[image: image1]Methods for the Determination of Stable Isotope Ratios of Multiple Nitrogen Species in Rainwater Using Distillation and Evaporation

		ORIGINAL RESEARCH
published: 17 May 2022
doi: 10.3389/fenvs.2022.877055


[image: image2]
Methods for the Determination of Stable Isotope Ratios of Multiple Nitrogen Species in Rainwater Using Distillation and Evaporation
Young-Jae Jeong1,2, Bo-Seong Seo1,2, Nuri Baek1,2, Jin-Hyeob Kwak3, Sang-Mo Lee4, Hyun-Jin Park1,5* and Woo-Jung Choi1,2,6*
1Department of Rural and Bio-systems Engineering, Chonnam National University, Gwangju, South Korea
2Education and Research Unit for Climate-Smart Reclaimed-Tideland Agriculture (Brain Korea 21), Chonnam National University, Gwangju, South Korea
3Department of Rural Construction Engineering, Jeonbuk National University, Jeonju, South Korea
4National Instrumentation Center for Environmental Management, Seoul National University, Seoul, South Korea
5Department of Renewable Resources, University of Alberta, Edmonton, AB, Canada
6AgriBio Institute of Climate Change Management, Chonnam National University, Gwangju, South Korea
Edited by:
Junwen Liu, Jinan University, China
Reviewed by:
Shaoneng He, Earth Observatory of Singapore, Singapore
Kei Nishida, University of Yamanashi, Japan
* Correspondence: Hyun-Jin Park, hpark@ualberta.ca; Woo-Jung Choi, wjchoi@jnu.ac.kr
Specialty section: This article was submitted to Atmosphere and Climate, a section of the journal Frontiers in Environmental Science
Received: 16 February 2022
Accepted: 01 April 2022
Published: 17 May 2022
Citation: Jeong Y-J, Seo B-S, Baek N, Kwak J-H, Lee S-M, Park H-J and Choi W-J (2022) Methods for the Determination of Stable Isotope Ratios of Multiple Nitrogen Species in Rainwater Using Distillation and Evaporation. Front. Environ. Sci. 10:877055. doi: 10.3389/fenvs.2022.877055

Nitrogen (N) isotope ratios (δ15N) of multiple N species including ammonium (NH4+), nitrate (NO3−), dissolved organic N (DON), and total dissolved N (TDN) can serve as indicators of the sources of wet N deposition. However, methods for sequential analysis of these multiple N species are not well developed. In this study, methods for the determination of δ15N of these multiple N species were proposed through a traditional distillation method for NH4+ and NO3−, direct evaporation for TDN, and an isotope mass balance equation for δ15N-DON. A series of experiments were conducted 1) to find evaporation conditions including pH (<3.5 vs. 5.4) and evaporation methods (oven drying at 60 and 100°C, infra-red chamber, and freeze-drying), 2) to investigate precision and accuracy of distillation for δ15N of NH4+ and NO3−, and 3) to determine δ15N-TDN by direct evaporation and δ15N-DON with mass balance equation. (NH4)2SO4 (‒4.0 ± 0.03‰), KNO3 (‒4.2 ± 0.03‰), and CO(NH2)2 (‒5.4 ± 0.04‰) were used as reference materials for NH4+, NO3−, and DON, respectively. In this study, for the analysis of δ15N of NH4+ and NO3−, the conventional distillation method was tested in an effort to save cost for laboratories equipped with the distillation system. Evaporation using oven at 60°C (but not 100°C), infra-red chamber, or freeze-drier after acidification to < pH 3.5 prevented 14NH3 loss. Analysis of the δ15N-NO3− (‒4.4 ± 0.1‰ to ‒3.9 ± 0.5‰) was reliable for a wide range of N content (0.1–0.5 mg), but analytical errors for δ15N-NH4+ were as high as 2.1‰ when N content was small (e.g., 0.1–0.3 mg N) due to background contamination and potential interference by co-existing DON. Direct evaporation of solution containing NH4+, NO3−, and DON to dryness produced reliable δ15N-TDN with accuracy <0.15‰ and precision <0.21‰. However, the analytical errors of δ15N-DON were highly dependent on the content of co-existing NH4+ as well as DON content. Therefore, the proposed protocol can be applied for rainwater containing a high NH4+ concentration (>2.0 mg N L−1 assuming that 200 ml of sample is used for distillation).
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INTRODUCTION
Atmospheric nitrogen (N) deposition is an important N source in terrestrial ecosystems (Fowler et al., 2015). During the last four decades, global N deposition in terrestrial ecosystems increased from 87 Tg Nyr−1 in the 1980s to 93 Tg Nyr−1 in the 2010s, and it is expected to increase to 125 Tg N yr−1 by 2050 (Bobbink et al., 2010; Ackerman et al., 2019). Though the contribution of wet and dry deposition to total N deposition varies with countries, wet N deposition such as ammonium (NH4+) and nitrate (NO3−) through rainfall is substantial (Li et al., 2016; Felix et al., 2017). Increased N deposition may impact terrestrial ecosystems through soil acidification and associated changes in soil environment and vegetation compositions (Phoenix et al., 2012). Therefore, to estimate the environmental and ecological impacts of N deposition, it is necessary to distinguish the sources of N and to trace deposited N in ecosystems (Ohte, 2012).
The stable N isotope ratios (δ15N) of NH4+ (e.g., Felix et al., 2017) and NO3− (e.g., Nanus et al., 2018) have extensively been used for source appointment of wet N deposition. For example, the δ15N of NH4+ originated from agricultural sources such as livestock waste and fertilizer is generally lower than those from coal combustion (Felix et al., 2017), and the δ15N of NO3− derived from coal combustion is higher than that from diesel and gasoline combustions (Nanus et al., 2018). Though analytical accuracy slightly differs, many methods are available for the analysis of δ15N of NH4+ and NO3−. For example, the δ15N of NH4+ is often analyzed through distillation (Hauck, 1982), diffusion (Cao et al., 2018), or oxidation to NO3− followed by reduction to N2O (Lachouani et al., 2010). For the analysis of δ15N of NO3−, chemical (Mcllvin and Altabet, 2005) and bacterial (Sigman et al., 2001) reduction of NO3− to N2O followed by gases measurement of δ15N of N2O and distillation after reduction of NO3− to NH4+ by addition of Devarda’s alloy (Hauck, 1982) are frequently used.
Method selection for δ15N measurement of water samples is largely dependent on the resource (apparatus and instruments) availability of laboratories as each method has both advantages and disadvantages. For example, the NH4+ diffusion method is less labor-intensive but requires a long time (several days) for complete NH3 diffusion due to a slow rate of diffusion (Cao et al., 2018). Distillation is quick but labor-intensive and has the potential of cross-contamination between samples (Chen and Dittert, 2008). Reduction of NO3− to N2O is accurate but requires several hours for completion of denitrification (Sigman et al., 2001).
The accuracy of diffusion (Chen and Dittert, 2008; Zhang et al., 2015; Cao et al., 2018), chemical reduction (Mcllvin and Altabet, 2005; Liu et al., 2014), and bacterial reduction (Sigman et al., 2001; Böhlke et al., 2007) methods for measurement of δ15N of NH4+ and NO3− have been extensively tested, and many advanced modifications have been proposed. However, unexpectedly, there are very few studies on the distillation method (Feast and Dennis, 1996) despite distillation systems are still widely used for the determination of N concentration and thus are available in many laboratories (Sáez-Plaza et al., 2013). If the δ15N of NH4+ and NO3− could be measured accurately using the distillation method, it may save cost to install additional equipment for the δ15N analysis in laboratories equipped with the traditional distillation system.
Analytical uncertainties of sample preparation using a distillation method for δ15N measurement typically arise from NH3 volatilization during evaporating NH4+ solution (in H2SO4 matrix) to obtain (NH4)2SO4 salt as preferential losses of 14NH3 result in overestimation of the δ15N (Feast and Dennis, 1996). Typically, NH3 volatilization is affected by pH, and thus acidification (pH < 3–4) of the solution before evaporation is required (Buresh et al., 1982; Hauck, 1982; Feast and Dennis, 1996). Evaporation methods using an oven, an infra-red chamber, or a freeze-drier may also affect the accuracy of δ15N measurement due to the temperature dependency of NH3 volatilization (Emerson et al., 1975; Hales and Drewes, 1979). Despite the critical effects of NH3 volatilization on the accuracy of δ15N, no study has investigated the combined effects of pH adjustment and evaporation methods on δ15N, highlighting the necessity of relevant studies.
Compared to NO3− and NH4+, DON has received less research interest despite that DON is a dominant N form and thus a key component in the global N cycle (Russow et al., 2002; Lee et al., 2012; Nikolenko et al., 2018; Cao et al., 2021). The contribution of DON to total dissolved N (TDN) is also substantial up to >40% (Cornell et al., 2003; Lee et al., 2012). The δ15N of DON can be determined after removing NH4+ and NO3− via ion retardation columns (Bronk and Gilbert, 1991), membrane filters (Feuerstein et al., 1997), and diffusion of NH4+ (and NO3− after reduction of NO3− to NH4+) using MgO and Devarda’s alloy (Slawyk and Raimbault, 1995). However, the direct measurement of the δ15N of DON is often being questioned due to low accuracy (Cao et al., 2021). Alternatively, the δ15N of DON can be obtained indirectly with isotope mass balance equation using the concentrations and δ15N of NH4+, NO3−, and TDN (Liu et al., 2017). The δ15N of TDN is often determined through alkaline-persulfate digestion followed by reduction of NO3− to N2O (Lachouani et al., 2010; Liu et al., 2017). Recently, Cao et al. (2021) has successfully proposed a protocol for the determination of δ15N-DON using an isotope mass balance equation through analyses of δ15N of NH4+, NO3−, and TDN. However, in the proposed procedures, δ15N of each N species is measured independently; diffusion for NH4+, denitrification for NO3−, and persulfate-oxidation followed by denitrification for TDN. Therefore, a simple method to determine δ15N of NH4+, NO3−, and TDN may be of help to determine δ15N of DON; however, the relevant study is not available.
Therefore, the literature indicates that a method for analysis of these multiple N species is not well developed. This study was conducted to establish a procedure for sequential measurement of δ15N of NH4+, NO3−, DON, and TDN in rainwater samples through distillation and evaporation. To achieve the objective, firstly, we investigated the combined effects of acidification and evaporation methods on the δ15N measurement to suggest suitable evaporating conditions of H2SO4 solution containing NH4+ (experiment 1). Secondly, the precision and accuracy of measurement of δ15N of NH4+ and NO3− through sequential distillation were investigated using samples with different N content (0.1–0.5 mg N) (experiment 2). Thirdly, the precision and accuracy of direct evaporation of water samples to determine δ15N of TDN were tested (experiment 3). Finally, by combining the results of experiments 1–3, we suggested a protocol for the simultaneous measurement of δ15N of NH4+, NO3−, DON, and TDN.
MATERIALS AND METHODS
Reference Materials
All the experiments were conducted using chemical-grade ammonium sulfate ((NH4)2SO4, 7783-20-2, Junsei, Japan), potassium nitrate (KNO3,7757-79-1, Junsei, Japan), and urea (CO(NH)2, 57-13-6, Junsei, Japan) as reference materials for both concentration and δ15N of NH4+, NO3−, and DON, respectively, throughout the experiments. Though nitrite (NO2−) may be also be contained in rainwater, NO2− was not considered as the concentration of NO2− is reported to be as low as < 1% of NO3− (Sa et al., 2022). The δ15N of the compounds were analyzed using a stable isotope ratio mass spectrometer linked to an elemental analyzer (EA-IRMS) (VisION, Isoprime Ltd., Cheadle Hulme, United Kingdom), and reported as
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where R is the atom % of 15N/(14N + 15N), and the standard was atmospheric N2 (R = 0.3663%). Accuracy of the measurement by the EA-IRMS tested using IAEA-N1 and N2 (both ammonium sulfate, +0.4‰ and +20.3‰, respectively) was <0.2‰. The δ15N of the reference materials was calibrated against the IAEA-N1 and N2. The mean and standard errors of the δ15N of (NH4)2SO4, KNO3, and CO(NH)2 measured in 10 replicates were ‒4.0 ± 0.03‰, ‒4.2 ± 0.03‰, and ‒5.4 ± 0.04‰, respectively.
Setting pH and Selecting Evaporation Method for Evaporation After Distillation
To set pH and select evaporation method to obtain (NH4)2SO4 salt from distillates for measurement of δ15N using the EA-IRMS, the effects of pH adjustment (pH < 3.5 and 5.4) and evaporation methods (oven at 60°C, oven at 100°C, infra-red chamber, and freeze-drying) were investigated using (NH4)2SO4 as reference material. (NH4)2SO4 solutions with two different concentrations (2 and 4 mg N L−1 for low and high N, respectively) were prepared. Solution (100 ml) of (NH4)2SO4 (0.2 and 0.4 mg N for low and high N contents, respectively) was transferred to a 250-ml beaker, and 10 mg sodium sulfate (Na2SO4) (1 ml of 10 g Na2SO4 L−1 solution) was added to the beaker as a bulking agent to make sure sufficient amount of salt recovered after evaporation. Therefore, the N solutions are comprised of NH4+, Na+, and SO42−, which are the ion compositions of the solutions when the distilled NH4+ is collected in H2SO4 and back-titrated with NaOH (Hauck, 1982). The pH of the solution measured with a pH meter (Orion 3 Star, Thermo Fisher Scientific Inc., United States) was 5.4 ± 0.1. Another set of the N solution was acidified to pH < 3.5 by adding 0.2 ml of 0.1 N H2SO4.
To select evaporation methods, the beakers containing (NH4)2SO4 solution were placed into a drying oven (WOF-155, Daihan Scientific, Korea), a house-made infra-red chamber, and a freeze drier (FD5508, Ilshin, Korea). The infra-red chamber (56 × 58 × 53 m3) was equipped with two infra-red lamps (Dr. Fischer 177.5 mm and 500 W). Each experiment was repeated four times for 2 N concentration levels, pH adjustment, and evaporation methods. The N solution was evaporated to dryness for 48 h. The dried salts were crushed to fine powder using a spatula. Powder containing approximately 0.1 mg N (28N2 beam area: 2.0E-07) was wrapped into a tin capsule and analyzed for δ15N using the EA-IRMS.
To determine the recovery of NH4+ after evaporation, another set of four replicates was processed following the same procedures described above. The dried salts were re-dissolved by adding 50-ml of deionized water, and N content was determined using the indophenol method (Mulvaney, 1996) to calculate the loss of N during evaporation. The overall pattern of temperature change during evaporation was monitored using 1 L of deionized water contained in a 1 L beaker. Tip of temperature sensors (TR-52, T&D Cooperation, Japan) was installed at 3.5 cm above the bottom and 3.5 cm below the water surface, and the temperature was monitored for 10 h. After 10 h, it was not possible to measure temperature at the position due to decreased sample volume.
δ15N Measurement of NH4+ and NO3− Using Distillation
Nitrogen mixture solutions containing NH4+, NO3−, and CO(NH2)2 (0.5, 1, 1.5, 2, and 2.5 mg N for each N species) were prepared by dissolving the reference (NH4)2SO4, KNO3, and CO(NH2)2 in 1 L deionized water. The concentrations of reference N were set to include the range of N concentration of rainfall (<0.1 to >1.0 mg N L−1) reported in the literature (Lee et al., 2012; Zeng et al., 2020; Chen et al., 2022). Distillation was performed following the standard distillation procedures of Mulvaney (1996) with some modifications to distillate a large quantity of samples. Briefly, 200 ml of the solution (containing 0.1, 0.2, 0.3, 0.4, and 0.5 mg N for each N species) was transferred to 500-ml distillation flasks, and the flasks were placed on a heating mantle (GLHMP-F100, Global Lab, Korea). NH4+ was liberated by distillation with addition 0.5 g of carbonate-free MgO (1309-48-4, Junsei, Japan) for 4–5 min to collect 30–40 ml of distillates. Carbonate-free MgO was prepared by heating MgO at 700°C for 2 h and used following the suggestion of Mulvaney (1996). In a preliminary experiment, 4–5 min distillation was sufficient to recover NH4+ (>99%). The liberated NH3 was collected in a 250 ml beaker containing 10 ml of 0.01 N H2SO4. The (NH4)2SO4 solution was titrated to pH 5.4 using 0.01 N NaOH and further acidified to pH < 3.5 by adding approximately 0.2 ml of 0.01 N H2SO4 and dried to salt under the infra-red lamps.
The distillation flasks were cooled down to room temperature, and the distillation apparatus was washed by distilling 30 ml of 90% ethanol for 5 min using another set of distilling flasks. For distillation of NO3−, 50 ml of deionized water was added to the flasks to restore sample volume. To convert NO3− to NH3, 0.3 g of Devarda’s alloy (8049-11-4, Kanto Chemical, Japan) was added and distilled again following the procedure for NH4+. The (NH4)2SO4 solution was acidified to pH < 3.5 following the procedure described above. The acidified solution was dried through evaporation under infra-red lamps as it was found that oven drying at 60°C, freeze-drying, and drying under infra-red lamps were all suitable (see the results). The δ15N of dried powder was analyzed using the EA-IRMS. The experiments were replicated four times.
Determination of δ15N-TDN Using Direct Evaporation and Calculation of δ15N-DON
The same N mixture solutions containing NH4+, NO3−, and CO(NH2)2, which were used for the distillation experiment were prepared. The theoretical values of δ15N-TDN calculated from NH4+, NO3−, and CO(NH2)2 was ‒4.5 ± 0.03‰. An aliquot (200 ml) of the standard samples were transferred to 250-ml beaker, and 10 mg Na2SO4 (1 ml of 10 g Na2SO4 L−1 solution) was added to the beaker as a bulking agent followed by addition of 0.2 ml of 0.1 N H2SO4 to adjust the pH of the solution <3.5. The mixture was dried under infra-red lamps, and the dried powder was analyzed for δ15N of TDN using the EA-IRMS. All experiments were replicated four times.
The δ15N of DON was calculated using the following isotope mass balance equation (Karamanos and Rennie, 1981):
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where CDON, CTDN, CNH4, and CNO3 are contents of DON, TDN, NH4+, and NO3−, respectively, and δ15NDON, δ15NTDN, δ15NNH4, and δ15NNO3 are their respective δ15N. The standard deviation (SD) of δ15NDON (SD δDON) was calculated by using the following equation (Cao et al., 2021):
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where SDδTDN, SDδNO3, and SDδNH4 are the standard deviations of δ15N of TDN, NO3−, and NH4+, respectively.
Validation of δ15N Analyses Using the Proposed Methods
The methods for the determination of δ15N of NH4+, NO3−, DON, and TDN using distillation and evaporation developed in the present study were validated using reference solutions. The reference solutions were prepared by dissolving the reference (NH4)2SO4, KNO3, and CO(NH2)2 in distilled water at two levels of N concentrations (2 and 3 mg N L−1 for each N species). 200 ml of the solution (containing each 0.4 or 0.6 mg N of NH4+, NO3−, and DON) was distilled for the analysis of the δ15N of NH4+ and NO3−, and another 200 ml of the solution was directly dried for the analysis of δ15N of TDN under infra-red following the procedures described above. All experiments were replicated four times. The δ15N of DON was calculated using the isotope mass balance equation.
Statistical Analyses
All statistical analyses were performed using IBM SPSS Statistics 23 (IBM Corp., Armonk, New York, United States) at a significance level of 0.05. Data were tested for normality of distribution and homogeneity of variance with Shapiro-Wilk test and Levene’s test, respectively. Data transformation was not needed as no heterogeneity was detected and the distribution was normal. In each experiment, the changes in the δ15N among the treatments (e.g., N content, pH adjustment, and evaporating method) were assessed by the analysis of variance (ANOVA). The precision of the δ15N measurement was assessed by calculating the standard deviation for the replicated treatments. The accuracy of the δ15N measurement was evaluated by calculating isotope enrichment, the differences between δ15N obtained from distillation-evaporation methods and that of reference materials determined with the direct combustion method. A t-test was performed to examine the difference in δ15N between distillation-evaporation and direct combustion methods.
RESULTS AND DISCUSSION
Evaporation Conditions: pH and Evaporating Method
The temperature of the solutions quickly increased to the maximum temperature within 1 h, and was maintained at the temperature thereafter (Figure 1). The maximum temperatures of the top and bottom sides of the solution were 50.1 and 49.0°C for oven drying at 60°C, 87.0 and 69.3°C for oven drying at 100°C, and 53.0 and 53.2°C for infra-red chamber, respectively. The δ15N of (NH4)2SO4 measured after evaporation was affected by N content and pH of the solutions and evaporation method (Table 1). Though the effects of these three factors on δ15N were complicated as inferred from the significant interactions among the experimental factors, evaporation at pH < 3.5 produced more reliable δ15N than pH 5.4 across the N contents and evaporation methods. Among the evaporation methods, oven at 60°C, infra-red chamber, and freeze drier, but not oven at 100°C resulted in the δ15N comparable to the initial δ15N (‒4.0‰) at pH < 3.5 regardless of N contents. Evaporating the solutions at pH 5.4 resulted in significant errors (1.4–21.8‰) regardless of N contents and evaporation methods including freeze-drying due to N loss as inferred from the low N recoveries (30–89%) (Table 1).
[image: Figure 1]FIGURE 1 | Changes in temperature of the (NH4)2SO4 solution during evaporation measured at 3.5 cm below the water surface (top) and 3.5 cm above the bottom (bottom) for 10 h: (A) oven at 60°C (B) oven 100°C, and (C) infra-red chamber.
TABLE 1 | Effects of N content, pH, and evaporating methods on the N recovery and δ15N of (NH4)2SO4 (‒4.0 ± 0.03‰) solution.
[image: Table 1]Isotope enrichment during evaporation, which was calculated as the difference between the δ15N measured after evaporation and the initial δ15N of solid (NH4)2SO4 before dissolving and evaporation (Table 1), was negatively correlated with N recovery (Figure 2A). The relationship between N recovery and δ15N followed the Rayleigh isotope enrichment model (Mariotti et al., 1981):
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where δ15Ns is δ15N of the remaining substrate (i.e., N in dried salts), δ15Ni is the initial δ15N (‒4.0‰) of the substrate, ε is the isotope enrichment factor (the difference in δ15N between the substrate and its instantaneous product), and f is the fraction of the substrate that is consumed in the reaction (i.e., the fraction of N lost during evaporation). The slope of the regression equation indicated that ε is 23.0‰ and thus isotope fractionation factor is 1.023 (Figure 2B). This value is within the isotope fractionation factors (1.005–1.031) reported for NH3 volatilization (Cejudo and Schiff, 2018).
[image: Figure 2]FIGURE 2 | Relationship between δ15N-NH4+ and N loss during evaporation of (NH4)2SO4 solution to dryness under different pH and using different evaporation methods: (A) relationship between 15N enrichment (difference in δ15N-NH4+ between direct measurement and measurement with dried salts) and N recovery after evaporation and (B) relationship between the δ15N-NH4+ measured with dried salts and the fraction (1−f) of NH4+ recovered after evaporation for Rayleigh isotope enrichment model. Horizontal and vertical bars are standard deviation of the means (n = 4).
Acidification (pH 3–4) of the distillate solution containing NH4+ is conventionally recommended for evaporation using an oven or infra-red chamber (Buresh et al., 1982; Feast and Dennis, 1996; Lee et al., 2012). Our results provide quantitative data on 15N enrichment of the samples caused by NH3 volatilization. Notably, it was found that acidification did not completely prevent NH3 from volatilization under oven drying at 100°C, resulting in 15N enrichments (0.5–0.9‰). This result is interesting as it is believed that acidulated (NH4)2SO4 solution is stable at high temperature up to 235°C (Hauck, 1982). It is also notable that freeze-drying at pH 5.4 resulted in significant 15N enrichments (1.4–2.6‰), suggesting that freeze-drying does not prevent NH3 from volatilization and thus that acidification is still necessary even when the samples are evaporated using a freeze drier (Stock et al., 2019). Therefore, our results suggest that evaporation using an oven at 100°C should be avoided and that acidification of NH4+ solution is essential regardless of evaporation methods (including freeze-drying).
δ15N of NH4+ and NO3− Determined With Distillation Method
The δ15N-NH4+ measured using the distillation method varied (p = 0.022) with N content (Figure 3A). When N content was ≤0.3 mg, δ15N-NH4+ was underestimated by 1.0–2.1‰ (Figure 3A); meanwhile, when N contents were 0.4 and 0.5 mg, δ15N-NH4+ (‒4.0 ± 0.5‰ for both) was comparable to the reference δ15N. The poor accuracy for low-NH4+ samples could be attributed to the sample size effect on EA-IRMS measurement and/or inevitable background N contamination (Stark and Hart, 1996). However, in the present study, a similar amount of N (ca. 0.1 mg N) was used for the δ15N analysis on EA-IRMS for all the samples, and thus the sample size effect might be negligible. Therefore, background contamination arose from impurities of reagents and unintended trapping of NH3 from laboratory air during evaporation might be more critical (Stark and Hart, 1996; Jensen, 1991; Sakata, 2001). In the present study, air NH3 contamination was not detected in the evaporation experiment (Table 1), and thus the background contamination should be ascribed to impurities in the reagents. The underestimated δ15N-NH4+ together with the positive correlation between N contents and δ15N-NH4+ (Figure 3B) indicates potential contamination by NH4+ impurity of which δ15N is lower than the sample NH4+ (‒4.0‰). The δ15N of background NH4+ contaminants could be estimated using a regression equation between N content and δ15N of NH4+ (Figure 3B). The regression equation indicated that the δ15N of background NH4+ was ‒6.3‰ (y-intercept; i.e., the δ15N value when no sample NH4+ was added). Theoretically, background correction can be made using isotope dilution of a known 15N-enriched standard (Stark and Hart, 1996; Chen and Dittert, 2008; Cao et al., 2018) though this was not possible in the present study. As the magnitude of background contamination may vary with the experimental batch, we suggest that a laboratory-specific minimum N requirement (0.4 mg in the present study) needs to be determined prior to sample analyses for reliable measurement of δ15N of NH4+ using distillation. For samples containing a low NH4+ concentration, therefore, either increasing sample volume or sample concentration is necessary for distillation though this process may require an additional time. However, it is necessary to notice that other method for the determination of the δ15N of NH4+, such as diffusion methods, also takes several days (up to 7 days) for complete diffusion (Cao et al., 2018).
[image: Figure 3]FIGURE 3 | δ15N-NH4+ and δ15N-NO3− measured with distillation: (A) δ15N-NH4+ and δ15N- NO3− with increased N content from 0.1 to 0.5 mg N and (B) regression between N content and δ15N of NH4+ for 0.1–0.4 mg N sample (0.5 mg N was not included as accuracy was high enough). Vertical bars are the standard deviation of the means (n = 4). For (A), horizontal broken-lines are the reference δ15N values of NH4+ (blue one) and NO3− (red one) determined directly with EA-IRMS. For (B), the y-intercept of the regression equation indicates that the δ15N of background contamination is ‒6.3‰.
The δ15N-NO3- fluctuated from ‒4.4 ± 0.1‰ to ‒3.9 ± 0.5‰, but the values were not statistically different (p > 0.05) from the reference δ15N across the contents of NO3− (Figure 3A). This result indicates that any trace background NH4+ was removed from the distillation system during the first distillation for sample NH4+ under alkaline conditions using MgO. Therefore, δ15N of NO3− can be measured with a high accuracy using the distillation method across a wide range of N content.
δ15N-Total Dissolved N Determined With Direct Evaporation and δ15N-Dissolved Organic N Calculated Using the Isotope Mass Balance Equation
The δ15N-TDN was consistent across N contents from 0.1 to 0.5 mg N, and the averaged δ15N-TDN (‒4.5 ± 0.1‰) (Figure 4A) was not different (p > 0.05) from the theoretical δ15N-TDN (‒4.5 ± 0.03‰). Some studies have investigated δ15N-TDN using alkaline-persulfate oxidation of TDN to produce NO3− followed by reduction to gases N2O for δ15N measurement (Lachouani et al., 2010; Cao et al., 2021). Our results show that direct evaporation of water samples after acidification is also a feasible and simple method to determine δ15N-TDN. Though a small segment of CO2 contained in water sample may be decomposed to CO (12C18O) to interfere with 30N2 in the IRMS (Russow et al., 2002), acidification of the sample could eliminate the potential interference as CO2 is removed under acidic conditions.
[image: Figure 4]FIGURE 4 | δ15N-TDN (A) and δ15N-DON (B) measured with direct evaporation and determined using isotope mass balance equation, respectively. Horizontal broken-lines are the reference δ15N value of TDN (A) and theoretically calculated δ15N of DON (B). Vertical bars are standard deviation of the means (n = 4).
δ15N-DON calculated using the isotope mass balance equation showed a high variability with errors of 1.2–2.0‰ when DON content was 0.1–0.3 mg N, suggesting that the accuracy of δ15N-DON is dependent on the DON content (Figure 4B). Cao et al. (2021) reported that accuracy of indirect determination of δ15N-DON by measuring δ15N-TDN through alkaline-persulfate digestion method depended on DON content as analytical errors for determination of δ15N-DON were as high as 0.7–1.4‰ for samples with a low DON content (<0.2 mg N). It is also obvious that δ15N-DON is dependent on δ15N of other N species used in the isotope mass balance equation (Cao et al., 2021). In the present study, among N species, the variability of δ15N-NH4+ was highest for the samples containing 0.1–0.3 mg N (Figure 3A). Therefore, the accuracy of determination of δ15N-DON with the isotope mass balance equation using δ15N-NH4+ and δ15N-NO3- (distillation) and δ15N-TDN (direct evaporation) is dependent on NH4+ content. Therefore, indirect determination of δ15N-DON might be feasible for water samples with a high NH4+ concentration.
Suggestions of the Procedure for Determination of δ15N of NH4+, NO3−, Dissolved Organic N, and Total Dissolved N of Rainwater Samples
Based on the results of this study, a procedure was suggested for determination of δ15N of multiple N species including NH4+, NO3−, DON, and TDN of rainwater samples using distillation for NH4+ and NO3−, direct evaporation for TDN, and indirect calculation using isotope mass balance equation for DON (Figure 5). Prior to δ15N measurement, it is necessary to determine N concentration of each N species to determine the sample volume to be used for distillation, particularly for NH4+. The N concentrations of samples could be determined with the non-distillation method more accurately with colorimetry (Mulvaney, 1996) and ion chromatography (Mou et al., 1993). Though the concentrations of NH4+ and NO3− could be determined through distillation and acid-base titration, it is known that the precision and accuracy of distillation for the determination of NH4+ and NO3− are not reliable particularly when H2SO4 is used as an absorbent of NH3 instead of boric acid (APHA-AWWA-WEF, 1998). The concentrations of NH4+ and NO3− can be easily determined accurately with colorimetry (Mulvaney, 1996) and ion chromatography (Mou et al., 1993). The concentration of TDN can be easily determined using TN auto-analyzer or alkaline-persulfate oxidation followed by manual or automated determination of NO3− (Ebina et al., 1983). The concentrations of DON can be calculated as difference between TDN and inorganic N (NH4+ + NO3−).
[image: Figure 5]FIGURE 5 | A scheme of simultaneous determination of δ15N of NH4+, NO3‒, DON, and TDN using distillation and evaporation. Determination of N concentration prior to δ15N measurement is recommended to decide sample volume for distillation.
The δ15N-NH4+ and δ15N-NO3- could be determined through distillation and evaporation following the procedure described above. For δ15N-NH4+, it is important to make sure that NH4+ content of the samples subject to distillation should be at least 0.4 mg N. However, a minimum requirement of NH4+ for reliable measurement of δ15N may differ with laboratory conditions, and thus it is necessary to determine the minimum NH4+ requirement using a standard NH4+ chemical for each laboratory following the procedure used in the present study. For samples containing a low NH4+ concentration, a larger volume of samples needs to be used for distillation. As the concentrations of NH4+ in rainwater are highly variable depending on the sites and seasons, ranging from <0.1 to >1.0 mg N L−1 (Lee et al., 2012; Zeng et al., 2020; Chen et al., 2022), however, water samples with an extremely low NH4+ may be concentrated to reduce the volume of water sample being added to distillation flasks, which have a confined volume capacity (e.g., 500 ml in the present study). Water samples containing a low N are often concentrated using a freeze-drier (Chen et al., 2022). In this context, our results further suggest that acidification of water samples is essential to prevent 14NH3 loss even under freeze-drying. The δ15N-TDN can be directly determined using salts obtained from evaporation of the acidified samples to dryness. Finally, δ15N-DON is determined with an isotope mass balance equation using N concentration and δ15N of N species.
When the methods were tested using the reference solutions, the measured δ15N was not statistically (p > 0.05) different from the values determined by the direct combustion method using the EA-IRMS (Table 2). However, the δ15N of NH4+ and NO3− were slightly lower than the reference δ15N, while the δ15N of DON was higher than the reference δ15N, probably due to the potential influence of hydrolysable DON (i.e., CO(NH4)2 in the present study) on the δ15N of NH4+ and NO3−. In the present study, pH was raised by using MgO rather than NaOH to minimize the interference of N liberated from DON under alkaline conditions (Mulvaney, 1996; Sakata, 2001). However, such variations in the δ15N of NH4+ and NO3− suggest that CO(NH2)2 used as a DON reference might be partially subject to hydrolysis during distillation. As such interference of DON was not detected in the early experiment, it was suspected that alteration of the δ15N of NH4+ and NO3− by hydrolyzable DON is not systematic but random. In the natural water environment, however, DON compounds present as more complex and recalcitrant compounds associated with lipids, proteins, amino sugars, lignins, and tannins (Lusk and Toor, 2016; Zhang et al., 2021), and thus the interference caused by DON during distillation of natural water samples might be less significant than the experimental conditions in the present study.
TABLE 2 | Results of the analyses of δ15N of reference N solution containing NH4+, NO3−, DON, and TDN using the proposed methods.
[image: Table 2]CONCLUSION
In this study, we proposed a protocol for sequential determination of δ15N of NH4+, NO3−, DON, and TDN through the distillation and direct evaporation of rainwater samples. To obtain salt samples for EA-IRMS after distillation, it was found that acidification to pH < 3.5 is essential regardless of evaporation methods including freeze-drying, but evaporation using an oven at 100°C should be avoided. The δ15N-NO3- analyzed with the distillation method was reliable regardless of N content. However, there was uncertainty for δ15N-NH4+ that was affected by sample N content, background contamination, and potential interference by co-existing DON. Despite those, the distillation of >0.4 mg N of NH4+ produced stable and reliable δ15N. For δ15N-TDN, direct evaporation to dryness was proven to be a reliable method. Therefore, the analytical reliability of the determination of δ15N-DON using the isotope mass balance equation largely depends on the accurate measurement of δ15N-NH4+ that was directly affected by the content of NH4+-N in the present study. Therefore, for samples containing a low NH4+ concentration, either increasing sample volume for distillation or using an alternative method such as diffusion is recommended for analysis of δ15N-NH4+. Though the time and cost-effectiveness of the proposed methods were not analyzed in the present study, the proposed protocol can be considered in the laboratories equipped with distillation apparatus for the determination of N of soil, water, and plant samples to save cost of installing additional experimental apparatus for the analysis of the δ15N of multiple N species.
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