

  chemosensors-09-00150




chemosensors-09-00150







Chemosensors 2021, 9(6), 150; doi:10.3390/chemosensors9060150




Article



A High-Response Electrochemical As(III) Sensor Using Fe3O4–rGO Nanocomposite Materials



Haibing Hu 1,*[image: Orcid], Wenjie Lu 1, Xingnan Liu 1, Fancheng Meng 1 and Jianxiong Zhu 2





1



Academy of Opto-Electric Technology, Special Display and Imaging Technology Innovation Center of Anhui Province, National Engineering Laboratory of Special Display Technology, State Key Laboratory of Advanced Display Technology, Collaborative Innovation Center of Advanced Display Technology, Anhui Key Laboratory of Advanced Imaging and Display Technology, Opto-Electric Display Industry Innovation Center, Anhui Province Key Laboratory of Measuring Theory and Precision Instrument, School of Instrument Science and Optoelectronics Engineering, Hefei University of Technology, Hefei 230009, China






2



School of Mechanical Engineering, Southeast University, Nanjing 211189, China









*



Correspondence: huhb@hfut.edu.cn; Tel.: +86-1811-097-2015







Academic Editor: Sadanand Pandey



Received: 15 May 2021 / Accepted: 16 June 2021 / Published: 18 June 2021



Abstract

:

Nowadays, heavy metal ion pollution in water is becoming more and more common, especially arsenic, which seriously threatens human health. In this work, we used Fe3O4–rGO nanocomposites to modify a glassy carbon electrode and selected square wave voltametric electrochemical detection methods to detect trace amounts of arsenic in water. Field emission scanning electron microscopy (FESEM) and transmission electron microscopy (TEM) showed that Fe3O4 nanoparticles were uniformly distributed on the rGO sheet, with a particle size of about 20 nm. Raman spectroscopy and electrochemical impedance spectroscopy (EIS) showed that rGO provides higher sensitivity and conductive substrates. Under optimized experimental conditions, Fe3O4–rGO-modified glassy carbon electrodes showed a higher sensitivity (2.15 µA/ppb) and lower limit of detection (1.19 ppb) for arsenic. They also showed good selectivity, stability, and repeatability.
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1. Introduction


With the increasing frequency of human activities and the development of society, heavy metal ion pollution in water has become a thorny issue affecting human health. To detect heavy metal ions in water, the main detection methods are chromatography, mass spectrometry, atomic absorption spectroscopy, fluorescence spectroscopy, etc. Nowadays, electronic tongues are also being developed for heavy metal detection [1]. These detection methods often rely on complex instruments, complex sample preparation processes, expensive maintenance costs, and high-quality operators, and they are not well applicable to daily on-site inspections. In contrast, the advantages of electrochemical detection are its high sensitivity, high field applicability, low cost, and accurate measurements in a short time [2]. On the basis of electrochemical detection, microfluidic detection has also been developed [3].



Among the types of heavy metal pollution in water, the pollution caused by arsenic ions is very serious, and it has spread to many countries around the world. Arsenic is a naturally occurring toxic chemical element and one of the substances recognized in the world as causing serious harm to the environment. Arsenic exists in four valence forms, namely, −3, 0, +3, and +5. Among these, arsenic exists in two valence states of +3 and +5 in water. Moreover, As(III) is about 60 times more toxic than As(V), and the solubility of As(III) in water is about 50 times higher than that of As(V) [4,5]. Arsenic poisoning can cause serious damage to the skin, respiratory system, digestive system, nervous system, etc., and even cause death. Therefore, the World Health Organization (WHO) has strict standards for the content of arsenic in drinking water, and the maximum threshold is 10 ppb. Therefore, real-time detection of the arsenic concentration in water is very important.



Nowadays, there are many methods for detecting the As(III) concentration, such as atomic emission spectrometry, atomic absorption spectrometry, and surface enhanced Raman scattering methods. These methods often require expensive instruments and experienced operators, and samples also require cumbersome processing procedures. In contrast, electrochemical detection methods are not only portable but also easy to operate. Therefore, the electrochemical method was finally selected for the experiment herein. Nowadays, the most commonly used electrode materials for arsenic determination are precious metals such as gold [6,7]. Gold can form an As–Au bimetallic alloy with arsenic. Although these noble metals are used to modify the electrodes, there are certain disadvantages that make them unsuitable for a large number of detections, for example, the high price of precious metals and the need to conduct experimental operations under strong acid conditions can generate toxic arsine gas. Therefore, it is necessary to select new cost-effective materials to make up for this deficiency [8].



In recent years, for the detection of arsenic, carbon and related compounds have become the second most common choice after metals. Among them, nanoparticles are widely used due to their high surface area and charge density [9]. By using graphene and its compounds to modify the electrode, considerable sensitivity and detection limits have been obtained. When graphene and its derivatives are matched with other different materials, different substances can be detected, such as copper, lead, chromium, nickel, and other pollutants [10,11], chlorophenols that are toxic to aquatic organisms [12], melatonin and pyridoxine in plants [13], ascorbic acid, dopamine, and uric acid [14].



Glassy carbon electrodes (GCEs) modified with exfoliated graphene oxide have been reported as one detection material for arsenic [15]. Kempegowda et al. developed a graphene–Pt nanocomposite material. The detection limit of arsenic in water by cyclic voltammetry (CV) and square wave anodic stripping voltammetry (SWASV) is 1.1 nM [16]. They also developed a rGO–lead dioxide composite material to detect arsenic, and attained a detection limit of 10 nM. As iron oxide has the characteristics of being environmentally friendly, easy to prepare, cheap, and fast in electron transmission, its application prospects are very broad. Further, the composite material of graphene, iron oxide, and copper oxide has been proved to have good adsorption and removal capabilities for arsenic in water [17,18,19]. Graphene is a flat material. Due to its super large surface area, super high electron transfer rate, and excellent electrocatalytic performance, it has been widely used in various fields [20,21].



Therefore, in consideration of the reliability, repeatability, and low cost of detection, we chose a nanocomposite of ferroferric oxide–rGO to measure the concentration of arsenic in water by modifying the electrode. By optimizing the experimental parameters, we obtained test results and conducted anti-interference and stability experiments. Among them, Fe3O4 nanomaterials were prepared with an Fe2+/Fe3+ ratio of 1:2, and rGO was reduced by hydrazine hydrate, which is slightly different from the preparation process in other papers. In addition, the sensitivity we obtained is higher than that in other papers, and the detection limit is also consistent with the 10 ppb standard stipulated by the WHO.




2. Experimental


2.1. Materials/Chemicals


Graphene oxide (GO, 96%) was purchased from Shenzhen Guohengqihang Technology Company (Guangdong, China). Anhydrous iron trichloride (FeCI3), ferrous chloride tetrahydrate (FeCI2·4H2O), ammonia, hydrazine hydrate (N2H4), potassium chloride (KCI), potassium ferricyanide (K3[Fe(CN)6]), arsenic standard solution (As(III)), and phosphate buffer solution (pH = 2, 3, 4, 5, 6). The reagents for interference ion detection were all purchased from Hefei Baierdi Chemical Technology Co., Ltd (Anhui, China). The deionized (DI) water used in the experiment was prepared by an ultrapure water machine. All experiments were performed at room temperature.




2.2. Instrumentation


All electrochemical tests were carried out using the CHI760e electrochemical workstation equipped with a three-electrode system. The bare or modified glassy carbon electrode was the working electrode, the platinum wire electrode was the counter electrode, and the calomel electrode containing saturated KCI was the reference electrode. The morphology and structure were characterized by Fourier transform infrared spectroscopy (FTIR, Nicolet, Thermo Fisher Scientific, Waltham, Commonwealth of Massachusetts, USA), field emission scanning electron microscopy (Gemini 500 SEM microscope, Carl Zeiss, Oberkochen, Baden Wurttemberg, Germany), and transmission electron microscopy (JEM 2100F, JEOL, Akishima-shi, Tokyo, Japan). Raman spectroscopy was performed using a Raman spectrometer (LabRam HR Evolution, HORIBA Jobin Yvon, Paris, France) with an excitation wavelength of 532 nm. Before each measurement, we used a pH meter (Shanghai Lei Magnetic, pHS-3C, Lei Magnetic, Shanghai, China) to adjust the pH value.




2.3. Synthesis of Fe3O4–rGO Nanocomposites


In order to obtain ideal Fe3O4 nanoparticles, the molar ratio of Fe3+ to Fe2+ is 2:1. First, with sonication, we dispersed 0.1 g of GO in 50 mL of deionized water. Then, 0.002 mol of FeCI3 and 0.001 mol of FeCI2·4H2O were dissolved in 10 mL of deionized water, then added dropwise to the GO solution at room temperature while stirring vigorously. After the ion exchange, ammonia was added dropwise to bring the pH value of the solution to 10, which was used to synthesize Fe3O4 nanocomposites. Then, the solution was heated to 80 degrees Celsius by a water bath; 1.1 mL of hydrazine hydrate was added under constant stirring to reduce the GO to obtain a black solution and then quickly stirred at 80 degrees Celsius for 5 h and cooled to room temperature.



The Fe3O4–rGO nanocomposites were obtained, then washed thoroughly with absolute ethanol and collected magnetically, and they were finally dried overnight at room temperature in a fume hood.




2.4. Preparation of the Fe3O4–rGO-Nanocomposite-Modified Electrode


Before modifying the electrode, the working electrode was polished with 1.0 micron, 0.3 micron, and 0.05 micron alumina slurry in sequence, then tested by cyclic voltammetry (CV) in a mixture of 5 mmol/L K3[Fe(CN)6] and 0.1 mol/L KCI from −0.2 V to 0.8 V. If the peak potential difference was within 80 mV, the working electrode was considered polished clean; otherwise, we repeated the polishing process (Figure S1). Then, we washed the working electrode with deionized water and dried it in a dust-free box.



To prepare the modified electrode, the synthesized Fe3O4–rGO nanocomposites were dispersed in a concentration of 1 mg/mL, and then 8 μL of Fe3O4–rGO nanocomposite solution was dropped onto the surface of the working electrode and dried in a dust-free box.




2.5. Electrochemical Measurements


The electrochemical measurement was performed using a three-electrode configuration system. For the electrochemical sensing experiment, CV and electrochemical impedance spectroscopy (EIS) were used to measure under the conditions of 0.1 M KCl and 5 mM K3[Fe(CN)6]. For the detection of As(III), it was measured in a phosphate buffer solution. Firstly, it was deposited at −0.4 V for 150 s, then we used square wave voltammetry (SWV) to measure, and it was finally desorbed at 0.4 V for 150 s. The parameters of SWV were: potential range: −0.2 V to 0.6 V, potential increment: 0.004 V, amplitude: 0.025 V, and frequency: 40 Hz.





3. Results and Discussion


3.1. Characterization of Fe3O4–rGO Nanocomposites


The morphology and structural properties of GO, Fe3O4, and Fe3O4–rGO were tested by SEM, TEM, FTIR, and Raman spectroscopy. Figure 1a is a typical SEM image of GO, from which we can see the smooth surface of GO and its obvious flake structure. Figure 1b is a SEM image of Fe3O4. Fe3O4 nanoparticles are clearly visible and agglomerated due to magnetic properties. Figure 1c is a SEM picture of Fe3O4–rGO. It can be seen that Fe3O4 nanoparticles are assembled and distributed widely and densely on rGO. Figure 2a is a TEM picture of Fe3O4 nanoparticles. By comparing with the standard width of 20 nm, it was found that the particle size was about 20 nm, which proves the success of Fe3O4 nanoparticle synthesis. Figure 2b is a TEM picture of Fe3O4–rGO nanocomposite. It can be seen that Fe3O4 nanoparticles are attached to the layered rGO. Figure 2c is the EDS diagram of Fe3O4–rGO nanocomposite. We can clearly see the relevant elements, mainly Fe, O, and C. There are no other interfering elements mixed in during the manufacturing process, which also proves that the preparation of Fe3O4–rGO nanocomposite was successful.



Raman is a non-destructive testing technique to identify the type of materials. As shown in Figure 3, under the excitation wavelength of 532 nm, three kinds of materials—GO, Fe3O4, and Fe3O4–rGO—were analyzed by Raman spectroscopy. The results show that GO has two characteristic peaks at 1359 nm and 1595 nm, which are attributed to the D and G bands, respectively, and the intensity ratio (ID:IG) is 0.93. In Fe3O4–rGO, the two characteristic peaks shifted to 1347 nm and 1587 nm, respectively, and the strong contrast between the D-band and G-band (ID:IG) also increased significantly to 1.4. The reason for this may be the existence of sp3 defects in the sp2 cluster during the GO reduction process, or the increase in size of the sp2 domain due to the introduction of Fe3O4 nanoparticles [22]. For Fe3O4 nanoparticles, its characteristic peak exists at 695 nm, which also indicates the successful synthesis of Fe3O4 nanoparticles [23].



As shown in Figure 4, the FTIR images of GO and Fe3O4–rGO reveal the relevant functional groups. In the FTIR image of GO, the peak at 3500 cm−1 is -OH, that at 1629 cm−1 is the stretching mode of the sp2 C network in the aromatic ring, that at 1383 cm−1 is O=C-O, and that at 1164 cm−1 is C-OH. In the image for Fe3O4–rGO, the peak at 617 cm−1 is the characteristic peak of Fe3O4, while at the -OH peak, compared with that for GO, the band is wider and the peak intensity is also reduced [24,25].




3.2. Electrochemical Characterization of NC/GC Electrodes


In order to evaluate the modified electrode, we carried out electrochemical characterization. Potassium ferricyanide K3[Fe(CN)6] was selected as the modification solution; the content of potassium ferricyanide K3[Fe(CN)6] was 5 mM, and the content of KCI was 0.1 M. K3[Fe(CN)6] was used as a probe to label the electrochemical behavior. By CV, we selected different scan rates (10–100 mV/s) and recorded the cyclic voltammograms of the bare electrode and the modified electrode. In the CV curve, the change in peak current and the separation of electrode peaks were related to the electron transfer rate constant. It can be seen from Figure 5a that in terms of the peak current density of the anode and cathode related to the redox process of Fe2+/Fe3+, the efficiency of the modified electrode is better than that of the bare electrode, which may be due to the composite materials providing a large surface area. However, the effect of the Fe3O4-modified electrode is not as good as that of the bare electrode. This may be due to the fact that although Fe3O4 is conductive, it is not as good as the bare electrode to a certain extent. The effect of the electrode modified by rGO alone is similar to that of the bare electrode. The reason for this is also related to the close conductivity of rGO and the bare electrode. Under the condition of 50 mV/s, in the bare electrode, the peak potential separation is 81 mV and the cathodic peak current is 4.984 μA, while in the modified electrode, the peak potential separation is 127 mV and the cathodic peak current is 6.267 μA. In addition, for the modified electrode surface, the peak current ia/ic ratio is about +1.39, indicating that the Fe2+/Fe3+ oxidation/reduction process is reversible to a certain extent [26].



In order to study the relationship between the electron transfer dynamics of the modified electrode and the scanning rate of the CV, we estimated their respective equation curves. It can be clearly seen that the peak current increases linearly with the square root of the scan rate [11,27], and the Fe3O4–rGO-modified electrode had the fastest electron transfer speed [28]. The formulas were as follows:


  bare :   Ip = 17.24  v  1 / 2   + 1.03 (  R 2  = 0.995 )  



(1)






   Fe 3   O 4  :   Ip = 11.91  v  1 / 2   + 1.56 (  R 2  = 0.988 )  



(2)






  rGO :   Ip = 17.95  v  1 / 2   + 0.95 (  R 2  = 0.995 )  



(3)






   Fe 3   O 4  – rGO :   I p = 22.55  v  1 / 2   + 1.02 (  R 2  = 0.995 )  



(4)







The Randles–Sevcik formula was used to calculate the electroactive surface area of the modified electrode [29]. The formula was as follows:


  Ipa = ( 2.687 ×   10  5  ) A ×  D  1 / 2   ×  n  3 / 2   ×  v  1 / 2   × Co  



(5)




where Ipa is the anode peak current, A is the surface area of the active electrode, D is the diffusion coefficient (6.3 × 10−6 cm2 s−1), n is the number of mobile electrons in K3[Fe(CN)6], v is the scanning rate, and Co is the concentration of K3[Fe(CN)6]. It was found that the value for Fe3O4–rGO is 0.0083 cm2, the value for Fe3O4 is 0.0056 cm2, the value for rGO is 0.0065 cm2, and the value for the bare electrode is 0.0083 cm2. These values are related to the number of electroactive sites on each electrode [30].



The high electroactive surface area and good electrochemical response of Fe3O4–rGO/GCE can be attributed to the wide surface area of rGO providing attachment sites for Fe3O4 nanoparticles. At the same time, Fe3O4 nanoparticles also reduced the stacking effect of rGO. The Fe3O4–rGO/GCE surface created more conductive paths (active surface) for electron transfer.



EIS was used to study the impedance characteristics of surface-modified electrodes [31]. The frequency range of the Nyquist diagram of the electrode is 0.01–106 Hz. It can be seen in Figure 5b that the linear part corresponds to the diffusion process, and the linear part for Fe3O4–rGO is the most obvious [32]. This can be attributed to the super large surface area of rGO and the good conductivity of Fe3O4–rGO, which speeds up the transfer of electrons.




3.3. Analytical Performance of the Fe3O4–rGO-Nanocomposite—Modified Electrode towards As(III)


In order to further test the analytical performance of electrodes modified with composite materials for arsenic, we decided to use SWV because it has higher sensitivity than CV. Figure 6 shows the results with 10 ppb concentration of As(III) at a deposition potential of −0.4 V, a potential range of −0.2 V to 0.6 V, a potential increment of 4 mV, an amplitude of 25 mV, and a frequency of 40 Hz.



In the stripping scan from −0.2 V to 0.6 V, around 0.140 V, a significant peak with a peak current of 75.48 μA was observed.



Compared with other related papers, although the materials used for electrode modification are the same, the peak current response of As(III) measured in this paper is about seven times that in other papers, and this is still under the condition of a lower As(III) concentration [33,34]. Among these other papers, Devi et al. obtained a peak current response of about 16 μA in a 60 ppb As(III) solution. Chimezie et al. obtained a peak current response of about 7.3 μA in an As(III) solution of 150 ppb. In the case of bare electrodes, the peak current detected was 6 μA, which is much smaller than the peak current of the modified electrode, which is about 1/10. The higher the peak current, the more conducive it is to subsequent current amplification, noise removal, and other processing.



In the deposition step, As(III) is reduced to As(0) at a deposition potential of −0.4 V and pre-concentrated from the solution to the surface of the modified electrode. During stripping, the peak current observed is that when As(0) is oxidized to As(III). Afterwards, in order to dissolve the remaining small amount of As(0) into the solution, we performed a desorption process for 150 s at a voltage of 0.4 V. The reasons for such superior peak current response are as follows: Fe3O4 has good selectivity to arsenic ions, and both Fe3O4 and rGO have good electrical conductivity. The super large surface area of rGO provides many attachment sites for Fe3O4 nanoparticles. Secondly, due to the existence of various oxygen-containing groups, the excellent catalytic performance of Fe3O4–rGO may promote the oxidation of reduced arsenic species on the surface of the modified electrode [2,35].




3.4. Optimization of Experimental Conditions for the Electrochemical Detection of As(III)


After the electrode is modified by the composite material, in order to obtain the best peak current response, the experimental conditions need to be gradually optimized. Compared with CV, SWV has higher sensitivity and lower background noise, so SWV is the best experimental method.



First, we compared the effects of phosphate buffers with different pH values on the peak current. The experimental results are shown in Figure 7a. Among the five phosphate buffers with pH 2, 3, 4, 5, and 6, the response of pH 3 was best in phosphate buffer. When the pH is low, too much H+ will interfere with the reduction of As3+, and when the pH is high, the solubility of As(III) will decrease. Like in other reports, at lower pH, the adsorption capacity for As(III) was poor [36,37]. As shown in Figure 7b, under different deposition potentials (from −0.1 V to −0.6 V), different peak current responses were shown. Among them, the current response was very small under the condition of −0.1 V, and the response was the best under the condition of −0.4 V. This is because at larger negative potentials (over −0.4 V), the reduction potential is close to the hydrogen reduction potential, which will generate bubbles during the experiment and reduce the effective surface area of the working electrode, thereby reducing the response to As(III) [38,39]. During the experiment, composite material suspension with a concentration of 1 mg/mL was dropped on the electrode surface, so different drops also affected the final current response. As shown in Figure 7c, the experiment was carried out from 2 μL to 10 μL. The response was best at 8 μL, and the response was not much different from 7 μL to 9 μL. Therefore, the final optimized experimental conditions were: a phosphate buffer with a pH of 3, a deposition potential of −0.4 V, and a dropping amount of 8 μL. In addition, other experimental parameters were: square wave voltammetry as the experimental method, 150 s deposition time and desorption time, and +0.4 V desorption potential.



Figure 8a shows the SWV response of a glassy carbon electrode modified with Fe3O4–rGO under different As(III) concentrations. Figure 8b shows the relationship between the peak current of the Fe3O4–rGO/GCE and the concentration of As(III), where the concentration of arsenic ranges from 1 to 20 ppb. The experimental results showed that the peak current close to 0.144 V is proportional to the As(III) concentration. Through linear fitting, it can be concluded that its sensitivity is 2.15 μA/ppb, R2 = 0.9938, and then by taking K = 3 (where K is the confidence factor), the calculated limit of detection (LOD) is 1.19 ppb, which is far lower than the standard of 10 ppb LOD specified by WHO. Compared with the results of other papers, it also has certain advantages, as shown in Table 1. Although the previous research has been sufficient, there are still some problems. For example, the use of toxic and harmful chemicals [16], or the use of expensive gold nanoparticles or platinum nanoparticles [40,41], has limitations in terms of cost. Another advantage of this experiment is its high peak corresponding current, which is not achieved by related materials. These results can be attributed to the synergistic effect of Fe3O4 nanoparticles and rGO, in which rGO has ultra-high conductivity and electrocatalytic performance, and Fe3O4 nanoparticles have good selectivity to As(III). It is worth mentioning that the deposition potential of As(V) is −1.2 V, which will not interfere with the experiment [42].




3.5. Interference Measurement


In the actual environmental sample and the same detection conditions, there will be other ions that may codeposit with arsenic ions. This will limit the application of electrochemical detection. In this regard, we evaluated the detection performance of arsenic ions by artificially adding interfering ions. The concentration of arsenic ion was 10 ppb, and the concentrations of other interfering ions were as follows: 100 ppb for Cu2+, Co2+, Zn2+, Ni2+, Pb2+, and SO42−, and 200 ppb for Ac−, CI−, and Br−.



The results in Figure 9 show that the modified electrode has a good selectivity to arsenic ions, and other ions were not observed to have a great influence on the stripping current. Compared with the arsenic ion solution, the error of the detection result of the arsenic ion solution with added interfering ions was about 1%, which is far better than the selectivity mentioned in other papers [34].




3.6. Stability and Reproducibility Measurement


For the detection of As(III), the stability and repeatability of the modified electrodes are also very important.



Firstly, we carried out five cycles of testing on the modified electrode under the same optimized conditions. Comparing the results of the five times with the average value, it was found that the smallest deviation was 0.045% and the largest deviation was 1.18% (Figure S2). The electrode modified with Fe3O4–rGO thus has good repeatability, and in actual measurements, it will not be too limited by repeatability. Secondly, we placed the glassy carbon electrode modified with Fe3O4–rGO nanocomposite material in a dust-free box at room temperature for 7 days or 10 days, then tested it under the same optimal test conditions and compared it with the previous test results. We compared the average of the three measurements with each result; the largest deviation was −0.76%, and the smallest deviation was only −0.07% (Figure S3). This also proves that the electrode modified with Fe3O4–rGO has good stability and will not cause great errors in short-term measurement. In subsequent experiments, it was found that if the storage time exceeded 15 days, the results measured by the modified electrode showed large deviation, so the service life of the electrochemical sensor should be within 15 days.





4. Conclusions


In this work, we chose SWV to detect trace amounts of As(III) in water by using Fe3O4–rGO to modify the electrode. The Fe3O4–rGO nanocomposite material showed very good electrochemical performance and is very sensitive to trace arsenic; the sensitivity is 2.15 μA/ppb, which is better than others in the literature, and the peak current of the response is far beyond the reach of other papers. In addition, it also shows good selectivity with interfering ions, with an error of about one percent. Moreover, the As(III) test shows satisfactory repeatability and stability, which also determines that the test will not be greatly affected by the number or the duration of tests. The related findings provide a new method for the electrochemical detection of As(III) to prepare materials with good performance.
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Figure 1. (a) SEM image of GO; (b) SEM image of Fe3O4; (c) SEM image of Fe3O4–rGO. 
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Figure 2. (a) TEM image of Fe3O4; (b) TEM image of Fe3O4–rGO; (c) EDX image of Fe3O4–rGO. 
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Figure 3. Raman spectroscopy results of GO, Fe3O4, and Fe3O4–rGO. 
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Figure 4. FTIR results of GO and Fe3O4–rGO. 






Figure 4. FTIR results of GO and Fe3O4–rGO.



[image: Chemosensors 09 00150 g004]







[image: Chemosensors 09 00150 g005 550] 





Figure 5. (a) linearity curve between the anodic peak current and the square root of the scan rate; (b) EIS plot of bare/GCE, Fe3O4/GCE, and Fe3O4–rGO/GCE. 
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Figure 6. Square wave voltammogram of Fe3O4–rGO/GCE electrodes towards As(III). 
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Figure 7. Effect of (a) pH under −0.5 V deposition potential, 10 ppb As(III) concentration, and 5 μL of dropping amount; (b) deposition potential under pH 3 phosphate buffer, 5 ppb As(III) concentration, and 5 μL of dropping volume; (c) drop casting volume under pH 3 phosphate buffer, −0.4 V deposition potential, and 10 ppb As(III) concentration. 
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Figure 8. (a) SWV response of Fe3O4–rGO/GCE towards As(III) under pH 3 phosphate buffer, −0.4 V deposition potential, and 8 μL drop volume; (b) relation between the peak current and As(III) concentration under pH 3 phosphate buffer, −0.4 V deposition potential, and 8 μL drop volume. 
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Figure 9. Influence of interfering ions (Cu2+, Co2+, Zn2+, Ni2+, Pb2+, SO42−, Ac−, CI−, and Br−). 
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Table 1. Comparative study on the performance of different electrochemical sensors for As(III) detection.
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	Electrode
	Method
	Sensitivity (μA/ppb)
	Linear Range (ppb)
	LOD (ppb)
	References





	MnOX-Au
	LSASV a
	0.193
	0.5–80
	0.057
	[42]



	Au-C
	SWV
	0.133
	
	0.375
	[26]



	Gr-Pt
	SWASV b
	
	0.75–7.49
	0.08
	[16]



	Pt
	CV
	
	12–97
	5.68
	[39]



	Au
	ASV c
	
	0–87
	1.80
	[40]



	RTIL-Fe3O4
	SWASV
	4.91
	1–10
	8 × 10 −4
	[35]



	Co0.6Fe2.4O4

Nanocubes
	SWASV
	2.12
	1–20
	0.093
	[43]



	Fe3O4–rGO
	SWASV
	0.281
	
	0.12
	[33]



	Fe3O4–rGO
	DPASV d
	0.142
	2–300
	0.10
	[25]



	Fe3O4–rGO
	SWV
	2.15
	1–20
	1.19
	This work







a Linear sweep anodic stripping voltammetry; b Square wave anodic stripping voltammetry; c Anodic stripping voltammetry; d Differential pulse anodic stripping voltammetry.
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