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SUMMARY
Attaining reliable performance indicators via 15N-labeling is a daunting research endeavor for sustainable
ammonia and urea synthesis processes, as currently obtained reaction rates and yields are often low. How-
ever, artifact andmisinterpretation can be induced by ppm-level impurities in commercial 15N2 and

15NH3 cyl-
inders, which are not well understood. Here, we report quantitative in-line gas chromatography-mass spec-
trometry (GC-MS) analysis of impurities in commercial 15N2 and

15NH3 cylinders at ppm level, in conjunction
with 1H-NMRmethods, exemplified by 808–16,252 ppm of 14N15N, 0–4,891 ppm 15NH3, 3–319 ppm 14NH3, 0–
231 ppm of 14NO2, 0–176 ppm 15NO2, and 0–566 ppm 15N16O impurities, some of which were not reported in
cylinder certification nor previous studies. The collected results have formed recommended protocols appli-
cable to all future 15N labeling experiments intended to eliminate false positives.
INTRODUCTION

In a global transition to net-zero, the nitrogen-related chemical

transformations have gained great attention.1,2 Highlighted reac-

tions are ammonia production from the air-abundant molecular

dinitrogen (N2) and its subsequent transformations to all nitro-

gen-containing chemicals.3,4 Current fossil-powered industrial

ammonia synthesis accounts for 1.6% of global greenhouse

gas (GHG) emissions. Decarbonization of this process would

allow ammonia to be a viable green hydrogen carrier. Further-

more, green ammonia can react with CO2 to produce carbon-

negative urea, the major nitrogen fertilizer.1,5

Among fundamental research aiming to decarbonize these

ammonia and urea processes, the use of isotopic gases, partic-

ularly 15N2 and
15NH3, has surged.

6–8 These isotopes contain 15N

nucleus (spin = ½; natural abundance: 0.00337, 0.00422), which

possesses the same number of protons but differs in the number

of neutrons compared to 14N nucleus (spin = 1; natural abun-

dance: 0.99578, 0.99663).7 This distinction offers an ideal way

to trace the nitrogen source of observed products in low-yield

laboratory-scale ammonia or urea synthesis experiments down

to parts-per-billion level in solution or gaseous phase. This is

useful because any nitrogen residues in surrounding environ-

ment, such as materials, solution, or container used, and even

the gas exhaled by humans, may yield artifacts.6,9–12 Addition-

ally, 15N isotopes help elucidate reaction pathways and mecha-

nisms by participating in reactions as components of easily
iScience 28, 112072,
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detectable intermediates and through kinetic isotope effect

(KIE) studies.
15N2 gas cylinders are usually produced by two methods that

can form 15N-enriched by-products. The first method is the cata-

lytic dissociation of 15NH3 gas over cupric oxide, and the other is

the oxidation of (15NH4)2SO4 or 15NH4Cl with oxidizing agents

such as NaOBr and LiOBr.13–15 Both methods produce minor

amounts of 15NOx (15NO and 15NO2) and
15N2O and leave un-

reacted 15NH3, which needs to be removed by bubbling through

various alkaline or acidic solutions. During the process, whether

those impurities can be thoroughly removed remains unknown,

and external contaminations may also be introduced from sur-

roundings. In 2014, a pioneering study indicated that commercial
15N2 cylinders (>98% purity, Sigma) contained 2,528 ppm of resi-

dues such as 15N-nitrate/nitrite,15NOx and
15N2O, and 15NH3 by

detecting the absorbing/equilibrating aqueous solutions of natural

abundance ammonium and nitrate salts through isotope ratio

mass spectrometry (MS).13 These residues are the products of

N2 fixation reactions and thus sparked concern regarding the reli-

ability of previous 15N2 studies utilized in ammonia synthesis

research. Though one recent study has confirmed that zero 15N

residues were found in absorbing solution after purging the com-

mercial 15N2 cylinder gas through a Cu impurity trap (Cu-Zn-Al ox-

ide catalyst),10 the exact residues in commercial 15N2 cylinder

remain unknown.

Herein, we utilized an in-line gas chromatography-mass spec-

trometry (GC-MS) system to unequivocally detect residues in
April 18, 2025 ª 2025 The Authors. Published by Elsevier Inc. 1
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Scheme 1. Schematic of the setup that in-

cludes targeted 15N-cylinders, an in-line

batch-mode GC-MS analysis system, and

a vacuum gas transfer line in between
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15N2 cylinders as well as a 15NH3 cylinder. Distinct from previous

offline methods, our in-line method avoids possible impurities

from surroundings, and does not require external D2O or organic

reagents for 15N detections. Besides all possible 15N- and 14N-

residues, our method also checks possible CO, CO2, and hydro-

carbons residues. In addition, we used a proton nuclear mag-

netic resonance (1H-NMR) quantification technique to resolve

the insensitivity of our GC-MSmethod toward the 15NH3 residue.

Thus, our study is expected to supplement prevailing residue

detection methodologies by offering high efficiency, reliability,

and cost-effectiveness, and may have broad impacts on funda-

mental studies of all chemical transformations in the earth’s ni-

trogen cycle.

RESULTS AND DISCUSSION

Residues monitored and detected include N2, H2O, O2,
NO, NO2, N2O, CO, CO2, NH3, and hydrocarbons
The isotope gas cylinder was connected to the GC-MS via a vac-

uum-involved gas transfer line, which is termed the in-line mode,

therefore eliminating contaminations from room air, syringe, and

sampling valve (Scheme 1). The gas was sucked into the GC col-

umn quantitatively through the negative pressure created by the

vacuum pump and the automatic gas sampling valve. He and Ar

were used for carrier and purging gas for the GC-MS,

respectively.

Total ion chromatogram (TIC) of the Sigma 99% 15N2 cylinder

gas showed a strong peak at the retention time of 7.3 min using

the C1 method (see STAR Methods for details; Figure 1A). Cor-

responding extracted ion chromatograms (EICs) demonstrated

strong m/z = 15, 30 peaks and weak, but clear, m/z = 28, 31

peaks indicative of 15N2 withminor 14N2 and
15N16O components

(Figure 1B). The 15N2 assignment was confirmed by an intensity

ratio of 11 : 100 between m/z = 15 and m/z = 30 (Figure 1C),

which is close to the theoretic 15N/15N2 MS intensity ratio

(14 : 100).

When the GC-MS spectra were zoomed in, tiny peaks could

be observed at 4.2, 4.4, 6.7, 7.2, 7.3, and 7.4 min for the

Sigma 99% 15N2 cylinder gas (Figure 1B). EIC peaks at

6.7 min were confirmed to be 16O2 at (m/z = 16 and 32), while
2 iScience 28, 112072, April 18, 2025
that at 7.2–7.4 min were confirmed as
14N15N16O (m/z = 14, 15, and 45),
15N16O (m/z = 15, 16, and 31), and
14N15N (m/z = 14, 15, and 29), respec-

tively. Peaks at 4.2 and 4.4 min were

associated with multiple co-eluted

components including CO2,
14NO2,

15NO2, H
14NO2, H2

14NO2, and H15NO2.

In addition, the commonly suspected

gas residues such as CO and CH4 in

the commercial cylinder were not de-
tected; they would have been present at 8.3 and 10.9 min,

respectively (Figure S1).

The peak at 4.2 min was initially but erroneously assigned to

CO2 upon comparison to our CO2 gas standard, with MS pat-

terns of m/z = 12, 22, 28, and 44–46 when background signals

from the H2O (m/z = 16–20), 16O2 (m/z = 16 and 32), and 14N2

(m/z = 14 and 28) from leaks in MS and residual Ar purge gas

(m/z = 40) were disregarded. Interestingly, the peak at 4.2 min

for Sigma 99% 15N2 had MS patterns with relative intensities of

100 : 2.7 : 53.9 : 0.9 : 10.7 for m/z = 44, 45, 46, 47, and 48.

This was quite different from m/z spectra of our CO2 standard

gas of 100 : 1.25 : 0.4 for m/z = 44, 45, and 46, respectively

(Figures 1D and S2). In addition, these values did not

match the theoretical ratios for CO2 of isotopic natural abun-

dance (INA), which is 100 (m/z = 44; 12C16O2) : 1.3 (m/z = 45;
13C16O2) : 0.4 (m/z = 46; 12C16O18O).16 Instead, the significantly

enriched m/z = 14 (N fragment), 30 (NO fragment), 46 (14NO2), 47

(isotopic or protonated NO2) and 48 (isotopic or protonated NO2)

intensities indicate the co-eluted to be 14NO2. Given that INA of
14NO2 should yield an m/z fragmentation ratio of 9.6 : 100 : 37 :

0.1 for m/z = 14, 30, 46, 47, respectively, and the lack of m/z =

15 (15N fragment) in the peak at 4.2 min, the contaminants

were identified as 14NO2, H
14NO2 and H2

14NO2. Furthermore, it

is possible that 14N16O18O also exists in the cylinder, but this un-

fortunately cannot be confirmed as signal at m/z = 18 was

covered by background signals from H2O (H2O at INA should

have an EIC ratio of 0.3 : 0.5 : 100 : 21 : 0.9 for m/z = 20, 19,

18, 17, 16, respectively).

The effluents at 4.4 min were assigned to be 14NO2,
15NO2,

and its protonated species according to the presence of m/z =

14, 15, 46, 47, and 48 bands. This is concluded by several steps.

First, a lack ofm/z = 12 and 13 (12C/13C fragments) suggest these

MS patterns do not contain carbon (Figure 1E). Instead, clear but

weak m/z = 14 and 15 bands with a relative intensity ratio of 3.2 :

5.5 were observed, indicating the presence of 14N and 15N. Thus,

the m/z = 46 and 47 could be assigned to 14NO2 and 15NO2,

respectively. However, the unusually high relative intensity ratio

of 100 : 56.7 between m/z = 48 and m/z = 46 indicates that

m/z = 48 was not INA of NO2,
16 but was instead due to proton-

ated 14NO2 (H2
14NO2) and/or

15NO2 (H
15NO2).



Figure 1. GC-MS spectra of the Sigma 99% 15N2 cylinder gas
(A–E) (A) TIC, EIC, and BPC (base peak chromatogram) spectra, (B) selected region at 3.5–10 min, and corresponding (C–E) MS patterns at the retention time of

7.3 (15N2+
15N16O+14N2), 4.2 (CO2+

14NO2+H2
14NO2), and 4.4 (14NO2+

15NO2+H
15NO2) min, respectively.

(F) Standard or predicted MS patterns of N2, CO2, NO2, and HNO2 of isotope natural abundance (INA), with dominating 1H, 12C, 14N, and 16O elements. See also

Figures S1–S3.
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No residual hydrocarbons could be detected for the Sigma

99% 15N2 cylinder gas using the Cn method and only CO2

and NO2 peaks were observed, which was consistent with

the results obtained from the C1 method (see STAR Methods

for details; Figure S3). Sigma 98% and Aladdin 99% 15N2 cylin-

der gases were examined using the same procedures

(Figures 2A–2C). To our surprise, the 15NO2 and related

H15NO2 residues observed in the Sigma 99% 15N2 cylinder

were not detected in either Sigma 98% 15N2 1L or 5L cylinders.
However, CO2,
14NO2,

15N16O, and 14N15N residues remained

(Figures 2D–2G). In comparison, Aladdin 99% 15N2 had CO2,
14NO2, and

14N15N, but no 15N-related NOx. However, it should

be noted that manual injection of Aladdin 99% 15N2 from a gas

bag caused slight changes in the retention time for all effluents,

as demonstrated by tailing and small shoulder peaks (Fig-

ure 2C). Furthermore, it cannot be concluded whether the de-

tected CO2 was a residue or air leak due to the manual gas

sampling.
iScience 28, 112072, April 18, 2025 3



Figure 2. GC-MS spectra of the Sigma 98% 15N2 and Aladdin 99% 15N2 cylinder gases

TIC, BPC, EIC, and corresponding MS spectra of, (A), (D), (E), Sigma 98% 15N2 (1L); (B), (F), (G), Sigma 98% 15N2 (5L); and (C), (H), (I), Aladdin 99% 15N2. See also

Figures S4 and S5.
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After checking the NOx, COx, and hydrocarbon residues, we

also try to identify NH3 residues via the Cn method of the in-line

GC-MS. Unfortunately, due to m/z = 16, 17, and 18 ions of

ammonia overlap with fragments of the background water, and

the MS signal intensities of residual ammonia are too weak to

allow the relative abundance analysis of constitutingm/z patterns,

ammonia cannot be distinguished from intense water signals by

GC-MS (Figure S4). Given a few studies ranging from year 2014

to very recent have continuously reported the 15NH3 residues in

commercial Sigma cylinders at unacceptable levels,13,17,18 we

double-checked the ammonia via a sensitive quantitative 1H-

NMR method as described in our previous work (Figure 3A).8

The residual 15NH3 and
14NH3 were confirmed by the character-

istic doublet (chemical shift of d1H = 6.83 and 6.93 ppm) and triplet

(chemical shift of d1H = 6.81, 6.88, and 6.96 ppm), respectively.

Note this ppm is a unit transformed from the chemical shift in

Hertz, followed by dividing it by the frequency rating of the NMR

spectrometer and multiplying it by one million. It is different from

other ppm as mentioned in this work that indicates the gas con-

centration, though also called as parts-per-million. Based on the

standard curve built through NH4Cl solution, the concentrations

of 14NH3 and 15NH3 residues were 108–319 and 2,472–4,891

ppm in the 5L 98% Sigma gas cylinder, while no 15NH3 could be

detected in the 1L 99% Aladdin gas bag, with its 14NH3 of similar

concentration (10 ppm) to the background ammonia (7 ppm from

ambient air, chemicals and materials used during the NMR mea-

surement; Figure 3B).

Residues in the 15NH3 gas cylinder were identified to be CO2

(m/z = 44; 4.2 and 6.7 min), 14N2O (m/z = 44 and 30; 4.4 min),
14N16O (m/z = 30; 6.7 min), 15N16O (m/z = 31; 6.7 min), and likely
4 iScience 28, 112072, April 18, 2025
14NH4OH (m/z = 34; 6.7 min; low confidence16) using both C1

and Cn methods (Figures 3C–3G).

Comparison of detected residues with supplier’s
certificates
Listed in the following is the comparison between detected res-

idues and suppliers’ certification (Table 1). We noticed that

there were significant differences between suppliers’ certifica-

tion and detected components in this work. For example, our

Sigma 99% 15N2 cylinder gas was purchased in 2022, and its

certificate indicated residues of 23 ppm CO, 76 ppm CO2, 27

ppm H2, 0.3 ppm NO, and 81 ppm O2. However, our results

showed no CO (high confidence) and some observed residues

were not mentioned, including 808 ppm of 14N15N, 176 ppm of
15NO2 (including protonated H15NO2 and potential H2

14NO2),

231 ppm of 14NO2, 501 ppm 15N16O, and noticeable 14N15NO.

Similar distinctions were also observed for Sigma 98% 15N2

and 15NH3 cylinder gas. A certificate was not found for the

Aladdin 99% 15N2. However, our GC-MS results suggested

high-concentrations of 14N15N (16252 ppm) and no 15N-en-

riched NOx residues.

Significance and potential of findings, and
recommendations for purity monitoring and report for
future 15N-labeled research
Among the confirmed residues, nitrogen oxides (15NOx),

14N15N

and 15NH3 impurities deserve special attention. 15NOx is known

to be easily reduced or oxidized thermochemically, photochem-

ically, or electrochemically. These 15NOx,
14N15N and 15NH3 res-

idues can be co-reacted alongside the dominant 15N2 or
15NH3



Figure 3. Analyses of ammonia residues and cylinder gas via 1H-NMR and GC-MS

(A and B) (A) Schematic of the residual ammonia absorption using diluted H2SO4 solution, followed by (B) 14NH4
+ and 15NH4

+ quantifications using 1H-NMR. The

two spectra of Sigma 98% 15N2 are obtained in the first and second 2 h after purging through 0.05 M H2SO4 absorbing solutions, respectively.

(C–G) TIC, BPC, and EIC spectra using (C) the C1method and (D) the Cnmethod, and corresponding MS patterns at the retention time of 4.2 (E), 4.4 (F), and 6.7

(G) min using the C1 method.
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gases and may be the origin for ‘‘unexpected’’ 15N in previous
15N2-labeling experiments.

For example, if a huge amount of Sigma 98%–99% 15N2 cylin-

der gas was injected into a N2 reduction system, detected
15NH3/

15NH4
+ product may be generated via the reduction

15NOx or the residual
15NH3 even if the

15N2 was not transformed.

Without accounting for these 15N-residues, any researcher
would blindly believe that the observed 15NH3 was solely from
15N2 reduction.

14N15N impurities affect nitrogen-cycle related studies in a

totally different way. For example, if commercial 15N2 cylinder

gas is injected to investigate nitrogen atom exchange with 14N-

nitride materials or 14N-gases, products containing 14N from

the cylinder gas could be erroneously interpreted to originate
iScience 28, 112072, April 18, 2025 5



Table 1. Comparison of the results of this study with the supplier’s certificates

Entry

Supplier

certificatea

99% Sigma15N2

GC-MS

result 99%

Sigma15N2

Supplier

certificateb

98% Sigma15N2

GC-MS result

1L l 5L 98%

Sigma15N2

GC-MS resultc

99% Aladdin15N2 Entry

Supplier

certificated

98% Sigma15NH3

GC-MS

result 98%

Sigma15NH3

CO 23 ppm ND NM ND ND Air 497 ppm /

CO2 76 ppm 55 ppm <15 ppm 23 l 10 ppm Trace CO2 <15 ppm 2 ppm

H2 27 ppm / NM / / CH4

C2H6

<45 ppm ND

15NH3
e NM / NM /l 2,472–4,891 ppm ND N2O <15 ppm Trace

14NH3
e NM / NM /l 108–319 ppm 3 14N16O NM Tracei

O2 (Ar) 81 ppm / 32 ppm / / 15N16O NM 30 ppm

C2H6 NM ND <15 ppm ND ND – – –
14N16O2 NM 231 ppm <15 ppm 8 l 9 ppm Trace – – –
15N16O2

f NM 176 ppm NM ND ND – – –
14N15N NM 808 ppm NM 9,608 l 6,653 ppm 16,252 ppm – – –
14N15N16Og NM 0.9A(NO2) NM 30.3A(NO2)

l 27.6A(NO2)

ND – – –

NOh 0.3 ppm 15N16O

501 ppm

NM 15N16O

566 l 555 ppm

ND – – –

NM = not mentioned; ND = not detected; / is N/A for the GC-MS method.
aReleased on 12 February 2021, product number: 917540.
bReleased on 19 July 2023, product number: 364584.
cNo available certificate, product number: N117731. Residues were not quantified via standard curves due to the manual sampling.
dReleased on 30 May 2023, product number: 299227.
eQuantified by the 1H-NMR with calibration curve.
fQuantified by EIC m/z = 47 using the 14NO2 calibration curve.
gThe data represents the peak area of 14N15N16Om/z = 45 relative to the peak area of 15N16O2m/z = 47 (A(NO2)), which is an area ratio instead of a direct

concentration due to the lack of N2O standard gas cylinder currently.
hQuantified by the EIC m/z = 31 using the 14N16O calibration curve.
iThe EIC m/z = 30 can be alternatively induced by 15N15N and thus the 14N16O is not quantified.
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from the nitride material or the exchanged 14N-gases even such

reactions did not occur. Furthermore, if commercial 15N2 gas is

used to investigate N2 adsorption or binding, the 14N15N will

show spectral features distinct to that of 15N2. This will greatly

affect the interpretation of vast results obtained in previous sur-

face chemistry and coordination chemistry considering the rela-

tively high concentration of 14N15N of 808–16,252 ppm.

Problems related to the impact of 15NOx,
14N15N and 15NH3

impurities are often obscured in literature due to the lack of re-

ports on gas purity, injection amounts into detectors, and con-

version of isotopic gases. In addition, we found that residues

changed with time after comparing the suppliers’ certifications

for the same 15N-cylinder gas over the course of approximately

three years (Sigma 98% 15N2). Yet, none of the certifications

covered all 15N- and 14N-enriched residues compared with our

results. In addition, previous studies also suggest that 15N-cylin-

ders from different production plants and distributors have

different residual levels, and reported 15NOx and 15NH3 impu-

rities are typically within the range of 0.9–529 and 34–2,460

ppm, respectively.13,17,18 In comparison, our results are within

these reported residue levels, except for the previously unde-

tected 14N15N of the highest concentration (808–16,252 ppm)

among all N-residues and the much higher concentration of
15NH3 (2,472–4,891 ppm). Notably, our results differ significantly

with recent reports but agree well with the pioneer work in 2014.
6 iScience 28, 112072, April 18, 2025
This comparison suggests that we may bought cylinders from

same origins of those alerted in 2014, and the quality of different

batches or origins differ significantly. Therefore, we emphasize

that constant residue monitoring is necessary when using these

commercial cylinder gases in isotope-labeling experiments.

Based on the aforementioned discussion, the most rigorous
15N-labeling experiments should include (1) identification of res-

idues in the 15N-cylinder gas, (2) the trapping/removal of

gaseous residues, (3) quantification of both reactants and prod-

ucts, and (4) comparison between the isotope-labeled perfor-

mance indicators, such as conversion, activity, and selectivity,

with that of 14N-fed activity tests. Though these additional steps

would require much more efforts, the results of this study have

shown these precautions enhance the understanding, accuracy,

reliability, and reproducibility of experiments.

Without knowledge of exact residues in commercial 15N

gases, targets are incomplete even for themost rigorousmethod

advocated in previous studies—designing an pre-treatment

setup for the selective removal of 14/15NOx,
14/15NH3, and air res-

idues by catalysts (such as Cu), sorbents (such as molecular

sieves), and/or a high-end commercial NOx-NH3 gas purifier

before activity tests,10,19,20 as indicated by the 1/6/3/4/

7 protocol in Figure 4; the previously unrecognized residue like
14N15N was not excluded.21 Only after the direct identification

and quantification of residues in commercial 15N-cylinder gases



Figure 4. Suggested combination of protocols for future 15N-labeling experiments

While the 1/6/3/4/7 protocol was previously advocated, in this work we highlight the potential of 1/2/3/(4)/5/7, 1/2/6/(2)/3/7, or 1/2/

3/4/5/6/3/4/(5)/7 as an alternative protocol for the handling of 15N-cylinders.
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by this work can protocols 1/6/3/4/7, 1/2/3/(4)/

5/7, 1/2/6/(2)/3/7, or 1/2/3/4/5/6/3/

4/(5)/7 be employed with high confidence (Figure 4). Further-

more, based on all residues detected in previous studies and this

work, isotope experiments cannot only be done at a single data

point if a thorough removal of all residues cannot be ensured (as

inmost cases in current laboratorial N-related ammonia and urea

studies),21 and the amount of ammonia synthesized should be

ideally similar regardless of using 14N2 or
15N2 (Step 4 in Figure 4).

Data points of an ammonia/urea test should be recorded over

time and varied reaction parameters such as temperature/over-

potential/light intensity using 14N2 or 15N2 in thermo-, electro-,

and photo-driven reactions.

Finally,weadvocateacost-efficient protocol, 1/2/3/5/7,

to handle further 15N-experiments based on our results and all the
15N-results reported so far (Figure 4). In previous 1/6/3/4/7

protocol advocated, of which the key is whether the 15N-experi-

ment can yield comparable performance to the unlabeled 14N-

experiment, with the conversion of the 15N feed, selectivity and

rate, highlighted instep4 inFigure4. If their performance indicators

are similar, this protocol requires no additional setups or proced-
ures. However, as we have identified so many unexpected resi-

dues in commercial 15N-cylinder gases, the requirements for

step 6—gas pre-treatment, especially in experimental setup,

should be compilated that cannot be accessed by most labora-

tories. Under this circumstance, the protocol 1/2/3/5/7 re-

quires no gas pre-treatment setup, with the steps 2, 3, and 5 high-

lighted, is of vital importance to the community. To amplify, at a

certain reaction time with a known gas flow rate, the volume of

gas flowing through the reactor is known. Thus, the maximum

amount of ammonia produced by the impurities can be calculated

assuming that all impurities are converted toNH3, urea, or any tar-

geted N-products based on steps 2 and 3—identification and

quantification of impurities in commercial cylinder gas. Then this

calculated maximum amount of N-product from impurity can be

comparedwith theamountofN-residuesobtainedexperimentally.

If the experimentally obtained 15N-product is more than two times

greater than the amount of all possible fed 15N-residues, it requires

no additional procedures to confirm the reaction of 15N-reactant.

Specifically, the chosen baseline of >2 concentration between of
15N products to total possible 15N residues was adopted from

the instrumental analytic chemistry, where the signal to noise ratio
iScience 28, 112072, April 18, 2025 7
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should exceed2 to identify a targeted species.Webelieve that this

alternative protocol can especially save time and effort for any

future ammonia and urea studies, and its establishment is not

possible without the joint effort of the community. Noteworthily,

this protocol can foresee its limitation in reactions where the con-

centrationof targeted 15N-product is lower than23 the concentra-

tion of all N-residues.
Limitations of the study
Concentrations of the 14N15N16O impurity are not quantified in all

cylinders due to the lack of standard gas cylinders, while their

relative peak areas to that of NO2 have been recorded, which

can be translated into an estimated concentrations using the

relative response factor of N2O to NO2 in MS. Due to the high

cost of 15N-gas, this study only sampled several selected cylin-

ders that are commercially available in China and North America.

Despite this, the exceptionally high concentrations of impurities

discovered in this study sufficiently alert the global community.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins
15NH3,

15N > 98 atom%, 1 L MilliporeSigma Canada LTD 299227
15N2,

15N > 98 atom%, 1 L MilliporeSigma Canada LTD 364584
15N2,

15N > 98 atom%, 5 L MilliporeSigma Canada LTD 364584
15N2,

15N > 99 atom%, 1 L MilliporeSigma Canada LTD 917540
15N2,

15N > 99 atom%, 1 L Shanghai Aladdin Biochemical Technology Co., Ltd. N117731

Other

GC-MS Agilent Technologies, Inc. 7890B

MestReNova software Mestrelab Research S.L. 15.0.0–34764
METHOD DETAILS

Selection of 15N- and standard-gas cylinders
Sigma 15N2 cylinders are most available in North America. However, they were found to contain 15N-enriched nitrogen residues,

including nitrate, nitrite and/or ammonium in equilibrating solutions, by Dabundo and co-workers in 2014.1 Despite the authors’ indi-

cation that they had contacted the supplier to enhance the purity of 15N2 products, the identities of the residues in the cylinders have

not been well understood since. Therefore, we focus on Sigma cylinders of different purities, including Sigma 98% 15N2 1L (364584;

PCode: 1003641588) and 5L (364584; PCode: 1003641585) cylinders, and Sigma 99% 15N2 1L (917540, PCode: 1003411220) cyl-

inder, as well as a previously unchecked Sigma 99% 15NH3 1L (299227; PCode: 1003630202) cylinder. These isotope gases were all

packed in 0.46 L cylinders, which were then connected to the in-line batch-mode GC-MS system via a vacuum injection line. In addi-

tion, Aladdin is themajor 15N2 (99%
15N2 1L, N117731, lot #: A2218558) gas bag provider in China andwas thus analyzed by amanual

injection with a GC syringe.

Standard gases include a mixed-hydrocarbons (503 ppm butane, 523 ppm ethane, 523 ppm ethylene, 506 ppm n-hexane, 523

ppm methane, 510 ppm n-pentane, 540 ppm propane, 515 ppm propylene balanced by Ar), a mixed CO-CO2-CH4 (5000 ppm

CO2, 5000 ppm CH4, 5000 ppm CO balanced by Ar), a diluted NO2 (101 ppm NO2 balanced by Ar), a diluted NO (100 ppm NO

balanced by Ar), and 5.0 purity Ar and He, which were obtained from Praxair.

Procedures and detection parameters, sampling methods, and data analysis
All measurements were conducted using an Agilent 7890B GC-MS (electron ionization source) equipped with five capillary columns

(HP-PLOTMolesieve, 19091P-MS4E, 30 m3 0.320 mm x 12 mm; HP-PLOT Q PT, 19091P-QO3PT, 15 m3 0.320 mm x 20 mm; DB-

FFAP, 123–3212, 15 m3 0.320 mm x 0.25 mm; 160-2625-5, FST 0.15 mm3 5 m; 160-2615-5, FST 0.18 mm3 5 m) using 5.0 purity

He carrier gas and 5.0 purity Ar purge gas. Here twomethodswere used for the detection of possible gaseous residues in commercial

cylinders. The first oven temperature program, termed C1 method, held 30�C for 14 min for the detection of CO2, CO, N2, O2, NO,

NO2, CO and CH4. The second program, termedCnmethod, held 40�C for 4min, ramped at 20�C/min to 180�C, and then held 180�C
for 14 min for the detection of NH3 and hydrocarbons. Prior to each measurement, the gas line was evacuated overnight and the GC

columns were baked at 140�C overnight to minimize contaminations and increase separation capability.

After calibrating the GC-MS with standard gas cylinders, targeted 15N-cylinder gases were injected through a home-made vac-

uum injection line (Scheme 1). Within this vacuum system, all connections and valves were obtained from the Swagelok Vacuum

Series. The in-line digital pressure indicator was obtained from Omega. The volume of the gas transfer line was 21.5 mL, as deter-

mined by the ideal gas law using a fixed-volume reactor (12.0 mL; measured via water pre-filling). Gas injection method: Valves 1

and 7 in Scheme 1 were closed while valves 2–6 were opened to allow the evacuation of the gas plumbing to �14.6 to �14.7 psi.

Then valve 6 was closed, and valves 1 was opened and tuned to fill the gas plumbing with ambient-pressure (0 psi) sample gas,

followed by immediate gas inlet with auto-sampling valves embedded in the GC-MS. In some occasions, the in-line gas pressure

was first controlled to �1 to �4 psi by the inlet of standard NO2 cylinder gas (replacing the 15N cylinder with the NO2 cylinder in

Scheme 1), followed by opening the valve to air to make the pressure to 0 psi and then closing the valve immediately. Notably, the

Aladdin 15N2 was packed in a gas bag with a rubber septum which was not compatible with our Swagelok connections, and thus it
e1 iScience 28, 112072, April 18, 2025
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was sampled by manual GC syringe injection. Control and background spectra were respectively obtained under air (0 psi) and

vacuum (�14.6 to �14.7 psi) before the measurements of cylinder gases to identity possible background contaminations and air

leaking.

Each cylinder gas was analyzed for at least three separate runs to confirm any detected residues. The obtained sample GC spectra

were first compared with control and background spectra to identify effluents from the sampled cylinders. To amplify, background

spectra were collected without the sampled gas, i.e., keeping the gas transfer line under vacuum when sampling, which showed a

weak 14N2 peak at the retention time of 6.8min, as well as the O2 peak at 6.7 min and twomixed air peaks at 3.8 and 5.6 min using the

C1 method (Figure S4). The 14N2 and O2 peaks originated from the residual air in the gas system of the GC, while the two air peaks

were attributed to leaks induced by the gas sampling valvesmoving between on/off resulting in a transient pressure change in theMS

detector vacuum system. These residues and MS air leaks are usually inevitable in a GC-MS system. Noteworthily, these N2/O2 res-

idues in GC will make the quantification of N2/O2 contents in sampled gases unreliable, while the transient leaks in MS do not affect

our detection of possible CO2, NOx, NH3, H2O even they present in the ambient air. This is because the air leak only occurs in the MS

part and do no enter the GC system. Therefore, the leaked air will be degassed immediately by the dual vacuum pumps connected to

the MS to re-balance the pressure of the vacuum system, and thus cannot be separated and injected to the MS detector in a time-

resolved fashion as the case for conventional gas sampling via the GC inlet. This is revealed by the fast decay of the two valve-on/off

composite peaks and the lack of the air-component CO2 at 4.2 min in the control spectra. Background spectra using the Cnmethod

was collected in the same way. Within the spectra for the standard gaseous gas cylinder, CO2 (4.1 min), NO2 (4.3 min), NH3 (5.4 min),

C2H4 (4.7 min), C2H6 (5.2 min), C3H6 (8.1 min), C3H8 (8.3 min), C4H10 (10.8 min), C5H12 (13.0 min), and C6H12 (16.5 min) hydrocarbons

could be detected besides the balance Ar that showed a strong peak at 3.6 min (Figure S3).

Then the retention time-dependent TIC, BPC, and extracted ion chromatograms (EIC; such as m/z = 12, 13, 14, 15, 16, 17, 18, 28,

29, 30, 31, 32, 40, 44, 45, 46, 47, and 48) MS spectra weremonitored to analyze ionizedmolecules. Subsequently, thorough analyses

were conducted by comparing obtainedMS patterns with that of deduced standard substances such asN2, NO, NO2, CO2, CO, CH4,

H2O, O2, Ar, and NH3. At last, confirmed NOx residues (including their isotopes) were quantified by NO and NO2 standard curves.

Specifically, the concentration of 14N15N is calculated via:

14N15N % =
I
�
14N15N

� � I
�
14N2

��
100

I
�
15N2

� � 100% (Equation 1)

where I(14N15N), I(14N2), I(
15N2) represent the peak area of the m/z = 29, 28, and 30 EIC spectra, respectively. The 1/100 of I(14N2)

represents the peak area originating from the residual 14N2 gas (natural abundance) in the GC-MS system instead of the 14N15N

contaminant in the 15N2 cylinder gas.

The concentration of NOx was calculated using a standard curve method based on the NO and NO2 diluted by Ar standard cylinder

gas. Notably, we observed several unconventional phenomena during the in-line GC-MS quantification of NO2, which may be impor-

tant for the reproducibility of the result reported herein (Figure S5). First, the NO2 preferentially co-eluted with Ar to show peaks at the

retention time of 6.6 min, which differed with the 4.4 min observed for the co-eluted NOx residues with CO2 in commercial 15N-cyl-

inder gases. Even with the co-injection of 1—4 psi air (with �420 ppm CO2), the retention time maintained at 6.6 min. Second, the

peaks at 6.6min includem/z = 46 and 47, and 48 of similar intensities, which are likely the 14NO2, H
14NO2, and H2

14NO2, respectively.

All three peak areas were integrated and summed up to correspond to the 101 ppm NO2. Third, the m/z = 46, 47, and 48 peaks dis-

appeared completely if the NO2 in the gas plumbing was sampled more than once. To amplify, around 25 mL 101 ppm NO2 was

stored in the inlet gas plumbing before the GC-MS sampling. This gas could yield NOx peaks at 6.6 min in the GC-MS spectrum

when sampled the first time, while sampling the rest gas could not observe any NOx peaks in the GC-MS spectra. This was not

induced by the leaking or oxidation of NOx by air as co-inlet of air would not affect the detection of NOx. Therefore, we deduce

that NO2 may strongly adsorb on or even reacted with the interior wall of the stainless-steel gas pipe line and pressure gauge, which

can go to completion within merely 14 min. These three points merit particular caution for any future studies that intend to reproduce

the methodology of this work. Specifically, the retention time for 15N16O (m/z = 31) and 14N15N16O (m/z = 45) are the same (7.2 min),

indicating the potential contribution of m/z = 31 from the fragment of 14N15N16O molecule (Figure S6). To accurately quantify the
15N16O concentration, the fragment portion of m/z = 31 is excluded via:

IReal

�
15N16O

�
= ITotal

�
15N16O

�
� 0:158 � I�15N14NO

�
(Equation 2)

where Itotal and I14N15N O are signal intensity of m/z = 31 and m/z = 45, respectively, and 0.158 is the theoretic intensity ratio between

m/z = 31 fragment and m/z = 45 for the 14N15N16O molecule.

The residual ammonia in commercial gas cylinder or gas was first absorbed by H2SO4 solution and then quantified by 1H-NMR

using the maleic acid and DMSO-d6 as the internal standard and locking solvent, respectively, with the background 14NH3 disre-

garded. Specifically, the 5 L 98%-purity Sigma 15N2 cylinder gas was purged through a 0.05 M H2SO4 absorbing solution of known

volume (typically 0.95 mL) at a flow rate of 1 sccm for 120 min (totaling 120 mL 15N2) using the same vacuum pre-cleaned gas

plumbing. Differently, 120 mL 99%-purity Aladdin 15N2 was extracted via a syringe from the rubber septum of the gas bag, and

then injected into a 0.05MH2SO4 absorbing solutionmanually in 10min. Then 50mL 1mMMaleic acid, 50mLDMSO-d6 (sometimes

110 mL was used) were added into the 950 mL absorbing solution. After thorough mixing by shaking, 600 mL of above solution was
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added into a 5 mm tube for 1H-NMR measurements via a Bruker 700 MHz spectrometer. The standard curve for the NH4
+ quantifi-

cation using the 1H-NMR was y = 0.011 + 0.174x, where y and x represent the normalized peak area of ammonia (through assigning

the peak area of the internal standard maleic acid in all NMR spectra as 1) and ammonia concentration in solution (mg/L or ppm).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses of data were performed using Agilent Qualitative Navigator, MestReNova, and Excel software.
e3 iScience 28, 112072, April 18, 2025
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