
Vol.:(0123456789)1 3

Journal of the Iranian Chemical Society (2022) 19:1251–1260 
https://doi.org/10.1007/s13738-021-02375-w

ORIGINAL PAPER

A simple sensor based on 1‑butylpyridinium hexafluorophosphate@
glassy carbon microspheres composites for the quantitative analysis 
of azo dyes

Yonghong Li1,2   · Yutong Li1 · Leina Jia1 · Yuan Li1 · Yan Wang1 · Pengju Zhang1 · Xinsheng Liu3

Received: 28 April 2020 / Accepted: 8 August 2021 / Published online: 17 August 2021 
© Iranian Chemical Society 2021

Abstract 
The overuse of synthetic colorants may result in hepatocellular damage, renal failure, and potential immunotoxicity. There-
fore, the content of synthetic colorants in foods must be strictly controlled. A simple sensor based on 1-butylpyridinium 
hexafluorophosphate@glassy carbon microspheres composites electrode (GCILE) was constructed for the rapid and sensi-
tive detection of sunset yellow (SY) and tartrazine (TZ). Composite materials were investigated using scanning electron 
microscopy and Fourier transform infrared spectroscopy. Then the electrochemical properties of the sensors were character-
ized using cyclic voltammetry. Furthermore, the electrochemical behaviors of SY and TZ were studied at the GCILE using 
differential pulse voltammetry. The effects of pH value, the different ratios of glassy carbon microspheres and ionic liquid, 
accumulation time, and accumulation potential on current responses of SY and TZ were discussed in detail. The GCILE 
displayed favorable electrocatalytic activity to SY and TZ. Under the optimum experimental conditions, the linear ranges 
of SY and TZ were 0.02–5 μM and 0.5–15 μM, respectively. When the noise–signal ratio (S/N) was 3, the detection limits 
of SY and TZ were 0.01 and 0.1 μM, respectively. Interference studies showed that common interfering substances did not 
affect the detection of SY and TZ. The proposed method was applied for analyzing azo dyes in beverages.
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Introduction

Synthetic colorants are widely used in the food industry 
due to their low price, good color uniformity, high stability, 
and low microbiological contamination. Synthetic colorants 
are generally classified into azo, triarylmethane, quinolone, 
xanthene, and indigoid compounds [1]. Sunset yellow (SY) 
and tartrazine (TZ), as two common synthetic azo dyes, are 

widely used in candies, drinks, and dairy products. Recent 
studies show that excessive or prolonged consumption of 
SY and TZ can cause eczema, allergies, asthma, childhood 
hyperactivity, and even cancer [2–4]. Therefore, the content 
of azo dyes in food should be strictly controlled. The sim-
ple, rapid, and sensitive analysis of these dyes is crucial for 
food safety.

Various methods have been utilized to analyze synthetic 
food colorants, such as spectrophotometry [5], high-perfor-
mance liquid chromatography [6], thin-layer chromatogra-
phy [7], capillary electrophoresis [8], and electrochemical 
methods [9, 10]. Compared with other analytical techniques, 
electrochemical methods exhibit the advantages of low cost, 
fast response, and high sensitivity.

Carbon paste electrode (CPE) usually consists of paraf-
fin oil and graphite powder. CPE can be simply prepared 
with a low background current, and the electrode surface is 
easily renewable [11]. Various carbon materials and bind-
ers with excellent properties have replaced graphite powder 
and paraffin oil to improve the performance of CPE. For 
example, Keyvanfard et al. [12] described the application 
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of multiwall carbon nanotubes paste electrode for penicil-
lamine (PA) determination in the presence of chlorproma-
zine. The sensor exhibited very efficient electrocatalytic 
activity to PA. Mohammadi et al. [13] used the modified 
graphene oxide nanosheets paste electrode to detect epi-
nephrine and uric acid. Motoc et al. [14] prepared a fuller-
ene–carbon nanofiber paste electrode, and the modified 
electrode showed the enhanced electrochemical response 
of diclofenac. Li et al. [15] described a nanocarbon ionic 
liquid electrode modified with palladium-doped graphene. 
The peak currents of dopamine and uric acid were increased 
and their peak potentials were reduced on the prepared elec-
trode compared with CPE.

Recently, glassy carbon paste electrode (GCPE) has been 
constructed on the basis of CPE. It is constructed by using 
glassy carbon microspheres instead of graphite powder. It 
exhibits high electrochemical reactivity and a wide potential 
window. Several sensors based on GCPE have been reported. 
Ören et al. [16] used a gold nanoparticle–glassy carbon paste 
composite electrode for fast and sensitive analysis of caf-
feine. Dai et al. [17] prepared a glassy carbon microspheres 
and ionic liquid composite paste electrode as a new electro-
chemiluminescent sensor, which was sensitive to fentanyl 
citrate.

In this work, we utilized glassy carbon microspheres 
instead of graphite powder and the ionic liquid 1-butylpyri-
dinium hexafluorophosphate as binds to fabricate compos-
ites electrodes. The modified electrode was constructed in a 
simple preparation procedure, and it was first used to detect 
SY and TZ simultaneously. The proportions of glassy car-
bon microspheres and ionic liquid were optimized, and the 
property of the modified electrode was greatly improved. 
The modified electrode showed excellent electrochemical 
activities to SY and TZ, resulting in increased oxidation cur-
rents. The suggested method was successfully applied to the 
analysis of SY and TZ in beverages.

Experimental

Reagents and materials

Glassy carbon microspheres (particle size: 2–12 μm), sunset 
yellow, and tartrazine were obtained from Sigma-Aldrich. 
The ionic liquid 1-butylpyridinium hexafluorophosphate 
(BPPF6) was acquired from Lanzhou Institute of Chemical 
Physics. Paraffin oil and graphite powder (spectrographic 
grade) were purchased from Sinopharm Chemical Reagent 
Co., Ltd. (Shanghai, China). 0.1 M phosphate buffer solution 
(PBS) was made up of Na2HPO4 and KH2PO4.

Apparatus

Electrochemical measurements were operated on a CHI660E 
electrochemical workstation (Shanghai Chenhua Instruments 
Corporation, shanghai, China). A three-electrode system was 
utilized containing a 1-butylpyridinium hexafluorophos-
phate@glassy carbon microspheres composite electrode 
(GCILE) (3.0 mm in diameter), a platinum wire, and a satu-
rated calomel electrode (SCE). A Hitachi S-3400 scanning 
electron microscope was used to acquire scanning electron 
micrographs (Hitachi Ltd., Tokyo, Japan). The Fourier trans-
form infrared spectra were recorded by IR Affinity-1 infra-
red spectrometer (Shimadzu Co., Japan). Ultrapure water 
(18.2 MΩ cm) was prepared by an ultrapure water system 
(Heal Force NW 30VFE). The testing solution was stirred 
before measurements using a KMO2 magnetic stirrer (IKA, 
Germany).

Electrode preparation

Firstly, different proportions of glassy carbon microspheres 
(GC) and ionic liquid (IL) were added and hand-mixed in an 
agate mortar. Then the mixture was filled firmly into the cav-
ity of a Teflon holder (3.0 mm in diameter), and the electrical 
contact was built by copper wire. A hair drier was employed 
to heat the electrode until the binder 1-butylpyridinium hex-
afluorophosphate fully melted. A smooth surface could be 
obtained by polishing the modified electrode on a piece of 
weighing paper. The prepared electrode above was 1-butyl-
pyridinium hexafluorophosphate@glassy carbon micro-
spheres composites electrode, which was denoted as GCILE.

For comparison, graphite powder and ionic liquid were 
used to prepare carbon ionic liquid electrode (CILE). Glassy 
carbon microspheres paste electrode (GCPE) was con-
structed with paraffin oil and glassy carbon microspheres. 
Traditional carbon paste electrode (CPE) was made up of 
paraffin oil and graphite powder.

Analytical procedure

The electrochemical properties of modified electrodes were 
studied in 1 mM Fe[(CN)6] 3−/4− and 0.1 M KCl solution 
using cyclic voltammetry (CV). SY and TZ were analyzed 
using differential pulse voltammetry (DPV). The accumula-
tion step and determining step were two main steps in the 
analysis process. Firstly, SY and TZ were preconcentrated 
onto the GCILE surface under 0.5 V for 150 s stirring. Sec-
ondly, DPV signals of SY and TZ were measured from 0.3 
to 1.1 V. The fabrication procedure of the GCILE and elec-
trochemical analysis of SY and TZ is presented in Scheme 1. 
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Results and discussion

Surface morphologies and structures 
characterization

The surface morphologies of GCPE and GCILE were inves-
tigated using scanning electron microscopy. Large gaps 
between glassy carbon microspheres were observed on 
the GCPE in Fig. 1a. However, Fig. 1b clearly showed that 
GCILE exhibited a compact and uniform surface. Compared 
with GCPE, the ionic liquid instead of paraffin oil was used 
as the binder for the construction of GCILE. The interstices 
between microspheres were filled with highly viscous ionic 
liquids, forming a unified whole.

FT-IR spectroscopy was performed to identify the 
chemical groups of GC and GC-IL hybrids. The infrared 
spectra of GC and GC-IL are presented in Fig. 1c. Many 
absorption signals were matched between the two spectra. 
Because CO2 in the air was adsorbed during the sample test, 
weak absorption peaks were observed between 2250 and 
2500 cm−1 in Fig. 1c (curves a and b). The FT-IR spectrum 
of the GC-IL hybrids (curve b) revealed absorption peaks 
of BPPF6. The absorption peaks located between 1410 and 
1700 cm−1 indicated the characteristic peaks of the pyri-
dine ring (containing the stretching vibrations of C=N and 
C=C in the pyridine ring). The peaks appeared at 3152 and 
3107 cm−1 corresponded to C-H on the pyridine ring. The 
peaks located at 2974, 2942, and 2885 cm−1 were attributed 
to the stretching vibrations of C-H on the alkyl chain. Due 
to PF6

− stretching vibration, the absorption peak was found 
at 835 cm−1. The results above clarified that the ionic liquid 
BPPF6 was successfully combined with GC.

Electrochemical characterization

The electrochemical performances of the modified elec-
trodes were discussed using cyclic voltammetry (CV). 
Figure 2 shows the CVs of different electrodes in 1 mM 
[Fe(CN)6]3/4− and 0.1 M KCl solution. The weak redox 
peaks appeared on the CPE (Curve a). A pair of well-defined 
redox peaks was observed on CILE (Curve b). The ionic 
liquid acted as a charge transfer bridge on the electrode sur-
face and improved electron transfer kinetics. As the graph-
ite powder was replaced by glassy carbon microspheres, 
the peak currents increased obviously, and the peak–peak 
potential difference was reduced on GCILE (Curve c). The 
improved electrochemical performance of the GCILE was 
probably ascribed to the high conductivity of the ionic liquid 
and the large surface area of glassy carbon microspheres.

Surface area study

The electroactive surface areas of CILE and GCILE were 
investigated in K3[Fe(CN)6] redox system, and the results 
are shown in Fig. 3. According to Randles–Sevcik equation 
[18], the anodic peak current (Ipa) was proportional to square 
root of scan rate (ν1/2) for a reversible process:

where Ipa corresponds to anodic peak current, n stands for 
electron transfer number (n = 1), A refers to the electroactive 
surface area (cm2), C0 is the concentration of K3[Fe(CN)6] 
(1 mM), and DR and ν are the diffusion coefficient (7.6 × 10–6 

(1)Ipa =
(

2.69 × 10
5
)

n3∕2AC
0
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1∕2

R
�
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Scheme 1   Fabrication procedure of the GCILE and electrochemical analysis of SY and TZ
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cm2 s−1) and the scan rate (V s−1), respectively. The elec-
troactive surface areas of CILE and GCILE were calculated 
to be 0.302 cm2 and 0.673 cm2, respectively. The results 
demonstrated that GCILE exhibited a larger electroactive 
surface area, providing more active sites for the analytes.

Electrochemical behavior of SY and TZ

Figure 4 shows the DPVs of 10 μM SY and 30 μM TZ on dif-
ferent modified electrodes. As shown in the figure, two small 
separated oxidation peaks for SY and TZ could be observed 
at the traditional CPE (Curve a), and the currents were 
0.414 μA and 0.742 μA, respectively. The oxidation peaks 
of SY and TZ on the CILE (Curve b) appeared at 0.652 V 
and 0.888 V, respectively. Their peak currents remarkably 
increased (about 53.64 μA for SY and about 18.36 μA for 
TZ). Compared with CILE, the oxidation peaks of SY and 
TZ on the GCILE (Curve c) shifted negatively (0.644 V for 
SY and 0.876 V for TZ), and peak currents further increased 
(73.89 μA for SY and 28.63 μA for TZ). This phenomenon 
may be attributed to that glassy carbon microspheres could 
provide more channels and show high electrocatalytic abil-
ity to SY and TZ. In addition, ionic liquid and glassy carbon 
microspheres combined through the CH-π interaction and 
promoted electron transfer rate synergistically.

Scan rate

The influence of scan rate on the current responses of 
SY and TZ was discussed using CV. Figure 5a, b shows 
CVs of 10 μM SY and 30 μM TZ with different scan rates 
from 25 and 350 mV s−1, respectively. The anodic peak 
current increased linearly with scan rate, and the lin-
ear equations were described as: I(μA) = 0.4792 v (mV 
s−1)–3.0906 (r2 = 0.9987) for SY, and I(μA) = 0.3829 v (mV 
s−1) + 21.5952 (r2 = 0.9909) for TZ, respectively, suggesting 

Fig. 1   SEM images of a GCPE; b GCILE; c FT-IR spectra of GC a 
and GC-IL b 

Fig. 2   CVs of a CPE; b CILE; and c GCILE in 1 mM Fe[(CN)6] 3−/4− 
and 0.1 M KCl solution, scan rate: 50 mV s−1
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the electrochemical reactions of SY and TZ at the modified 
electrode were both adsorption-controlled processes.

Effect of pH value

Figure 6 exhibits the effects of pH value on the current 
responses of SY and TZ. In the pH range of 4.0–9.0, the peak 
currents of SY and TZ increased until the pH value reached 
7.0, then decreased when the pH value further increased. 
Thus, pH 7.0 was chosen for the subsequent studies.

In addition, the Epa of SY and TZ shifted linearly with 
pH values, and the linear equations were: E(V) = -0.0380 
pH + 0.9107 (r2 = 0.9976) for SY, and E(V) = -0.0391 
pH + 1.1634 (r2 = 0.9938) for TZ, respectively. The slopes 

of -38.0 mV pH−1 and -39.1 mV pH−1 suggested that protons 
participated in the oxidation processes of SY and TZ on the 
GCILE, which was consistent with the previous literature 

Fig. 3   CVs of a CILE and b GCILE with different scan rates in 1 mM [Fe(CN)6]3−/4− and 0.1 M KCl solution, scan rates (from inner to outer): 
50, 100, 150, 200, 250, 300 mV s−1

Fig. 4   DPVs of 10 μM SY and 30 μM TZ at a CPE; b CILE; and c 
GCILE in 0.1 M PBS (pH 7.0), the insert is an enlarged view of a 
CPE. Accumulation potential: 0.5 V, accumulation time: 150 s

Fig. 5   CVs of 10 μM SY a and 30 μM TZ b on GCILE with differ-
ent scan rates, scan rates (from inner to outer): 25, 50, 100, 150, 200, 
250, 300, 350 mV s−1
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[19]. The possible mechanisms for the electrochemical pro-
cesses of SY and TZ are described in Scheme 2.

Effect of composites composition

The influence of the proportion of glassy carbon micro-
spheres and ionic liquid on the electrochemical responses 
for SY and TZ was also examined. As shown in Fig. 7, 

the voltammetric responses of SY and TZ increased as the 
amount of glassy carbon microspheres increased. When the 
proportion of glassy carbon microspheres and ionic liquid 
was 1:1, SY and TZ exhibited two well-defined peaks at the 
modified electrode, and the voltammetric responses of SY 
and TZ reached the maximum. Then the further increase 
in the amount of glassy carbon microspheres, namely the 
decrease in the amount of highly conductive ionic liquid, 
resulted in a gradual decrease in voltammetric currents. A 
certain proportion of glassy carbon microspheres and ionic 
liquid can improve the conductivity of the sensor and the 
microstructure of the electrode surface, promoting electron 
transfer rate. However, more ionic liquid or glassy carbon 
microspheres will increase the background current of the 
modified electrode. Therefore, the proportion of glassy car-
bon microspheres and ionic liquid (mGC:mIL = 1:1) was uti-
lized for the next experiments.

Effect of accumulation potential 
and accumulation time

Figure 8 displays the influence of accumulation potential 
on the voltammetric responses of SY and TZ. When the 
accumulation potential varied from 0.1 to 0.5 V, the current 
signals of SY and TZ both increased, and the current of SY 
increased more quickly than that of TZ. The voltammetric 
responses of SY and TZ both reached the maximum at 0.5 V. 
The further increase in the accumulation potential decreased 
the current responses of SY and TZ. Thus, we analyzed SY 
and TZ under the accumulation potential of 0.5 V.

As shown in Fig. 9, the current responses of SY and TZ 
gradually increased with the increasing accumulation time. 
After 150 s, the amounts of SY and TZ adsorbed on the sen-
sor reached saturation, and the currents changed slightly. 
Therefore, the optimal accumulation time was 150 s.

Determination of SY and TZ

The analysis of SY and TZ was carried on GCILE using 
DPV. Figure 10 shows the DPVs of different concentrations 
of SY and TZ in 0.1 M PBS (pH 7.0). As shown in Fig. 10b, 
the oxidation peak current of SY linearly increased with the 
increase in the SY concentration in the range of 0.02–5 μM. 
The linear equation was: I(μA) = 10.2050 c(μM) + 3.6288 
(r2 = 0.9946), and the detection limit was found to be 
0.01 μM (S/N = 3). In addition, the linear range of TZ was 
from 0.5 to 15 μM (shown in Fig. 10c) with a detection 
limit of 0.1 μM. The linear equation was: I(μA) = 0.7810 
c(μM) + 1.3336 (r2 = 0.9921).

Fig. 6   a DPVs of 10 μM SY and 30 μM TZ on GCILE in different 
pH solutions (From a to f: pH 4, 5, 6, 7, 8, 9); b effects of pH value 
on the anodic peak current (Ipa) and potential (Epa) of 10  μM SY; 
c effects of pH value on the anodic peak current (Ipa) and potential 
(Epa) of 30 μM TZ



1257Journal of the Iranian Chemical Society (2022) 19:1251–1260	

1 3

A comparison of the analytical parameters for SY and 
TZ at various modified electrodes is shown in Table 1. The 
results presented that the established method exhibited com-
parable or better linear ranges and detection limits than other 
previously reported methods [2, 20–25]. What is more, the 
proposed sensor had its unique advantages of simple prepa-
ration procedure, easily renewable surface, low cost, simple 
pretreatment, and antifouling ability.

The repeatability, stability, 
and anti‑interference of the sensor

The relative standard deviations (RSD%) of 10 μM SY and 
10 μM TZ for six measurements with the same GCILE were 
2.17% and 3.72%, respectively. The RSD% of 3.43% and 
4.89% were obtained for SY and TZ using six modified 

Scheme 2   Mechanisms for the 
electrochemical processes of SY 
a and TZ b 

Fig. 7   Effect of different proportions of glassy carbon microspheres 
and ionic liquid on the anodic peak currents of 10 μM SY and 30 μM 
TZ

Fig. 8   Relationship between accumulation potential and the anodic 
peak current of 10 μM SY and 30 μM TZ

Fig. 9   Effect of accumulation time on the anodic peak current of 
10 μM SY and 30 μM TZ
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electrodes prepared in the same process. The sensor was 
stored at room temperature for a month, and the modified 
electrode remained 93.8% and 94.5% of the initial response 
values for SY and TZ. The results exhibited that the sensor 
had good repeatability and stability.

The effect of interfering substances on the analysis of SY 
and TZ was studied. The analytical data indicated that 200-
fold Na+, Ca2+, K+, Cu2+, Zn2+, Cl−, NO3

−, 100-fold ascor-
bic acid, glycine, glucose, sucrose did not interfere with the 
measurement of SY and TZ, displaying that the suggested 
method exhibited excellent anti-interference ability.

Analytical applications

The sensor was utilized to the analysis of SY and TZ in 
beverages by using the standard addition method. Before 
determination, fruity soda (orange flavor) was ultrasonicated 
for 10 min to remove CO2 and then diluted with 0.1 M PBS 
(pH 7.0). Orange juice and mango juice were directly diluted 
with PBS (pH 7.0) without sample pretreatment. Then 
appropriate amounts of these diluted samples were trans-
ferred to the electrochemical cell for the detection of SY and 
TZ by the presented method. The recovery experiments were 
carried out to verify the accuracy of the proposed method, 
and good recoveries for food colorants (92.0–96.0% for SY 
and 102.0–106.0 for TZ) were obtained. To further validate 
the method, the HPLC method was employed for compari-
son purposes. The results are presented in Table S1. The 
results obtained in this work agreed well with those acquired 
by the reference HPLC method, which suggested that the 
proposed method had good promising application.

Conclusions

In this work, a 1-butylpyridinium hexafluorophosphate@
glassy carbon microspheres composites electrode was devel-
oped in a simply fabricated procedure. The anodic peaks of 
SY and TZ were distinctly separated at the modified elec-
trode, and they could be simultaneously analyzed with good 
selectivity and negligible interaction. Under the optimized 
conditions, the sensor exhibited improved electrocatalytic 

Fig. 10   a DPVs for different concentrations of SY and TZ on the 
GCILE (from bottom to upper: 0, 0.01, 0.02, 0.05, 0.1, 0.5, 1, 3, 5, 
10, 15 μM); b relationship between the peak currents and the concen-
tration of SY; c relationship between the peak currents and the con-
centration of TZ
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activity toward SY and TZ. The method was successfully 
established to detect SY and TZ in beverages simultaneously.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s13738-​021-​02375-w.
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