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ABSTRACT 

 

Quadruple isotope dilution mass spectrometry (ID4MS) has been applied for simultaneous determination 

of nitrite and nitrate in seawater. ID4MS allows for high-precision measurements and entails the use of 

isotopic internal standards (18O-nitrite and 15N-nitrate). We include a tutorial on ID4MS outlining optimal 

experimental design which generates results with low uncertainties and obviates the need for direct 

(separate) evaluation of the procedural blank. Nitrite and nitrate detection was achieved using a headspace 

GCMS procedure based on single-step aqueous derivatization with triethyloxonium tetrafluoroborate at 

room temperature. In this paper the sample preparation was revised and fundamental aspects of this 

chemistry are presented. The proposed method has detection limits in the low parts-per-billion for both 

analytes, is reliable, precise, and has been validated using a seawater certified reference material (MOOS-

2). Simplicity of the experimental design, low detection limits, and the use of quadruple isotope dilution 

makes the present method superior to the state-of-the-art for determination of nitrite and nitrate, and an 

ideal candidate for reference measurements of these analytes in seawater.  

 

 

Keywords: quadruple isotope dilution, high-precision, nitrite and nitrate, seawater, triethyloxonium 

tetrafluoroborate derivatization, GCMS  
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1. INTRODUCTION 

The precise and accurate determination of nitrite, nitrate and other nutrients in seawater is a mature topic 

in marine biology and the importance of this subject was recently highlighted by the Intergovernmental 

Panel on Climate Change (IPCC): “changes in nutrient concentrations can provide information on 

changes in the physical and biological processes that affect the carbon cycle and could potentially be used 

as indicators for large-scale changes in marine biology” [1]. 

In spite of the need for high-quality data for nutrients in seawater, most of the classical analytical 

chemistry methods for nitrite and nitrate are still based on spectrophotometric and electrochemical 

detection [2-3]. These approaches cannot deliver specificity and sensitivity and can be significantly 

affected by the seawater matrix. Furthermore, direct colorimetric assays are available for nitrite, but not 

for nitrate, which is routinely determined as nitrite after heterogeneous-phase reduction [4]. Analytical 

chemistry approaches for nitrite and nitrate in seawater are, therefore, limited when high-precision is 

demanded, and mass spectrometry should be preferred.  

Mass spectrometry detection can address specificity and sensitivity and it allows for isotope dilution 

calibration [5]. Isotope dilution is widely recognized as one of the most accurate approach of modern 

quantitative analysis [6-7]. Since its introduction, however, isotope dilution has encountered many 

evolutions, including the recent formulation of the concept of quadruple isotope dilution (ID4MS) [8]. 

ID4MS achieves quantitation of the analyte by determination of the isotopic composition of four blends 

which are made by mixing the sample and the primary standard solution of the analyte with the isotopic 

internal standard. When an optimal experimental design (exact-matching) is adopted, ID4MS provides 

results with high metrological quality [8]. In this paper ID4MS has been applied for the first time to 

quantitate nitrite and nitrate in seawater. To facilitate the use of this new method, we also include a 

tutorial explanation of the ID4MS along with an Excel spreadsheet. 

The application of ID4MS for the speciation of nitrite and nitrate depends on availability of mass 

spectrometric methodologies able to detect the analytes while avoiding any artifacts which may affect the 
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results [5]. Despite the use of ESIMS [9-10] and thermal ionization mass spectrometry [11] for such 

measurements, GCMS-based methods are more attractive due to the wide availability of the GCMS [12]. 

However, neither nitrite nor nitrate are volatile, therefore they cannot be subjected to gas chromatography 

without derivatization. In this vein, the nitration of an aromatic compound was first proposed for the 

conversion of nitrate into nitro-arenes [13]. This approach requires a strongly acidic reaction medium 

which can cause the unwanted conversion of nitrite to nitrate [14-15]. A modern alternative to nitration is 

alkylation with pentafluorobenzyl bromide (F5BzBr). Alkylation with F5BzBr was proposed for nitrite 

[16], and later extended to both nitrite and nitrate [17-18]. Despite the specificity and sensitivity of this 

method, sample preparation requires a non-aqueous reaction medium (acetone), elevated reaction 

temperature (50 °C for 1 h), and a toluene extraction after the evaporation of the reaction medium. To 

overcome the disadvantages of the F5BzBr alkylation, we recently proposed an alternative carbon-based 

derivatization chemistry for nitrate and nitrite [19] based on use of triethyloxonium tetrafluoroborate, 

Et3O
+[BF4]

− to convert nitrite and nitrate to ethyl nitrite and ethyl nitrate, respectively. Triethyloxonium 

tetrafluoroborate [20-22] is a water soluble reagent able to perform ethylation in aqueous media and at 

room temperature. Both EtONO and EtONO2 are volatile and can be sampled in the headspace, allowing 

for their separation from the sample matrix before the GCMS analysis. This simple state-of-the-art GCMS 

method in combination with quadruple exact-matching isotope dilution calibration provide a robust 

approach for the speciation of nitrite and nitrate in seawater, producing high-precision metrological 

results. 
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2. MATERIALS AND METHODS 

 

2.1 Reagents 

Isotopically enriched nitrates, K15NO3 (x(15N) = 0.99 mol/mol) and KN18O3 (x(18O) = 0.75(5) mol/mol) 

were obtained from Cambridge Isotope Laboratories. A solution of 18O-labeled nitrite was prepared by 

reduction of an aqueous solution of KN18O3 in a copper-cadmium column, as reported previously [19]. 

Triethyloxonium tetrafluoroborate, Et3O
+[BF4]

−, was obtained from Fluka (w > 0.97 g/g). Standard 

solutions of nitrite were prepared from high-purity NaNO2 (Aldrich, trace metals basis; w(NaNO2) = 

0.999 99 g/g) and standardized against sodium oxalate (NIST, RM 8040) by permanganometry using 

gravimetric titration [23]. Standard solutions of nitrate were prepared by dilution of the Nitrate Anion 

Standard Solution (NIST, SRM 3185). Ammonium hydroxide solution (Fluka, TraceSELECT
®; w(NH3) 

� 0.25 g/g), sodium hydroxide solution (Fluka, TraceSELECT
®; w(NaOH) � 0.3 g/g), sulfamic acid 

(Sigma-Aldrich, ReagentPlus
®; w(NH2SO3H) ≥ 0.99 g/g), and potassium permanganate (Baker & 

Adamson, ACS Reagent) were used. In addition, seawater certified reference material MOOS-2 (National 

Research Council Canada) and in-house low-nutrient seawater were also utilized. 

 

2.2 Instruments 

An Agilent 7000 series triple-quadrupole GCMS equipped with a CombiPAL autosampler (CTC 

Analytics, Switzerland) was used for all measurements. All preparations were performed gravimetrically 

by using an analytical balance Mattler Toledo XP205.  

 

2.3 Safety considerations 

Triethyloxonium tetrafluoroborate is a strong alkylating agent. However, its potential harm is limited by 

the fact that it is a nonvolatile salt which readily dissolves in water. Aqueous solutions of Et3O
+[BF4]

− 

become acidic undergoing complete hydrolysis in few hours (Et3O
+ + 2H2O � EtOH + Et2O + H3O

+). In 
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order to avoid exposure to the hydrolysis byproducts, it is recommended that this chemical be handled in 

a fumehood. The solid Et3O
+[BF4]

− should be kept in a refrigerator at –20 °C temperature to limit its 

exposure to moisture. 

  

2.4 Purification of the commercial triethyloxonium tetrafluoroborate 

In order to reduce the reagent blank for nitrate, commercial Et3O
+[BF4]

− reagent was purified in-house. 

One gram of the solid salt was transferred into a 10 mL glass vial which was sealed with a holed screw 

cap equipped with a teflon/silicon septum. The vial headspace was purged with nitrogen gas for two 

minutes and then heated at 80 °C for 15 min, followed by a 10 min purge at room temperature. This 

procedure was conducted in a vented fumehood and the exhaust fumes from the vial were neutralized 

with a water-filled U-trap. During this process, Et3O
+[BF4]

− undergoes partial decomposition 

(Et3O
+[BF4]

– � Et2O + EtF + BF3) [24]. Additionally, the nitrite and nitrate impurities, originally present 

in the commercial reagent, are converted in the corresponding volatile ethyl esters and subsequently 

removed from the headspace under nitrogen flush. This procedure contributes to a significant reduction of 

the reagent blank for nitrate ions. A picture of the experimental apparatus used for this operation is 

reported in the supplementary information (Figure S1). 

 

2.5 Solutions of natural primary standard and isotopic internal standard 

An aqueous solution of isotopically-labeled nitrite and nitrate (isotopic internal standard) was prepared in 

dilute sodium hydroxide (pH = 10) from aqueous 15N-nitrate and 18O-nitrite in order to reach final mass 

fractions of: w(15NO3
–) ≈ 13 µg/g, and w(N18O2

–) ≈ 0.7 µg/g. A primary standard solution of nitrite and 

nitrate was prepared from nitrite and nitrate of natural isotopic composition to reach mass fractions 

w(NO3
–) = 2.954 µg/g, and w(NO2

–) = 0.3340 µg/g. The above mass fractions of the isotopic internal 

standard and of the natural primary standard are ideal for the measurement of nitrite and nitrate in 

MOOS-2. General aspects of the preparation of these two standard solutions are discussed in section 3.1. 
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2.6 Preparation of the sample/standard blends  

In order to perform a quadruple isotope dilution experiment, three calibration points are required. Such 

calibrators are prepared in 10 mL headspace vials suitable for the CombiPAL autosampler as follows: 

1) Solution A*B-1: 0.75 mL of primary standard + 0.30 mL of isotopic internal standard + 2.25 mL 

of ultrapure water for dilution. 

2) Solution A*B-2: 1.50 mL of primary standard + 0.30 mL of isotopic internal standard + 1.50 mL 

of ultrapure water. 

3) Solution A*B-3: 3.00 mL of primary standard + 0.30 mL of isotopic internal standard. 

The preparation of the sample solutions is done in a similar fashion: 

4) Solution AB-1: 3.00 mL of sample (MOOS-2 seawater, for example) + 0.30 mL of isotopic 

internal standard + 3.00 mL of ultrapure water. 

All four solutions (blends) can be prepared volumetrically but, for best results, it is important to measure 

the mass each solution added. For precise work, it is important that the ultrapure water used to prepare the 

blends and to build the primary standard solution comes from the same batch.  

 

2.7 Derivatization of nitrite and nitrate 

All sample/standard blends were pH adjusted by addition of 20 µL ammonium hydroxide solution 

followed by the addition of 1 mL freshly prepared aqueous Et3O
+[BF4]

−. The latter solution was prepared 

by dissolving 1 g Et3O
+[BF4]

− in 10 mL of cold water (4 °C) and 500 µL ammonium hydroxide solution, 

w(NH3) � 0.25 g/g. In such conditions, the reagent is not stable for a long time and must be added quickly 

to samples and standards. Once the derivatizing agent is added, the vials are sealed with holed screw-caps 

equipped with teflon/silicon septum for use with the CombiPAL and are kept at room temperature in the 

dark for at least 30 min in order to allow the ethylation of the analytes.  
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2.8 GCMS method 

Et3O
+[BF4]

− converts nitrite and nitrate into ethyl esters, EtONO and EtONO2. These derivatives are 

stable and can be analyzed by GCMS. The vials are incubated at 35 °C for 3 min (agitator speed: 500 

rpm; on-time: 5 s; off-time: 2 s). A 250 µL volume of headspace is sampled (gas-tight syringe held at 50 

°C) and injected in the gas chromatograph. The syringe is cleaned by flushing it with helium for 5 min. 

The inlet liner (internal diameter of 1 mm) is hosted in an injector block hold at 100 °C and the injection 

is performed in pulsed-split mode (275 kPa for 1 min; spit ratio 7:1). Compounds are then separated on a 

mid-polarity column (DB-624; length: 60 m; stationary phase: 6%-cyanopropyl-phenyl-94%-dimethyl 

polysiloxane; 0.25 mm inner diameter; 1.40 µm coating) using the following temperature program: 8 min 

(at 35 °C), then 20 °C/min to 190 °C for 3.25 min for a total run time of 19 min (constant He flow rate: 

0.9 mL/min). The temperature of the transfer line is 230 °C. Both ethyl nitrite and ethyl nitrate are readily 

ionized in negative chemical ionization mode (CH4 reaction gas; CI gas flow: 40%; emission current: 50 

µA; emission energy: –240 eV; source temperature: 150 °C; quad. 1 temperature: 150 °C; quad. 2 

temperature: 150 °C). The acquisition is performed using selected ion monitoring and no collision energy 

is applied in the collision cell (He quench gas, 2.25 mL/min; N2 collision gas, 1.5 mL/min). For ethyl 

nitrite, 47 Da, 45 Da, and 43 Da ions are monitored (100 ms dwell time), while for ethyl nitrate 47 Da and 

46 Da ions are monitored (150 ms dwell time).  

 

2.9 Derivatization chemistry 

Triethyloxonium tetrafluoroborate has been recently proposed as analytical reagent for the derivatization 

of common inorganic anions, including nitrite and nitrate [19]: 

NO2
−(aq) + Et3O

+(aq) � EtONO(g) + Et2O 

NO3
−(aq) + Et3O

+(aq) � EtONO2(g) + Et2O 
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Et3O
+[BF4]

− is a powerful ethylating agent able to react in aqueous media at room temperature. This is a 

significant advantage over other reported derivatization techniques, such as silylation or alkylation with 

F5BzBr.  

Aqueous Et3O
+ undergoes hydrolysis within a few hours, Et3O

+(aq) � H+(aq) + EtOH + Et2O, which 

renders aqueous solutions of Et3O
+[BF4]

− acidic. An acidic environment, however, is undesirable for 

determination of nitrite and nitrate for two reasons.  

1) Protonation of nitrite. In an acidic environment, nitrite exists in the form of its conjugate acid, 

pKa(HNO2) = 3.4, which undergoes oxidation to nitrate an aqueous media: HNO2(aq) +  ½O2 � 

NO3
−(aq) + H+(aq)  [14-15]. 

2) Oxygen exchange between nitrite and water. Nitrous acid can be further protonated in acidic 

media to H2NO2
+ which undergoes fast exchange of oxygen with water: *H2NO*O+ + 2H2O � 

H2NOO+ + 2*H2
*O [25]. This reaction is unwanted as it effectively scrambles the 18O-nitrite, 

precluding application of isotope dilution [5]. 

Both of these unwanted processes can be avoided by working in an alkaline medium [19]. Sample 

pretreatment with aqueous ammonia in order to maintain a suitable alkalinity for the derivatization (pH 

from 9 to 10) has proven effective in thwarting both of these processes. We have found it is advantageous 

to buffer both the sample and Et3O
+[BF4]

− solutions with ammonia, and not only the sample, as was done 

in our previous study [19]. Such an approach avoids any temporal/localized acidic conditions upon the 

addition of the acidic oxonium reagent to the sample. Albeit trivial, this modification in the measurement 

procedure significantly improves the precision of the nitrite measurement results. An alkaline reaction 

medium is recommended whenever nitrite is measured. However, when interest falls only on nitrate, this 

procedure can be modified by removing the nitrite ions with sulfamic acid (NH2SO3H + HNO2 � H2SO4 

+ N2 + H2O) [26] and carrying out the ethylation in acidic media. The hydrolysis of triethyloxonium in 

non-buffered solutions is slower and the derivatization yield is higher. Consequently, the detection limit 
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for nitrate is ca. two-fold improved by comparison to the alkaline approach. The analytical procedure for 

the determination of nitrate alone is detailed in the supplementary information. 
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3. RESULTS AND DISCUSSION 

 

3.1 Quadruple isotope dilution 

ID4MS is a recent improvement of the classical isotope dilution concept [8]. Conventional single isotope 

dilution requires the measurement of a single blend, that of sample and isotopic standard. Additional 

information necessary for the model is gathered externally, including the isotopic composition of natural 

analyte (usually from the IUPAC tables), isotopic composition of isotopic standard (usually from the 

vendor), and concentration of isotopic standard (usually from the vendor; derived from the vendor’s 

estimate of chemical purity). In contrast, a quadruple isotope dilution approach does not entail outside 

knowledge of the above quantities because they are embedded into the model through experimental 

design [8]. As a result, ID4MS requires the measurement of four blends. For example, three blends of a 

primary natural standard solution with isotopic internal standard, and one blend of sample with isotopic 

internal standard. Considering that these four blends are measured in a short sequence, most potential 

biases in the isotope ratios (mass-bias drift, protonation/overlap between two fragment ions, or the 

contribution of 13C or 2H isotopes) – are common to all blends and, consequently, have minimal effect on 

the analytical results. An important feature of the quadruple isotope dilution method is that the knowledge 

of the chemical formula of the measured ions is not required as long as one can ascertain that the 

measured ions originate from the analyte. 

The following experimental design – exact matching – has shown to provide the best measurement 

performance [8]: 

1) The blend of sample and isotopic standard (AB) is prepared by adding as much of the isotopic 

standard required to reach an isotope ratio of AB which is approximately midway between the 

isotope ratios of pure natural analyte (A) and pure isotopic standard (B). 
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2) The exact-matching blend (A*B-2) of natural standard (A*) and isotopic standard (B) is prepared 

to mimic the blend AB. In other words, the final mass fraction composition of A*B-2 should be 

the same as in AB. 

3) The two remaining bracketing blends (A*B-1 and A*B-3) are prepared as A*B-2. However, the 

final mass fraction of the analyte in A*B-1 and A*B-3 should be half and double that of A*B-2, 

respectively. 

Note that the same amount of the isotopic standard (B) is used to prepare all four blends. Once all (four) 

blends are prepared, they can be subjected to GCMS analysis. For the quantitation of nitrate only, one 

ratio can be used (ratio of peak areas extracted at 46 over 47 Da), while for nitrite, two signal ratios can 

be used (ratio of peak areas extracted at 43 or 45 over 47 Da). The mathematical formulation of ID4MS 

has been given elsewhere [8] and in this article we provide an Excel spreadsheet for the calculation of the 

results (see Figure 1 and supplementary information). The analyst, however, must be aware that ID4MS is 

based on two assumptions. First, the isotopic composition of the analyte in the sample and in the primary 

standard is identical. Although the isotope ratios of oxygen and nitrogen vary by some 10% in seawater 

[27], this impacts the results of the exact-matching ID4MS by approx. 0.1%. Second, the measured 

isotope amount ratios, r, are directly proportional to the actual amount ratios, R, i.e., R = K·r where K is 

the mass bias factor, and the value of K is the same for all four blends. In this method, the blends are 

sampled from the headspace and therefore matrix-induced effects are unlikely (blend AB contains 

seawater whereas blends A*B do not). 
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3.2 Internalization of the procedural blank correction 

Correction for the procedural blank is not trivial in higher-order isotope dilution. In double isotope 

dilution, for example, when blank contributes to blends AB and A*B, only a fraction of the analyte 

concentration in the blank is subtracted from the gross analyte concentration [28]. In addition, the 

concentration of the analyte in the blank is evaluated in a designated isotope dilution experiment. In this 

paper (see Section 2.5) we describe an experimental design which eliminates the need for blank 

subtraction and the need to perform designated isotope dilution measurements of the analyte levels in the 

blank. This proposed approach stems from the experimental design whereby all four blends are subjected 

to equal amounts of reagents and water. Consequently, since an equal amount of external contamination is 

introduced to all four blends, the obtained results are unaffected by the blank contributions. When the 

determination of trace amounts of nitrite/nitrate is carried in the presence of high blank, one can expect 

increased uncertainty, but not biased results. The proposed experimental design takes advantage of the 

quadruple isotope dilution method by making the blank correction an embedded feature of the method, 
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much like the determination of the isotopic composition of the isotopic standard. This implementation 

allows the analyst to avoid a direct evaluation (and subsequent subtraction) of the blank which is 

commonly done in trace analysis. 

 

3.3 Analytical figures of merit 

An example of chromatographic separation achieved for nitrite and nitrate is presented in Figure 2 for a 

sample of MOOS-2 seawater CRM. For this determination, a 1 mm ID liner was used because it allows 

for a sharper analytical peak for the early eluting ethyl nitrite. The derivate of nitrite (EtONO) elutes at 

6.4 min and is well separated from the nitrate (EtONO2 elutes at 13.5 min). Both ethyl nitrite and ethyl 

nitrate can be sampled from the headspace, which offers notably cleaner chromatography thus potentially 

enabling the analysis of complex matrices, such as blood or saliva. Both EtONO and EtONO2 can be 

ionized in EI+, CI+ (methane), or CI− (methane) modes; however, the best results in terms of sensitivity 

are achieved in negative chemical ionization [19]. The CI– mass spectrum of ethyl nitrite shows two main 

signals corresponding to fragment ions containing oxygen, 12CH2=
12CH16O− (43 Da) and 

12CH3−
12CH2

16O− (45 Da), and the 18O- nitrite exhibits the expected +2 Da shift. The mass spectrum of 

ethyl nitrate is simpler with 14N16O2
− (46 Da) as the only nitrogen-containing fragment and the 15N-nitrate 

exhibits the expected +1 Da shift (Figure 3). The method produces instrumental detection limits in the 

low parts-per-billion for both analytes, Figure 2.  
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3.4 High-precision analysis of seawater  

The method has been validated using a seawater certified reference material for nutrients (MOOS-2, 

National Research Council Canada). MOOS-2 was certified for nitrite and nitrate by comparing analytical 

results gathered using traditional colorimetric procedures and ion chromatography [29]. Table 1 

summarizes the measurement results for nitrite and nitrate in MOOS-2 found using the method described 

herein. The isotope ratios used for the ID4MS were obtained from the areas of the analytical peaks 

extracted at appropriate m/z values. For nitrite, the ID4MS model was applied using two distinct isotope 

ratios, 43/47 and 45/47, both yielding identical results. Similar figures were obtained for nitrate, where 

the ID4MS was applied using the ratio between the signals extracted at 46 and 47 Da (Table 1). As 
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evidenced from the results, sub-percent relative standard uncertainty is attained for both nitrite and nitrate, 

and all results are in good agreement with the certified reference values. To demonstrate the performance 

of this method at the low nitrite/nitrate levels, measurements of low-nutrient seawater were also 

performed (Table 2). Despite two-orders-of-magnitude lower levels of nitrite and nitrate in comparison to 

MOOS-2, it is possible to obtain results with 10 to 20% uncertainty (Table 2). 
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4. CONCLUSION 

The proposed method for the simultaneous determination of nitrite and nitrate offers an excellent 

combination of good experimental practice and state-of-the-art data analysis. An aqueous single-step 

derivatization allows for headspace GCMS detection of both analytes, thus providing an interference-free 

chromatography with detection limits in the low parts-per-billion range. In addition, quadruple isotope 

dilution exact-matching allows for extremely tight uncertainty of the measurement results and provides 

accurate blank compensation without the need for specific evaluation of the analyte levels in the blank. 

The resulting implementation is robust, precise, and reliable, and therefore could become a reference 

measurement procedure for nitrite and nitrate in seawater.  
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