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Abstract:

 In this paper we describe a thermal biosensor with a flow injection analysis system for the determination of the chemical oxygen demand (COD) of water samples. Glucose solutions of different concentrations and actual water samples were tested, and their COD values were determined by measuring the heat generated when the samples passed through a column containing periodic acid. The biosensor exhibited a large linear range (5 to 3000 mg/L) and a low detection limit (1.84 mg/L). It could tolerate the presence of chloride ions in concentrations of 0.015 M without requiring a masking agent. The sensor was successfully used for detecting the COD values of actual samples. The COD values of water samples from various sources were correlated with those obtained by the standard dichromate method; the linear regression coefficient was found to be 0.996. The sensor is environmentally friendly, economical, and highly stable, and exhibits good reproducibility and accuracy. In addition, its response time is short, and there is no danger of hazardous emissions or external contamination. Finally, the samples to be tested do not have to be pretreated. These results suggest that the biosensor is suitable for the continuous monitoring of the COD values of actual wastewater samples.
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1. Introduction

In recent years, increasing attention has been devoted to the removal of organic contaminants from wastewater. With water pollution becoming a serious issue, water quality assessment and pollutant control have become global imperatives [1,2]. The chemical oxygen demand (COD) is a parameter used widely to determine the amounts of organic pollutants in wastewater. The COD is defined as the number of oxygen equivalents consumed in the oxidation of organic compounds by strong oxidizing agents, such as dichromates and permanganates, and is indicative of the amount of organic pollutants present in the tested sample [3]. Conventional methods for determining the dichromate concentration suffer from several inherent drawbacks. For instance, they are time-consuming, exhibit low detection sensitivity, involve complex procedures, require the use of expensive (Ag2SO4) and toxic (Cr and Hg) chemicals, and result in the incomplete oxidation of the pollutants [1,4–11]. Consequently, secondary pollution is unavoidable when these methods are employed [12].

A number of alternative methods based on photocatalytic [13–15] or electrochemical [7,16–22] principles have been proposed and investigated. Although these methods have been shown to have a number of advantages over the traditional COD determination methods, they are far from perfect. The main drawback of processes based on the phenomenon of photocatalysis, such as those that employ discrete TiO2 particles and TiO2-coated nanofilms, is their low efficiency, owing to the ready recombination of the photogenerated electrons and holes in the particles and nanofilms [23].

In the case of electrochemical methods, numerous sensors, including copper electrodes [16], Cu/CuO electrodes [17], nano-PbO2-modified electrodes [18], F-doped PbO2-modified electrodes [19], RhO3/Ti electrodes [20], boron-doped diamond electrodes [7], rotating Pt ring–Pt/PbO2 disc electrodes [21], and cobalt oxide-modified glassy carbon electrodes [22] have been employed for determining the COD. The main merits of electrochemical COD methods are the following: a wide linear range, low cost, simplicity, short response time, and ease of automation. However, unstable background currents in the electrodes or the low oxidation capabilities of the chemicals involved, owing to which organic pollutants remain in the wastewater, lead to problems of poor reproducibility and accuracy [12].

We have developed a thermal biosensor for use in COD determination. The biosensor measures the amount of heat released during the oxidation of organic compounds in the test water samples [24–26]. The flow injection analysis (FIA) technique is normally used along with the assay [27]. Therefore, the amounts of the carrier solution and the test water sample can be readily controlled using this continuous analysis technique [28]. The height of the thermometric peak is proportional to the change in the enthalpy of the organic content in the test water sample [29,30]. In contrast to other devices used for COD measurements, the thermistor is insensitive to the optical, electrochemical, and other material properties of the test sample. Therefore, the degree of interference owing to the characteristics of the test sample is extremely low, and the obtained COD values are highly accurate [31]. In addition, the detection efficiency of the thermistor is very high.

In this study, we first investigated the feasibility of using Fenton's reagent, ozone, cerium sulfate solution, hydrogen peroxide, and periodic acid solution as oxidants for the determination of the COD using the thermistor. On the basis of the obtained results, periodic acid was chosen as the oxidant. Tri-distilled water was used as the carrier solution. Various experimental variables such as the flow rates of the mobile phases, the sample volume, the concentration and pH of the periodic acid solution, the alkali used for adjusting the pH, signal magnification, and the stability of the periodic acid solution were investigated with regard to their effects on the sensitivity and limit of detection of the analysis system. Glucose solutions of various concentrations were used to optimize the analysis parameters. A sample of tri-distilled water was used as the blank water sample. The experimental data were corrected using the values corresponding to the blank sample. The COD values detected using the FIA biosensor were correlated with those determined by the conventional manual method.



2. Materials and Methods


2.1. Reagents

All the chemicals used in the study were of analytical grade. Periodic acid, H2SO4 (98%), NaOH, NaCl, Na2HPO4, CH3COONa, glucose, K2Cr2O7, Ag2SO4, HgSO4, FeSO4·7H2O, C12H8N2·H2O, and (NH4)2Fe(SO4)2 were purchased from Sinopharm Group Chemical Reagent Co. Ltd., Beijing, China.



2.2. Apparatus

The FIA biosensor used in this study has been described elsewhere previously [25]. A schematic of the device setup is shown in Figure 1.

Figure 1. Schematic of the FIA biosensor.
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The biosensor consists of a peristaltic pump with a tube mounted for each of its two channels, a six-port injection valve with a 350 μL sample loop, an amplifier, a computer, and two thermistors (Omik Bioscience AB, Lund, Sweden). The system employed in this study was an improved version of the conventionally used detector, which has only one outlet channel. The signals were recorded in the form of voltages. All the fluid samples used in the experiments were degassed to remove the air bubbles from the reaction column, as the bubbles can lead to an increase in signal noise. The pH values of all the solutions were detected using a pH Meter (Sartorius, Goettingen, Germany).



2.3. Glucose Solutions and Actual Water Samples

All the glucose solutions were prepared using tri-distilled water and were sonicated for 5 min before use. The working temperature was 30 °C, and the signal amplification factor was 100. A sample volume of 350 μL and a flow rate of 0.6 mL/min were used for all experiments, as well a 0.03 M solution of H5IO6, unless stated otherwise. The measurements were all optimized with respect to glucose. A stock solution of glucose with a concentration of 0.9375 g/L was prepared. Each sample was subjected to three parallel detections. The actual water samples were collected from different rivers, lakes and some drain outlets in Wuhan, including the Yangtze and Han rivers as well as Lake East, Lake Moon and filtered before testing.



2.4. Reference Method

The conventional dichromate method was used as the reference method to detect the COD values of the various samples, in keeping with the National Standards of China (GB 11914-89). This is the most commonly used COD method. H2SO4 (98%), glucose, K2Cr2O7, Ag2SO4, HgSO4, FeSO4·7H2O, C12H8N2·H2O, and (NH4)2Fe(SO4)2 were used. The obtained values were compared with those determined using the FIA biosensor.




3. Results and Discussion

Before using periodic acid solution in this study, we had investigated the feasibility of using Fenton's reagent, ozone, cerium sulfate solution, and hydrogen peroxide as oxidants for the determination of the COD using the thermal biosensor. These reagents, as opposed to periodic acid, generated excessive amounts of bubbles during glucose oxidation, leading to an increase in signal noise and an imbalance of the baseline. Therefore, we chose periodic acid solution as the most suitable oxidant.


3.1. Effect of Sample Volume

It is known that the sample volume [26,31,32] and flow rate [26,31,33] affect the sensitivity and linear range of the FIA biosensor assay. Although the sample volume for all the experiments was constant (350 μL), we wanted to elucidate its effects on the assay results. Therefore, measurements were performed with different volumes of 93.75 mg/L glucose solution and a 0.03 M periodic acid solution with a pH of 7; the flow rate was 1.0 mL/min. The results are shown in Figure 2.

Figure 2. Effect of sample volume of a 93.75 mg/L glucose solution on the response of the FIA biosensor at a flow rate of 1.0 mL/min.
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On increasing the sample volume, the response signal also increased for volumes of up to 350 μL. For volumes greater than this, the signal remained steady. The differences in the response signal values corresponding to sample volumes of 350, 500, and 600 μL were not statistically significant. Hence, we used samples of 350 μL in the study.



3.2. Effect of Concentration of the Periodic Acid Solution

Experiments were performed to determine the effect of the concentration of the periodic acid solution on the assay results. A series of periodic acid solutions of varying concentrations (all having a pH of 7) were introduced into the biosensor, along with the 93.75 mg/L glucose solution, at the rate of 1.0 mL/min. As can be seen from Figure 3, the response signal increased rapidly for an increase in the concentration from 0.01 M to 0.025 M, but changed only slightly for further increases.

Figure 3. Effect of concentration of the periodic acid solution (pH 7) on the response of the FIA biosensor. A 350 μL sample of a 93.75 mg/L glucose solution was tested at a flow rate of 1.0 mL/min.
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The signal was the steadiest for a concentration of 0.03 M; on the other hand, significant drift from the baseline was noticed when the concentration was greater than 0.03 M. H5IO6 solutions of high concentrations might damage the instruments owing to their high corrosivity. Therefore, on the basis of this set of results, an H5IO6 solution with a concentration of 0.03 M was employed for the assays.



3.3. Effect of Flow Rate

Some studies have suggested that the flow rate has an effect on the response signal and that a suitable flow rate value is 0.5 [26,28] or 1.0 mL/min [24,31]. After investigating the effects of the flow rate, we found that a value of 0.6 mL/min was the most suitable for this study. The related data are displayed in Figure 4.

Figure 4. Effect of flow rate on the response of the FIA biosensor. A 350 μL sample of a 93.75 mg/L glucose solution was tested using a 0.03 M H5IO6 solution (pH 7).
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On increasing the flow rate, the response signal for the 93.75 mg/L glucose solution became smaller; however, the response time for each sample also decreased. The differences in the response signal values corresponding to flow rate values of 0.3, 0.4, 0.5, and 0.6 mL/min were not statistically significant, but the response time of 0.6 mL/min is the shortest. Taking into account the decrease in response time, a flow rate of 0.6 mL/min was employed during the assay experiments.



3.4. Effects of pH of the H5IO6 Solution and the Alkali Used to Change the pH

The results of preliminary experiments showed that the pH of the H5IO6 solution also impacted the assay results. An alkali was used to adjust the pH of the H5IO6 solution, and the most suitable alkali from among NaOH, Na2HPO4, and CH3COONa was chosen. The thermal response signals for a 937.5 mg/L glucose solution with a pH of 5 at a flow rate of 0.6 mL/min are listed in Table 1. The mean voltages corresponding to NaOH, Na2HPO4, and CH3COONa were 279.325, 325.156, and 233.644 mV, respectively. Thus, the responses in the cases of Na2HPO4 and CH3COONa were much higher than that obtained using NaOH. Moreover, when Na2HPO4 or CH3COONa was used to alter the pH, the H5IO6 solution grew turbid, and pH values of 8 and 10 could not be achieved. Therefore, we used NaOH to adjust the pH of the H5IO6 solution.


Table 1. Effect of alkali used on the response of the biosensor.



	
Alkali

	
ΔV/mV






	
Na2HPO4

	
288.820

	
265.540

	
283.614




	
CH3COONa

	
311.778

	
337.532

	
326.157




	
NaOH

	
230.390

	
240.252

	
230.285









The effect of the pH value of the H5IO6 solution on the assay was investigated using a 0.03 M H5IO6 solution and a 350 μL sample of a 93.75 mg/L glucose solution; the flow rate was 0.6 mL/min. As displayed in Figure 5, the response signal increased with an increase in the pH from 2 to 7, reaching its maximum value at pH 8. However, for further increases in the pH (i.e., for increases from 8 to 12), the response signal declined markedly. The highest output was obtained at pH 8. It may be related to the nature of the instrument which can't endure strong acid or alkali and will be more stable in a milder environment. The result obtained in this study is consistent with 7.6 which was obtained by Weavers et al. [34] who used periodate for the reduction of the chemical oxygen demand in wastewater. Hence, a H5IO6 solution with a pH of 8 was used in all the experiments that follow.

Figure 5. Effect of pH of H5IO6 on the response of the FIA biosensor. A 350 μL sample of a 93.75 mg/L glucose solution was tested using a 0.03 M H5IO6 solution at a flow rate of 0.6 mL/min.



[image: Sensors 14 09949f5 1024]







3.5. Stability of H5IO6

The long-term stability of the oxidant during storage is one of the key factors influencing oxidant performance. We monitored the stability of H5IO6 over one month using a 93.75 mg/L glucose solution. The data, which were collected every three days, are displayed in Figure 6. It was found that the stability, which was defined as the percentage of the original response elicited, changed little from day 1 to day 15, but increased slightly between day 15 and day 30.

Figure 6. Stability of the response of the FIA biosensor with respect to a COD of 100 mg/L, as determined over 30 days.
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The differences in the stability values corresponding to days 1, 3, 6, 9, 12, and 15 were not statistically significant. Thus, it can be concluded that the stability of H5IO6 is very high. The increase in the response, that is, the increase in the degree of oxidation, after 15 days is likely owing to changes in H5IO6. H5IO6 can transform into HIO4 over time, as two water molecules are removed from the H5IO6 molecule. In addition, while H5IO6 is a weak acid, HIO4 is a strong one.



3.6. Reproducibility and Interference

The reproducibility of the responses obtained was investigated by measuring the voltages corresponding to a COD of 100 mg/L. The relative standard deviation (RSD) was 0.58% for a set of 11 values in a day and 4.48% for 72 samples in 20 days. The intraday and interday variations were 0.44% and 0.88%, respectively; both values were lower than 1%. Thus, the sensor exhibited highly reproducible behavior.

The most significant interference in the conventional dichromate method for the determination of COD is due to chloride ions [6,9,35–38]. On the one hand, they can reduce Cr(VI) to some extent and, on the other, precipitate with silver ions, thus removing the catalyst. Therefore, the effect of chloride ions on the biosensor's response was investigated. NaCl was used as the chloride source. In the presence of a 0.015 M chloride solution, the response corresponding to a COD of 100 mg/L remained unchanged, revealing that the sensor has a high tolerance level to chloride ions.



3.7. Calibration Curve

The detection limit and linear range of the sensor were determined using glucose solutions of different concentrations. It was found that the thermal biosensor could be used for the determination of COD values ranging from 5 to 3000 mg/L; the regression coefficient was 0.9998 and the linear regression equation was Y (mV) = 0.434X (mg/L) + 1.975. For COD values higher than 3000 mg/L, the calibration curve remained flat. These results are presented in Figure 7. The detection limit of the sensor was 1.84 mg/L for a signal-to-noise ratio of 3. These values are sufficiently high to make the sensor suitable for the analysis of actual wastewater samples. An actual sensor signal record for three determinations of 200 and 300 mg/L COD values is presented in Figure 8.

Figure 7. Calibration curve showing the linear range of the biosensor with respect to 350 μL glucose samples.
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Figure 8. An actual sensor signal record for three determinations of 200 and 300 mg/L COD values.
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3.8. Application Analysis of Actual Wastewater Samples

Any new measurement technique has to be compared with existing techniques, and the results obtained using the new technique must agree sufficiently well with those obtained using the conventional methods in order for the new technique to find wide application. Figure 9 shows the correlation between the results obtained using the dichromate method and those using the thermal biosensor; the values in the case of the thermal biosensor are shown on the x-axis, while those corresponding to the dichromate method are shown on the y-axis.

Figure 9. Graph showing the correlation between the COD values obtained using the FIA biosensor and those obtained using the dichromate method.
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The number of samples used for the correlation experiments was 34. The regression coefficient for the values was 0.996. Periodic acid can only oxidize polysaccharides, which are incompletely oxidized into aldehydes. However, actual wastewater samples are likely to contain a variety of contaminants and not just polysaccharides. Dichromates can completely oxidize organic compounds. For these reasons, the COD values obtained using the dichromate method were approximately three times those obtained using the thermal biosensor.




4. Conclusions

The ability to sequentially inject more than 70 samples in 20 days while achieving highly reproducible results (RSD = 4.48%) attests to the robustness of the assay and the long-term stability of the sensor system. No detectable clogging was observed. The results obtained in this study indicate that this novel COD determination method, which is based on a thermal biosensor with a flow injection system, is a viable one. The sensitivity and repeatability of the assay are high enough to allow the sensor to be used in practical applications. The system is easy to operate, environmentally friendly, and highly stable. More importantly, it has a small response time (approximately 8 to 10 min). The assay system is thus suitable for the real-time monitoring of the COD values of water from rivers and lakes.
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