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ABSTRACT: Plastic pyrolysis oil is of particular interest for waste
management in the current context of a circular economy. Due to
their uncontrolled origin, these oils may contain significant amount
of unwanted compounds such as nitrogen-containing species.
These compounds are known to be catalyst poisons during refining
processes. Therefore, the removal of these species is crucial, and
their characterization from structural and quantification points of
view is essential for this purpose. This study presents a method to
specify and quantify nitrogen-containing classes in a plastic
pyrolysis oil by direct infusion mass spectrometry. Two steps
were used, namely structural characterization to select suitable
standards and semiquantification. The structural speciation of
nitrogen-containing compounds was first performed by electro-
spray ionization Fourier transform mass spectrometry, followed by tandem mass spectrometry using high-resolution mass isolation
and infrared multiphoton dissociation fragmentation. A semiquantification is then performed by the standard addition method,
which is very appropriate for such complex matrices. Aromatic cores such as quinoline and quinoxaline were evidenced for both N1
and N2 classes, allowing 2-methylquinoxaline and 2-butylquinoline to be proposed as standards for the semiquantification of N2- and
N1-containing compounds, respectively. The amount of nitrogen detected from the sum of the individual species was consistent with
the bulk analysis. The reported methodology can be applied to numerous other families of compounds in various other complex
matrices.

■ INTRODUCTION

Over the past decade, the production of plastic has steadily
increased due to its applications in many sectors. Since the
start of their large-scale production in 1950, nearly 9 billion
tons of plastics have been manufactured from petroleum. Of
the high amount of plastic waste generated, only around 9% is
currently recycled.1 As a consequence, if this production and
waste management continue, around 12 million tons of plastic
waste will end up in landfills or in the natural environment by
2050.2 The current trend is therefore towards a circular
economy, which represents a more sustainable alternative
model to the linear economy.3−5 Plastic depolymerization is a
very promising strategy in this context.6 Through such a
process, the recovery of monomers, the basic chemical units of
polymeric chains, transforms plastic from a waste product to a
new precursor material. Thermal treatments are used to
degrade these polymeric chains.7−9 Pyrolysis is one of the
different types of chemical degradation processes that occur at
high temperatures in the absence of oxygen.10,11 It is mainly
used in the valorization of organic materials12 such as
biomass,13−15 polymers,16−19 or plastics20−22 and allows the
production of solid (coal), liquid (oil), and gaseous (non-

condensed gases) products. Each was previously characterized
using different analytical methods such as gas chromatography
(GC),21,23−26 infrared spectroscopy (IR),27 nuclear magnetic
resonance (NMR),19 and mass spectrometry (MS).12,16,25

Because pyrolysis oil is of particular interest for the recovery of
monomers, the material chosen in this study is a pyrolysis oil
produced from real municipal wastes made up of different
plastic types. Owing to the high molecular complexity of such
samples, the necessity of using very-high-resolution mass
spectrometry such as Fourier transform ion cyclotron
resonance (FTICR) to characterize plastic oils has been
demonstrated.12,25,28 Specifically, in a previous study, the
presence of nitrogen-containing species in the plastic pyrolysis
oil was highlighted by electrospray ionization (ESI).29

Nitrogen-containing species form due to the presence of
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antioxidant additives such as hindered amine light stabilizers
(HALS) and nitrogen-containing polymers such as polyamides
in the plastic waste. These nitrogen-containing molecules are
of particular interest because they can act as catalyst poisons
during refining processes. The elemental analysis of this sample
showed the presence of 1797 ppm of nitrogen. A gas
chromatograph coupled with a nitrogen chemiluminescence
detector (GC-NCD) was used to show that of this 1797 ppm
N, 300 ppm was speciated into benzonitrile and caprolactame
molecules. Nevertheless, more than 850 signals of nitrogenated
species were detected by electrospray ionization (ESI) in the
positive mode. Less than 100 signals with low intensities were
observed via ESI in the negative mode and were therefore not
included in this study. The present challenge is to quantify
these species to determine if their concentrations explain the
missing 1497 ppm nitrogen. However, the structures of these
compounds are unknown, and mass spectrometry quantifica-
tion implies the use of a standard to take into account
differences in the ionization efficiency. For this purpose, the
first step of this work was the structural characterization of the
nitrogen-containing species to select standard compounds
representative of the species present in the sample.
One way to access structural information is tandem mass

spectrometry (MS/MS).30−34 For this, ions of interest were
isolated, typically with a quadrupole, and fragmented afterward
through collisional activation. However, in the case of a
complex mixture and because of the low resolution delivered
by the quadrupole, MS/MS spectra can be difficult to
interpret.35,36 On FTICR mass spectrometers, however, it is
possible to perform high-resolution mass selection directly in
the ICR cell using frequency-specific excitation pulses.37

The second step is quantification. In practice, as with most
“detectors”, the signal in ESI-MS is proportional not only to
the concentration but also to the analyte response factor.
Calibration with standard molecules is therefore necessary.
Different methods of calibration are reported in literature, such
as internal calibration,38 external calibration,39 and the
standard addition method (SAM),40 depending on the desired
requirements. In the case of a highly complex mixture that may
yield a strong matrix effect and that already contains most
possible molecular formulas, the SAM is the method of choice.
The calibration is carried out directly in the sample. The matrix
will be analyzed alone and then with known supplemental
additions of the substance to be measured. Such a procedure is
usually used with separation methods such as liquid or gas
chromatography. However, in the case of ultracomplex
mixtures such as bio-oils,41−43 plastic pyrolysis oils,12 and
other mixtures,44,45 the huge amount of different isomers may
yield a very low concentration per molecule. The use of direct
infusion mass spectrometry (DI-MS) can remove the isomeric
dispersion and thus very significantly improve the detection
limit per molecular formula.
In the present work, we report the structural analysis of basic

nitrogen-containing compounds in a mixed-plastic pyrolysis oil
from real municipal waste by DI-ESI(+)-FTICR MS/MS using
infrared multiple photon dissociation (IRMPD). A relative
quantification is also reported through the use of different
standards containing the main nitrogen-containing cores that
were evidenced.

■ MATERIALS AND METHODS
Sample and Reagent. The mixed-plastic pyrolysis oil was

supplied by TotalEnergies TRTF (TotalEnergies Total

Research and Technology Feluy, Belgium). Toluene, meth-
anol, and heptane of analytical grade with purities higher than
99.7% were all purchased from VWR. 2-Butylquinoline and 2-
methylquinoxaline were purchased from Sigma-Aldrich.

Sample Preparation. The stock solution of pyrolysis oil
was prepared at a concentration of 5 mg mL−1 in toluene. For
tandem mass spectrometry, the sample was further diluted to a
concentration of 0.5 mg mL−1 in toluene/methanol (50:50 v/
v) and doped with 1% formic acid. For the SAM, the pyrolysis
oil solution was prepared at a concentration of 0.5 mg mL−1 in
toluene/methanol (50:50 v/v). The standard solution (of 2-
methylquinoxaline or 2-butylquinoline) was prepared at a
concentration of 1 mg mL−1 by the gravimetric method and
further diluted to a concentration of 1 μg mL−1. These
solutions were prepared three times to avoid systematic error
dilution propagation on all points of the range. The dilutions of
the solutions were carried out by the volumetric method.
Volumes used of each solution for a total volume of 1 mL are
reported in Table S1. Five-point calibration was used with a
concentration range between 0.005 and 0.025 μg mL−1.
Triplicates were made and registered for each case.

Mass Spectrometry Analyses. FTICR experiments were
performed using a 12 T SolariX XR MRMS (Bruker Daltonics,
Bremen, Germany) instrument. Samples were ionized using an
ESI source in the positive mode with a flow rate of 120 μL h−1.
The mass spectrometer was externally m/z calibrated using a
trifluoroacetate solution before sample analysis. Source
parameters were chosen as follows: capillary voltage of 3900
V, source temperature of 370 °C, desolvatation gas flow of 4 L
min−1, nebulizer pressure of 2 bar, quadrupole lower cutoff of
100, and TOF of 0.7 ms. For the IRMPD parameters, a 30 W
10200−10800 nm IR laser (Synrad 48-1) was used at a laser
power of 75% and a laser irradiation time of 2 s. A mass range
of m/z 73−1000 with a 1.2 transient length was selected,
resulting in a resolution of 230 000 at m/z 400. The number of
scans averaged was 200 for infusion and 20 for IRMPD
fragmentation to keep the ICR cell from overheating.
Instrument control and data acquisition were performed
using the FTMS control (ver. 2.3, Bruker) software.

Data Processing. For FTICR experiments, data were
processed with DataAnalysis (ver. 5.1, Bruker). A unique
molecular formula could be attributed to each m/z signal with
a signal-to-noise ratio (S/N threshold) >6 thanks to the mass
accuracy and the resolving power of FTICR. Raw formulas
O0−4−N0−3 and N0−2 for were picked broadband analysis and
MS/MS experiments, respectivelyto avoid misassignment. For
double bond equivalent (DBE) versus carbon number plot
used to visualize the data sets, the degree of unsaturation
(DBE) was calculated using eq 1, where nC is the number of
carbon atoms, nH is the number of hydrogen atoms, and nN is
the number of nitrogen atoms.

= − + +n
n n

DBE
2 2

1C
H N

(1)

■ RESULTS AND DISCUSSION
In a previous study, thanks to the ability of positive-ion
electrospray ionization (ESI(+)) to promote the ionization of
basic molecules, the nitrogen-containing species were dis-
tinguished by ESI(+)-FTICR29 as shown in Figure 1a, which
presents the mass spectrum of this plastic pyrolysis oil in
ESI(+)-FTICR-MS. Both the N1 and N2 classes of compounds
represent an abundance of more than 40% of the total
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attributed number of ions with assigned molecular formulas of
405 and 444, respectively. DBE versus carbon number plots of
these molecular classes are given in Figure 1b and c. Two main
distributions at DBE = 5 and 8 were observed for the N1
family, whereas only one major distribution at DBE = 7 was

observed for the N2 family. Distributions are included between
4 and 40 carbon atoms with the CH2 horizontal gap. Given the
high number of species, it is necessary to find molecules
representative of the species present in the sample to be used
as standards. In such matrices, a continuum has been observed
inside distributions with a same core and a CH2 repetitive
unit.46,47 Based on this knowledge, three intense ions will be
selected with molecular formulas of C10H14N

+ (DBE = 4),
C14H16N

+ (DBE = 8), and C15H21N2
+ (DBE = 7).

Identification of Core Structures. In the case of such a
complex mass spectrum, the low resolution for mass selection
afforded by the quadrupole induces the coisolation of many
isobaric ions. More than 15 isobaric ions are coisolated, with
an isolation window of 1 Da (Figure S1). Among these ions,
several belong to N2, N2O, and N2O2, where DBE = 7, 8, and
9, respectively. In petroleum compounds that have survived
geological times, there are a few constraints concerning their
possible core structures. In the present case, it is much more
difficult to predict the molecular structure consistent with a
particular molecular formula. In particular, we do not know
whether heteroatoms are located in the aromatic core and thus

Figure 1. (a) Mass spectrum of the plastic pyrolysis oil obtained via
ESI(+). DBE vs carbon number plots for (b) the N1 family and (c)
the N2 family (stars for polypropylene glycol contaminant).

Figure 2. Fragmentation mass spectrum obtained via IRMPD for the C15H21N2
+ ion at m/z 229.169925 attributed to (a) N2-containing fragments

and (b) N1-containing fragments. Carbon number distribution of (c) N2-containing fragments and (d) N1-containing fragments. Putative cores
structures for (e) N2-containing fragments and (f) N1-containing fragments.
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whether N2O or N2O2 precursors that were coisolated with the
interest precursor ion C15H21N2

+ during collision-induced
dissociation (CID) will give N2 fragments that will
compromise the attribution of fragments. To avoid such
problems, ICR cell isolation was perfromed at high resolution,
followed by IRMPD fragmentation. Only one species was
selected, as seen in Figure S1. The DBE versus carbon number
plot therefore shows only a single point to avoid misinter-
pretation. Comparisons between quadrupole and in-cell
isolation for C10H14N

+ (DBE = 4) and C14H16N
+ (DBE = 8)

are given in Figures S2 and S3, respectively.
C15H21N2

+ was the most abundant ion of the N2 family. It
had a DBE value of seven, which may correspond to an
aromatic structure. Its fragmentation spectrum is reported in
Figure 2. Eight fragmentation series were identified. To
facilitate interpretation, the attributions of each series are
presented in different colors. These series were classified into
two families: fragments containing two nitrogen atoms (Figure
2a) and fragments containing one nitrogen atom (Figure 2b).
Most fragments contained two nitrogen atoms, and their DBE
values were located between seven and eight (Figure S4).
Fragments with only one nitrogen have the lowest DBE values
of six and seven and present low m/z values. This suggests that
both nitrogen atoms were mainly present in a fused aromatic
core.
Panels c and d in Figure 2 represent the carbon number

distributions for each series of the N1 and N2 fragments,
respectively. The blue and green series of the N2-containing
fragments present the same fragmentation pattern, with carbon
numbers between 8 and 14. Blue is composed of ions with
even electron configurations, and green is composed of ions
with odd electron configurations. The presence of radical
fragment ions is possible thanks to the presence of aromatic
rings in the precursor ion that can stabilize the radical with a
mesomeric effect. However, the DBE value was not the same
between both fragmentation series. Indeed, during charge-
driven fragmentation, a proton migration occurs that leads to
an increment of one DBE.48,49

Two putative structures in agreement with the experimental
data related to the C15H21N2

+ ion precursor are given in Figure
2e. The structures involve aromatics with two fused aromatic
six-membered rings with two nitrogen atoms included in the
core, such as naphthyridine or quinoxaline. However, it is
impossible to know if nitrogen atoms were present in the same
cycle or separated. The two other N2 series (yellow and pink)
also involve charge-driven dissociation mechanisms. Fragments
of the pink series had a DBE value of nine and included carbon
numbers between 13 and 10. The first fragment ion of this
series was produced through the loss of two CH4 molecules,
whereas the first fragment ion of the yellow series was
produced through the loss of C2H4. These ions, in the same
manner as the green and blue series, were followed by a series
of fragment ions separated by CH2 units. It should be pointed
out that such fragment ion series are not expected to be
consecutive fragments. They are rather due to (i) the existence
of numerous isomers that can fragment differently depending
on the alkyl chain length and (ii) competitive fragmentations
within a particular isomer yielding, for instance, the loss of
alkanes such as methane and ethane.
The DBE = 9 series that presents an increase of two DBE

values compared to the precursor ion could be due to
fragments presenting a double bond outside the aromatic core
after an internal rearrangement stabilized by the mesomeric

effect. The yellow series has a DBE value of seven, and
between 8 and 13 carbon atoms were included. The same type
of fragmentation as that for the pink series was retrieved, but
neither double bond outside the cycle was present. However, a
DBE value of seven could be explained by a rearrangement
during the fragmentation and the loss of aromaticity.
Nevertheless, a core proposal of two fused aromatic six-
membered rings with two nitrogen atoms included was thus
demonstrated.
For the second class of fragmentation of the C15H21N2

+ ion,
the N1-containing fragmentation series (purple, red, light blue,
and light green) present even electron configurations. A single
fragment (in red) indicated the loss of NH3 that could be
attributed to an amine end-group in the precursor ion. A series
of fragment ions were produced by the loss of NH3 in addition
to an alkyl group (light blue color), which is characteristic of
nitrogen being present in the ramified chain and not in the
extremity. However, a core composed of two fused aromatic
six-membered rings was proposed, such as quinoline (Figure
2f). For the purple and light green series, the last fragments
contain a carbon number of seven. Thus, the proposed
structure for the core of these series was composed of one
fused aromatic six-membered ring such as pyridine with an
unfragmented alkyl chain (Figure 2f).
The same procedure was applied for both N1 species

C10H14N
+ (DBE = 4) and C14H16N

+ (DBE = 8). Results are
reported in the Supporting Information. For the N1
fragmentation results, quinoline or pyridine aromatic cores
could be proposed as representative of the molecules present
in the pyrolysis oil.

Semiquantification by the Standard Addition Meth-
od. As announced before, it is impossible to find all standard
molecules to perform the SAM given the number of species in
the plastic pyrolysis oil. Two representative standards were
purchased for semiquantification by the SAM according to the
fragmentation results. Structures of 2-butylquinoline and 2-
methylquinoxaline, which were selected to quantify the N1 and
N2 species, respectively, are given in Figure 3. The hypothesis
done in this study is that all N1-containing species have the
same response factors, and the same is true for all N2-
containing species in positive ESI mode.

Figure 4a presents the SAM procedure, including four main
steps: (i) the addition of known volumes of standard to the
sample, (ii) the analysis of these samples, (iii) graphical
representation, and (iii) mathematical correlation. A minimum
of three points are required for the SAM,50 and the
concentrations included are typically between 0.5 and 4× the
analyte concentration.51,52 The center of the standard range
must correspond to the concentration of the analyte in the
matrix without standard addition. Moreover, it is necessary to
ensure that the concentration range chosen is in the linearity

Figure 3. Standard chemical structures of (a) 2-methylquinoxaline
and (b) 2-butylquinoline
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range of the detector. A too-high concentration range could
lead to nonlinear response (Figure S8).
Figure 4b presents the mass spectrum obtained via ESI(+)-

FTICR for the SAM addition in the case of plastic pyrolysis oil.
The insets are enlarged views of the mass spectrum at m/z
145.076025 (Figure 4c) and m/z 186.127726 (Figure 4d),
corresponding to the signals of protonated 2-methylquinoxa-
line and 2-butylquinoline, respectively. Plots of the signal

intensity as a function of the concentration of the standards are
also represented. In both cases, a linear correlation was
obtained that followed the equation intensity = a × Cmass + b.
As the starting sample contains the compound to be quantified,
the calibration line does not pass through the origin point.
However, the x-intercept yields the analyte concentration
(represented by stars in Figure 4c and d). Coefficient of
determination (R2) values of 0.9784 and 0.9978 for 2-

Figure 4. (a) Methodology of the SAM and its application to plastic pyrolysis oil. (b) Mass spectrum of plastic pyrolysis oil obtained via ESI(+)-
FTICR, with enlarged insets showing (c) the 2-methylquinoxaline standard addition and its intensity versus concentration plot and (d) the 2-
butylquinoline standard addition and its intensity versus concentration plot.

Figure 5. Plot of DBE vs the carbon number and the DBE distribution as a function of Cmass in solution (ppm N) for (a) N1-containing species and
(b) N2-containing species. The color map represents the mass concentration in solution (ppm N) of each ion observed in both classes.
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methylquinoxaline and 2-butylquinoline, respectively, confirm
the reliability of the obtained linear correlation. Besides, the
equations are different. The slope is higher with this last
standard, indicating the response factor is different between the
N1- and N2-containing species. Indeed, a molecule containing
two basic nitrogen atoms is more likely to be ionized and
therefore has a higher response factor than a molecule
containing a single basic nitrogen atom. In this case, this
means that for the same concentration the signal of a N2-
containing species will be higher than signal of a N1-containing
species. Both 2-methylquinoxaline and 2-butylquinoline
compounds were present in the same concentration in the
plastic pyrolysis oil (about 0.018 ppm), whereas their
intensities were set to 39 175 400 and 159 698 208, respec-
tively (a factor of four).
As the SAM is not applicable to all compounds, the equation

obtained after linear regression was conserved and adapted for
all N1- and N2-containing species. Different calculation steps
are required to recover the concentrations of all N1- and N2-
containing species. They are reported in the Table S2. For the
calculation, only the m/z values and corresponding intensities
of all compounds in such classes were conserved. Classes were
studied separately. For example, the N2 class was kept for the
quantification by 2-methylquinoxaline, and the N1 class was
kept for the quantification by 2-butylquinoline. Using the
equation obtained by linear regression (Figure 5a), the mass
concentration (Cmass) of each signal was retrieved, and the
values are reported in the third column of Table S2. However,
the elemental content of the oil given in the introduction part
(1797 ppm) was in terms of the nitrogen mass concentration.
It is therefore necessary to convert the concentration
previously obtained in mass to the nitrogen mass concen-
tration. For that, the percentage of nitrogen in each ion (% N
in ion) was calculated using the mass of nitrogen and the m/z
value (fourth column of Table S2). The mass concentration in
N (Cmass in N) was obtained by multiplying both Cmass and %
N in ion (fifth column of Table S2). The sum of all Cmass values
in the nitrogen-containing species gave the Cmass in the
analyzed plastic pyrolysis solution as 0.5 mg mL−1 for classes
chosen.
The last step is to incorporate the dilution factor. The final

concentration of nitrogen in the pyrolysis oil (Cmass oil) was
obtained using eq 2, which takes into account the dilution
factor (DF), the Cmass in solution (ppm), the density of the
solvent used for the preparation of stock solution (g cm−3),
and the concentration of stock solution (g mL−1). In our case,
the dilution factor was 10, the solvent used was toluene with a
density of 0.867 g cm−3, and the concentration of the stock
solution was 0.005 g mL−1.

= ×
×

C
C

C
(oil) DF

(solution) density
mass

mass

stock solution (2)

Table 1 presents results of the SAM for the N1 and N2
classes obtained for each replicate. N1- and N2-containing
species represent a total concentration of 1464.3 ppm, with an
average of 852.7 ppm N2-containing species and 611.6 ppm
N1-containing species. The obtained values have low standard
deviations (less than 10%), showing the reproducibility of the
experiments. Interestingly, the obtained value (1464.3 ppm) is
very close to the concentration obtained by elemental analysis
(1500 ppm), confirming the validity of the semiquantification
approach despite the approximation done in the response
factor. It is important to note that a lot of variability due to
other structural differences, such as the total number of carbon
atoms, the length of the aliphatic chains, and the positions of
the double bonds, could be observed, especially in ESI.53 The
choice of the standard is therefore very important and can
significantly distort the final results.
To illustrate the results of the semiquantification, DBE

versus carbon number plots and the distribution of the DBE as
a function of the mass concentration in solution (ppm) of N1
and N2 are given in Figure 5a and b, respectively. The color
map used represents the relative intensity of Cmass in solution
(ppm) for each ion observed in both classes. We can compare
these plots with the DBE versus carbon number plots
representing the N1 and N2 ionized species given in Figure
1b and c, respectively. As expected, both distributions were
retrieved according to the SAM calculations based on the
intensity of each ion. In addition, it is emphasized that the N2-
containing species are more present in the plastic oil than the
N1-containing species. Their ionization is certainly more
important, but the semiquantification also shows their higher
quantity in the mixture.
The present approach could be used with other complex

organic matter. For instance, microalgae-based bio-oils contain
a significant amount of nitrogen-containing species that could
be quantified with similar approach to improve the refining
processes.54

■ CONCLUSION

To meet the challenge of analyzing a complex matrix, IRMPD
fragmentation and SAM were used with FTICR-MS for the
identification and semiquantification of nitrogen-containing
species in a pyrolysis plastic oil. Tandem mass spectrometry
using a high in-cell resolution for selection and IRMPD
generate both extensive fragmentation with a high resolving
power and a mass accuracy adapted to the characterization of
the structural core and many diagnostic fragments for isomer
differentiation. This allowed us to propose molecular structures
for use as internal standards consistent with our experimental

Table 1. Results of the SAM for both the N1 (with 2-Butylquinoline) and N2 (with 2-Methylquinoxaline) Classes

2-butylquinoline

replicate 1 replicate 2 replicate 3 average standard deviation relative standard deviation

Cmass(solution)(solution) (ppm) 0.33 0.36 0.37 0.35 0.022 6.23%
Cmass(oil) (ppm) 568.75 622.85 643.31 611.64 38.52 6.30%

2-methylquinoxaline

replicate 1 replicate 2 replicate 3 average standard deviation relative standard deviation

Cmass(solution) (ppm) 0.51 0.50 0.45 0.4 0.038 7.63%
Cmass(oil) (ppm) 899.95 879.79 778.22 852.70 65.24 7.65%
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data. The semiquantification of the N1 and N2 compound
classes in complex matrices was demonstrated for the first time
via direct infusion FTICR thanks to the SAM. Interestingly, the
global amount of nitrogen-containing species is consistent with
the elemental analysis results, which in both cases was shown
to be about 1500 ppm nitrogen. The coupling of both tandem
mass spectrometry and SAM appears to be a powerful tool for
the qualitative and quantitative analysis of complex matrices.
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