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A new method for the determination of melamine (MEL) indirectly by the changes of differential pulse 

voltammetry (DPV) current of K3[Fe(CN)6] probes  after 10 min incubation (∆I) has been established. 

It’s based on the inhibitory effect of MEL on occupying the molecular recognition sites of surface of 

the electropolymerized molecular imprinting & graphene modified glassy carbon electrode 

(MIPPy/GR/GCE). The MIPPy/GR/GCE was characterized by cyclic voltammetry (CV), 

electrochemical impedance spectrometry (EIS) and scanning electron microscopy (SEM). The ∆I is 

linearly proportional to the negative logarithmic concentration of MEL over the range of 3.0×10-8 

~1.0×10-4 mol•L
-1

 (R = 0.9948), the detection limit is 1.02×10
-8

 mol•L
-1

 (S/N =3). The recoveries of 

samples are from102.65% to 108.02%, the result is satisfactory when it is used to analyze the real 

samples.  

 

 

Keywords: Molecularly imprinted polymer; Graphene; Melamine; Sensor 

 

 

1. INTRODUCTION 

Melamine (MEL) is an organic base and a trimer of cyanamide with a 1,3,5-triazine skeleton, 

and widely used in chemical industry for the production of MEL-formaldehyde polymer resins just like 

dishware and kitchenware. MEL is also a metabolite of cyromazine, which is a pesticide. MEL and 

cyanuric acid can be converted into each other in a mammal, both ultimately form a network structure 

caused lesions such as acute kidney failure, urolithiasis, and bladder cancer [1-3]. Because the high 

contents of nitrogen (66% by mass) included in MEL could raise the apparent protein level in food. 
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This is the root cause of the North American pet food incident in 2007 and the Chinese milk scandal in 

2008, and thousands of babies and pets die [4, 5]. 

The traditional methods to detect MEL mainly include chromatography [6-11], spectrum [12-

17],and enzyme-linked immunosorbent assay (ELISA) [18-21], although these methods for routine 

analysis is reliable and sensitive, but several disadvantages need to be solved, such as expensive 

equipment, well-trained operators, complex sample preparation and long test time, and will not be able 

to on-site detection in food analysis. Electrochemical sensors were widely used in the field of medical, 

biological and environmental analysis. Such as glassy carbon electrode（GCE）, gold electrode and 

Platinum electrode, and so on. However, the sensitivity and selectivity of bare electrodes are not good 

enough; they must be enhanced by several strategies. Molecular imprinting technology is one of the 

best tools to achieve the goals [22-27]. Molecularly imprinted polymers (MIPs) are synthetic materials 

with artificially generated molecular recognition sites, which have specifically binding to target 

molecule, and showing specific high combining behaviors to the target molecule. In the 

chromatography in recent years, the molecular imprinting polymer used as solid-phase extraction 

membrane and received good results [7-10]. MIP has the advantages of simple preparation, low cost, 

good stability in high temperature, acid base and organic solvent, and can be used repeatedly. The MIP 

sensor is usually prepared directly by synthesizing the imprinted polymer film on the surface of the 

electrode using an electropolymerization method.  

However, the simple MIP film, as a sensor identification element, usually exhibits a trouble of 

poor adsorption capacity and low sensitivity. Rarely by improving the adsorption power of the MIP 

film, shortening the response time and completely removing the template molecules can successfully 

achieve excellent performance of the molecular imprinting sensor. The use of nanomaterial and MIPs 

in composite or hybridization as a recognition unit for sensors can increase the surface area of the 

sensor recognition unit, improve the conductivity and electron transport capacity of the MIP film, and 

finally realize the molecular imprinting electrochemical sensor significant increase in sensitivity. 

Graphene has been widely used to improve performance of electrochemical sensors because of the 

extraordinary electrocatalytic activity, biocompatibility and so on [28-31].  

In this study, A new method for the determination of melamine (MEL) indirectly by the 

changes of differential pulse voltammetry (DPV) current of K3[Fe(CN)6] probes  after 10 min 

incubation (∆I) has been established. Moreover, the result is satisfactory when it is used to analyze the 

milk and dairy products of MEL. 

 

2. EXPERIMENTAL DETAILS 

2.1 Reagents and materials 

MEL was purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. (China). 

Pyrrole (99%) was purchased from Shanghai Macklin Biochemical Co., Ltd (China). Graphene oxide 

(GO) was prepared according to the literature method using graphite powder [32]. Graphite powder，

K3Fe(CN)6，K4Fe(CN)6, Na2HPO4•12H2O，NaH2PO4•2H2O，H2SO4，NaOH, KCl were obtained 
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from Chengdu Kelong Chemical Reagent Co., Ltd.(China). All solutions were prepared in distilled 

water and purged with nitrogen for 10 minutes prior to use; all other reagents were of analytical grade. 

 

 

2.2 Instruments 

Electrochemical studies using an Autolab PGSTAT 302N (Metrohm-Autolab,China) 

electrochemical workstation connection with a conventional three-electrode system. A GCE (Φ=3 mm, 

Tianjin aida Technology Co., Ltd. China) or GCE modified by different methods was used as working 

electrode, a saturated calomel electrode (SCE) as the reference electrode, and a platinum electrode as 

the counter electrode. Scanning electron microscope (SEM) image were obtained with Nova Nano 

SEM 450 (FEI, America).All experiments were carried out at room temperature. 

 

2.3 Preparation of MIP sensor 

The surface of the GCE was polished with 0.3, and 0.05 μm alumina slurry, and thoroughly 

rinsed ultrasonically with HNO3, ethanol, and double-distilled water for 5 min in turn Finally the 

electrode was subjected to cyclic potential sweeps between -0.2 and 0.8V in 5 mM [Fe(CN)6]
3-

/[Fe(CN)6]
4-

 containing 0.1 M KCl as the supporting electrolyte until a stable CV was obtained, scan 

rate is 100mV/s [33]. Blow dry electrode surfaces with nitrogen. Then the electrode was subjected to 

cyclic potential sweeps between -0.2 and 1.0 V in 0.5 M H2SO4 to activate until a reproducible 

voltammogram was obtained. 

Weighing 20.00 mg GO powder into 10 mL deionized water, Dispersed solution was obtained 

by ultrasonic dispersion uniformity. GR/GCE was prepared by dynamic potential cycling for 18 scans 

within the range of -1.4~0.6 V at a scan rate of 100 mV•s
-1

 in the above solution. Blow dry electrode 

surfaces with nitrogen. 

Pyrrole with imprinting of MIP-modified GCE (MIPPy/GCE) was prepared by dynamic 

potential cycling for 8 scans within the range of −0.2 to 1.0 V at a scan rate of 50 mV•s
-1

 in a 0.1 

mol•L
-1

 of KCl and 0.05 mol• L
-1

of PBS, which contained 5 mmol•L
-1

 of pyyrole, 20 mmol•L
-1

 of 

MEL. Blow dry electrode surfaces with nitrogen. The MIPPy/GR/GCE was obtained. 

 

2.4 Experimental determination of MEL 

The MIPPy/GR/GCE was dipped into 3 mL ethanol solution containing the desired 

concentration of MEL for 5 min, eluted with 0.2 M NaH2PO4 by chronoamperometry at 1.30 V for 180 

s, washed with double-distilled water carefully to remove the possible adsorptive substances on the 

electrode surface, the imprinted electrode was dipped into solution containing the desired 

concentration of MEL for 12 min. And then transferred to the electrochemical cell containing 5 mM 

[Fe(CN)6]
3-

/[Fe(CN)6]
4-

 containing 0.1 M KCl as the supporting electrolyte. DPV measurements were 

performed in the potential range from -0.2 to 0.3 V with a scan rate of 50 mV•s
-1

 until a stable DPV 
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was obtained. The procedure for the preparation of the MIPPy/GR/GCE and detection mechanism for 

MEL shows in Fig.1. 

 
Figure 1. The procedure for the preparation of the MIPPy/GR/GCE and detection mechanism for MEL 

 

2.5. Real sample preparation 

Taking 1.00 mL samples (milk and feed) and add 9.00 mL acetonitrile to fully ultrasonic for 10 

min to dissolve fat. Then centrifuged at 10,000 rpm and filtered through a 0.45-μm filter membrane. 

Because MEL-contaminated milk cannot be purchased from the market anymore, the milk was spiked 

with appropriate amounts of MEL standard solution directly. We add a certain amount of MEL 

standard solution. Putting the MIPPy/GR/GCE into electrochemical cell with the filtrate, incubate in 

sample solution for 12 min. The MIPPy/GR/GCE was then subjected to DPV measurement in 

electrochemical cell containing 5 mM [Fe(CN)6]
3-

/[Fe(CN)6]
4-

 containing 0.1 M KCl as the supporting 

electrolyte. 

 

3. RESULT AND DISCUSSION 

3.1 Selection of experimental conditions 

3.1.1 Effect of function monomer to template ratio 

The affinity and recognition ability of MIP are affected by the molar ratio of functional 

monomers to templates in the electropolymerization process. Pyrrole was selected as functional 

monomer. The specific imprinted position binds to MEL when MEL is adsorbed. The higher current, 

the more MEL adsorption, which indicates that there are more specific imprinted cavities have been 

formed. It can be seen from Fig. 2 that 5: 20 is the best molar ratio of functional monomer and 

template molecule (Fig. 2). Because the template molecular size, structure and shape are variety, the 

ratio of functional monomer and template are different in MIP sensors. In the similar literatures [38, 40, 

42], the ratio of functional monomer and template molecule were greater than 1:1 mostly, the 

concentration of pyrrole and template is usually in the range of 1-100mM [38-43]. The film is difficult 

to form when more template molecule exists, and too much functional monomer also would make the 

film too thick to elute relatively.  
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Figure 2. Effect of the ratio of poly-pyrrole (PPy) to template (MEL) on the peak current change 

 

3.1.2 Effect of Buffer solution type 

The type of buffer solution has a significant effect on the experimental results, so it is necessary 

to discuss the selected buffer solution. In the similar literatures, the polymerization of pyrrole is 

usually carried out under neutral conditions, a more uniform and better film can be obtained in neutral 

buffer solution [38,39,41,43,44] or without buffer solution [40,42].In this work, acetate buffer system 

(ABS), phosphate buffer system (PBS) and B-R buffer solution were selected as supporting electrolyte. 

Experiments were performed under the same conditions but only the types of supporting electrolytes 

were changed. The results of the composite films show that both B-R buffer system and phosphate 

buffer system can form corresponding electrochemical response. PBS as the support of the electrolyte 

conditions, MEL-pyrrole molecular imprinting film modified to the electrode on the best, and the 

optimal electrochemical response to MEL when using PBS as the Buffer solution. Therefore, this 

experiment selected PBS buffer solution to support the electrolyte. 

 

3.1.3 Effect of pH 

The pH of solution have dramatically influence on the structure and properties of electron 

transfer rate of MIP. The DPV was investigated in K3[Fe(CN)6] solution in pH of 3.0 ~ 7 , the 

maximum response current appeared at pH 7, while pyrrole will conduct another reaction under 

alkaline condition.  So, pH 7 was selected as the optimal acidity for the study (Fig. 3). 
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Figure 3. The influence of the pH on peak current variation 

 

3.1.4 Effect of scanning cycles 

The sensitivity of the imprinted electrochemical sensor is affected by the thickness of the 

polymer film. If the blotting film is very thin, fewer imprinting sites are formed on the surface of 

electrode, which may cause sensitivity getting lower. But, if the blotting film is too thick, the template 

molecules located in the central region of the membrane cannot be completely taken out from the 

polymer matrix. In addition, it is difficult for the target molecule to enter the imprinting site located at 

the center since the mass-transfer resistance is high, it will result in the detection sensitivity decrease. 

By controlling the number of scanning cycles in the electroporation process, the thickness of the 

polymer film can be easily adjusted [35]. In the previous literature, it can be found that the number of 

cycles of pyrrole polymerization is usually within 10 cycles, such as 3 [36, 37], 4 [38], 5 [39, 40], 6 

[41], 10 or more cycles were reported in only a few literature [42]. 

It can be seen from Fig. 5(A), the most suitable number of cycles for GO film formation with 

the best conductivity of catalytic performance is 8. So the electrochemical reduction of graphene oxide 

can be carried out by CV in the potential range of 1.40 to 0.60 V, with a scanning rate of 100 mV •s
-1

 

for 8 cycles. 

For pyrrole, the results shown those 8 cycles was the most suitable number of cycles to obtain 

the membranes with the best analytical properties. Electroreduction of the mixture of MEL and pyrrole 

was used by CV in the potential range of -0.20 to 1.0 V, with a scanning rate of 50 mV •s
-1

 for 8 cycles. 

Figure 5 (B) shows the process of polymerization of pyrrole and MEL to form a molecular imprinted 

membrane. The peak current decreases sharply with the increase of the number of cyclic scans, which 

indicates that the insulating polymer is successfully formed on the surface of GCE. 
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3.1.5 Optimization of elution time 

Elution time were different in different experiments, some template molecules can be eluted in 

few minutes [39, 40], but some literature shows it can be eluted by taking several hours [42]. The 

elution time for the determination was optimized in this work. In order to accurately measure MEL, it 

is necessary to elute the template of the electrode surface as much as possible. With the prolongation 

of incubation time, the DPV response was reduced and a stable response was attained 12 minutes later, 

indicating that the adsorption equilibrium was reached (Fig. 4). So, 12 minutes was selected as the best 

elution time.  
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Figure 4. The influence of the elution time of poly-pyrrole (PPy) on the peak current change 
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(A)                                                                        (B) 

Figure 5. (A) Polymerization of GR / GCE electrodes. (B) Polymerization of GR / MEL-PPy / GCE 

electrodes 



Int. J. Electrochem. Sci., Vol. 12, 2017 

  

11949 

Fig. 5 is a typical CV recorded during the pyrrole and MEL electropolymerization process. It 

can be seen that there are two oxidation peaks in the first cycle and the oxidation peak in the potential 

range of -0.2 to 1.0 V disappeared in the second cycle. The cyclic voltammetry scan of GO and 

pyrrole/MEL is shown in Fig. 5. The first reduction peak was at about -0.5 V and the second reduction 

peak was at about -0.9 V, which the peak current increases with the reaction progressed. It is proved 

that the GO is reduced to GR on the electrode surface [28]. 

 

3.3 SEM evaluation of MEL MIP morphology 

    

(A)                                                           (B) 

Figure 6. SEM image of GR / GCE (A) and GR / PPy / GCE (B). 
 

The morphology of GR/GCE and MIPPy /GR /GCE was characterized by SEM. Their shape of 

the prepared GR and MIPPy/GR was seen in Fig 6 (A) and (B). Fig. 6(A) is a SEM of the GR / GCE. It 

shows that GO was reduced to GR by cyclic voltammetry and dispersed on the surface of the GCE as a 

typical wrinkle of GR is distributed on the electrode surface. Fig. 6(B) is a SEM of the 

MIPPy/GR/GCE. It can be seen the surface of GR /GCE was fully covered by MEL-PPy, the 

morphology of MIPPy /GR /GCE is much more different from that of GR /GCE. 

 

3.4 EIS of the modified electrode 

 
 

 

Figure 7. (A) The diagram of AC Impedance. 
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Figure 7. (B) The electrical equivalent circuit of GCE (a), GR/GCE (b), MIPPy/GR/GCE (before 

elution) (c),MIPPy/GR/GCE(after elution) (d) 

 

The electrochemical impedance spectra (EIS) was carried out in 5.0 m M [Fe(CN)6]
3–/4–

solution 

containing 0.1M KCl. The frequency range was from10
−2

 Hz to 10
5
 Hz, the potential was 0.2 V. The 

semicircular portion of the Nyquist curve of the electrode corresponds to the electron transfer limiting 

process. The radius of the semicircular part of the curve corresponding to the electrode after modified 

GR is smaller than that of the bare electrode as show in Fig. 7(A), indicating that the GR enhances the 

electrical conductivity of the electrode. After the MIPPy film was modified onto the GR/ GCE 

electrode by CV, the electron transfer resistance increased sharply, because that the formation of the 

molecularly imprinted film hindered the electron transport, leading to [Fe (CN) 6]
 3-/4-

 cannot reach the 

surface of the electrode redox reaction occurs, it is proved that the prepared MIPPy film has good 

insulation properties. After elution of MEL template molecules, the imprinted pores were formed on 

the MIPs film, and the electrochemical probe K3[Fe(CN)6] was more easily transferred through the 

film. Then result in electron transfer impedance reduced, thus proving the reasonable existence of 

molecular imprinted. Each electrodes of electrical equivalent circuit Rp value were obtained from 

equivalent circuit fit shows in Fig.7 (B). The equivalent circuit Rp value of the modified electrodes was 

as follow: MIPPy/GR/GCE before the template elution (85.5kΩ)>MIPPy/GR/GCE after the template 

elution (17.9kΩ)>GCE (81.8Ω)>GR/GCE (59.0Ω). Meanwhile, the results demonstrate that the 

modified electrode is successfully prepared. Fig. 7 (B) is the equivalent circuit of the four electrodes.  

 

3.5 Linearity and detection limit 

To determine the linear range and detection limit, a series of different concentrations of MEL 

solution with the same K3[Fe(CN)6] probe were measured by DPV. On the condition of optimization 

(c), the oxidation peak current (Ipa) of K3[Fe(CN)6] probe gradually increases as the increase of the 

concentration(c) of MEL( Fig. 8) .The changes of differential pulse voltammetry (DPV) current of 

K3[Fe(CN)6] probes  ∆I is linearly proportional to the negative logarithmic concentration of MEL over 

the range of 3.0×10
-8

 ~1.0×10
-4

 mol•L
-1

 (R = 0.9948), The detection limit is 1.02×10
-8

 mol•L
-1 

(S/N 

=3). 
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Figure 8. The influence of the concentration of MEL on peak current 

 

 

As seen from Table 1, compared with other modified electrodes, the MIPPy/GR/GCE can be 

easy to preparation and it does not require any toxic materials of the electrode surface. Seen from the 

result, the MIPPy/GR/GCE has a wider linear range and a lower detection limit. 

 

 

 

Table 1. Comparison between MIPPy / GR / GCE and other sensors on the detection of MEL 

 

Electrodes Linear range(mol•L
-1

) Detection limit(mol•L
-1

) References 

Imprinted sol–gel 

electrochemical sensor 
6.3×10

-7
-1.1×10

-4
 6.8×10

-8
 22 

copper electrode  5.0×10
-6

-9.0×10
-5

 8.5×10
-7

 23 

poly(para-aminobenzoic 

acid) MIP/GCE 
4.0×10

-6
-4.5×10

-4
 3.6×10

-7
 24 

MIL-53@XC-72 

�Nafion/GCE 
4.0×10

-8
-1.0×10

-5
 5.0×10

-9
 25 

AuNPs/rGO/GCE 5.0×10
-9

-5.0×10
-8

 1.0×10
-9

 26 

p(GA-co-PD)/GCE 5.0×10
-9

-1.0×10
-7

 1.4×10
-9

 27 

This work 3.0×10
-8

-1.0×10
-4

 1.02×10
-8

  

 

 

3.6 Reproducibility, stability and selectivity 

The selectivity of the senor was evaluated by interference experiments. Interference 

experiments have been conducted on substances that may coexist with MEL in some common dairy 

products. Table 2 shows the results of the experiment. Under the conditions of 10
-6 

mol•L
-1 

MEL,  it 
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shows that common ions K
+
, Na

+
, Mg

2+
,Ca

2+
, Al

3+
, Fe

3+
, Cu

2+
, PO4

3-
,SO4

2-
and other measurements of 

MEL basically no interference. On the glucose and other organic matter also has better anti-

interference ability, thus, that the method has a good selectivity. 

 

Table 2 The disturbance situation of coexistent ions 

 

Interference 

substance 
multiple 

Relative 

error(％) 

Interference 

substance 
multiple 

Relative 

error(％) 

Na
+
 200 +2.8 Mg

2+
 300 +4.8 

Ca
2+

 300 +0.7 Al
3+

 500 +5.1 

Fe
3+

 100 -1.9 K
+
 200 +4.3 

Cl
-
 200 +2.6 Cu

2+
 500 -4.2 

SO4
2-

 200 +2.4 PO4
3-

 300 -0.6 

Ascorbic acid 5 +3.6 Glucose 20 +3.9 

Cyanuric acid 20 +4.1 Acetonitrile 50 -0.5 

 

3.7 Analysis of real samples 

The analysis of the real samples was performed to assess the analytical performance of the 

imprinted electrode. Take appropriate sample dissolved in acetonitrile, ultrasonic heating 10min. The 

solution was centrifuged at 10,000 rpm for 10 min; take the supernatant through 0.45-μm filter 

membrane. According to the above-mentioned best experimental method, adding different 

concentrations of MEL solution in 50ml sample solution for recovery experiments. Each sample 

solution underwent three parallel determinations. The recoveries of samples are from 102.65% to 

108.02%, the result is satisfactory when it is used to analyze the real samples.  

 

Table 3. The recovery experiment 

Samples 
Background values Add values Measured value Recovery 

(n=3, 10
-8 

mol•L
-1

) (10
-8 

mol•L
-1

) (n=3, 10
-8 

mol•L
-1

) （%） 

Milk 1 ND 

50 54.01 108.02 

150 153.97 102.65 

250 261.89 104.76 

Milk 2 ND 

50 52.72 105.44 

150 154.96 103.31 

250 258.3 103.32 

Milk powder ND 
50 53.44 106.88 

150 157.68 105.12 
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4. CONCLUSION  

A new method for the determination of melamine (MEL) indirectly by the changes of DPV 

current of K3[Fe(CN)6] probes  after 10 min incubation (∆I) has been established. It’s based on the 

inhibitory effect of MEL on occupying the molecular recognition sites of surface of 

electropolymerized molecular imprinting & graphene modified glassy carbon electrode 

( MIPPy/GR/GCE). The molecularly imprinted polymers prepared with pyrrole monomers specifically 

recognize MEL, while Graphene has been used to improve the response of the current of 

MIPPy/GR/GCE because of the extraordinary electrocatalytic activity and conductivity. The structure 

of the three-dimensional imprinted cavity constructed by MIPPy / GR / GCE is stable and has 

excellent selectivity for MEL. After the template was removed by NaH2PO4 via chronoamperometry, a 

voltammetric sensor for the indirectly detection of MEL using K3[Fe(CN)6] as an electrochemical 

probe was obtained, which has a wide detection range from  3.0×10
-8

 to 1.0×10
-4

 mol•L
-1

. The 

detection limit is 1.02×10
-8

 mol•L
-1

 (S/N= 3), R=0.9948. In addition, the reproducibility and stability 

of MIP sensor are excellent; the detection recovery rate of real samples is over the range of 102.65% to 

108.02%. Compared with other reported detection methods of MEL sensor, MIPPy/GR/GCE has wider 

detection range and lower detection limit. 
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