitive electrochemical method was developed to determine Sudan I by cyclic voltammetry
and differential pulse voltammetry using a glassy carbon electrode modified with a chitosan/carbon nanotube composite.
In cyclic voltammetry, Sudan I exhibited a well-defined oxidation peak located at 0.72 V at the multi-walled carbon na-
notube (MWCNT)/chitosan-modified GCE. The determination conditions, including pH, scan rate, and chitosan:
MWCNT mass ratio at the modified electrode, were optimized. Under the optimum experimental conditions, Sudan I

could be linearly detected by differential pulse voltammetry with a detection limit of 3.0 x 10™* mol-L™".
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1. Introduction

Sudan I (1-[(2,4-dimethylphenyl)azo]-2-naphthalenol) is
a synthetic azo-colorant that has been widely used in va-
rious industrial and scientific applications, such as in wa-
xes and textile colorants, shoe polishes and food addi-
tives. Sudan I has been reported to cause tumors in
mouse liver and bladder and is a possible carcinogen and
mutagen in humans [1]. Hence, Sudan I is classified as a
category 3 carcinogen by the International Agency for
Research on Cancer (IARC) and its addition to food pro-
ducts is forbidden in most countries. Although Sudan I
concentrations of 100 - 1000 mgkg ' are required to
produce the color of chili products, commonly reported
levels of Sudan dyes are in the low mg kg™' range. There-
fore, the sensitive and rapid determination of low levels
of Sudan I in food is of enormous importance [2].

To date, many methods have been investigated for the
determination of Sudan I, such as high-performance lig-
uid chromatography (HPLC) [3-9], gas chromatography
(GC) [10], capillary electrophoresis [11], immunoanaly-
sis [12,13], chemiluminescence flow injection analysis

[14], and plasmon resonance light scattering (PRLS) [15].

Most of these techniques exhibit high sensitivity and ex-
cellent selectivity, but some are also time-consuming, ex-
pensive, and unsuitable for in Situ assays.
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Electrochemical methods have also been used to de-
termine Sudan I due to the advantages such as fast re-
sponse, high sensitivity, favorable portability, and low
cost. For instance, in a previous study, Sudan I was de-
termined based on its reduction at an electrochemically
activated glassy carbon electrode [16]. To improve the
detection sensitivity of Sudan I, many types of chemical-
ly modified electrodes have been investigated, especially
those incorporating carbon nanomaterials. Carbon nano-
tubes (CNTs) include single-walled carbon nanotubes
(SWCNTs) and multi-walled carbon nanotubes (MWCNTs).
CNTs are porous carbon nanostructures, possessing pro-
perties such as high electrical conductivity, a high sur-
face area, chemical stability, and significant mechanical
strength; therefore, they can be used to promote electron
transfer reactions when used as electrode materials in
electrochemical devices [17-21]. Glass carbon electrodes
modified by single-walled carbon nanotubes and iron (III)
porphyrin have been used in square wave voltammetry
(SWV) to determine Sudan I [22]. Huanshun Yin et al.
reported the electrochemical behavior of Sudan I at glas-
sy carbon electrodes modified with Fe;O4 nanoparticles
and its determination in food samples [23].

To provide CNT-modified electrodes with sufficient
stability, polymers have been studied as conductive adhe-
sives in chemically modified electrodes. Chitosan (CHIT)
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is a natural polymer with attractive properties, such as bi-
ocompatibility, nontoxicity, high water permeability, high
mechanical strength, and excellent film-forming abilities.
Because chitosan and CNTs can form a stable complex
through noncovalent binding, the stability of CNTs in
aqueous chitosan solutions is greatly improved and CNTs
can be uniformly distributed in a chitosan film [24-27]. A
glassy carbon electrode modified with a multiwalled car-
bon nanotube/chitosan composite has been utilized as a
new sensor for the simultaneous determination of aceta-
minophen and mefenamic acid in pharmaceutical prepa-
rations and biological samples [28].

Due to the clear advantages of MWCNT/chitosan com-
posites in electrochemical analysis, in this study, we used
these composites to determine Sudan I by cyclic volt-
ammetry and differential pulse voltammetry. The deter-
mination conditions, such as pH, scan rate, and chitosan:
MWCNT mass ratio, were optimized. Under the optimum
experimental conditions, Sudan I could be linearly de-
tected by differential pulse voltammetry with a detection
limit of 3.0 x 10™® mol-L™". This electrochemical method
was applied to determine Sudan I in chili powder sam-
ples, exhibiting high sensitivity, rapid response, and ex-
treme simplicity.

2. Experimental
2.1. Reagents and Solutions

Sudan I (1-[(2,4-dimethylphenyl)azo]-2-naphthalenol) was
purchased from Tianjin Lanlike Co. Ltd., China. A stock
solution of 5.0 x 10~ mol-L™" Sudan I was prepared in
ethanol and stored at 4°C in the dark. Multi-walled car-
bon nanotubes (MWCNTSs) (>95% w/w, 5 - 20 nm) were
purchased from Shenzhen Nanotech Port Co., Ltd, China.
The buffer solution was prepared by mixing stock solu-
tions of 0.1 mol'L™' KNO; and 0.05 mol-L™' KH,PO, and
adjusting the pH to 7. All solutions were prepared with
re-distilled water. All chemicals were of analytical re-
agent grade unless otherwise stated and used directly with-
out further purification.

2.2. Apparatus

All electrochemical experiments were performed using a
CHI 660C electrochemical workstation (Chenhua Instru-
ments Co., Shanghai, China) featuring a three-electrode
system, which was controlled by a personal computer. The
three-electrode system was composed of a MWCNT/chi-
tosan-modified glassy carbon electrode as the working
electrode, a saturated calomel electrode (SCE) as the re-
ference electrode, and a platinum wire as the auxiliary
electrode. All electrochemical measurements were car-
ried out at room temperature. The pH measurements
were conducted with a pHs-3C meter (Leici Instruments
Co., Shanghai, China) using a combination glass elec-
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trode.

2.3. Modification of the Chemically Modified
Electrodes

A MWCNT/chitosan-modified glassy carbon electrode
was fabricated as follows. First, a bare glassy carbon elec-
trode (GCE) was polished with an alumina slurry until it
was mirror-like, successively washed with re-distilled
water and anhydrous alcohol in an ultrasonic bath for 3
min, and dried in air. Next, to obtain a 2 rng-mLf1 chito-
san solution, 0.05 g of chitosan was dispersed in 0.29 mL
of acetic acid (1.05 g-L™") using ultrasonic agitation (20
min), after which the solution was collected and diluted
in a 25 mL volumetric flask. A 0.02 g sample of MWCNTs
was then dispersed in 10 mL of the chitosan solution us-
ing ultrasonic agitation (30 min) to obtain a homogene-
ous mixture solution (1:1 w/w). The prepared GCE sur-
face was coated with 10.0 puL of the resulting MWCNT/
chitosan solution, and the resultant electrode was placed
in a drying oven for 15 min to allow the water to evapo-
rate.

2.4. Analytical Procedure

The buffer solution prepared by mixing the stock solu-
tions of 0.1 mol'L”! KNO; and 0.05 mol'L"' KH,PO,
(pH = 7) was used as the determining medium for Sudan
I analysis. A 16.0 uL aliquot of the Sudan I stock solu-
tion (5.0 x 10~ mol'L™") was transferred into the elec-
trochemical cell containing 8 mL of the buffer solution,
after which the three-electrode system was installed. Cy-
clic voltammetry (CV) and differential pulse voltam-
metry (DPV) were carried out from 0.10 to 0.90 V after
accumulating at 0.1 V for 60 s.

2.5. Sample Preparation

A 1.00 g sample of chili powder (purchased from a local
supermarket) was accurately weighed and ultrasonicated
with 25 mL of ethanol for 30 min. After filtration with a
0.45 pm PTFE syringe filter membrane, the filtrate was
collected and accurately diluted to 50 mL with ethanol.
For electrochemical determination, 1.00 mL of the sam-
ple solution was diluted ten-fold by volume using the
background electrolyte solution (pH 7.0).

3. Results and discussion
3.1. Electrochemical Behavior of Sudan I

Figure 1 shows the chemical structure of Sudan I. The
electrochemical behavior of Sudan I at the bare and
MWCNT/chitosan-modified GCEs were investigated
using cyclic voltammetry (CV). Figure 2 shows the cy-
clic voltammograms of 1.0 x 10> mol-L™" Sudan I in the
buffer solution (pH = 7.0) at the bare and the MWCNT/
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Figure 1. The chemical structure of Sudan I.
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Figure 2. Cyclic voltammograms of the bare and MWCNT/
chitosan-modified GCEs. Buffer solution: 0.1 mol'L™' KNO;
and 0.05 mol-L™! KH,PO, (pH = 7); Scan rate: 0.05 V-s'.

chitosan-modified GCEs. The potential was swept from
0.10 to 0.90 V, and the scan rate was held constant at
0.05 V-s™'. No redox peak was observed at either elec-
trode (curve b, d) in the blank buffer solution. After the
addition of Sudan I, a well defined oxidation peak lo-
cated at 0.72 V was observed at the MWCNT/chitosan-
modified GCE (curve a), whereas no corresponding re-
duction peak was observed in the reverse scan. The oxi-
dation peak current of Sudan I at the MWCNT/chitosan-
modified GCE can be attributed to the special properties
of MWCNTs, such as their very large surface area,
strong absorptive ability and subtle electronic properties
[20]. Additionally, the chitosan that mixed with the car-
bon paste can also enhance the adsorption to Sudan I and
promote the sensitivity of the working electrode. As a
result, Sudan I was adsorbed on the surface of the elec-
trode firstly by chitosan, and then oxidation was trig-
gered quickly by the subtle electronic properties of
MWCNTs.

3.2. Effect of MWCNT Content in Composite

Figure 2 clearly shows that MWCNTSs can remarkably
enhance the oxidation response of Sudan I. Therefore,
the voltammetric response of Sudan I is strongly affected
by the MWCNT content. Figure 3 shows the effect of
the MWCNT content on the oxidation peak current of
Sudan I (1.0 x 10~° mol-L™") in buffer solutions (pH = 7.0)
at a scan rate of 0.05 Vs '. As shown, the oxidation peak
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current of Sudan I increases sharply with the chitosan:
MWCNT mass ratio from 1:1 to 1:3. However, the oxi-
dation peak current clearly decreases as the mass ratio
increases further. Thus, the 1:3 ratio was selected as the
optimal condition.

3.3. Effect of pH

According to previous reports, the oxidation peak current
of Sudan I is sensitive to the pH of the electrolyte solu-
tion. Therefore, the effect of the pH level was investiga-
ted using cyclic voltammetry. Figure 4 shows the effect
of pH on the oxidation peak current of 1.0 x 10~ mol-L™
Sudan I at the MWCNT/chitosan-modified GCE. The
oxidation peak currents increased substantially when the
pH value was increased from 6.52 to 7.00 and then de-
creased as the pH was increased further from 7.00 to 7.50.
Therefore, pH 7.00 was chosen as the optimal experi-
mental condition in terms of sensitivity.

3.4. Effect of Scan Rate

The effect of the scan rate on the oxidation response of
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Figure 3. Cyclic voltammograms of the MWCNT/chitosan-

modified GCE in pH 7.0 buffer with different chitosan.
MWCNT mass ratios: (a) 1:3, (b) 1:2, (¢) 1:1, (d) blank.
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Figure 4. Cyclic voltammograms of the MWCNT/chitosan-
modified GCE in 1.0 x 10~ mol-L™" Sudan I at different pH
levels. pH levels: (a) 6.52, (b) 6.75, (c) 6.90, (d) 7.00, (e) 7.25,
) 7.50.
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Sudan I was investigated by cyclic voltammetry. Figure
5 shows the cyclic voltammograms of 1.0 x 10> mol-L™'
Sudan I at the MWCNT/chitosan-modified GCE at dif-
ferent scan rates. The oxidation peak current gradually
increased with the scan rate in the range of from 0.02 to
0.4 V-s~'. However, a reduction peak was observed in the
reverse scan when using excessively high scan rates. Ul-
timately, 0.05 V-s~' was chosen as the optimal experi-
mental condition.

3.5. Calibration Graph

To determine the linear range of this method, a calibra-
tion curve of Sudan I was constructed using differential
pulse voltammetry (DPV) due to its higher sensitivity re-
lative to that of cyclic voltammetry. Figure 6 shows the
differential pulse voltammograms of the MWCNT/chi-
tosan-modified GCE under the optimized conditions for
different concentrations of Sudan I. As shown in Figure
5, the linear range was estimated to span from 1.0 x 107
to 1.0 x 10® mol-'L™" and the corresponding regression

1.2 ; ; ; ; * ; ;
1.09
0.8
0.6
0.4
0.2
0,
02 ———

I/10*A

040 050 060 070 080 0.90

E/NV

4 T T
0.10 0.20 0.30

Figure 5. Cyclic voltammograms of the MWCNT/chitosan-
modified GCE in buffer (pH 7.0) at different scan rates con-
taining 1.0 x 10”° mol-'L™! Sudan L. Scan rates (V-s™): (a) 0.4;
(b) 0.3; (¢) 0.2; (d) 0.1; (e) 0.05; (f) 0.02.

26 B ———
1 1.4
St I -
221 ! *
0.8 *
2.0] 0.6 o y=0.1058x+0.1667
« g gg R2=0.9689
-] .07 [ *
= 0
= 1.6] 0o 2 4 6 8 10 12
1.4
1.2
1.07

0030035 040 045 050 055 0.60 0.65 070 075 0.0
E/V
Figure 6. DPVs at the MWCNT/chitosan-modified GCE for
different concentrations of Sudan I in buffer solution (pH
7.0). concentrations: (a) blank, (b) 1.0 x 1077, (¢) 2.5 x 1077,
(d) 5.0 x 107, (e) 7.5 x 1077, (f) 1.0 x 10~° mol-L", respec-
tively.
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equation was I (uA) = 0.1058 C (10”7 mol-L™") + 0.1667
(R2 =0.9686). The limit of determination (LOD) was es-
timated to be 3.0 x 10°® mol-L™" (S/N = 3). This result
exemplifies the desirable properties of the MWCNT/chi-
tosan-modified GCE.

3.6. Analytical Application

To verify its potential for application, the method devel-
oped in this study was applied to detect Sudan I in hot
chili powder samples. A 1.00 mL volume of the sample
stock solution was diluted ten-fold by volume using the
background electrolyte solution (pH 7.0) and then sub-
jected to DPV detection on the MWCNT/chitosan-modi-
fied GCE. After 60 s of accumulation at 0.1 V, DPV was
carried out from 0.10 to 0.90 V. No Sudan I signal was
observed in the differential pulse voltammograms.

To test the accuracy of this method, a recovery expe-
riment was carried out by adding a fixed amount of Su-
dan I to the chili powder samples, which was then de-
tected by DPV on the MWCNT/chitosan-modified GCE.
The measurement was repeated three times for each
sample, and the RSDs were ranged 90% and 97% as
shown in Table 1. This satisfactory recovery demon-
strates that this method is very promising for real sample
analysis.

4. Conclusion

In this work, a simple, rapid, and sensitive electrochemi-
cal method was developed to determine Sudan I based on
the highly useful properties of MWCNTs and chitosan.
The fabricated electrode exhibited a good catalytic effect
toward the oxidation of Sudan I, with a detection limit on
the order of 10 mol-L™', which is similar or lower than
previously reported values obtained using electrochemi-
cal methods. Therefore, the developed method has great
potential for use in the determination of Sudan I in real
simples.
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