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The main heavy metal contaminants in petroleum wastewater are cadmium and lead ions, which have 

the greatest impact on humans. How to quickly and effectively detect heavy metals in petroleum 

wastewater is of practical importance. Co3O4 is a transition metal oxide with great potential for 

development. It has a high conductivity, good cycling stability and is relatively inexpensive to produce. 

In this work, we synthesized Co3O4 by hydrothermal method and characterized the morphology and 

structure of Co3O4 by X-ray diffraction and scanning electron microscopy. The synthesized Co3O4 can 

detect lead ions with high sensitivity after modification of the glassy carbon electrode. In addition, in the 

presence of lead ions, the proposed sensor can be used to detect cadmium ions at the same time. After 

optimization of the parameters, the sensor shows excellent detection performance. The proposed sensor 

has also been successfully used for the detection of cadmium and lead ions in petroleum wastewater. 
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1. INTRODUCTION 

 

Heavy metal ions such as lead and cadmium have serious biological toxicity and non-

degradability, and are continuously enriched in the environment through the food chain and eventually 

enter the human body [1,2]. Heavy metal ions bind to a variety of enzymes and proteins in the human 

organism, rendering them inactive and causing the failure of most organs. Studies have found that when 

heavy metal ions in the human body accumulate to a certain level they can cause a variety of diseases 

and even cancer [3–5]. As the "blood" of modern industry, petroleum plays an important role in industrial 

production, transportation and other aspects. However, petroleum pollution cannot be ignored, including 

heavy metal ion pollution in petroleum wastewater has a greater risk. Petroleum wastewater consists of 

three main areas: drilling wastewater, refinery wastewater, and petrochemical wastewater[6–8]. 
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According to statistics, about 12 million tons of waste drilling fluids are generated from oilfield drilling 

in China every year. 

Cd2+ and Pb2+ are the most common heavy metal ions in petroleum wastewater. In a study of the 

Surig gas field block, heavy metal ions such as Cu2+, Pb2+, Hg2+, Cr2+, and Cd2+ were detected in the 

waste drilling fluids [9]. Their concentrations ranged from 0-30 μg/L, with Pb2+ concentrations around 

7 μg/L and Cd2+ concentrations around 1 μg/L. Excess Cd2+ heavy metal concentrations were also found 

in water-based drilling fluid systems in the Tarim area [10]. It has also been reported that petroleum 

refinery wastewater contains up to 24 μg/L of Pb2+ and 2.7 μg/L of Cd2+ on average. The toxicogenic 

concentrations of Pb2+ and Cd2+ are very low for human health. The toxicogenic concentration of Pb2+ 

is 10-15 μg/L for infants and around 30 μg/L for adults [11]. A Cd2+ concentration of 0.2 μg/L can be 

harmful to humans. Cd2+ enters the body through the digestive and respiratory tracts and is excreted 

naturally at a very slow rate [12]. It accumulates in the body and can have a latency period of 10 to 30 

years. It can damage the liver, kidneys, reproductive system, etc. It can develop strong carcinogenicity, 

which can cause tumors in certain areas [13]. After Pb2+ enters the body, only a small amount is excreted 

with metabolism, and most of it accumulates in the body. It can cause chronic diseases in the nerve, 

blood, and digestive systems, and even directly harm the nerve cells [14]. 

The most common excessive heavy metal ions Pb2+ and Cd2+ in petroleum wastewater directly 

or indirectly induce various diseases, which are mostly chronic diseases [15,16]. Therefore, the rapid 

detection of heavy metal ions by petroleum wastewater is an urgent problem to be solved [17,18]. The 

main detection techniques for heavy metals are atomic absorption spectrometry, inductively coupled 

plasma mass spectrometry, ultraviolet-visible spectrophotometry and electrochemical detection methods 

[19,20]. Among them, the principle of electrochemical detection method to detect a variety of heavy 

metal ions is mainly based on the occurrence of redox reactions between heavy metal ions. The most 

widely used electrochemical test method is the heavy metal plasma detection analysis using square wave 

stripping voltammetry (SWASV) [21–24]. The detection principle for heavy metal ions is mainly divided 

into two steps: (1) enrichment process: metal ion solution is deposited on the electrode through reduction 

reaction within a certain enrichment process. (2) Dissolution process: The deposited heavy metal 

monomers are re-oxidized under specific conditions and transformed into ions back into the solution 

[25–28]. 

As technology continues to innovate, new sensing materials are being developed. These new 

sensing composites are drop-coated on the surface of the working electrodes, thus enhancing the 

electrical properties [29,30]. This is mainly attributed to the superior physicochemical properties of the 

new nanocomposites. The new nanomaterials can be easily modified on the surface of the working 

electrode by certain functional groups and self-assembly properties, thus serving as sensing materials 

for detecting heavy metal ions [31,32]. Metal oxides with novel structures exhibit excellent 

physicochemical properties due to their unique morphology, varied dimensions, large specific surface 

area and catalytic activity [33–35]. Metal oxides have high mechanical strength and prevent wear and 

tear of the material. At the same time, they have a large specific surface area, which increases the active 

sites for the adsorption of heavy metal ions [36,37]. In addition, metal oxides have good 

biocompatibility, chemical stability and high electron conductivity, which can quickly and effectively 

adsorb heavy metal ions. With the advantages of high electrical conductivity, strong electron transfer 
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ability and strong adsorption ability for heavy metal ions, transition metal oxides have been widely used 

in electrochemical fields such as supercapacitors, anode materials for lithium-ion batteries and 

electrochemical sensors [38–40]. Cobalt has various valence states, among which Co3O4 is a transition 

metal oxide with great potential for development. It has a high conductivity, good cycling stability and 

is relatively inexpensive to produce. In this work, we synthesized cobalt-containing metal oxides for 

electrochemical detection of Cd2+ and Pb2+. 

 

 

2. EXPERIMENTAL 

2.1. Chemicals 

Cobalt nitrate was purchased from Tianjin Hedong District Hongyan Reagent Factory. Urea and 

ammonium fluoride were purchased from Tianjin Beichen Founder's Reagent Plant. Potassium chloride, 

anhydrous sodium acetate, glacial acetic acid were purchased from Kaifeng Fangjing Chemical Reagent 

Co. Potassium ferricyanide, potassium ferrocyanide was purchased from Tianjin Regent Chemicals Co. 

Disodium hydrogen phosphate, sodium dihydrogen phosphate was purchased from Luoyang Haohua 

Chemical Reagent Co. Lead nitrate and cadmium chloride were purchased from Tianjin Guangfu Fine 

Chemical Research Institute. Acetate buffer solutions (ABS) were used to detect heavy metal ions in the 

liquid phase. 

 

2.2. Preparation of Co3O4 modified glassy carbon electrode (GCE) 

Co3O4 particles were synthesized by hydrothermal method. Add 2 mM of cobalt nitrate, 15 mM 

of urea and 8 mM of ammonium fluoride to 40 mL of water. After 30 min of magnetic stirring and 10 

min of sonication, the drug was completely dissolved to form a pink solution. The mixture was then 

transferred to a 50 mL PTFE reaction tank and reacted hydrothermally at 130 °C for 12 h. After the 

reaction was completed and cooled naturally to room temperature, the reactants were washed several 

times at room temperature and dried at 80°C for 10 h in a vacuum drying oven. Finally, the product was 

obtained by calcination in a tube furnace at 400°C for 3 h.  

Disperse 5 mg of Co3O4 in 5 mL of water and sonicate for 10 min to form a homogeneous 

suspension. A certain amount of suspension drops are applied to the surface of the treated electrode with 

a pipette for modification, and the modified electrode is placed in air to dry. 

 

2.3. Electrochemical measurement 

A three-electrode system (GCE as working electrode, platinum sheet as auxiliary electrode, and 

saturated glycury electrode as reference electrode) was used for electrochemical detection. The 

electrochemical properties of the modified electrodes were characterized by cyclic voltammetry (CV) 

and electrochemical impedance spectroscopy (EIS) in 0.5 mM K3[Fe(CN)6] solution containing 0.10 M 

KCl. In order to achieve optimal detection of heavy metals at the working electrode, the experimental 
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conditions should be optimized before the experiment. The current-time curve (i-t curve) was chosen for 

the accumulation process, and the accumulation voltage and accumulation current were determined 

under magnetic stirring conditions according to the optimization experiments. Optimization experiments 

were followed by the detection of certain concentrations of Pb2+ and Cd2+ by SWASV. The amplitude 

of SWASV was 25 mV; the step potential was 5 mV; and the frequency was 25 Hz. The electrode 

regeneration is the desorption of heavy metal ions from the electrodes. After the SWASV scan, the i-t 

curve was selected to clean the electrode surface. The cleaning process was held for 270 s at a potential 

setting of 0.2 V under magnetic stirring conditions. 

 

 

 

3. RESULTS AND DISCUSSION 

Figure 1 shows the SEM images before and after calcination of Co3O4. The material before 

calcination was Co(OH)2, which mainly showed a round shape. The size of Co3O4 is in the range of 50-

300 nm. The hydrothermal reaction at high temperature and pressure allows the solution in the reactor 

to react at a higher temperature than its boiling point, making it easy to control the particle size 

effectively and to obtain crystal particles of uniform size and shape [41,42]. The surface of Co3O4 

showed a rough texture. After calcination, a part of the Co3O4 spheres showed a breakage and the hollow 

core could be seen. Meanwhile, the surface of Co3O4 further becomes rough, which increases the specific 

surface area of Co3O4 and provides more active sites for the adsorption of heavy metal ions in 

electrochemical detection [43]. 

 

 

 
 

Figure 1. SEM images of (A) hydrothermal prepared Co(OH)2 and (B) activated Co3O4. 

 

 

We then analyzed the structure of the synthesized Co3O4 materials in depth by XRD. Figure 2 

shows the XRD diffraction spectra of Co3O4. It can be seen that the characteristic peaks of the special 

material appear at 2θ angles of 19.01°, 31.26°, 36.84°, 38.53°, 44.80°, 55.65°, 59.35° and 65.23°, 

respectively, which are consistent with the standard diffraction pattern of Co3O4 at (111), (220), (311), 

(222), (400), (422), (511), and (440) in the standard diffraction pattern of Co3O4 (JCPDS No. 42-1467). 
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Moreover, the peak shapes of the characteristic peaks are sharp, indicating that the Co3O4synthesized by 

hydrothermal method with a high crystallinity [44]. In hydrothermal reactions, hydrolysis of urea can 

occur when the reaction temperature exceeds 90°C. The hydrolysis of urea is divided into two steps: first 

CO(NH2)2 is structurally alienated to ammonia cyanide (NH4CNO) at high temperature. Then NH4CNO 

is rapidly hydrolyzed to produce ammonium carbonate ((NH4)2CO3). The hydrolysis of (NH4)2CO3 

produces OH-, resulting in a solution with a pH equal to approximately 9. In such an environment, it is 

favorable to generate a large amount of metal hydroxide precipitation and the resulting material is well 

crystallized [45]. During the synthesis of Co3O4, the generated OH- reacts with Co2+ to form Co(OH)2 

precipitate. The generated Co(OH)2 is fully reacted with oxygen in the air at 400°C and oxidized to 

Co3O4. 

 

 
 

Figure 2. XRD pattern of synthesized Co3O4. 

 

 

CV and EIS have a very important role in characterizing the modification of the working 

electrode surface. These two characterization can confirm whether the material is modified on the 

electrode or not, and can also obtain information on the degree of reversibility of the reaction on the 

electrode surface after modification of the functional material [46,47]. In this study, Co3O4/GCE was 

characterized electrochemically by CV and EIS in a solution of K3[Fe(CN)6] containing KCl. Figure 3A 

and 3B show the CV and EIS results for GCE and Co3O4/GCE. As can be seen in Figure 3A, the values 

of the peak currents of the GCE oxidation and reduction peaks are around 65 μA, and the potential 

difference of the peak currents is around 65 mV. This indicates that the GCE itself has excellent electrical 

conductivity and electron transfer capability and is suitable for a conductive substrate [48]. The values 

of the peak currents of the Co3O4/GCE oxidation and reduction peaks decrease to about 45 μA, which is 

a decrease compared to the bare GCE, while the potential difference between the oxidation and reduction 

peaks increases to about 145 mV. This indicates that the electrode surface was successfully modified 

with Co3O4. 

Figure 3B shows the Nyquist plots of GCE and Co3O4/GCE. The EIS curve consists of a half-

circle part and a straight line part. The half-circle indicates the activation resistance of the material in the 

high frequency region. It represents the electron transfer process on the electrode surface and indicates 
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the electron transfer resistance (Rct) of that electrode surface. A larger diameter of the semicircle 

represents an increase in the resistance value [49]. The straight part represents the diffusion process at 

the electrode interface. A decreasing slope of the straight line represents a higher resistance value. As 

can be seen in Figure 3B, the GCE exhibits a semicircular arc with a very small diameter in the high 

frequency region of the Nyquist plot, indicating that the electron transport resistance on the GCE surface 

is very small and the electron transport rate is high [50]. The diameter of the semicircle in the high 

frequency region of the Co3O4/GCE is larger than that of the GCE in the high frequency region, 

indicating that the Co3O4 particles form a barrier on the surface of the GCE. The straight line in the low 

frequency region shows that these two lines are almost parallel before and after the electrode 

modification, indicating that the modification of Co3O4 has no effect on the diffusion process on the 

electrode surface. This is due to the fact that the high specific surface area of Co3O4 particles increases 

the contact area between the electrode/electrolyte phases and provides a large number of active sites for 

the reactions occurring on the electrode surface [51]. The electrochemical impedance curve of 

Co3O4/GCE shows that Co3O4 itself has good electrical conductivity. 

 

 

 
 

Figure 3. (A) CV and (B) EIS of GCE and Co3O4/GCE in 5 mM K3[Fe(CN)6] with 0.5 M KCl. (CV 

scan rate: 50 mV/s) 

 

 

GCE and Co3O4/GCE were tested towards 7 μM Cd2+ solution by SWASV at a deposition time 

of 240 s and a deposition voltage of -1.1 V in the ABS at pH 5.0. By comparing the intensity of the 

electrical signals collected by both, the reaction modified electrode has a certain sensitizing effect on the 

Cd2+ detection signal, and the experimental results are shown in Figure 4. As can be seen in Figure 4, 

the blank experiments showed no signal, which means that the electrical signals collected by both sensors 

are indeed Cd2+ detection signals. The GCE has a response signal to Cd2+ with a peak current Ip of 28.02 

μA. The peak current of Co3O4/GCE is 65.47 μA. At the same time, the peak potential of Co3O4/GCE is 

-0.788 V, which is negatively shifted from -0.780 V of GCE. This indicates that Co3O4 has a significant 

sensitizing effect on Cd2+ detection. After Cd2+ adsorption on the Co3O4 surface, the binding energy of 

Cd3d can be reduced by 0.8 eV compared to Cd(NO3)2. The decrease in binding energy was attributable 
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to the Cd2+ electron donated by the alkynyl group[52–54]. When Cd2+ ions containing empty orbitals 

were close to the surface of Co3O4, they would chelate with the electron-rich cobalt from Co3O4[52]. 

 
 

Figure 4. SWASV of GCE and Co3O4/GCE in the absence and presence of 7 μM Cd2+ (amplitude: 25 

mV; step potential: 5 mV; frequency: 25 Hz). 

 

 

We further optimized the buffer solutions. We chose ABS, phosphate buffer PBS and BR buffer 

for the test. At stronger alkalinity, the hydroxide ions in the solution form insoluble matter with cadmium 

ions [55,56], which affects the detection results. The three buffers tested were tested for the detection of 

Cd2+ in the acidic buffer range to determine the optimal buffer system and pH value. Figure 5A shows 

the detected electrical signals at pH 4.5, 5.0, 5.5, 6.0 and 6.5 of the BR buffer solution. In the BR buffer 

system, the detection signal increases and then decreases for different pH detection conditions. The 

maximum detection signal was reached at pH 5.0. Therefore, pH 5.0 was selected as the best test 

condition in the BR buffer. 

The detection of Cd2+ was also performed in PBS buffer system. The pH 6.0, 6.5, 7.0, 7.5, and 

8.0 were selected for the experiments, and the method and assay conditions were the same as above, and 

the results are shown in Figure 5B. From the figure, it can be seen that the detection signal increases and 

then decreases under different pH detection conditions in the PBS buffer system. The detection signal 

was maximized at pH 6.5. Therefore, pH 6.5 was selected as the best parameter in the PBS buffer system. 

 

 

 
 

Figure 5. SWASV of Co3O4/GCE in (A) B-R buffer solution, (B) PBS and (C) ABS with different pH 

toward 5 μM Cd2+ (amplitude: 25 mV; step potential: 5 mV; frequency: 25 Hz). 
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The detection of Cd2+ was also carried out under ABS buffer system. The pH 3.75, 4.0, 4.5, 5.0, 

5.5, and 5.75 were selected for the experiments, and the results are shown in Figure 5C. The peak current 

tends to increase and then decrease with increasing pH. The maximum value is reached when pH is 5.0. 

When pH>5.0, the increase of OH- is not conducive to the stabilization of Cd2+. When pH < 5.0, the 

solution is more acidic, which is not conducive to the stabilization of the electrode surface film. 

Therefore, pH 5.0 was selected as the optimal condition for Cd2+ detection in the experiment when ABS 

buffer was used as the supporting buffer. Comparing the three buffer solutions, Co3O4/GCE in the ABS 

buffer system at pH 5.0 showed a best detection signal for Cd2+. 

We further optimized the accumulation potential. The accumulation potential were -0.9 V, -1.0 

V, -1.1 V, -1.2 V, -1.3 V, and -1.4 V. The experimental results are shown in Figure 6. As the 

accumulation potential increases, the peak current tends to increase first and then decrease. The peak 

current reaches a maximum at an accumulation potential of -1.1V. When the accumulation potential is 

less than -1.1 V, the more Cd2+ is reduced on the electrode surface as the accumulation potential 

increases, resulting in the enhancement of the electrical signal and the increase of the peak current during 

the dissolution phase [57]. When the accumulation potential is greater than -1.1 V, bubbles appear on 

the electrode surface during the experimental process, probably due to the generation of gas by 

electrolysis. The accumulation of bubbles on the surface of the electrode interferes more with the redox 

of Cd2+ and thus reduces the peak current. Therefore, -1.1 V was selected as the optimal accumulation 

potential for the detection of Cd2+ in the experiment. 

 

 

 
 

Figure 6. SWASV of Co3O4/GCE towards 3 μM Cd2+ detection with different accumulation potential 

(amplitude: 25 mV; step potential: 5 mV; frequency: 25 Hz). 

 

 

The time of accumulation can also affect the detection. Figure 7 shows the detection results of 

Co3O4/GCE for 3 μM Cd2+ at 120s, 180s, 240s, 300s, 360s, 420s, 480s, and 540s accumulation. There 
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is a tendency for the peak current to increase all the time with increasing accumulation time. The increase 

in current decreases after 240 s and then plateaus. During the accumulation process, as the time increases, 

more Cd2+ ions are reduced on the surface of the electrode thus increasing the electrical signal during 

the solubilization phase [58]. Therefore, we choose 240s as the optimal accumulation time. 

 

 
 

Figure 7. SWASV of Co3O4/GCE towards 3 μM Cd2+ detection with different accumulation time 

(amplitude: 25 mV; step potential: 5 mV; frequency: 25 Hz). 

 

 

 

 
 

Figure 8. (A) SWASV and (B) relationship plots of Co3O4/GCE towards different concentrations of 

Cd2+ (amplitude: 25 mV; step potential: 5 mV; frequency: 25 Hz). 
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Under optimal conditions, we determined the range of linearity of the Cd2+ ion detection signal. 

Figure 8 shows the detection curves of Co3O4/GCE for 0.1-5 μM Cd2+. In this range Co3O4/GCE showed 

a good linear relationship between the detection current and the Cd2+ concentration. The detection limit 

can be calculated as 50 nM. 

We further explored the detection performance of Pb2+ by the presence of Cd2+. We fixed the 

Cd2+ concentration at 1 μM and varied the Pb2+ concentration. Figure 9 shows the SWASV of 

Co3O4/GCE for the detection of two heavy metal ions, and the results show a good linearity between 10 

nM and 4 μM for Pb2+. The detection limit was calculated as 4 nM. 

 

 

 
 

Figure 9. (A) SWASV and (B) relationship plots of Co3O4/GCE towards different concentrations of 

Pb2+ in the presence of 1 μM. of Cd2+ (amplitude: 25 mV; step potential: 5 mV; frequency: 25 

Hz). 

 

 

We also explored the detection performance of Cd2+ by the presence of Pb2+. We fixed the Pb2+ 

concentration at 1 μM and varied the Cd2+ concentration. Figure 10 shows the SWASV of Co3O4/GCE 

for the detection of two heavy metal ions, and the results show a good linearity between 0.1 and 4 μM 

for Cd2+. The detection limit was calculated as 45 nM. 

The established method of detection was applied to the simulated petroleum effluent treatment 

and the results are shown in Table 1. We validated the results of the assay with spiked recoveries. The 

experimental results demonstrate the potential of the proposed electrochemical sensor to be applied for 

the detection of lead and cadmium ions in petroleum wastewater. 
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Figure 10. (A) SWASV and (B) relationship plots of Co3O4/GCE towards different concentrations of 

Cd2+ in the presence of 1 μM of Pb2+ (amplitude: 25 mV; step potential: 5 mV; frequency: 25 

Hz). 

 

 

Table 1. Real sample test using proposed Co3O4/GCE towards petroleum wastewater using SWASV. 

 

Sample  Cd2+ 

detection 

Pb2+ 

detection 

Cd2+ 

Addition  

Pb2+ 

Addition 

Cd2+ 

detection 

Pb2+ 

detection 

Cd2+ 

Recovery 

(%) 

Pb2+ 

Recovery 

(%) 

1 1.44 μM 0.67 μM 0.50 μM 0.50 μM 1.90 μM 1.93 μM 97.94 99.48 

2 1.31 μM 0.66 μM 1.00 μM 1.00 μM 2.25 μM 2.41 μM 97.40 104.33 

3 1.42 μM 0.63 μM 1.50 μM 1.50 μM 3.04 μM 2.94 μM 104.44 100.68 

 

 

 

4. CONCLUSION 

In this work, we synthesized Co3O4 particles by hydrothermal method for the modification of 

GCE. The prepared Co3O4/GCE has good electrical conductivity and the microstructure of the electrode 

surface provides more active sites for electroanalytical probes. The modified electrometer combined 

with SWASV can be used to detect lead and cadmium ions in petroleum wastewater. After optimizing 

the electrolyte, deposition time and deposition potential, Co3O4/GCE can achieve highly sensitive 

detection of Pb and Cd ions. The proposed electrochemical sensor was also successfully used for the 

detection of lead and cadmium ions in petroleum wastewater. 
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