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Abstract 
The present study developed a facile and fast electrochemical approach to sensitively 
analyze Sudan I using Fe3O4-ZIF-67 nanocomposite plus ionic liquid (IL). The carbon paste 
electrode (CPE) modified with Fe3O4-ZIF-67/IL exhibited an excellent electrochemical 
sensing performance to Sudan I. Compared with the unmodified CPE, Fe3O4-ZIF-67/ILCPE 
could significantly increase the peak current of Sudan I oxidation and decrease the oxidation 
overpotentials. Under the best experimental conditions, the sensor using differential pulse 
voltammetry (DPV) technique responded to Sudan I linearly (0.5 - 560 μM) with a low limit 
of detection (LOD) of 0.1 μM. Additionally, the applicability and effectiveness of our 
proposed method in sensing Sudan I present in food samples was confirmed by acceptable 
recovery rate (96.0 - 103.6 %). 
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Introduction 

A group of Sudan azo dye (including types I, II, III and IV), known as important compounds, are 

synthetic industrial dyes that their carcinogenicity has been proven by IARC (International Agency 

for Research on Cancer) [1]. They are extensively applied as additives in chemistry preparations in 

the structure of fuels, oils, solvents, textile, coloring waxes, shoe polish, cosmetic products, and in 

the formulations of medical instruments and drugs owing to unique properties like high stability and 

cost-effectiveness [2]. Although most countries have issued restrictions on the use of these azo 

compounds as coloring additives, they are still present in the ingredients of some foods such as red 

peppers, sausages, relishes and condiments [3]. 1-phenylazo-2-naphthol, or Sudan I, were able to 

react with a certain DNA sequence under in vitro conditions. Therefore, this substance is toxic and 

damaging to genetic material [4]. Thus, a majority of countries enacted strict laws regarding the 
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permissible use of Sudan I in food and beverages [5]. So, it is vital to detect the presence of Sudan I 

in various food products. Accordingly, many techniques have been employed so far for Sudan I 

detection, including high performing liquid chromatography [6], surface-enhanced Raman 

scattering method [7], fluorescence spectroscopy [8], enzyme-linked immunesorbent assay [9], 

capillary electrophoresis [10], and electrochemical methods [11].  

Further attention has been recently attracted towards electrochemical methods owing to some 

unique properties such as rapid response, simple protocols, cost-effectiveness, real-time determi-

nation in situ condition and excellent sensitivity [12].  

Consistent with recent evidence, Adams (1958) introduced carbon paste electrode (CPE) in 

electroanalysis [13] and to date, has been a facile tool for quantitative analysis of diverse com-

pounds. CPEs have advantages such as easy preparation, low cost, the provision of repeatable 

signals [14], low background current, prolonged stability, wide polarization range in cathodic and 

anodic sides [15]. With these features in mind, special attention has been paid to the fabrication of 

inexpensive, facile and sensitive electrochemical sensors by CPEs for electroanalysis. 

In this analytical method, electrode surface modification has been proposed using effective 

modifiers to enhance the efficiency of electrochemical measurements [16]. The electrode surface 

modification may play a role in enhancing the sensitivity of the electrochemical sensor with a low 

limit of detection (LOD). The chemical modification increases electron transfer, resulting in en-

hanced electrocatalytic properties at the electrode surface and reduced surface fouling [17]. Some 

effective modifiers include conductive polymers, nanomaterials, metal oxides, metals, composite 

materials and ionic liquids [18]. 

Fe3O4 nanoparticles are one of the most researched forms of iron oxides due to their attractive 

characteristics, including low toxicity, biocompatibility, super magnetism, and high surface 

area [19]. Moreover, this magnetic material is economical, easy to synthesize and more effective. 

These unique properties have enabled Fe3O4 nanoparticles to serve as an ideal candidate material 

in the electrochemical sensor [20-22]. 

Zeolitic imidazolate frameworks (ZIFs) belong to metal-organic frameworks (MOFs) and are appro-

priate porous materials containing inorganic metal nodes interconnected with ligands of imidazolate 

bridging or imidazole [23]. ZIFs possess common features of MOFs, and also have unique thermoche-

mical stability [23]. Therefore, they are considered as proper options for gas adsorption [24], catalysis 

[25] and separation [26]. They also show very large surface area and excellent porosity, thus making 

them promising candidates for fabricating potent electrochemical sensors [27]. Hence, the incorpo-

ration of ZIF-67 crystals and Fe3O4 nanoparticles can be useful to achieve potential applications. 

Ionic liquids (ILs) are salts in a liquid state at ambient temperatures and commonly consist of 

many organic cations and organic/inorganic anions. They have been extensively applied in electro-

chemistry because of excellent physicochemical properties like fairly great ionic conductivity, poor 

vapor pressure, admirable chemical stability, acceptable biocompatibility stable and electro-

chemical windows [28,29].  

The present research aimed to introduce a facile and sensitive electrochemical approach to 

detect Sudan I using Fe3O4-ZIF-67 nanocomposite and ionic liquid.  

Experimental  

Chemicals and instrumentations 

Electrochemical experiments were recorded using a PGSTAT-302N Autolab potentiostat/galva-

nostat (Eco Chemie, The Netherlands). The control of all experiments was carried out by a General 
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Purpose Electrochemical System (GPES) software. Electrochemical experiments were performed by 

a three-electrode system containing modified or unmodified CPE as working electrode, Ag/AgCl 

(3M KCl) as a reference electrode, and platinum wire as a counter (auxiliary) electrode. All pH values 

were measured by a digital Metrohm 710 pH meter. All materials with analytical grade applied 

throughout this work were supplied from Aldrich and Merck. 

The Fe3O4-ZIF-67 nanocomposite was synthesized according to a simple method as reported in 

our recent work [30]. The field emission scanning electron microscopy (FE-SEM) of Fe3O4-ZIF-67 

nanocomposite is shown in Figure 1. 
 

 
Figure 1. The FE-SEM image of Fe3O4-ZIF-67 nanocomposite 

Preparation of Fe3O4-ZIF-67/ILCPE 

For the preparation of Fe3O4-ZIF-67/ILCPE, Fe3O4-ZIF-67 nanocomposite was grounded with gra-

phite powder with the ratio 10:90 (wt.%), followed by mixing with paraffin oil and IL (1-butyl-3-

methylimidazolium hexafluorophosphate) (90:10 vol.%) in a mortar and pestle for 30 min till a 

homogenous paste was obtained. The modified electrode was made by pressing the obtained 

modified paste into the bottom of a glass tube with the help of mechanical force. Then, electrical 

contact was made by placing a copper wire at the end of the syringe. If the electrode reaction tended 

to decrease, the electrode surface was polished on soft paper to give a smooth aspect before use. 

The surface area of the Fe3O4-ZIF-67/ILCPE and the bare CPE were obtained by CV using 1 mM 

K3Fe(CN)6 at different scan rates. Using the Randles-Sevcik formula for Fe3O4-ZIF-67/ILCPE, the 

electrode surface was found 0.288 cm2, about 3.2 times greater than bare CPE. 

Result and discussion  

The electrochemical response of Sudan I on the Fe3O4-ZIF-67/ILCPE surface 

The supporting electrolyte pH significantly affects the Sudan I electrocatalysis on Fe3O4-ZIF-67/ILCPE 

surface. The pH influence on Sudan I detection in the presence of PBS on the modified electrode 
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surface was explored at different pH values (2.0-9.0). The maximum peak current of Sudan I oxi-

dation was found at the pH value of about 7.0; accordingly, this value was selected to be the optimal 

experimental condition for the experiments. 

Figure 2 shows the application of the cyclic voltammetry (CV) method to evaluate the 

electrochemical behavior of 200.0 μM Sudan I at different electrodes (unmodified CPE, and Fe3O4-

ZIF-67/ILCPE) in PBS (0.1 M, pH 7.0) at the scan rate of 50 mV/s. Based on the results, there was an 

oxidation peak on the surfaces of electrodes, but no reduction peak, highlighting an irreversible 

electrochemical response of Sudan I on the electrodes. A relatively wide and weak peak current (Ipa) 

of Sudan I oxidation was found on the unmodified CPE (at 590 mV with 5.5 μA), which reveals that 

the electrochemical oxidation does not happen spontaneously due to high activation overpotential. 

The Sudan I Ipa on Fe3O4-ZIF-67/ILCPE, when compared with unmodified CPE, displayed further 

elevation to 13.1 μA, meaning an increase up to 2.4 times that on the unmodified CPE. In addition, 

Sudan I oxidation occurred at a lower potential than unmodified CPE. 

 

 
E / mV vs. Ag/AgCl/KCl 

Figure 2. CV response of 200.0 μM Sudan I at (a) unmodified CPE, (b) Fe3O4-ZIF-67/ILCPE in PBS (0.1 M, pH 7.0) 

Effect of scan rate on the results  

Figure 3 displayed the linear sweep voltammetry (LSV) behaviors of 100.0 μM Sudan I in PBS at 

the pH value of 7.0 at variable scan rates on the surface of Fe3O4-ZIF-67/ILCPE. Based on the results, 

there was a gradual elevation in the peak current of Sudan I oxidation and a positive shift of peak 

potential of oxidation by rising the scan rates to 10 from 400 mV/s. According to Figure 3 (inset), the 

Sudan I anodic peak current (Ipa) fitted to the square root of scan rate (v1/2). Hence this study showed 

that the electrode reaction was a diffusion-controlled process. 

To provide data about the rate determining step, a Tafel plot was drawn based on data of rising sector 

related to the current-voltage curve at low scan rate (10 mV/s) for 100.0 μM Sudan I (Figure 4, inset). 

The linearity of E versus log I plot reveals the intervention of electrode process kinetics. In accordance 

with the slope of this plot, the number of transferred electrons can be calculated in the rate-determining 

step. The inset in Figure 4 shows the Tafel slope of 0.2312 V for the linear sector. The Tafel slope value 

means the rate-limiting step related to one-electron transfer, with a transfer coefficient α of 0.74. 
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E / mV vs. Ag/AgCl/KCl 

Figure 3. LSV curves of 100.0 μM Sudan I in PBS (0.1 M, pH 7.0) at different scan rates (10-400 mV/s) on 
Fe3O4-ZIF-67/ILCPE (a-g refers to 10, 30, 70, 100, 200.0, 300.0, and 400.0 mV/s). Inset: Plot of scan rate 

square root versus Sudan I oxidation peak current 

 
E / mV vs. Ag/AgCl/KCl 

Figure 4. LSV response for 100.0 μM of Sudan I at the scan rate of 10 mV/s; inset: Tafel plot of 
rising sector or related voltammogram 

Chronoamperometric analysis 

Chronoamperometric records for Sudan I detection on the Fe3O4-ZIF-67/ILCPE surface were 

performed using a working electrode with the potential of 0.58 V at variable Sudan I in PBS (0.1 M, 

pH 7.0), as shown in Figure 5. The Cottrell equation describes the electrochemical reaction current 

at the limited condition of mass transport for Sudan I (as an electroactive material) with a certain D 

value [31]. Figure 5A shows the experimental plots of I versus t−1/2 with the optimal fits at variable 

Sudan I concentrations. Then, we plotted the slopes of obtained straight lines versus Sudan I 

concentration, as shown in Figure 5B. Based on the achieved slope and Cottrell equation, the mean 

D value was estimated at 1.5×10-6 cm2/s. 
 

y = 1.026x - 0.8761 
R2 = 0.9982 

y = 0.2314x – 0.3488 
R2 = 0.998 
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Figure 5. The chronoamperograms obtained on Fe3O4-ZIF-67/ILCPE in PBS (0.1 M, pH 7.0) at different Sudan I 
concentrations; Note) a–f : 0.1, 0.3, 0.6, 0.8, 1.4, and 2.0 mM of Sudan I. Inset A) plot of I versus t-1/2 based on 

chronoamperograms (a – f). Inset B) slope plot of straight line versus Sudan I concentration 

DPV analysis of Sudan I on the Fe3O4-ZIF-67/ILCPE surface 

DPV is a versatile technique for Sudan I detection because of its higher sensitivity and the obtained 

voltammograms for Sudan I detection is shown in Figure 6 (Step potential = 0.01 V and pulse ampli-

tude = 0.025 V).  
 

 
E / mV vs. Ag/AgCl/KCl 

Figure 6. DPV response of Sudan I at Fe3O4-ZIF-67/ILCPE in the concentration range 0.5 - 560.0 μM in 
PBS (0.1 M, pH 7.0); a-k refers to 0.5, 2.5, 10.0, 30.0, 70.0, 100.0, 200.0, 300.0, 400.0, 500.0, and 560.0 µM; 

inset: The calibration curve of DPV peaks against concentration of Sudan I 

Figure 6 shows that with increasing concentration of Sudan I from 0.5 to 560.0 μM the Ipa is elevated 

with a slight shift in oxidation potential. The Ipa plot versus Sudan I concentration was drawn (Figure 

6, inset), the results of which display a nearly straight line with admirable linearity having linear 

regression equation of Ipa = 0.0608 Csudan I + 0.7525 (R2 = 0.9999). The equation of 3Sbl/m was 

considered to compute the LOD, where m stands for the slope of the standard plot and Sbl for a 

y = 12.192x – 4.4337 
R2 = 0.998 

y =0.0608x – 0.7525 
R2 = 0.9999 
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standard deviation for linearity of blank solution anodic peak current after five determinations. The 

LOD is found to be 0.1 μM. Table 1 presents a comparison of Fe3O4-ZIF-67/ILCPE analytical 

performance created in this work with other electrochemical sensors involved in Sudan I analysis. 

Table 2. Comparison of the determination of Sudan I at Fe3O4-ZIF-67/ILCPE and modified electrodes 
reported in the literature 

Electrochemical sensor Method Linear range, μM Limit of detection, μM Ref. 

Ag nanoparticles decorated graphene 
oxide/glassy carbon electrode 

Amperometry 3.90×10−3-3.19×10−2 11.4×10−4 [32] 

CuO nanoparticles-decorated 3D N-doped 
porous carbon/glassy carbon electrode 

DPV 2.0×10-3-0.1 8.4×10-4 [33] 

Gemini surfactant–ionic liquid–multiwalled 
carbon nanotube/glassy carbon electrode 

Linear sweep 
voltammerey 

5.0×10-5-2.0×10-3 3.0×10-5 [34] 

Bi2WO6 nanosheets/glassy carbon electrode DPV 0.02-114.6 0.002 [35] 

Fe3O4-ZIF-67/ILCPE DPV 0.5 – 560.0 0.1 This work 

Real sample analysis 

The applicability of the sensor developed in the present study was tested by detecting Sudan I 

present in real food specimens, including chili powder and ketchup sauce. Table 2 shows the 

recovery rates of 96.0 to 103.6 % for spiked specimens. These results indicated the effectiveness of 

the proposed sensor in the detection of Sudan I in real specimens. 

Table 2. Sudan I detection in real food specimens using Fe3O4-ZIF-67/ILCPE (n=5) 

Sample 
C / M 

Recovery, % RSD, % 
Spiked Found 

Chili powder 

0 ND - - 

5.0 4.9 98.0 3.2 

7.0 7.1 101.4 1.7 

9.0 8.8 97.8 2.9 

11.0 11.4 103.6 2.3 

Ketchup sauce 

0 ND - - 

5.0 5.1 102.0 1.8 

7.5 7.4 98.7 3.5 

10.0 9.6 96.0 2.2 

12.5 12.6 100.8 2.6 

Conclusion 

In this work, the Fe3O4-ZIF-67 nanocomposite was synthesized via a simple method and 

characterized by various microscopic and spectroscopic methods. This Fe3O4-ZIF-67/ILCPE was 

applied to determine Sudan I. According to our results, an admirable potential was reported for the 

Fe3O4-ZIF-67 nanocomposite and IL for Sudan I detection, with a narrow limit of detection (0.1 µM) 

and broad linear dynamic range (0.5–560.0 µM). The developed sensor demonstrated satisfactory 

applicability for Sudan I detection in real food specimens. 
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