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ABSTRACT 

Nitrogen (
15

N) isotope tracer studies are an invaluable tool for understanding the rate 

of N transformations in the environment. A mechanistic understanding of N cycling is 

critical to management of excess N availability in freshwater and marine ecosystems. 

Conventional methods for measuring 
15

N:
14

N of dissolved inorganic nitrogen species are 

time consuming and require large sample volumes. Here, we present a technique for 

measuring 
15

N:
14

N in ammonium (NH4
+
) using electrospray ionization mass spectrometry 

(ESI-MS). NH4
+
 present in small volumes of sample (3 ml) is complexed with phenol via 

the Berthelot reaction, producing an indophenol complex (mass 198.05 or 199.05 amu) to 

increase the molar mass of the N species for mass spectrometry. Excess reagents are 

removed and the indophenol product concentrated using automated C-18 solid phase 

extraction. The extracts are run through a diode array UV-Vis detector to measure total 

NH4
+
 concentrations and then passed to the ESI-MS to obtain the 

15
N:

14
N of the complex. 

The low N concentration detection limits for ammonium (0.8 μM) coupled with 

quantitative isotope abundance determination allows for convenient, rapid 

characterization of N transformations in aquatic environments.  
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INTRODUCTION 

The biogeochemical conversion of nitrogen (N) through the environment via the 

nitrogen cycle is a fundamental driver of ecosystem productivity, diversity, and function 

(Vitousek et al. 1997). The N cycle is primarily driven by microorganisms that undergo 

processes such as nitrification and nitrogen fixation that transform N species such as 

nitrate (NO3
-
), ammonium (NH4

+
), and N2 gas (Figure 1). The largest pool of N on earth, 

the N2 gas that makes up 78% of the atmosphere, is not able to be utilized by most 

organisms; N2 gas is only bioavailable to specific N-fixing bacteria that are able to break 

the strong triple N≡N bond (Delwiche 1977). However, the development of the Haber-

Bosch process in the early twentieth century allowed for the artificial fixation of N2 gas 

into ammonia (NH3):  

N2 + 3H2 → 2NH3  

(Glibert et al. 2014). The development of this process paved the way for large-scale 

artificial fertilizer use in the latter half of the twentieth century, increasing the global 

bioavailable N in terrestrial, marine, and freshwater ecosystems (Glibert et al. 2006). 

Human activities such as fertilizer use and fossil fuel combustion (releasing N2O, a 

greenhouse gas, into the atmosphere) have heavily altered the global reactive N pool 

(Vitousek et al. 1997, Dodds et al. 2002, Alexander et al. 2008), making alteration of the 

N cycle one of the starkest elements of anthropogenic change (Rockstrom et al. 2009). 

Much of the N introduced into the environment, whether via agricultural use, fossil 

fuel combustion, or other processes, eventually finds its way to streams, lakes, rivers, and 

oceans (Howarth et al. 1996, Galloway et al. 2003, Bruesewitz et al. 2012). The increase 

of bioavailable N in aquatic environments creates an increase in ecosystem primary 

productivity which in turn leads to a multitude of problems, including the development of 

hypoxic zones (Rabalais et al. 2002, Diaz and Rosenberg 2008), enhancing conditions for 

harmful algal blooms (Carpenter et al. 1998, Glibert et al. 2014, Paerl et al. 2016), and 

decreasing drinking water quality (Spalding and Exner 1993, Nolan et al. 1997, Rupert 

2008).  

In light of anthropogenic changes in N availability, there is an ongoing need to refine 

our understanding of N transformations in freshwater and marine ecosystems so we can 
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Figure 1. Common transformations that make up the N cycle. Processes are separated by 

oxic transformations on the left, which require oxygen to proceed, and anoxic 

transformations on the right, which do not require oxygen. Processes shown in blue are N 

fixation reactions that transform N2 gas into a bioavailable form of N, either via N-fixing 

bacteria (anoxic) or the artificial Haber-Bosch process (oxic). Adapted from Dodds et al. 

2002.  

better predict the effect of N perturbations on a system (Peterson et al. 2001, Alexander et 

al. 2009, Wymore et al. 2016). However, direct measurement of N transformations is 

difficult because multiple cycling processes take place concurrently (Groffman et al. 

2006, Burgin and Hamilton 2007). Instead, N isotope tracers are used to determine rates 

of N cycle transformations.  

Isotopic tracer studies of ecosystems or mesocosms are a powerful tool to quantify N 

transformations in a system through the addition of 
15

N, possibly in the form of 
15

N-NH4
+
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or 
15

N-NO3
-
. Often, the 

15
N tracer is experimentally added to a system such as a soil core 

or a water column, and the rate at which the 
15

N is transformed into another N species by 

biotic and abiotic processes allows researchers to determine the rate of the N cycling 

process. This experimental technique can be used to calculate many N transformation 

rates, including nitrification (Carini and Joye 2008), denitrification (McCarthy et al. 

2015), dissimilatory nitrate reduction to ammonium (DNRA) (Burgin and Hamilton 

2007) and assimilation, or N uptake (Gardner et al. 2006, Carini and Joye 2008, 

Bruesewitz et al. 2015).  

After these 
15

N tracer addition experiments are completed, the amount of 
15

N present 

in a collected sample must be determined. Specifically, the concentration of total N 

present and the isotopic ratio of 
15

N present (relative to 
14

N) within the sample must be 

quantified. In this paper, we specifically discuss the quantification of 
15

N-NH4
+
 species 

from such experiments.  

Different methods can be used to determine NH4
+
 isotope ratios from N tracer 

experiments (Table 1), many of which first convert NH4
+
 into another N species before 

instrumental analysis. Steam distillation methods (Velinsky et al. 1989) and NH3 

diffusion methods (Brooks et al. 1989, Sorensen and Jensen 1991, Holmes et al. 1998) 

convert NH4
+
 to gaseous NH3 for analysis by isotope ratio mass spectrometry (IRMS). 

These older techniques can be laborious and time-consuming, often demanding large 

volumes of each water sample to achieve a low detection limit. Another technique, 

ammonium isotope retention time shift (AIRTS) via high performance liquid 

chromatography (HPLC) (Gardner et al. 1991, 1995), has minimal sample preparation, 

small sample volume, a low detection limit, and is well-automated. However, sample 

throughput on the HPLC is slow (~2.7 hr/sample), making it difficult to process a high 

throughput of samples. Additional methods convert ammonium to other species, 

including N2O gas (Zhang et al. 2007, Liu et al. 2014), 1- sulfonato-iso-indole (Johnston 

et al. 2003), and N2 gas (Strange et al. 2007). 

Conversion of NH4
+
 to indophenol via the Berthelot reaction can also be used to 

quantify 
15

N-NH4
+
. Indophenol is typically a blue dye containing one N atom, and the 

Berthelot reaction is a standard method used to determine NH4
+
 concentration using UV-  
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Vis spectroscopy (Solorzano 1969, Patton and Crouch 1977). The NH4
+
 must first be 

converted to NH3 in a basic solution before the reaction proceeds. The Berthelot reaction 

is selective for NH3 specifically, so other amines present in the sample will not be 

reacted, such as amines in dissolved organic carbon (DOC) or proteins. The absorbance 

of the indophenol created can then be used to quantify total NH3 concentration.  

The strong color of the dye is due to the molecule’s conjugated π-bond system, which 

absorbs at the π→ π* transition. Indophenol has two predominant protonation states: a 

deprotonated state, characterized by a dark blue color that absorbs at 628 nm, and a 

protonated state, characterized by a pale red/pink color that absorbs at 495 nm.  The pKa 

of indophenol was previously calculated to be 7.8 (Z. Mondschein, personal 

communication). Refer to appendix for indophenol absorbance spectra (Figure A.1).  

The use of indophenol formation from NH4
+
/NH3 can be extended from the 

determination of total NH3 concertation to the quantification of 
15

N-NH4
+
 isotopic ratios. 

The synthesis of a larger molecule, such as indophenol, from NH4
+
 is necessary for 

isotopic analysis on many mass spectrometers to increase the analyte molecule’s
 
mass to 

be within the mass range of the instrument. The high concentration of N species in most 

isotope tracer studies and widespread use of the reaction for concentration determination 

makes the formation of indophenol a convenient technique to prepare samples for NH4
+
 

isotopic tracer study. 

Previous indophenol methods for isotopic characterization have used solvent 

extraction with analysis by emission spectroscopy (Dudek et al. 1986) and solid phase 

extraction with analysis by gas chromatography mass spectrometry (GC/MS) (Preston et 

al. 1996, Clark et al. 2006). The GC/MS method in particular is precise and highly 

accessible due to the wide availability of GC/MS instruments. However, the solid-phase 

extraction process requires significant time for sample processing and large sample 

volumes (2 L). 

We present a new method for simultaneous total NH3 (NH3 and NH4
+
) concentration 

and isotopic ratio determination for N tracer studies using semi-automated solid-phase 

extraction (SASE) and mass spectrometry with electrospray ionization input (ESI-MS). 

Water samples from 
15

N tracer experiments were reacted to produce indophenol 

(Solorzano 1969). The solutions were extracted by C-18 column chromatography to 
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remove excess reactants and produce a stable, concentrated sample for MS analysis. 

Samples were then analyzed with a combined spectrophotometer for total NH3 

concentration and ESI-MS for 
15

N:
14

N, expanding the toolbox for analysis of N isotope 

studies to ESI-MS instruments. Finally, we apply this method to analyze the results of a 

15
N isotopic tracer experiment to examine rates of DNRA in sediment cores from the 

Mission River, TX. 

This novel method is semi-automated, uses small sample volumes, has a low limit of 

detection, and is easily adjustable. It can be utilized with water samples of various 

matrixes, including saltwater and water containing DOC, which allows for a range of 

sample types that can be processed. The use of this technique will expand the ability of N 

researchers to preform and analyze 
15

N tracer experiments in a convenient manner. This 

method improves our capacity to quantify N cycle transformations in natural and human-

impacted systems by allowing for easier analysis of 
15

N tracer experiments.  
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METHODS 

 For this novel method, we developed and optimized a protocol for simultaneous total 

NH3 (NH3 and NH4
+
) concentration and isotopic ratio determination for 

15
N-NH4

+
 tracer 

studies. The steps for this technique include (1) color formation to generate indophenol 

from total NH3, (2) extraction to purify and concentrate the indophenol sample, (3) 

instrumental analysis on the UV-Vis spectrophotometer and ESI-MS, and (4) data 

analysis (Figure 2).  

 

Figure 2. Summary of NH4
+
 analysis protocol. (1) Total NH3 is bound into indophenol 

blue. (2) Acidification protonates the indophenol and optimizes the extraction process. 

Extraction removes excess reagents and concentrates the sample. (3) Samples are run on 

a diode array detector (DAD) spectrophotometer and a mass spectrometer with an ESI 

input. (4) Mass peaks are integrated at 198.06, 199.06, and 200.06 m/z. 

 

      Color Formation 

• Add phenol and 

oxidizing reagent to 

sample.  

• Allow to react in dark. 

      Extraction 

• Acidify sample. 

• Load sample onto C-18 

column.  

• Elute indophenol with 

acetonitrile solvent. 

      UV-Vis/MS 

• Measure absorbance 

at 495 nm.  

• Measure negative 

ion ESI-MS. 

Analysis 

Integrate chromatogram peaks. 
13

C and blank correction.  

1 

2 

3 

4 

Color Formation Reaction 

Phenol Reagent 
Oxidizing Reagent 

Acidification 

HCl 
pKa = 7.8  

Electrospray Ionization 

Indophenol Blue 

Indophenol Blue 

Indophenol Blue Indophenol Red 

Indophenol Red 
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Color Formation  

 NH4
+ 

was deprotonated in a basic reagent solution to form NH3, and then complexed 

into indophenol dye (Solorzano, 1969) to increase the mass of the N species, allowing it 

to be easily ionized and detectible on most mass spectrometers. Refer to appendix for full 

reaction (Figure A.2). The indophenol molecule displays a blue coloring in its 

deprotonated form and a red/pink color in its protonated form (pKa = 7.8). The predicted 

mass-to-charge (m/z) spectrum of the indophenol ion (-1 charge) is 198.06 (100%) m/z 

and 199.06 (13.0%) m/z at natural abundance of N isotopes.  

 All glassware used in the color formation procedure was washed in 20% 

hydrochloric acid before use. All chemicals used for reagent and standard preparation 

were obtained from Sigma Aldrich unless otherwise stated.  

A standard calibration curve was prepared using 
14

N-NH4Cl and 
15

N-NH4Cl that 

incorporates both varied N concentrations and isotopic ratios into a single set of 

standards. Suggested standards for the calibration curve (Table 2) include a reagent blank 

and two high NH4
+
 concentration standards, one with 0%

15
N and one with 100%

15
N, to 

monitor any irregularities in the 
14

N-NH4Cl and 
15

N-NH4Cl standards. Standards (3 mL) 

were prepared in duplicate by mass in 10 mL glass vials using stock solutions of 1.0 mM 

NH4Cl (natural abundance = 99.6%
14

N) and 1.0 mM 
15

N-NH4Cl (98% purity).  

 A phenol reagent was prepared with 0.37 M phenol and 1.5 mM sodium nitroprusside 

in milli-Q water. An oxidizing reagent was prepared with two components: a citrate 

buffer and sodium hypochlorite (available chlorine 4.00-4.99%). The citrate buffer (pH  

Table 2. Suggested NH4Cl standards used for both concentration and isotopic ratio 

determination.  

Total NH4
+
 

(μM) 
%

15
N-NH4

+
 

0 0 

5 20 

10 40 

20 60 

35 80 

50 0 

50 100 
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12.9) was prepared with 0.39 M sodium citrate and 0.25 M sodium hydroxide in milli-Q 

water. The citrate buffer and the sodium hypochlorite were combined respectively in a 

4:1 ratio to form the oxidizing reagent, which must be prepared just prior to analysis. 

Formation of indophenol requires deprotonation of NH4
+
 to NH3, which occurs in the 

basic solution created by the oxidizing reagent (Solorzano 1969). 

 Samples and standards (3 mL) were complexed by adding 115 μL of the phenol 

reagent, briefly shaking the sample, adding 115 μL of the oxidizing reagent, briefly 

shaking the sample, and reacting in the dark to prevent degradation. Samples were 

allowed to react for 6-24 hours for indophenol formation. Then, 81 μL of 0.625 M HCl 

was added to each sample. The acid protonates the indophenol molecule, forming the 

red/pink conjugate acid of indophenol, ending the reaction and optimizing the complex 

for solid-phase extraction. 

Solid-Phase Extraction 

Sequential solid-phase extraction removed excess inorganic reagents after color 

formation and concentrated the sample to 1 mL for analysis. Extraction was performed 

within 8 hours of acid addition on a Semi-Automatic Solid-phase Extractor (SASE), 

which consisted of a 10 mL Tecan Syringe, 2 C-18 Sep-Pak light columns (Waters) 

placed end-to-end to minimize indophenol leaking, and a Valco A/B valve, all controlled 

by LabView software (Figure 3). LabView software uses an intuitive visual programing 

language to create personalized “dashboards” for automated systems like SASE. The 

syringe withdrew inputs and directed them into the column, while the A/B valve allowed 

for the control of outputs, with indophenol directed to sample vials (A) and excess 

reagents directed to waste (B).  

The elution procedure for the sequential solid-phase extraction of protonated 

indophenol (Table 3) began with a priming step. The C-18 Sep-Pak columns were rinsed 

with acetonitrile by the Tecan syringe before output tubing was connected between the 

columns and the A/B valve. The acetonitrile rinsed the columns of loose C-18 particles 

that could clog the valve. The columns were used for a maximum of 20 sample elutions 

before they were replaced and the priming step was repeated.  
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Figure 3. Conceptual diagram of SASE used for indophenol reduction. (1) Inputs are 

pumped into the system via a Tecan syringe, controlled by LabView software. (2) Two 

C-18 columns are connected by tubing to the syringe and the A/B valve. Indophenol is 

loaded onto the columns in aqueous solution and eluted off the columns in acetonitrile 

solvent. (3) Outputs are separated by the A/B valve into sample (A) and waste (B). The 

sample is collected into a 1 mL amber glass vial for analysis on the DAD and ESI-MS. 

An initial water rinse optimized the C-18 columns for organic indophenol retention. 

The acidified sample was then loaded onto the columns, and the red/pink color was 

visibly retained on the columns in high concentration samples. The inorganic portion of 

the sample that was not retained on the columns was directed to waste. This step can be 

scaled to any desired sample volume, as long as the indophenol does not exceed the 

capacity of the columns. Acetonitrile was pumped through the columns to elute the 

indophenol off the C-18 and into a 1 mL amber vial for MS analysis. Rinse steps were 

liberally used throughout the extraction procedure to wash the column and prevent cross-

contamination of samples. 

Analysis on ESI-MS 

 Samples were analyzed on an Agilent G6230A time-of-flight mass spectrometer 

with an electrospray ionization input (ESI-TOF-MS) and a paired diode array detector 

(DAD) to give simultaneous absorbance spectra. A TOF-MS was selected for its high 

resolution, but the specific instrument is not required for this technique. Other MS types  

 

Automated Tecan 

Syringe 

Sample/Rinse 

Solvent 

Milli-Q Water 

1. Inputs 

C-18 Sep-Pak 

Columns 

2. Columns 3. Outputs 

A/B Valco 

Valve 

A. Sample 

B. Waste 

To DAD  
and ESI-MS 
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Table 3. Sequential solid-phase extraction of indophenol on SASE. A and B outputs refer 

to the A/B valve positions; A directs column output to the sample output tubing and B 

directs column output to the waste output tubing. Solvent used is 100% reagent-grade 

acetonitrile. Rinse steps help to prevent contamination of the previous sample. 

Step Purpose Input Volume (mL) Output Notes 

1 Priming Solvent 4 -- No output tubing 

connected to column. 

Repeated only when 

columns are replaced.  
 

2 Rinse Solvent 4 B Column and tubing rinse. 
 

3 Rinse Solvent  1 A Output A tubing rinse. 

Do not keep as sample. 

4 Rinse Sample* 2 Sample 

Input 

To rinse sample input 

tubing, milli-Q water was 

withdrawn through the 

sample input and 

dispelled through the 

same input to waste.  
 

5 C-18 

Optimization  

Milli-Q 3 B For maximum 

indophenol retention on 

C-18 columns. 
 

6 Sample 

Loading 

Sample 3 B Removal of inorganic 

components in sample 

and retention of 

indophenol on columns. 
 

7 Rinse Milli-Q 3 B Column rinse.  
 

8 Purging 

Sample 

Tubing 

Solvent 1 B To being eluting 

indophenol off columns 

while purging output 

tubing of excess liquid. 

Volume is dependent on 

the length of output 

tubing.  
 

9 Sample 

Elution 

Solvent 1 A Sample collected in 

amber vial for 

instrumental analysis.  
 

*Step 4 is a rinse of the sample input tubing with milli-Q water (18 MΩ), not with actual sample. 
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can be used as long as they are compatible with an ESI input or a similar ionization 

technique. Each sample (10 μL) was injected with an acetonitrile solvent at a flow rate of 

0.400 mL min
-1

 and run for 6 min with a 1 min post-time rinse. The ESI-TOF-MS was 

run on negative ion mode with a data acquisition rate of 2 spectra s
-1

. Additional 

parameters for ESI-TOF instrumentation are given in Table 4.  

 A peak at 495 nm with a 10 nm bandwidth was extracted from the DAD and 

integrated to find peak area. A calibration curve of [NH4
+
] vs. absorbance peak area was 

generated for unknown analysis. Peak chromatographs from the mass spectrometer were 

extracted from 198.03-198.10 m/z and 199.03-199.10 m/z, and were integrated to 

calculate peak area. A correction for the blank was applied by subtracting the blank peak 

areas from each standard peak area.  A correction for the carbon-13 (
13

C) isotope is 

necessary because abundance of 
13

C is ~1.1% in the environment. In other words, ~1.1% 

of the C atoms in the indophenol sample are an isotopically heavy version of C. This 

signal would interfere with the 
15

N isotope signature, and must be predicted and corrected 

for. A 
13

C correction was applied to the peak areas by decreasing the 199 m/z peak area 

(A199) by 13.0% of the 198 m/z peak area (A198) to find the corrected 199 m/z peak area 

(A
*
199):  

A
*
199 = A199 – (A198 × 0.130)           (1) 

The correction of 13.0% is the expected percentage of indophenol molecules containing 

one 
13

C atom, as predicted by ChemDraw (v. 16.0.0.82). 

Table 4. Empirically optimized ESI-TOF parameters.  

Parameter Value 

Nebulizer Gas Temperature 200°C 

Drying Gas Rate 6 L min
-1

 

Nebulizer Pressure 20 psig 

Sheath Gas Temperature 200°C 

Sheath Gas Flow Rate 12 L min
-1

 

Cap Voltage 1500 V 

Nozzle Voltage  500 V 

Fragmentor Voltage  200 V 

Skimmer Voltage 65 V 
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 %
15

N was determined by the 198:199 m/z corrected peak area ratio: 

%
15

N = A
*
199 / (A198 + A

*
199) × 100      (2) 

A calibration curve of calculated %
15

N vs. standard %
15

N was generated for unknown 

analysis. Limits of Detection (LOD) for both concentration and %
15

N calibration curves 

were calculated from the slope (m) and the mean standard deviation of a low-

concentration sample (Sy); (Harris 2010). 

LOD = 3 × (Sy / m)          (3) 

Effect of Analysis Time 

 To test how long samples could remain in the color formation reaction before 

acidification and extraction, the time before acidification was varied. Replicates of a 

calibration curve were allowed to react for 6 hours, 1 day, 3 days, and 1 week. The 

effects on the calibration curves were analyzed to determine how long a sample can stay 

in the color formation stage of the process and the effect of degradation on the 

indophenol dye during the color formation reaction.  

 In order to test the stability of samples after extraction in acetonitrile, the same 

calibration curve was continually analyzed on the DAD and ESI-MS for 1 month. This 

allowed for an estimation of how long extracted samples could be stored in acetonitrile 

solvent before instrumental analysis without degradation.  

DOC and Salinity Effects 

 Many environmental studies to determine N transformation rates are conducted in 

saltwater ecosystems or ecosystems with some amount of DOC. To determine if this 

method can be applied to samples at salinity or with DOC, a range of spikes of a known 

concentration and isotopic ratio were added to water with 6.69±0.08 mg DOC L
-1

 from a 

stream in Oakland, Maine and filtered seawater at 36‰ salinity from the Damariscotta 

Estuary in Maine. The variance and slopes of the spike responses were analyzed. 

Application to Environmental Samples 

To demonstrate the application of this novel method for the analysis of 

environmental 
15

N tracer experiments, we conducted a sediment core incubation 
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experiment to quantify rates of NO3
-
 transformation to NH4

+
 via DNRA. Sediment cores 

and carboys of sub-surface water were collected in duplicate from upstream and 

downstream sites along the Mission River, Texas in January, 2017 (Figure 4). The cores 

were incubated at 12°C with 5 cm of water above the sediment, a cross-sectional area of 

0.0045 m
2
, and a continuous water flow of 1.0-1.3 mL min

-1
. Inflow and outflow water 

from the sediment core incubations was sampled 24 h and 48 h after field collection. The 

incubation water was then lowered to 15 L and spiked with Na
15

NO3
-
 (Cambridge Isotope 

Laboratories, >98% 
15

N) to give a concentration of 25 μM 
15

N. Inflow and outflow water 

from the sediment core incubations was sampled 24 h, 48 h, and 72 h after the 
15

N-NO3
-
 

spike. Water samples were filtered with a 0.45 μm polyethersulfone (PES) membrane 

filter (Whatman), and stored frozen.   

 

 

Figure 4. Map of the Mission River study site in southern Texas with land use and land 

cover types given. The Mission River watershed is outlined in blue. Specific points 

marked on this map are unrelated to the study presented here. From Mooney and 

McClelland (2012). 

Mission River 
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Upon thawing, 3 mL of each sample was analyzed for total NH3 concentration and 

%
15

N-NH4
+
, as described above. For the input and the output water samples, the total 

[NH4
+
] was determined from the concentration calibration curve and the %

15
N-NH4

+
 was 

determined by Equation 2. The net N flux of the system was calculated with the NH4
+ 

concentration of the output water ([Out]) and input water ([In]) in μM, the cross-sectional 

area of the soil core (Acore) in units of m
2
, and the flow rate of the input and output water 

(F) in mL min
-1

: 

Flux = (F / Acore) × ([Out] – [In]) × 0.06        (4) 

The factor of 0.06 is a unit conversion factor, and the flux is in units of μmol N m
-2

 h
-1

. 

When the net NH4
+
 flux is positive, the system displays net NH4

+
 regeneration, including 

processes such as remineralization and DNRA. When the net NH4
+ 

flux is negative, the 

system displays net NH4
+
 uptake, including processes such as nitrification and N 

assimilation.  
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RESULTS 

Concentration and %
15

N Calibration Curves 

 There is strong agreement between the expected and observed ion counts for 

indophenol peaks when corrections for the 
13

C effect and natural abundance of 
15

N are 

taken into account (Figure 5). The peaks of interest (198.06 m/z, 199.06 m/z, and 200.06 

m/z) are well-resolved, and there are no other substantial peaks within a similar m/z 

range that might interfere with the peaks of interest. These results confirm that we are 

able to detect the 
15

N indophenol isotopic ratio from the MS chromatograms.  

 There is a linear response between total NH3 concentration and absorbance at 495 

nm (R
2
 = 0.9996, Sy = 9.15, n = 12), and between expected %

15
N and determined %

15
N 

(R
2
 = 0.9997, Sy = 0.665, n = 12) in a milli-Q water matrix (18 MΩ); (Figure 6). The 

slope of the %
15

N curve was approximately equal to 1, which is a noteworthy component 

of this technique; there is very strong linear agreement between the expected %
15

N from 

the standards and determined %
15

N from the method, confirming that we are able to 

accurately measure the N isotope ratio, validating and the approach taken in this 

technique. The 1:1 relationship between expected %
15

N and determined %
15

N also 

indicates that no linear regression is necessary to standardize between the two values; 

%
15

N can be determined directly from peak area ratios without calculating a calibration 

curve.  

 To ensure that the reaction and extraction process proceeds equivalently with both N 

isotopes, concentration standards were created with 99.6% 
14

N-NH4
+
 (natural abundance) 

and 98% 
15

N-NH4
+
 (manufacturer’s purity). The resulting concentration calibration 

curves were visibly virtually identical, with the 
14

N total [NH3] curve (slope = 21.1±0.4; 

Sy = 15.4, n = 12) and the 
15

N total [NH3] curve (slope = 20.9±0.2 μM
-1

; Sy = 10.6, n = 

12) both demonstrating low mean standard deviation and similar slopes. Thus, this 

method does not promote measurable fractionation between the N isotopes.   

 The limit of detection is 1.5 μM for total NH3 concentration and 2.2%
15

N in a milli-

Q water matrix. The upper limit for concentration was not determined, but it is likely set 

by the capacity of the Sep-Pak column during extraction and the DAD upper limit.   
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Figure 5. Spectral results in detected ion counts of standards containing 35 μM NH4

+ 
and 

99.6% 
14

N-NH4
+
 (a) and 98% 

15
N-NH4

+ 
(b). The expected isotopic distribution of each 

species, normalized to the highest peak shown in each spectrum, is marked with 

horizontal dashed lines 
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Figure 6. Calibration curves in a milli-Q water (18 MΩ) matrix of absorbance at 495 nm 

vs. known standard total [NH3] (n = 12) with %
15

N for each standard shown (a) and 

determined %
15

N vs. known standard %
15

N (n = 12) with total [NH3] for each standard 

shown (b). Quadratic 99.9% confidence intervals are plotted in dashed grey.   
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 The moderate total NH3 concentration blanks (0.7±0.3 μM) are likely due to NH3 

contamination from the air, glassware, and extraction process. Several measures were put  

in place to limit ammonium contamination, including limiting the sample’s exposure to 

air, extra rinses of water or acetonitrile between each extraction step, and a longer run-

time on the ESI-MS to prevent sample spill-over.  

 It is likely that the NH3 concentration blank and the LODs for both the total [NH3] 

and %
15

N calibration curve could be decreased by as much as an order of magnitude each 

if additional care against NH3 contamination was taken in the sample preparation. For 

example, future standard curves could be prepared in a room separated from the main 

laboratory. This might prevent NH3 contamination from a standard laboratory 

environment that freely utilizes NH3-containing reagents and samples.    

The mean standard deviations of the calibration curves do not substantially change 

when the amount of time the sample spent in the color formation stage of the procedure is 

varied from 6 hours to 7 days (Table 5), indicating that reaction time could be greater 

than 1 day as long as unknowns are analyzed with a calibration curve that has been 

reacted for the same amount of time.  

DOC and Salinity Effects 

 When filtered water from a DOC-containing stream (6.69 mg DOC L
-1

) was spiked 

with various NH4
+
 concentrations and isotope ratios, a linear relationship was observed 

for absorbance at 495 nm vs. total [NH3] (ε’ = 20.0±0.3 mol mL
-1

 cm
-1

, R
2
 = 0.9992, Sy = 

Table 5. Response of calibration curves in a milli-Q water matrix with varied color 

formation reaction times (n = 8). ε’ is the effective molar absorptivity (mol mL
-1

 cm
-1

) 

calculated from the slope of the calibration curve. The slope of the calibration curve is the 

ratio of determined %
15

N to standard %
15

N.   

Time Reacted 
Total [NH3] %

15
N 

ε' Sy Slope Sy 

6 hours 21.4±0.4 17.2 1.01±0.02 1.57 

1 day 20.5±0.3 11.4 1.02±0.04 2.80 

3 days 21.8±0.5 21.6 1.04±0.03 2.69 

7 days 20.8±0.2 8.66 1.01±0.02 1.88 
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12.4, n = 12) and calculated %
15

N vs. expected %
15

N  (slope = 1.00±0.02, R
2
 = 0.9978, Sy 

= 1.77, n = 12). However, the DOC absorbance blank was not only due to total [NH3] 

contamination; the higher organic concentration of the matrix included unrelated DOC 

compounds that also absorb in the 495 nm wavelength range. Determination of the initial 

[NH4
+
] present in the matrix is required to calculate the expected %

15
N in the spike.  

 Spikes of a seawater sample (36‰) with various NH4
+
 concentrations and isotope 

ratios also displayed a linear relationship for absorbance at 495 nm vs. total [NH3] (ε’ = 

21.2±0.7 mol mL
-1

 cm
-1

, R
2
 = 0.9962, Sy = 27.0, n = 12) and calculated %

15
N vs. 

expected %
15

N (slope = 1.000±0.009, R
2
 = 0.9997, Sy = 0.663, n = 12). To create 

calibration curves for unknown samples at salinity, we suggest processing standards in an 

artificial seawater matrix with a composition of NaCl salt at the desired salinity 

concentration and a bicarbonate buffer (0.196 g/L NaHCO3) to approximate sample 

salinity. For a calibration curve with an artificial seawater matrix (19‰), a linear 

relationship and low mean standard error was displayed for absorbance at 495 nm vs. 

total [NH3] (R
2
 = 0.9999, Sy = 2.63, n = 12) and determined %

15
N vs. standard %

15
N (R

2
 

= 0.9996, Sy = 0.818, n = 12); (Figure 7). This curve exhibited low limits of detection: 

0.82 μM for NH4
+
 concentration and 2.7%

15
N. 

Sample Stability 

 To test the stability of the indophenol extraction into acetonitrile, one calibration 

curve in an artificial seawater matrix (19‰) was analyzed by DAD and ESI-MS for 21 

days. Over time, the determined %
15

N of an extracted standard remained relatively 

consistent, while the absorbance at 495 nm generally increased as the days since the 

sample was extracted increased (Figure 8), possibly due to evaporation of the samples. 

The mean standard error of the total [NH3] calibration curve fit increases over time, while 

the mean standard error of the %
15

N calibration curve fit showed no increase (Table 6). 

This increased standard error represents greater random error in the indophenol 

absorbance measurements as the time after extraction increased. However, the total 

[NH3] change appears to be relatively small, and should not affect unknown analysis as 

long as samples are processed at the same time as the calibration curve used.  

 



 

21 

 

 

 

 

Figure 7. Calibration curves in an artificial seawater (19‰) matrix of absorbance at 495 

nm vs. known standard total [NH3] (n = 12) with %
15

N for each standard shown (a) and 

determined %
15

N vs. known standard %
15

N (n = 12) with total [NH3] for each standard 

shown (b). Quadratic 99.9% confidence intervals are shown by dotted grey lines.   
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Figure 8. One standard (20 μM, 60%
15

N) run on a DAD and an ESI-MS multiple times 

over 21 days. Values are the averages of blank-corrected duplicates with standard 

deviations shown (n = 12). Note that the break in the y-axis serves to highlight variations 

in absorbance and determined %
15

N.  
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Table 6. Response of one calibration curve in an artificial seawater matrix (19‰) that 

was analyzed by DAD and ESI-MS 5 times over 21 days (n = 12). ε’ is the effective 

molar absorptivity (mol mL
-1

 cm
-1

) calculated from the slope of the calibration curve. The 

slope of the calibration curve is the ratio of observed %
15

N to actual %
15

N. 

 

 Days After 

Extraction 

Total [NH3] %
15

N 

ε' Sy Slope Sy 

1 10.52±0.06 2.63 1.01±0.01 0.82 

3 10.96±0.09 3.91 1.01±0.02 1.32 

7 11.7±0.1 4.77 1.009±0.009 0.62 

14 13.5±0.2 10.0 1.001±0.008 0.69 

21 14.9±0.4 15.5 1.006±0.009 0.72 

 

Experimental Sample Results 

To demonstrate the application of this method for analyzing sample outputs of 
15

N 

tracer experiments, the results of sediment core incubation experiments from Mission 

River, TX, were analyzed using this novel technique. The net NH4
+ 

flux and net 
15

N-

NH4
+
 flux were determined from 2 flow-through sediment core incubations (n = 4); 

(Figure 9) in order to examine rates of DNRA that occurred within the sediment core 

incubation. 

Unfortunately, the results of this sediment incubation experiment were inconclusive, 

and a DNRA rate could not be accurately quantified due to a lack of 
15

N enrichment of 

the NH4
+
 pool. The results suggest that multiple rapid N transformation processes 

occurred within the system.  

In general, both cores show a net zero rate of NH4
+
 production, suggesting that 

uptake and regeneration processes are in balance. When the NH4
+
 flux rates are nonzero, 

there tends to be a positive net rate of NH4
+
 regeneration, indicating that there is net NH4

+
 

production in the system, as would be expected from DNRA rates. The only exception is 

day 1 of the downstream core incubation (Figure 9.b), which shows high rates of total 

NH4
+
 uptake. This may be due to a lack of equilibrium conditions after the initial NO3

-
 

spike, and the days 2 and 3 are likely more accurate representations of the true net NH4
+ 

flux.  



 

24 

 

 

Figure 9. Net NH4
+
 flux results of two soil core incubation experiments from an upstream 

site (a) and a downstream site (b) on Mission River, TX.  Input water was spiked with 
15

N-NO3
-
 to measure the rate of N reduction to NH4

+
. Asterisks (*) represent 

measurements of 0% 
15

N-NH4
+
.  Error bars represent standard deviations (n = 4). Note 

the difference in y-axis scales.  
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Although there is sometimes net NH4
+
 production, there is no strong 

15
N-NH4

+
 

production signal; all nonzero 
15

N-NH4
+
 fluxes are negative, indicating a net 

15
N uptake. 

This result suggests that DNRA is not a dominant process in the system, and the net 

production of NH4
+
 is not due to NO3

-
 reduction, as with DNRA, but due to another N 

transformation such as remineralization. A dominant remineralization process would 

produce a positive net flux of total NH4
+
, but would not produce 

15
N-NH4

+
 from the 

15
N-

NO3
-
 pool.  

Finally, it appears as though the NH4
+ 

is cycling quickly through the system, as 

evidenced by the dilution of the 
15

N signal over time. The NH4
+
 present in the system was 

in high demand, and most molecules were likely consumed soon after production. The 

15
N tracer spiked into the system was being cycled quickly through different N species 

and was subsequently diluted through the course of the experiment. The N 

transformations responsible for this dilution interfere with our ability to quantify even a 

low DNRA rate because the [
15

N-NH4
+
] signal required to calculate the rate is depleted 

by these other processes.   

If positive DNRA rates were present within the sediment core incubation, they were 

obscured by other N processes within the sediment core. These processes, which likely 

included remineralization from organic N, occurred at a finer time-scale than 

experimental sampling took place, preventing us from capturing the dynamic N processes 

taking place within the core incubations. If output sampling had occurred more frequently 

than once every 24 h, we may have been able to observe the DNRA process before the 

[
15

N-NH4
+
] was diluted by subsequent N transformations.  

A portion of the samples generated in this experiment were also analyzed via the 

AIRTS/HPLC method for 
15

N-NH4
+
 determination (W. S. Gardner, personal 

communication). In general, there was good agreement between the two methods. The 

inconclusive results of this study are due set-backs in the incubation experiment itself, 

and not in the analysis of the sample outputs by the method presented in this paper.  
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DISCUSSION 

Method Evaluation 

 We have developed a novel technique to determine NH4
+
 concentration and isotopic 

ratios from 
15

N tracer experiments that is easy to use, time-effective, has a low detection 

limit, and uses small sample volumes. This method extends 
15

N-NH4
+ 

analysis to ESI-MS 

instrumentation, which has never been previously accomplished. Additionally, this 

method is accessible to undergraduate institutions because the instrumentation required 

includes only a spectrophotometer and a mass spectrometer that is compatible with an 

ESI input, both relatively common instruments in an undergraduate facility. Thus, this 

method is broadly accessible and expands the ability for N researchers to perform and 

analyze 
15

N-tracer experiments.  

 This technique is more convenient that many other 
15

N methods. A 3 mL sample 

volume allows researchers to collect smaller, more easily transportable volumes of 

sample and still have some volume left over for additional water sampling tests. This is 

especially important for flow-through sediment core experiments, where sampling the 

outflow water in large volumes takes a considerable amount of time because of the low 

flow rate of the experiment. The simultaneous determination of UV-Vis and MS analysis 

provides simultaneous determination of NH4
+ 

concentration along with isotopic analysis, 

which reduces analysis time and sample volume necessary to compute N-transformation 

rates. The technique can be used for freshwater, saltwater, and DOC-containing samples, 

allowing for a broad range of experimental applications, including freshwater streams and 

lakes, estuaries, and marine ecosystems. Additionally, the automation provided by the 

LabView software can process large quantities of samples (~50-100 per day), and the 

SASE can be employed and adjusted to accommodate specific needs. The LabView 

software uses an intuitive visual programing language, and the SASE “dashboard” coding 

is simple to use and adjust.   

 This technique is not limited to NH4
+
; nitrate (NO3

-
) and nitrite (NO2

-
) can be 

complexed into an azo dye (mass 369.12 or 370.12 m/z) via the Griess reaction, a 

traditional colorimetric reaction used for concentration determination (Miranda et al. 

2001). Although a different elution procedure would be necessary for the solid-phase 
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extraction of the Griess azo dye, the method would follow a parallel concept as the NH4
+
 

indophenol method.  

 Phenol is a known carcinogen and can be hazardous if it is inhaled, ingested, or 

comes into contact with skin. This method was adjusted to use lower levels of phenol 

reagent than in previous methods for measuring NH4
+
 concentrations, therefore 

decreasing exposure and the amount of hazardous waste produced.  

 While this method is well-suited to analyze the sample output of 
15

N tracer 

experiments where a relatively large amount of 
15

N species is added to the experimental 

system, this method is not suitable for 
15

N natural abundance experiments. Many N 

researchers are interested in measuring the natural levels of 
15

N present in different 

environments or organisms, but such small deviations in the abundance of the 
15

N isotope 

cannot be determined with the ESI-MS in this method. This is because typical ESI-MS 

instruments, such as the TOF instrument used in this study, do not have the signal-to-

noise resolution required for %
15

N determination to the hundredth of a percent. Tracer 

experiment samples generally contain larger difference in %
15

N and tend to be well 

within the suitable range for this method.   

Applications to 
15

N Tracer Experiments 

 The tracer experiment application presented in this paper was not successful in 

calculating rates of DNRA in soil core incubation experiments. The results of the study 

were inconclusive because multiple N transformation processes occurred at a faster rate 

than our sampling timescale was able to capture. This led to much of the 
15

N-NH4
+
 

formed via DNRA to be transformed into another N species before we could successfully 

capture the NH4
+
 species and measure the rate of DNRA transformation.  

 To better design this sediment core experiment, we recommend that the outflow 

water be sampled more frequently than every 24 hours, perhaps every 6 hours. This 

would provide a finer scale to observe N transformations, and possibly capture the 

elusive DNRA rate.  

 Despite the lack of conclusive results from this experiment, this method is currently 

being employed to analyze samples from other 
15

N tracer experiments, including in 

estuary and lake environments (D. A. Bruesewitz, personal communication). The use of 
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this method has proved to be efficient and effective in the determination of N
 

transformation rates from 
15

N tracer experiment samples.  

Planned Future Experiments 

 Future experiments should be conducted to more conclusively verify this method 

(Table 7). These studies should include additional testing to determine a more accurate 

limit of detection for total [NH3] and %
15

N using the milli-Q water calibration curve. We 

predict that the true limit of detection of this method is at least an order of magnitude 

smaller than the limit presented here. To verify this, future standard curves should be 

prepared with care in a NH3 “clean room”, in which significant concentrations of NH3, 

NH4
+
, or other N species have not been routinely used in the laboratory space. Hopefully, 

these precautions will prevent NH3 contamination from a standard laboratory 

environment and decrease the standard error and NH3 blank concentrations in the 

calibration curve.  

 Other future experiments should test if increasing the volume of initial sample will 

increase the sensitivity of the instrument. Sample volumes of 1-10 mL could be tested to 

determine how the mean standard error and limit of detection varies with sample volume.  

At the moment, the low sample volume used in this method is a logistical advantage, but 

increasing the volume may increase the signal detected by the instruments, which would 

in turn lower the standard error and limit of detection for the method. If this is the case, 

researchers could decide for themselves how to manage the trade-off between the 

logistical ease of lower sample volumes and the increased sensitivity of larger sample 

volumes.   

 Additional testing should also optimize the determination of 
15

N-NH4
+
 in water 

containing concentrations of DOC. Samples containing a substantial concentration of 

DOC were observed to contain organic compounds other than indophenol that absorb at 

495 nm. To correct for this absorbance interference, it may be possible to increase the pH 

to convert the indophenol to its blue, deprotonated form, which absorbs at 628 nm. Fewer 

DOC compounds are likely to absorb in the higher wavelength, and so there would be 

less interference in the indophenol absorbance signal. It might also be possible to increase 

the amount of phenol reagent used, in case a portion of the phenol added to the color 
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Table 7. Planned future experiments for method validation. 

  Question Design 

1 What is the true LOD of 

this method? 

Test additional calibration curves 

with a milli-Q water (18 MΩ) 

matrix, taking extra precautions 

with laboratory NH3 

contamination.  

2 How does the method's 

sensitivity change with 

sample volume? 

Alter initial sample volume from 

1-10 mL and examine the 

calibration curve response. 

3 How does the method's 

sensitivity change with 

injection volume? 

Alter DAD and ESI-TOF 

injection volume from 5-50 μL 

and examine the calibration curve 

response. 

4 How can samples with 

high DOC levels be 

processed most accurately 

and effectively? 

a. Increase sample pH after 

extraction to determine 

absorbance spectrum of 

indophenol blue at 628 nm.   

b. Increase the amount of 

phenol reagent used to ensure 

complete complexation of 

total NH3. 

c. Use the total ion count of all 

indophenol species to 

estimate total [NH3], instead 

of using UV-Vis 

spectrophotometry. 

 

formation reaction is reacting with the DOC molecules. Increasing the amount of phenol 

reagent would then ensure all NH3 molecules present in the sample are reacted into 

phenol. Finally, the total ion count for all indophenol species (198.06, 199.06, and 200.06 

m/z chromatograms) could be used to estimate [NH4
+
]. The isotopic ratio of indophenol 

should be unaffected by the DOC concentration, and can be calculated as normal.  
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CONCLUSION  

 The method for the determination of NH4
+
 isotope ratios from 

15
N tracer experiments 

outlined in this paper extends the ability for researchers to study the N cycle by 

preforming and analyzing the results of 
15

N tracer experiments. The technique is 

accessible, flexible, time-effective, and has a low sample volume. It extends the analysis 

of 
15

N-NH4
+
 to ESI-MS instruments, thus expanding the ability of N researchers to 

conduct such tracer experiments with a wider range of instrumentation. 

 The method presented has low standard error and a low limit of detection for both 

fresh (1.5 μM NH4
+
, 2.2%

15
N) and saltwater (0.82 μM NH4

+
, 2.7%

15
N) matrixes, and the 

true limit of detection is likely lower. The method can be extended to account for samples 

with concentrations of DOC, and is stable for at least 3 weeks in its extracted form.   

 The goal of this work was to facilitate environmental monitoring of N processes and 

anthropogenic perturbations in the N cycle in terrestrial, freshwater, and marine 

ecosystems. However, this method could have far-reaching implications in other fields as 

well. Disciplines such as biochemistry and atmospheric chemistry also use 
15

N tracer 

experiments to track N transformations, and could adapt this technique for NH4
+
 isotopic 

determination in a broad range of samples. 
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APPENDIX 

 

Figure A.1. Absorbance spectrum of indophenol in solutions at two different pH values. 

The “blue” deprotonated solution absorbs at ~628 nm and the “red” protonated solution 

absorbs at ~495 nm.  
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Figure A.2. Mechanism for the formation of deprotonated indophenol. The N atom is 

either 
14

N or 
15

N. Adapted from Patton and Crouch (1997).  
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