
1. Introduction 
Food colorants are the most interesting group of food 
additives, which are usually added to food products, to 
improve appearance, color and texture. They also play 
a significant role in enhancing the aesthetic appeal of 
foodstuffs to attract the attention of particular groups of 
consumers, especially children. Synthetic azo colorants 
compared with natural colorants have advantages such 
as: easy mixing to generate favorable shades, low price, 
high stability to light- oxygen and pH, color uniformity, 
low microbiological contamination. Sunset Yellow(E-110) 
and Carmoisine (E-122) are synthetic azo-colorants 
which are used in food, emulsified sauces, soft drinks, 
chocolate, cosmetic and pharmaceutical products [1]. 
Synthetic colorants have potential risks to human and 
animal health, because of their degradation products 
including amines, which are carcinogenic. So they 

must be controlled strictly by laws. For example some 
colorants can cause the appearance of allergies, asthma, 
childhood hyperactivity, eczema, anxiety, migraines, 
cancer and other diseases [2]. 

Various analytical methods have been used for 
the qualitative and quantitative analyses of food color, 
including HPLC [3,4], fluorescence emission spectrometry 
[5], capillary electrophoresis [6], spectrometry [7], 
TLC [8], liquid–liquid extraction (LLE) [9], solid phase 
extraction (SPE) [10], electrochemistry [11]. In recent 
years, chemometrics methods such as multivariate 
calibration techniques have widely been used for 
simultaneous determination of several analytes in a given 
sample without the need for analytes separation or even 
matrix clean-up in some instances [12,13]. Voltammetric 
methods are used to determine colorants based on 
their electrochemical activity and compared with these 
methods, presenting high sensitivity, simplicity and low 
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In this paper, an electrochemical application of bismuth film modified glassy carbon electrode for azo-colorants determination was 
investigated. Bismuth-film electrode (BiFE) was prepared by ex-situ depositing of bismuth onto glassy carbon electrode. The plating 
potential was -0.78 V (vs. SCE) in a solution of 0.15 mg mL-1 Bi(III) and 0.05 mg mL-1 KBr for 180 s. In the next step, a thin film of 
chitosan was deposited on the surface of bismuth modified glassy carbon electrode, thus the bismuth–chitosan thin film modified glassy 
carbon electrode (Bi-CHIT/GCE) was fabricated and compared with bare GCE and bismuth modified GCE.

Azo-colorants such as Sunset Yellow and Carmoisine were determined on these electrodes by differential pulse voltammetry. Due to 
overlapping peaks of Sunset Yellow and Carmoisine, simultaneous determination of them is not possible, so net analyte signal standard 
addition method (NASSAM) was used for this determination. The results showed that coated chitosan can enhance the bismuth film 
sensitivity, improve the mechanical stability without caused contamination of surface electrode. The Bi-CHIT/GC electrode behaved 
linearly to Sunset Yellow and Carmoisine in the concentration range of 5×10−6 to 2.38×10−4 M and 1×10−6 to 0.41×10−4 M with a 
detection limit of 10 µM (4.52 µg mL-1) and 10 µM (5.47 µg mL-1), respectively
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cost. However, in more cases mercury electrodes were 
used, whose toxicity justifies the search for alternative 
electrode materials. Both of the oxidation and reduction 
processes are used for electrocataytic determination of 
Sunset Yellow(SY) and Carmoisine(CA). Table 1 shows 
some of these methods.

The bismuth film electrodes (BFEs), were proposed 
as an alternative to mercury electrodes [18-20]. 
Advantageous of electrochemical properties bismuth 
film electrodes is comparable to mercury-film electrodes 
(MFEs), such as high hydrogen over-potential, limited 
oxygen interference or the ability to form fused or low-
temperature alloys with heavy metals [18]. In addition, 
the sufficiently wide negative potential window available 
makes the BiFEs potentially suitable electrodes for 
the application in the field of cathodic electrochemical 
detection but cannot be used in the positive potential 
region due to the re-oxidation of the deposited metallic 
bismuth itself which occurs at potential less negative than 
−0.2 V [19]. There are three common ways to generate 
a bismuth film, i) by preplating it from an acidic solution, 
the ex-situ preparation is called, ii) by codeposition 
with the analyte, known as the in-situ set up, and iii) by 
electrode-modification of a film, such as Bi2O3(s) or BiF3, 
to generate the Bi(s) coating [20]. It was observed that 
the addition of complexing agent Br- into the modification 
solution is beneficial for the ex-situ preparation of a 
bismuth film [21] because it enhances the stability of ex-
situ BiFEs, without adversely affecting their conductivity 
and electrochemical characteristics [22].

Chitosan (CHIT) is a biopolymer (a biodegradable 
polysaccharide) derived from chitin by deacetylation 
with an alkali, that is found widely in nature, e.g. shells of 
crustaceans. Its pKa is about 6.3, so at lower pH solutions 
(<pKa), most of the amino groups are protonated, making 
chitosan a water-soluble polyelectrolyte. When the pH 

is higher than pKa, the amino groups are deprotonated, 
and chitosan becomes insoluble [23]. In recent years, 
chitosan has attracted much attention as a promising 
material for modification of the electrode surface, 
due to its attractive properties, such as excellent film-
forming ability, good stability, high permeability toward 
water, strong adherence to the electrode surface, 
biocompatibility, no toxicity, high mechanical strength, 
cheapness and susceptibility to chemical modifications 
due to the presence of reactive amino and hydroxyl 
functional groups from its structure [24]. Nevertheless, 
many materials such as metal nanoparticles, carbon 
nanotubes and redox mediators have been used with 
CHIT films to improve electric conductivity. 

There are a few reports on the application of BiFEs 
for determination of organic compounds with bismuth 
electrode [25,26]. The aim of this work is to determine 
Sunset Yellow and Carmoisine in food products, for 
the first time, using a glassy carbon electrode modified 
with a bismuth film, that is ‘’environmental friendlier’’ 
than mercury, since the toxicity of bismuth and its salts 
is negligible. The developed method is rapid, easy to 
apply, inexpensive and suitable for analysis of colorants. 
Also, chitosan-bismuth modified glassy carbon electrode 
has been investigated to determine Sunset Yellow and 
Carmoisine.

Herein, we developed a composite bio-film, which 
contains Bi, through coating of the pretreated GCE with 
thin CHIT film for determination of SY and CA in food 
samples using differential pulse voltammetry. Because 
of overlapping peaks, we used multivariate calibration 
methods such as net analyte signal standard addition 
method (NASSAM) for the analysis of binary mixtures. 
PLS and PCR were selected as a standard multivariate 
calibration methods for comparing and evaluating the 
result of NASSAM [27-30].

Table 1. Comparison of the efficiency of some voltammetry methods used in the electroanalytical determination of SY and CA.

Substrate Modifier Analyte Method pH Detection limit
(µmol L-1)

Dynamic range
(µmol L-1)

Ref.

Hanging mercury 
drop electrode - CA DPPa 9 - 0.04-7.96 [14]

Carbon paste 
electrode

Graphene and 
mesoporous TiO2

SY SWVb 0.1 M 
H2SO4

0.006 0.02–2.05 [15]

Hanging mercury 
drop electrode - SY SWASVc 9.2 0.011 0.011–0.2 [16]

Carbon paste 
electrode Gold nanoparticles SY DPVd 4 0.03 0.1-2 [17]

Glassy carbon 
electrode Bismuth-chitosan film

CA DPV 7 10 1-410 This work

SY DPV 7 10 5-238 This work 

aDPP: Differential Pulse Polarography,  bSWV: Square Wave Voltammetric, cSWASV: Square wave adsorptive stripping voltammetry
dDifferential Pulse Voltammetry
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2. Experimental procedure
2.1. Apparatus and software
All electrochemical experiments were performed using 
an Electro-Analyzer system (Sama 500, Iran) running on 
a PC. Measurements of pH were made with a Metrohm 
827 pH-meter using a combined glass electrode. A 
three-electrode cell, containing the modified glassy 
carbon electrode with Bi or Bi-CHIT as the working 
electrode (2 mm in diameter), a platinum wire as the 
counter electrode and a saturated calomel electrode 
(SCE) as reference, were used for voltammetric 
measurements. The data were handled using Microsoft 
Excel and Matlab software (version 7.6). All experiments 
were carried out at room temperature without removing 
the dissolved oxygen.

2.2. Reagents and solutions
All chemicals employed in the experiments were of 
analytical-reagent grade, and used without any further 
purification. Aqueous solutions were prepared with 
deionized and sterilized water. A stock solution of 
1000 mg L-1 of KBr and bismuth(III) ion (1000 mg L-1 
in 5 wt% nitric acid) were prepared. An acetate buffer 
solution (0.1 M, pH 4.5) served as the electrolyte solution 
for plating of the bismuth film and working solutions 
were freshly prepared. A stock solution (1.0×10-3 mol L-1) 
of Sunset Yellow (E 110, FCF) and Carmoisine (E 122, 
C.I. 14720, Food red 3) were purchased from Aldrich, 
and were prepared by dissolving an appropriated 
amount in water. The supporting electrolyte used in this 
paper was 0.5 M phosphate buffer solution (PBS) in 
pH 7.0. A chitosan solution was prepared by dissolving 
10 mg chitosan in 2.5 mL of 1 wt.% acetic acid 
solution then sonication for about 10 min until it 
was completely dissolved. The differential pulse 
voltammograms were recorded from -0.4 to -0.9 V and 
with following parameters: pulse width = 50 ms, pulse 
amplitude = 50 mV.

2.3. Ex-situ preparation of BiFEs
The glassy carbon electrode surface was first polished 
with polishing paper and then polished carefully to mirror-
like with 0.3, 0.1 and 0.05 µm alumina slurry, rinsed with 
water and sonicated in ethanol and deionized water 
(1:1) for 5 min each time to remove alumina particles 
and other possible contaminants. After being dried in 
air or under N2 blowing, the GCE was immersed in a 
plating solution and the bismuth film was deposited from 
a separate acetate buffer solution (0.1 M, pH 4.5), in the 
presence of dissolved oxygen, containing 0.15 mg mL-1 
Bi(III)and 0.05 mg mL-1 KBr by electrolysis at −0.78 V 

(vs. SCE) for 180 s while stirring the solution. To remove 
the film, a potential of 0.5 V for 30 s was applied in an 
acidic solution containing 0.5 mol L-1 HNO3.

2.4. Preparation of bismuth–chitosan/GCE
10 mg chitosan was added into 2.5 mL of 1 wt.% acetic 
acid solution and then sonicated for 10-15 min to give a 
homogeneous solution. Then glassy carbon electrode 
modified with bismuth film, which was fabricated with the 
prior procedure, was immersed in a chitosan solution 
and then sonicated for 15 min. After this, the electrode 
surface was thoroughly rinsed with deionized water to 
wash away the not immobilized modifier and allowed to 
dry in the air.

3. Results and discussion
3.1. Electrochemical behavior of SY and CA at 
       bare GCE, BiFE and Bi-CHIT/GCE
Electrochemical behavior of the bare GC electrode, 
BiFE and Bi/CHIT modified electrodes was studied in 
0.5 mol L-1 phosphate buffer solution (pH 7.0) by 
differential pulse voltammetry from -0.4 to -1 V. 
Fig. 1 presents the DPVs of a) bare GCE, b) a bismuth 
modified GCE (Bi/GCE) and c) bismuth-chitosan 
modified GCE (Bi-CHIT/GCE) recorded in the presence 
of 0.16 mM CA (Fig. 1A) and 0.16 mM SY (Fig. 1B). In 
Fig. 1, d is background. At the bare GCE, reduction of CA 
and SY occurred at -0.75 V and -0.87 V with a low peak 
current, respectively. At the Bi/GCE, a prominent peak 
was observed at -0.59 V and -0.68 V for the reduction of 
CA and SY, respectively. Also the reduction peak of CA 
and SY at the Bi-CHIT/GCE were observed at -0.58 V 
and -0.68 V, respectively, which is little higher than that of 
the Bi/GCE. In comparison the data at the GCE with GCE 
modified by Bi and Bi-CHIT, a remarkable increase in peak 
current and a decrease in the overpotential of CA and 
SY reduction were obtained at the modified GCE. These 
results indicated that the modified electrode exhibited 
excellent electrocatalytic activity toward electro-reduction 
of azo-colorants and accelerate electron transfer rate 
between azo-colorants and the electrode. Therefore, in 
the latter experiments, operational conditions such as pH 
and scan rate, which affect performance of the modified 
electrode, were optimized.

3.2. Effect of pH value
The influence of pH on peak potential and peak 
current for the reduction peaks was investigated with 
Britton–Robinson buffer 0.04M (pH range of 4–12) 
using differential pulse voltammetry. By increasing pH 
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value from 4.0 to 7.0, the reduction peak currents of 
CA gradually increase at Bi/GCE and then decreases. 
The maximum of the reduction peak current for CA was 
observed in pH 7.0 and disappeared after pH 10.0, the 
peak current of sunset yellow is maximum at pH 7.0 
too, but disappeared after pH 11.0. Compared to the 
peak currents of SY and CA at different pH values, PBS 
(0.5 mol L-1) at pH 7.0 was selected as the supporting 
electrolyte in the latter experiments. 

Besides, the effect of pH value on the reduction 
peak potential was studied. When increasing pH 
value from 4.0 to 10.0, the reduction peak potential 
gradually shifts to negative potential, indicating that the 
reduction process is dependent on pH. On the other 
hand, mechanism for the irreversible reduction of azo-
colorants at the Bi/GCE electrode surface involves two 
steps as given in following Reactions 1 and 2 [31]:

2e− + 2H+ + (R–N=N–R1) →            
                                        → (R–NH–NH–R1)              (1)

2e− + 2H+ + (R–NH–NH–R1) →            
                               → (R–NH2) + (R1–NH2)                 (2)

When the pH value is below 3, steps 1 and 2 occur 
simultaneously, whereas when the medium is close to 
the neutrality, step 2 does not occur. In this work, pH 7.0 
was chosen as the best pH for sensitive determination; 
so, under the experimental conditions, the azo-colorants 
undergo step 1 mainly. So at Bi/GCE, the slope of peak 
potential curves versus pH for SY and CA were 69 
and 57 mV/pH, which is very close to Nernstian value 
of 59 mV/pH for two proton, two electron participating 
process of electrochemical reactions. The maximum 
of the reduction peak current for CA was observed 
in pH 6.0, while the peak current of sunset yellow is 
maximum at pH 5.0 because sulfonated anionic dyes 
are electrostatically attracted by protonated amine 
groups of the chitosan and thus the dye adsorption is 
maximum in chitosan at pH<6.3. However, at neutral pH, 
the amino group in chitosan (pKa 6.3) is deprotonated 
and thus adsorption decreases. Therefore we expect 
that the reduction process of SY and CA at the Bi-CHIT/
GCE is controlled by diffusion phenomena in this pH. 
The aim of this work is comparsion between Bi/GCE 
and Bi-CHIT/GCE, thus we worked at pH 7.0. On the 
other hand, the operational conditions are the same 
for both electrodes. At Bi-CHIT/GCE the slope of peak 
potential curves versus pH for SY and CA were 33 and 
40 mV/pH, which is very close to Nernstian value of 
39 mV/pH for two protons, three electron participating 
process of electrochemical reactions, according to what 
was said.

3.3. Effect of potential scan rate
Effect of scan rate, on the cathodic peak current of 
SY and CA has been studied from 5 to 500 mV s-1. By 
increasing the scan rate, the Ep shifted towards more 
negative values and accompanied by an increase of ip. 
The ip was proportional to the square root of the scan 
rate over the range of 5–500 mV s−1 and the following 
linear relationships were obtained:

ip(mA)=0.321v1/2(mV s-1)1/2+0.624       
R2=0.998      for     CA                                                             (3)

ip(mA)=0.321v1/2(mV s-1)1/2+0.624       
R2=0.997      for     SY                                                             (4)
 
which suggested a diffusion-controlled irreversible 
reduction process of SY and CA at the Bi/GCE modified 
electrode. For determination of the transfer coefficient,
α , and the number of electrons involved in the rate-
determining, an , the plot of Ep versus Log(v) for the 

Figure 1. Differential pulse voltammetric responses of 160 µM of 
CA (A) and 160 µM of SY (B) at a bare glassy carbon 
electrode (a), bismuth modified glassy carbon electrode 
(b) and bismuth-chitosan thin film modified glassy 
carbon electrode (c) at pH 7 phosphate buffer solution 
(PBS). The voltammograms of d are the backgrounds. 
The scan rate was 50 mV s-1.
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reduction of CA and SY at modified electrodes was 
plotted. For an irreversible process, the cathodic peak 
potential can be represented by the equation [32]:

Ep=b/2×Log(v)+k                                                                                                            (5)

Where v is the scan rate, b is the Tafel slope and k 
is a constant value. For example the slope of CA at 
Bi/GCE is 0.0551 V, therefore the Tofel slope becomes 
0.1102 V decade-1. If α  was assumed equal to 0.47, 

an  is equaled 1. For Bi-CHIT/GCE the ip was also 
proportional to the square root of the scan rate over 
the range of 5–500 mV s−1 and the following linear 
relationships were obtained:

ip(mA)=0.387v1/2(mV s-1)1/2+0.564       
R2=0.997      for     CA                                                             (6)

ip(mA)=0.280v1/2(mV s-1)1/2+1.088       
R2=0.995      for     SY                                                             (7)

3.4. Effect  of  sunset  yellow  and  carmoisine 
       concentration
Under the optimized experimental conditions including 
pH 7 and scan rate=50 mV s-1, the differential pulse 
voltammograms (DPVs) obtained in the presence of 
different concentrations of SY and CA at the Bi/GCE and 
Bi/Chit/GCE were recorded. The obtained differential 
pulse voltammograms show that the currents of cathodic 
peaks at the Bi and Bi/Chit film electrode increase by 
increasing the concentration of SY and CA. Its peak 
was also shifting towards more negative potentials with 
increasing concentration of the two azo-colorants. The 
calibration graph illustrates the good linear relationship 
between the peak currents and the concentrations of 
azo compounds. The analytical parameters such as 
linear ranges, linear regression equations, correlation 
coefficients and detection limits of SY and CA are listed 
in Table 2.

3.5. Determination    of    sunset   yellow   and 
       carmoisine by NASSAM
Before applying the NASSAM for determination of 
analytes, the linearity and additivity of DPV responses 
were investigated. The individual DPV of CA and SY, 
mixture of them in a single solution and sum of the 
individual DPV for CA and SY with baseline correction 
were investigated. Because the sum of the individual 
DPV for analytes is similar to the DPV for their mixture, 
it is concluded that there are no interactions between 
analytes. Thus the linear multivariate calibration 
methods such as NAS can be used for analysis of 
overlapped peaks.

The overlapped voltamograms of 200µM of SY 
and 200µM of CA was shown in Fig. 2A1(a). For 
determination of concentration SY in the binary mixtures, 
it was considered as the analyte and CA as interferent, 
then standard additions for SY were done on the mixture. 
Figs. 2a-2e show successive standard addition of 
analyte (SY) in the presence of various concentrations of 
interfering agent (CA) from A1 to A3. NAS curves for SY 
and CA were demonstrated in Figs. 2B1-2B3 and 2C1-
2C3, respectively. The second column in Fig. 2 indicates 
that the shape of NAS for SY only depends on the 
presence of interference in the mixture, not on its specific 
concentrations. In other words, NAS of SY is orthogonal 
to the spectra of the interferences reflecting the part of the 
spectrum, which is only depending on the analyte. The 
NAS for SY increases by increasing concentration of SY 
(a-e) while increased concentrations of interfering agent, 
does not affect the analyte NAS (Figs. 2B1-2B3). Also 
with increasing concentrations of CA (as interference), 
its NAS increases too (Figs. 2C1-2C3).

Consequently, when the interferences are known, the 
NAS can be calculated for the analytes in binary and/or 
ternary mixtures. Norm of the NAS vector can be used 
to construct a univariate calibration model, where this 
parameter is plotted against the analyte concentration 
and a linear relationship is observed. Fig. 2D shows the 
norms of NAS vectors for analyte (SY) versus standard 

Table 2. Calibration curve values of Carmoisine and Sunset Yellow.

Dye Slope
(µA L mol-1)

Range 
(µM)

R2 LOD 
(µM)

Potential 
range (mV)

Electrode 
configuration

Carmoisine 12.646 2-280 0.9971 17 -400 to -800 Bi/GCE

Sunset Yellow 11.89 5-380 0.9971 20 -400 to -900 Bi/GCE

Carmoisine 18.246 0-410 0.9975 10 -400 to -800 Bi-CHIT/GCE

Sunset Yellow 14.584 5-238 0.9978 10 -400 to -900 Bi-CHIT/GCE
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concentrations of SY that could be used to calculate the 
concentrations of SY from intercept.

Finally this determination was performed at five 
different constant concentrations of CA and the 
prediction error of a single component in the mixtures 
was calculated as the relative standard error (RSE) of 
the prediction concentration, which is given as Eq. 8:
                                                                                               

                          
(8)

where N is the number of samples, Cj the concentration 
of the component in the jth mixture and the estimated 
concentration. The same procedure was done for 
determination of 200 µM of CA in the presence of 
different amount of SY as interferent and the obtained 
results were compared with the results of PLS and 
PCR as standard multivariate calibration methods 
(see Table 3).

The Bi-CHIT/GCE has been applied for the 
determination of SY and CA in two chocolate samples. 

Figure 2. A1: (a) Voltammogram of SY (200 µM) and CA (200 µM) mixtures and after addition of (b) 100, (c) 200 and (d) 300 (e) 400 µM standard 
solutions of SY in constant concentration of CA (A1: 300, A2: 400 and A3: 600 µM). B1-B3: NASs curves for SY obtained from five 
binary mixtures, C1-C3: NASs curves for CA obtained from five binary mixtures, which they fully overlapped. (D) Variation of norm NASs 
for both SY and CA versus added concentration of SY.
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To check the validity of the method, known amounts 
of SY and CA were added to samples and determined 
by the proposed method. The recoveries of SY and 
CA added to chocolate samples were shown in 
Table 4.

4. Conclusions
In this work, the BiFE, a novel metallic mercury-like 
behaving but non-toxic electrode is proposed to the 
analysis of the chocolate sample in order to determine 
SY and CA by differential pulse voltammetry using a 
glassy carbon electrode modified by Bi. After that, a 
Chitosan thin film was coated onto Bi/GCE surface 
and compared with Bi/GCE. Due to the high adsorption 
ability of chitosan on surface electrode, the stability of 
Chit/Bi/GCE is better than the  Bi/GCE, but both of them 
is very simple, easy preparation, cheap, shortening 

of measurement time and suitable for the analysis of 
binary mixtures with completely overlapping peaks 
using multivariate calibration methods (partial least 
square (PLS), net analyte signal (NAS) and principal 
component regression (PCR) without the need for a 
prior separation. As a result, the fabricated electrodes 
showed excellent electrocatalytic activity towards SY 
and CA reduction with the increased reduction peak 
current and the decreased reduction peak potential 
at the Bi/GCE and bismuth-chitosan thin film-modified 
electrode, hence a new sensor was successfully 
developed for the determination of SY and CA in 
different food samples.
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