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Nitrate nitrogen ([image: image] -N) in the soil is one of the important nutrients for growing crops. During the period of precipitation or irrigation, an excessive [image: image] -N readily causes its leaching or runoff from the soil surface to rivers due to inaccurate fertilization and water management, leading to non-point source pollution. In general, the measurement of the [image: image]-N relies upon the laboratory-based absorbance, which is often time-consuming, therefore not suitable for the rapid measurements in the field directly. Ion-selective electrodes (ISEs) support the possibility of [image: image]-N measurement by measuring the nitrate ([image: image]) ions in soil quickly and accurately due to the high water solubility and mobility of [image: image] ions. However, such a method suffers from a complicated calibration to remove the influences caused by both temperature and other ions in the measured solution, thus limiting field use. In this study, a kind of all-solid ISE system combined with a temperature sensor and a pH electrode is proposed to automatically measure the concentrations of the [image: image]-N. In this study, a soil water content calibration function was established, which significantly reduces a relative error (RE) by 13.09%. The experimental results showed that the stabilization time of this electrode system was less than 15 s with a slope of −51.63 mV/decade in the linear range of 10–5–10–2.2 mol/L. Both the limit of detection of 0.5 ppm of the [image: image]-N and a relative SD of less than 3% were obtained together with the recovery rate of 90–110%. Compared with the UV-Vis spectroscopy method, a correlation coefficient (R2) of 0.9952 was obtained. The performances of this all-solid ISE system are satisfied for measuring the [image: image]-N in the field.

HIGHLIGHTS

- A cooperative ISEs system is proposed to measure soil nitrate nitrogen.

- The detection limit, RSD and the recovery rate meet practical level.

- Guide inaccurate fertilization and irrigation resulting in non-point source pollution.

- A water content calibration function is applied to improve the measurement precision.

- This ISEs system is validated with samples from the planting zones in central China.
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INTRODUCTION

Nitrate nitrogen ([image: image]-N) is an important inorganic nutrient in soil that crops can absorb and use directly (Gebbers and Adamchuk, 2010). The fundamental criterion for determining the nitrogen (N) fertilizer utilization rate during crop growth is confirmed by its concentration in the soil (Burton et al., 2018; Nyameasem et al., 2020). Increasing N fertilizer dosage and application is usually one of the essential ways to boost crop productivity (Van Groenigen et al., 2015; Zhang and Yao, 2017). Both N fertilizer and animal dung contain a significant amount of [image: image]-N (Pennino et al., 2017). However, an excess of [image: image]-N is leached from the soil surface and then transported to rivers, lakes, and groundwater during precipitation or irrigation (Sadler et al., 2016; Velusamy et al., 2021). Thus, the improper management of N fertilizer leads to a large amount of [image: image]-N leaching and causes non-point source pollution (Cui et al., 2020; Mahmud et al., 2020). [image: image]-N leaching leads to the loss of crop nutrients (Sun et al., 2020). In contrast, it also damages both human and animal health, showing colorectal cancer and Non-Hodgkin lymphoma due to the excessive [image: image]-N concentration in drinking water (Szpak, 2014; Mary et al., 2018). Therefore, it is important to normalize the measurement of [image: image]-N in soil (Cho et al., 2018; Richa et al., 2021). Considering the concentrations of [image: image]-N in soil is readily influenced by environmental factors and changes rapidly, it is necessary to perform in situ measurement to evaluate the non-point source pollution (Wang et al., 2015; Ma et al., 2019b).

There are many traditional methods used to measure soil [image: image]-N, but they are not convenient for use in the field. For example, the UV-Vis spectrophotometry is currently used in laboratories to quantify [image: image]-N (Burton et al., 2020). Also, the method is professional in operation, and the related chemical reagents bring secondary pollution (Rogovska et al., 2018). Differently, the electrochemical methods exhibit fastness and effectiveness on measuring the concentrations of [image: image]-N in the soil, which is expected to achieve the in situ measurement (Ma et al., 2019a). Adamchuk et al. (2005) created a direct soil testing system that used ISEs to analyze soil nutrients and tracked the spatial variability in nutrient distribution, although the R2 of [image: image]-N is only 0.41–0.51 in comparison with laboratory testing. Kim et al. (2007) built a sensor array consisting of N, phosphorus, and potassium-selective electrodes and an argentic/argentic chloride (Ag/AgCl) electrode as reference for the detection of [image: image]-N in soil with the R2 value of only 0.89. Moreover, ISEs have also been applied to construct a soil nutrient mapping device, which can generally be mounted on agricultural machinery to map soil conditions over the farm terrain (Sibley et al., 2008). In further measurement of [image: image]-N, the R2 value was reached to 0.96 by an improved ISE (Tully and Weil, 2014). Although the abovementioned methods have achieved great progress on [image: image]-N measurement, there are still many challenges associated with environmental factors and such cannot be used in the field. Temperature, salinity, and soil water content influence should be eliminated to improve precision results. In this study, an automatic cooperative measurement system for detecting the [image: image]-N in soil was developed. Specifically, this system consists of an all-solid-state ISE, a temperature electrode, and a pH electrode to accurately measure the [image: image]-N. Moreover, the developed cooperative system is expected to realize the in situ measurement of soil [image: image]-N and providing scientific soil fertilization recommendations at the grassroots level, thus reducing the non-point source pollution. In this system, a peristaltic pump was utilized to control this system working automatically through the microcontroller unit. To lessen the impacts from soil water content, a correction function was introduced to increase the accuracy of on-site measurements toward soil [image: image]-N. The signals from the cooperative ISE system are transferred to an upper computer in real time.



MATERIALS AND METHODS


Study Area and Soil Sampling

Field experiments were carried out in the wheat-maize rotation zones, including Xuchang City (113°47′08′′E, 34°09′35′′N), Henan Agricultural University, China (Figure 1a), and the rice growth field in Qianjiang City (112°39′07′′E, 30°18′23′′N), Hubei Province (Figure 1b). In this experiment, the field area of 300 m2 was totally divided into four plots. The different fertilization modes were arranged in each plot of 50.0 m2 (2.5 m × 20 m). Each plot has six rows of planted crops and a 1-m ridge erected between them. Figure 1c depicts the zones for soil sampling, including (1) control (no fertilization); (2) normal fertilization, i.e., the compound fertilizer of 50 kg/66.7 m2 (the urea containing 46% N, calcium superphosphate containing 16% phosphorus pentoxide, and potassium sulfate containing 50% potassium oxide, at a ratio of 14:6:9), (3) under-fertilization (0.5 times), and (4) overfertilization (1.5 times). Other field management practices were identical in each plot. Five soil samples at the depth of 0–20 cm were collected from each plot by the plum blossom pattern method. Notably, 21 soil samples were randomly chosen from two zones, and each soil sample was repeatedly measured six times.


[image: image]

FIGURE 1. Field experiment. The selected experiment place in (a) Xuchang (113°47′08′′E, 34°09′35′′N) and (b) Qianjiang (112°39′07′′E, 30°18′23′′N). (c) Field fertilization modes in the experiment place and “×” indicates the soil sampling locations.




Cooperative Ion-Selective Electrode System

All-solid-state ISEs (cooperative ISEs) with small volume and fast responses were used to determine the ion concentration (activity) of [image: image]-N from the membrane potentials in the solution. The dissolved [image: image] ions diffuse through the polyvinyl chloride membrane in the ISEs when the electrode was immersed into the solution to test the [image: image] ions. When the concentrations on both sides of the membrane reach equilibrium, the membrane potential difference becomes steady. Then, the logarithm of the [image: image] concentrations in the external solution is proportional to measured electrode potential, as Eq. 1,

[image: image]

Where E is the electrode potential, EΘ is standard apparent electrode potential, including potential difference of membrane/external solution, membrane/internal solution potential, and special interface/internal solution, R is a constant called the universal gas constant (8.314 J K–1 mol–1), T is the absolute temperature (K), F is the Faraday constant (96,485 C/mol), and n = 1 is the charge transfer number for the reduction in [image: image].

Figure 2 depicts the cooperative ISE system for the determination of the [image: image] -N concentrations. The measurement procedure involved: first, placing a soil sample in the pretreatment unit followed by pressing the software button on the LCD touch screen or using the APP in a phone to start the measurement. The soil weight is measured automatically and stored in the microcontroller unit. The peristaltic pump then draws both the deionized water and 2% (V/V) ionic strength adjustment buffer of 2M ammonium sulfate to the sample cell. In the sample cell, a microcontroller-controlled stepper motor alters the height of the water content sensor. Stirring of the sample solution is then achieved via an agitator for 3 min. Thereafter, the peristaltic pump draws the supernatant to the detecting unit. In the measurement unit, the ISE system consisting of an [image: image]-N electrode, a pH electrode, and a temperature sensor then detects the soil [image: image]-N concentrations, pH, and temperature, respectively. The signal processing circuit transfers the potential difference generated by the electrode array to the microprocessor, and then, the concentration of [image: image]-N, which is calculated after the compensation, has been done with soil water content. The collected data are then stored in the microcontroller unit and transmitted to the APP in a phone through the Raspberry Pi’s Bluetooth interface. Once the measurement is completed, the peristaltic pump launches again to automatically clean these electrodes with deionized water.


[image: image]

FIGURE 2. Scheme and profile of the cooperative measurement system: (1) Combination electrode array, (2) Filter, (3) Stirrer, (4) Soil water content sensor, (5) Stepper motor, (6) Peristaltic pump, (7) Sample cell, (8) Electronic scale, and (9) LCD touch screen.




Ab initio Calculation

The geometries of [image: image], [image: image], and [image: image] were optimized at the M06-2X/6-311+G(2d,p) level of theory. The frequency calculation was performed at the same level of theory to ensure that the optimized configurations are located at the minimum of the potential surface. According to the benchmark of Zhao and Truhlar (2007), the UV-Vis spectrophotometer was calculated at the M06-2X/6-311+G(2d,p) level of theory with the assistance of time-dependent density functional theory (Li et al., 2020), and the solvation model density (Marenich et al., 2009) was used to represent the water solution situation. All the above ab initio calculations were performed by ORCA 5.0.1 programmer (Neese, 2011). The UV-Vis spectrophotometer (Feller Instrument limited business, Nanjing) was used to check the absorption peak positions of each interfering ion. The site of the maximum absorption peak of [image: image] was obviously identified to be at a wavelength of 203 nm (Figure 3A). Thus, the standard curves for the UV-Vis spectra method can be obtained (Figure 3B). To confirm the maximum absorption peak of [image: image] in UV-Vis absorbance spectra, the ab initio calculation is accurately performed first. Later, we can manage these experiments to establish the standard curve at the maximum absorption peak of [image: image] The value of the maximum absorption peak seriously influences the correlation coefficient (R2) obtained from both the ISE system and UV-Vis absorbance spectra.


[image: image]

FIGURE 3. (A) Absorbance of several ions in water from UV-Vis spectrophotometry. (B) Standard curves were made by UV-Vis spectrophotometry.





RESULTS AND DISCUSSION


Water Content Calibration Function

Normally, the soil water contents in the field change from 5 to 20%. The soil with a water content of less than 5% is too dry for crop growth, and [image: image]-N is easily leached out away when the water content exceeds 25%. Notably, 35 measured samples with various water content (2, 5, 10, 15, 20, 25, and 30%) were obtained by adding deionized water into the five dried soil samples (marked as S1, S2, S3, S4, and S5). The influence of soil water content on the [image: image]-N concentration measured from this ISE system is shown in Figure 4. Obviously, the influence of soil water content on ISE determination results cannot be ignored. It was observed that the relative error (RE) of [image: image]-N grew up to 25% rapidly when the water content increases. Even if the soil water content is less than 2%, the RE is found to be greater than 3%. In addition, the RE toward soil water content is a slight difference, which may be caused by their distinguishing intrinsic properties.


[image: image]

FIGURE 4. Effects of soil water content on detection accuracy.


As a result, it is necessary to provide a calibration function to remove the impact of inaccuracy caused by soil water content on concentration measurement uncertainty. The relationship is expressed as follows:

[image: image]

Where CW denotes the calibrated [image: image]-N concentration (mg/kg), C denotes the volume of extraction solution (ml), m denotes the weight of the fresh soil sample (g), ω represents the soil water content (%),ρω represents the density of water at the room temperature (1.00 g/cm3), and β denotes the mass fraction of soil [image: image]-N that is calculated from the measured curve (mg/kg).

Table 1 displays the results from 10 soil samples with water contents ranging from 0 to 30%. The results of the ISE system were compared with the UV-Vis spectrophotometry. The RE was fluctuated up to −24.02% before the measurement findings were calibrated by the calibration function. However, after the water content function was added, it dropped to −10.93%. The RE was effectively reduced to 13.09%.


TABLE 1. [image: image]-N concentrations in soil with different soil water contents.

[image: Table 1]


Performance Analysis

To evaluate this cooperative all-solid-state ISE system, the response time, which is defined as the time interval of electrode potential reaching 95% of the initial potential, was investigated. Figure 5A illustrates the change of the response time at the various logarithm of ([image: image]). It can be observed that the steady potentials can be obtained within less than 15 s, which is comparable with the previous report. Notably, the response time shortens with increasing the ([image: image]), implying that the higher ([image: image]) accelerates the diffusion from the external solution to the internal solution driven by concentration difference and makes the electrode potential steady more quickly. In addition, we studied the linear response interval of electrode potential toward the logarithm of ([image: image]). As shown in Figure 5B, the linear range of ([image: image]) can be directly determined as 10–5–10–2.2 mol/L. Subsequently, we further studied the rationality of the measured electrode potential in the linear range via linear fitting by the Nernst equation of Eq. 2, as shown in Figure 5C. The slope is −51.63 mV/decade which is laid in the rational range of (−54 ± 5) mV/decade. The vertical intercept is 156.68 mV, which is related to E0, pH, and T. Notably, recovery rates were also analyzed on all standard samples used in the above experiments, and the results were in an acceptable range of 90–110% (Table 2).


[image: image]

FIGURE 5. Validation analyses of the ion-selective electrode (ISE) system. (A) Response time; (B) Linear range; (C) Response potential; and (D) Correlation between the results from ISE system and UV-Vis spectrophotometry. The ([image: image]) used in (A–C) is derived from standard solution. The ([image: image]-N) used in (D) is derived from the soil sample solution.



TABLE 2. Recovery rate of the ion-selective electrode (ISE) system on detecting [image: image]-N.

[image: Table 2]
We explored the reliability of the cooperative all-solid-state ISE system toward UV-Vis spectrophotometer with an R2 of 0.9952, as shown in Figure 5D. The fitted slope is 1.04, indicating the measured results from our ISE system almost reach to that of the UV-Vis spectrophotometer. Nevertheless, the fitted vertical intercept is −15.96 mg/kg, suggesting the existence of hysteresis effect resulting from the residual ([image: image]) in each measurement. Each measurement was repeated six times with both methods, respectively. The relative SDs (RSDs) were calculated to verify the precision. From Table 3, the RSD of the cooperative ISE system is within 3%, higher than 1% of the UV-Vis spectrophotometry. In comparison with the non-contacting UV-Vis method, the contacting measurement of the ISE system inevitably causes liquid junction, wetting, and clean problem, which leads to the fluctuation of measured potentials and increases the RSD. Thus, such measurement repeatability of our ISE system is acceptable for use in the field. To further verify whether there is a significant difference in the precision of both methods, the F-test was conducted in ANOVA. As shown in Table 4, there was no statistically significant difference (P < 0.05) between the all-solid-state ISE system and UV-Vis spectrophotometry. This proves that the electrode system can achieve comparable and relatively accurate results that meet the requirements of [image: image]-N measurement in the field.


TABLE 3. Contrast analysis between the cooperative ISE system and UV-Vis spectrophotometry.

[image: Table 3]
 
TABLE 4. F-test of significance in the regression analysis of the experiment results.

[image: Table 4]
Furthermore, compared with other ISE detection methods previously reported (Table 5), the detection of [image: image]-N using ISEs had a wider linear range and a relatively low limit of detection (LOD), the linear range was wider than that of UV-Vis spectrophotometry detection of [image: image]-N, and the detection speed was faster. The detection method is simple to operate and does not require the participation of professionals, which is providing rational suggestions for relieving the leaching of [image: image]-N during fertilization and irrigation.


TABLE 5. Performance comparison on [image: image]-N measurement with different techniques.

[image: Table 5]



CONCLUSION

To detect [image: image]-N in the field, an electrode system consisting of all-solid-state [image: image] ISEs, temperature electrode, and pH electrode was built. A microprocessor-controlled peristaltic pump extracted the measured sample solution automatically in the sample cell. The [image: image]-N concentration measured by the ISE system was quantitatively calibrated by adding soil water content calibration formula. The RE is effectively reduced to 13.09%. Four different fertilization treatments were carried out in experimental fields of crop growing areas in Henan and Hubei provinces, each area used a plum-shaped cloth point approach, and the cloth point was measured using the ISE system. In the measurement range of 10–5–10–2.2 mol/L, the ISE system has a response time of less than 15 s with a slope laid in the rational range of (−54 ± 5) mV/decade. The recovery rate of 90–110% has been confirmed from the ISE system for soil [image: image]-N. Both the RSDs of 3% of the soil [image: image]-N were obtained from this ISE system. Compared to the classical UV-Vis spectrophotometer, an R2 of 0.9952 has been obtained. The linear regression F-test has been carried out, and there was a significant linear relationship between the measurement results of the two detection systems. We believe that this system can be further optimized and generalized in agriculture, providing rational suggestions for relieving the leaching of [image: image]-N during fertilization and irrigation.
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