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The nitrogen and oxygen isotopes of NOz ™ are effectively used to trace the main nitrogen sources and
migration processes in the atmosphere, water and soil. NOs™ can be converted into N,O by the bacterial
denitrification method, which is an advanced method with high sensitivity. However, due to the
existence of a small but inevitable blank during the whole experimental process, the N isotopic signal of
N,O produced by denitrification superimposes on that of the N blank. Currently, the standard curve
correction method is used to correct measured nitrogen isotope results to mitigate blank interference. It
has been reported that high variability of the nitrogen isotope results have been produced by the
denitrifier method by conducting an interlaboratory comparison of denitrifier methods and other
methods on standards and environmental samples, and to reduce this problem, the nitrogen isotope
calibration process with a standard curve is examined in depth in this paper, which uses PreCon-GC-

IRMS to determine the nitrogen isotopes in N,O. We demonstrate for the first time that reliable results
Received 18th January 2023 be obtained without tion f l ith nit isot it inq f 99t
Accepted 25th April 2023 can be obtained without correction for samples with nitrogen isotope composition ranging from —9.9 to
19.5%,, which covers the natural sample range. This study establishes the double test approach for the

DOI: 10.1039/d3ra00371] bacterial denitrification method, ensuring the accuracy and long-term stability of different batches of
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Introduction

The nitrogen and oxygen isotopes in nitrate are effective ways to
trace the nitrogen sources and conversion processes in the
atmosphere,'” surface water,’ groundwater,” oceans® and
soil.>* Since the 1960s, the pretreatment methods of the
nitrogen and oxygen isotopes in nitrate mainly include the
Kjeldahl method," diffusion method,” ion exchange resin
method"" and denitrifier method. Denitrification can simul-
taneously determine nitrogen and oxygen isotopes and is
divided into chemical denitrification™ and bacterial denitrifi-
cation.'” Denitrification has become an internationally
recognized advanced nitrogen and oxygen isotope pretreatment
technology because of its high sensitivity and efficiency and its
usefulness for high-salinity samples.
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Since the bacterial denitrifier method was proposed by Sig-
man in 2001, this method has continuously received extensive
attention from researchers. For example, the bacterial method
was applied to the determination of the nitrogen and oxygen
isotopic compositions of NO;~ in soil KCI extracts by Rock
et al.’® and Mgrkved et al.*® Furthermore, the contamination
and blank correction introduced by the KCl reagent during the
above assay were studied in detail by Bell et al.*® The sensitivity
and long-term stability of the method have been improved by
researchers through modifying the online instruments used for
the purification and enrichment of N,0.**** In recent years,
laser isotope meters have also been used in the determination
of the nitrogen and oxygen isotopes in the produced N,0.*

The above research improves the bacterial denitrifier
method to be more sensitive, efficient and stable with a wider
range of applications. However, the standard calibration
method is still widely used to calculate the nitrogen isotope
results. In theory, the method uses a specific denitrifying
bacteria, which cannot further reduce N,O, to completely
convert all of the NO; ™ in the sample to N,O. In this way, the
nitrogen in the produced N,O should completely record the
nitrogen isotope signal in the reactant NO; . However, due to
the small but inevitable whole-process blanks in the experi-
mental process, the measured nitrogen isotope results in N,O
include the contribution of N of the blank. Therefore, this issue
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is usually solved by the standard calibration method, in which
a standard calibration curve is prepared by treating an isotope
standard substance solution in the same batch as the sample to
be tested.’” However, it has been reported that high variability of
the nitrogen isotope results have been produced by the deni-
trifier method by conducting an interlaboratory comparison of
denitrifier methods and other methods on standards and
environmental samples.> And one of the potential reasons
which caused the big variability is that the measured results
needed to be corrected by the nitrogen isotope calibration.
Therefore, the standard calibration method to correct the
measurement results of nitrogen isotopes should be used with
caution. To reduce the potential variability caused by the cali-
bration, this paper intends to determine whether the true value
of the sample can be directly obtained without correcting the
nitrogen isotope result when applying the bacterial denitrifi-
cation method combined with the online preconcentration
instrument (PreCon-GC-IRMS) to determine the nitrogen
isotope in N,O. This study will establish a solution to verify the
reliability of the currently widely used calibration method.
Furthermore, the study can provide a double guarantee for
obtaining reliable nitrogen isotope results.

Experimental

International standard materials that are commonly used in the
bacterial denitrifier method to obtain nitrogen calibration
curves are USGS-32 (KNO;;, 3'°’N-NO;~ = 180%,), USGS-34
(KNO;, 3"°N-NO;~ = —1.8%,) and IAEA-NO3 (KNO;, 3'°N-
NO;™ = 4.79%,). It is important that the isotopic composition of
the standards in the calibration curve can cover the natural
samples to ensure the accuracy of calibration.”” Therefore, to
consider samples whose nitrogen isotopic composition ranges
from 4.79;, to 180%,,, and USGS-34 and USGS-32 are configured
as solutions A and B, respectively, with a concentration of 20
pumol L™! NO, ™. Solutions A and B are mixed in a volume ratio of
5:1 and 4:2, respectively, to obtain nitrate solutions with
different nitrogen isotopic compositions, which are described
as U51 and U42, respectively. These standards were chosen to
configure U42 and U51 to provide a wider isotopic range
distribution of the standard curve while improving the accuracy
of the test results. The mixing ratios and theoretical calculation
values of the isotopic composition of the NO; ™ in the solution
are listed in Table 1.

Sample analysis

All reagents are analytical reagent grade. The strain used in the
experiment was Pseudomonas aureofaciens. The medium was
tryptic soy broth (TSB) and tryptic soy agar (TSA). The solid
medium was made by dissolving 23 g TSA and 0.5 g KNO; in
500 mL ultrapure water. This solution was sterilized for 30 min
and then poured into a plate in the sterile table. The liquid
medium with nitrate is made by dissolving the following
materials, including 120 g TSB, 4 g KNO3, 2 g (NH,),SO, and
19.6 g KH,PO, in 4000 mL ultrapure water. Another liquid
medium without nitrate is made by dissolving the following
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Table 1 Nitrogen isotopic ratio for international references and
laboratory standards

3'°N
vs.
Isotope standard samples air (%,)
International standard USGS-32 180
USGS-34 —-1.8
TAEA-NO3 4.7
Laboratory standards U42¢ 58.8
Us1” 28.5

¢ U42 was mixed by isotope standard solutions. And the volume ration
of USGS-34 and USGS-32 is 4:2. ” U51 was mixed by isotope standard
solutions. And the volume ration of USGS-34 and USGS-32 is 5:1.

materials, including 30 g TSB, 0.5 g (NH4),SO4, and 4.9 g
KH,PO, in 1000 mL ultrapure water. These solutions are ster-
ilized for 50 min and cooled before use.

The bacterial culture method has been described in the
literature.**"” The scheme of the denitrifier method in this study
was shown in Fig. 1.

Testing methods

The PreCon system is connected to an autosampler, with the
N,O in the headspace bottle exported by a He gas flow, while the
H,O0 and CO, in the gas stream are removed by a chemical trap.
The PreCon system enriches the N,O in liquid nitrogen and
then separates N,O (m/z = 44) and CO, (m/z = 44) using a gas
chromatography (GC) column (HP-Plot-Q column, Agilent). The
separated sample gas, N,O (m/z = 44), then enters a mass
spectrometer. The measured isotope values correspond to
international standards.

(Rsamplc/Rstandard - 1) x 1000

B <15N/14Nsample

15 _
d Nsump]c -

ISN/14N

standard

— 1) x 1000

In the equation, Ryample and Ryeandara are the ratios of *>N/*N
of the sample and standard, respectively. The isotope
measurement is conducted based on the sample relative to the
reference gas isotope value. To verify whether the isotope results
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Fig.1 The scheme of the denitrifier method in this study.
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can be obtained directly without calibration, the N,O reference
gas nitrogen and oxygen isotope are assigned by the isotope
standard material IAEA-NO3.

Experiment 1: blank experiment

To identify the contribution of nitrogen in the whole-process
blank, 1 mL ultrapure water, the same volume as that of the
standard solution, was injected into 3 mL bacterial solution
prepared using different batches of bacteria to test the entire
process blank. The results show that the blank content of the
whole process is within the 0.2 nmol N range. This blank
content is calculated from the ratio of the m/z 44 peak area
generated by the blank sample compared to that generated by
the standard sample with a known N injection amount. The
nitrogen isotopic composition of blank is approximately 4.89%,.
The uncertainties regarding this nitrogen isotope are reflected
in the data and examined in the discussion section.

Experiment 2: validity of the standard curve correction
method

To verify whether the standard curve correction method can
effectively deduct the contribution of the whole-process
nitrogen blank as a way to obtain the true nitrogen isotope
results of the samples. In this paper, a conditional experiment
in which a blank with known nitrogen and isotopic composi-
tions is artificially mixed into a natural sample is designed.
First, it is assumed that the calculated nitrogen isotopic
composition of natural river water sample CH-8 is the true value
of the sample. The calculated nitrogen isotope is calculated by
the standard curve correction method, which does not add any
blank. Then, different volumes of CH-8 are separately injected
into bacterial solutions. Different volumes of international
standard solutions (IAEA-NO3, USGS-32 and USGS-34) are the
separately injected into these solutions. The nitrogen ratios of
CH-8 and the standard solutions are adjusted by changing the
injection volumes of CH-8 and the standard solutions. As
a result, the nitrogen in the IAEA-NO3, USGS-32 and USGS-34
standard solutions accounted for 10%, 30%, and 50% of the
total nitrogen, respectively. The total amount of injected NO; ™~
is 20 nmol. At the same time, the calibration curve is prepared
under the same conditions. The calibration results of the above
samples at different blank nitrogen contents and isotopic
compositions are calculated by the calibration curve. Finally,
the difference between the corrected result and the true value is
compared, as shown in Fig. 2.

Experiment 3: the effect of the isotopic composition on the
deviation of the measured isotope value from the true value

To examine whether the bacterial denitrifier method can obtain
reliable nitrogen isotope results without calibration, this paper
prepares the standard curve by using the international standard
materials covering the largest nitrogen isotope range. USGS-32,
USGS-34, IAEA-NO3, U42 and U51 were prepared as standard 20
pmol L' NO;™ solutions. One milliliter of the above standard
solution was injected into the prepared bacterial solution to
determine the nitrogen isotopic composition. The
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Fig. 2 Influence of the added nitrate standards (USGS-32, USGS-34
and |AEA-NO3) with different NOs~ addition proportions (NOz~
addition proportion = nmol of NOs~ added/20 nmol NOs~) and
known 3'°N values on the deviation of the corrected 3*°N values from
the true 3'°N values of natural samples (assuming that the corrected
3N values without any addition are the true values of the natural
samples). 3*°Nye is the known nitrogen isotope value given by the
standard and 8®°Ncomectea IS the nitrogen isotope value calculated
using the standard.

measurement is carried out by using different batches of
bacteria and repeating several times at different times. The
deviation between the average and true values of the multiple
measurements is calculated. As a result, the relationship
between the degree of deviation and the isotopic composition is
obtained, as shown in Fig. 3.

Experiment 4: testing of the uncorrected isotope results by the
natural samples

To further verify whether nitrogen isotope results can be ob-
tained directly without calibration, the river water samples are
treated with different batches of bacteria, and the nitrogen
isotopic compositions are determined at different times. The
deviations of the calibration results compared with the
measured values are summarized in Table 2. In addition, to test
the difference between the test results using traditional

2
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Fig. 3 Deviation of the measured 3*°N values from the assigned 3!°N
values (3" Nmeasured — 8 Nassignea) at 20 nmol NOs~ versus different
3N values. The red dashed lines show the linear regression rela-
tionships between the deviation and isotopic values. The boxes show
that the deviation is below +0.5%, and the values of the samples
located in these boxes do not need to be corrected.
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Table 2 Comparison of the differences in the 3°N measurements of
the natural samples between replicate batches that were corrected or
not corrected by the calibration curve for 3*°N

SN,Y 3PNSL 3N, — 8'ON.C
Date of

Sample no. measurement %o %o %o
CH-8 2019.4.10 6.3 6.0 0.3
CH-12 2019.4.10 4.1 3.7 0.4
CH-13 2019.4.10 8.9 8.6 0.3
CH-15 2019.4.10 8.5 8.3 0.2
LH-7 2019.4.10 12.5 12.4 0.1
LH-8 2019.4.10 12.5 12.4 0.1
QH4 2019.4.17 12.1 12.0 0.1
QH5 2019.4.17 5.7 5.4 0.3
QH6 2019.4.17 13.0 12.9 0.1
QH9 2019.4.17 16.6 16.7 —0.1
LH19 2019.4.17 71 6.8 0.3
LH24 2019.4.17 7.1 6.9 0.2
HH1 2019.4.19 1.5 1.2 0.3
HH5 2019.4.19 1.7 1.3 0.3
HH12 2019.4.19 8.5 8.5 0.0
HH16 2019.4.19 8.8 8.8 0.0
KMC5 2019.4.19 11.0 11.0 0.0
KMC7 2019.4.19 12.4 12.4 0.0
% 3"N,, represents the 3°N value measured by the uncorrected

standard curve. ? 3'°N, represents the 3'°N value measured by the
corrected standard curve. ¢ 3"°N,,, — 3'°N, represents the difference
between the uncorrected and corrected values.

correction methods and non correction methods, a one-way
ANOVA was performed on the data in Table 2 using SPSS
software.

Results and discussion

Evaluation of whether the standard curve correction method
can effectively correct the detected nitrogen isotope values

To examine in great detail whether the standard curve correc-
tion method can effectively deduct the contribution of the blank
nitrogen in the whole process, a standard substance with
a known isotopic composition is artificially added as a blank.
Therefore, the proportion of the blank nitrogen in the total
nitrogen is increased. The additions accounted for 10%, 30%
and 50% of the total nitrogen content. The specific experi-
mental design is as described in Experiment 2.

It can be seen from Fig. 2 that even if the proportion of
nitrogen in IAEA-NO3 (3"°N = 4.7%,) is as high as 50%, the
corrected nitrogen isotope result deviates from the true value by
less than 0.39, This result occurs because the isotopic
composition of the mixed blank is close to that of the sample to
be tested. Even if its contribution ratio is high, IAEA-NO3 has
little effect on the isotope results. However, although the ratio of
USGS-32 (3'°N = 180%,) is lower than 10%, the calculated
nitrogen isotope result deviates from the true value by more
than 1.6%,. This is because the nitrogen isotopic composition of
USGS-32 deviates greatly from those of most natural samples.
Even if a small amount of USGS-32 is introduced, its effect on

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the isotope results is large. The above results demonstrate that
the standard curve correction method cannot deduct the
influence of the blank when the nitrogen isotopic composition
of the blank deviates greatly from those of the tested samples.
Therefore, the standard curve correction method cannot
completely solve the problem of blank pollution.

In bacterial denitrification blank nitrogen comes mainly
from the reagent, the bacterial protocol and instrumentation.
Currently, the contribution of nitrogen in the full process blank
can be reduced to as low as 1% of the total nitrogen by mini-
mizing isotopic drift and by improving the calibration of O
isotopes.***?* 1t is generally believed that as long as the blank
nitrogen contribution is sufficiently low, the nitrogen isotope
result deviation is 0.25%, even if the blank nitrogen isotopic
composition is 100%,>* Sigman et al estimated that the
nitrogen isotopic composition of their laboratory blank was
approximately 59,. Additionally, the isotopic composition was
not significantly different from those of most natural samples.*®
That is, the nitrogen isotopic composition can be effectively
calculated by the standard curve correction method under the
following preconditions: (1) the nitrogen contribution ratio in
the whole-process blank is strictly controlled to be small
enough, (2) the deviation of the isotopic composition between
the blank and natural sample is not large, and (3) the blank
nitrogen has the same effect on the standard and the tested
samples.

In the actual application process, the amount of nitrogen in
the whole-process blank can be directly obtained from the peak
area of m/z 44. However, the m/z 44 peak area of the blank is too
small to directly obtain the nitrogen isotopic composition of the
blank. Thus, it is difficult to judge the degree of deviation of the
nitrogen isotope values between the blank and the tested
sample. Therefore, to a certain extent, the accuracy and effi-
ciency of obtaining accurate nitrogen isotope values through
the calibration curve method is affected by the above factors.

Discussion on the need for correction

To investigate whether the bacterial denitrification method can
obtain reliable nitrogen isotope results without calibration, the
conditional experiment was carried out according to the
description of Experiment 3. As a result, as shown in Fig. 3, the
deviation between the nitrogen isotope measurement value and
the true value is linearly related to its true value. From the
calculation of the linear equation, when the nitrogen isotopic
composition is 4.89,, the difference between the measured
value and the true value is close to 09, The isotope signal
superimposed by the blank does not change the original isotope
result of the sample with the same isotopic composition as the
blank. Therefore, it is speculated that the nitrogen isotopic
composition of the blank of the whole experiment is approxi-
mately 4.8%, Furthermore, when the nitrogen isotopic
composition deviated from the blank value by 19,,, the deviation
of the measured value from the true value was 0.0349%,. As
shown by the shaded area in the blue dotted line in Fig. 3, when
the nitrogen isotopic composition is in the range of —9.9 to
19.5%,, the deviation of the direct measurement from its true

RSC Adv, 2023, 13, 13834-13839 | 13837
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value is less than +0.59, which can satisfy the accuracy
requirements for natural sample isotope measurements.
Therefore, it is preliminarily speculated that for a natural
sample with a nitrogen isotopic composition distribution
ranging from —9.9 to 19.59%,,, the true nitrogen isotope value can
be directly obtained without using the standard curve correc-
tion method. This range covers the nitrogen isotope distribu-
tion of most natural samples.

The deviation between the nitrogen isotope measurement
and the true value is linearly related to its true value. The reason
is that there is a small but inevitable blank contribution in the
experimental process. That is, the measured value is the result
of the overlap of two end sources. One is the N,O in the blank,
and the other is the N,O converted from the NO; in the
sample. Under the premise of a stable blank and consistent
pretreatment conditions of the bacterial denitrifier method, the
nitrogen content and the isotopic composition of the blank
contributed by different batches of bacteria and instruments
can be kept within a small range. The true value of a natural
sample with a nitrogen isotopic composition distribution
within the range of —9.9 to 19.59,, can be obtained directly
without using the standard curve correction method.

In addition, due to differences in the experimental environ-
ments, pretreatment conditions and instrument settings of
different laboratories, each laboratory can establish its uncor-
rected nitrogen isotope range based on the method proposed in
this paper. Moreover, the smaller the nitrogen contribution of
the blank is, the larger the uncorrected nitrogen isotope range is
that can be covered by the uncorrected curve, and as a result,
the nitrogen isotopic composition of more natural samples can
be obtained without correction.

The method provides a double test method for obtaining
reliable nitrogen isotope results by the bacterial denitrifier
method. The standard and parallel samples can be measured in
different batches. Therefore, the nitrogen isotope result directly
measured can be used to control the quality of the experimental
data, avoiding errors that may be superimposed in the standard
curve correction process, which is beneficial for a better control
of the data quality and long-term stability of different batch data
comparisons. It is also possible to reduce the labor and material
resources required for the standard curve correction method in
measuring a large number of standard samples per batch.

Evaluation of the uncorrected isotope results by natural
samples

The nitrogen isotope measurement results of river water
samples treated with different batches of bacteria and
measured at different times are listed in Table 2. The directly
obtained results are compared to the corrected results obtained
by conventional standard curve correction methods. The
nitrogen isotope distribution range is from 1.5 to 16.7%,, which
agrees with the uncorrected nitrogen isotope range proposed in
this paper. The results demonstrate that the deviation between
the measured value and the corrected result is less than 0.39,
which confirms that nitrogen isotope results can be obtained
without correction. Then, to test the differences in test results

13838 | RSC Adv, 2023, 13, 13834-13839
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between the traditional correction method and the method
without correction in this experiment, we subjected the data in
Table 2 to a one-way ANOVA. Before using this statistical
method, the data were checked for normality (Kolmogorov-
Smirnov’s test) and for homogeneity of variances (Levene's test).
The results showed P > 0.05, indicating that there was no
significant difference between the results of the conventional
correction method and the uncorrected method when the
nitrogen isotope values were in the range of —9.9-19.59.
Therefore, it is feasible to use the method without correction
directly.

Conclusions

In this paper, the commercial PreCon instrument is combined
with a stable isotope mass spectrometer to determine the
nitrogen isotopes in the N,O produced by the bacterial deni-
trifier method. Through the in-depth examination of the
internal mechanism of nitrogen isotope calibration, it is first
proposed that the true values of the nitrogen isotopes can be
directly obtained without correction for samples with a nitrogen
isotope content ranging from —9.9 to 19.59,, which is more
efficient in routine measurements. At the same time, each
laboratory can determine its uncorrected nitrogen isotope range
according to its blank conditions. A larger coverage of the
uncorrected nitrogen isotope range can be obtained with
a smaller contribution of the blank nitrogen and a smaller
deviation of the blank nitrogen isotopic composition from that
of the natural sample. The results of this study can provide
a double test standard for the standard curve correction
method. This uncorrected method can also mitigate the
possible problems of preprocessing and the instrument
measurement process. As a result, the problem of random
errors being corrected as systematic errors when using the
standard curve correction method can be avoided, and the
amount of international standard substances that need to be
used can be reduced, which can reduce the cost of experiments.
In conclusion, this study further improved the application
scope and testing efficiency of the bacterial denitrification
method, and also provided a basis for other laboratories to
establish a suitable bacterial denitrification method.
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