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1. Introduction

GC-FTICR mass spectrometry with dopant assisted
atmospheric pressure photoionization: application
to the characterization of plastic pyrolysis oil¥

Charlotte Mase,®< Julien F. Maillard,”< Marco Piparo,” Lukas Friederici,
Christopher P. Ruger,““ Sabrina Marceau,”¢ Benoit Paupy,®< Marie Hubert-Roux,*¢
Carlos Afonso (2 *2< and Pierre Giusti®®©

Pyrolysis is a promising way to convert plastic waste into valuable resources. However, for downstream
upgrading processes, many undesirable species, such as conjugated diolefins or heteroatom-containing
compounds, can be generated during this pyrolysis. In-depth chemical characterization is therefore
required to improve conversion and valorization. Because of the high molecular diversity found in these
samples, advanced analytical instrumentation is needed to provide accurate and complete characteriz-
ation. Generally, direct infusion Fourier transform mass spectrometry is used to gather information at the
molecular level, but it has the disadvantage of limited structural insights. To overcome this drawback, gas
chromatography has been coupled to Fourier transform ion cyclotron resonance mass spectrometry. By
taking advantage of soft atmospheric pressure photoionization, which preserves molecular information,
and the use of different dopants (pyrrole, toluene, and benzene), selective ionization of different chemical
families was achieved. Differences in the ionization energy of the dopants will only allow the ionization of
the molecules of the pyrolysis oil which have lower ionization energy, or which are accessible via specific
chemical ionization pathways. With a selective focus on hydrocarbon species and especially hydrocarbon
species having a double bond equivalent (DBE) value of 2, pyrrole is prone to better ionize low-mass
molecules with lower retention times compared to the dopant benzene, which allowed better ionization
of high-mass molecules with higher retention times. The toluene dopant presented the advantage of
ionizing both low and high mass molecules.

already reported in the literature.”> Concerning the conjugated
diolefins, they are known to be largely responsible for oligo-

Due to their uncontrolled origin, pyrolysis oils produced from
plastic waste materials contain a significant number of unde-
sirable compounds such as heteroatom-containing com-
pounds and conjugated diolefins."™ Among the heteroatom-
containing compounds, nitrogen-containing compounds are
of particular interest because they are known to poison cata-
lysts in upgrading refining processes. Their characterization is
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merization reactions, deposit, and gumming formation in
refinery processes.®” A detailed chemical description of plastic
waste-based pyrolysis oil is, therefore, essential to improve the
conversion and valorization processes. The chemical compo-
sition knowledge of this feedstock will help to improve the pyrol-
ysis reactor parameters. Like petroleum crude oils, plastic pyrol-
ysis oils are complex organic mixtures composed of thousands of
chemical species covering a wide range of mass and polarity."**
Therefore, these complex mixtures require advanced instrumen-
tation to provide accurate and complete characterization. Ultra-
high resolution mass spectrometry (UHR-MS) especially Fourier
transform ion cyclotron resonance (FTICR), played a significant
role in providing a more accurate understanding of the complex-
ity of organic elemental profiles as described for other
matrices.”" However, it is insufficient alone to distinguish
isomers or to assign molecular structures, which could be impor-
tant information, in particular, to improve upgrading processes.
That is why coupling fragmentation and separation methods
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such as gas chromatography (GC),"*™* liquid chromatography
(LC),"® supercritical fluid chromatography (SFC),"”'® or ion
mobility spectrometry (IMS)'*?*° with UHR-MS have been devel-
oped and widely used.

The coupling of GC with FTICR MS allowed, first, to separ-
ate isomers, and then, to obtain unique molecular formulas
using accurate mass spectrometric measurements.”! This
coupling has been implemented for the first time by Solouki
and coworkers."®'*?? However, the use of an electron ioniza-
tion (EI) source is responsible for significant fragmentation,
which could be challenging for the characterization of
complex mixtures. For that reason, the development of atmos-
pheric pressure ionization (API) sources became very popular
for this coupling.”® Indeed, these sources presented the advan-
tage of preserving the molecular or pseudo-molecular ion by
generating lower fragmentation. Among these API sources,
atmospheric pressure chemical ionization (APCI) has been the
most widely used in the context of FTICR MS coupling. APCI is
a nonselective ionization technique applied for complex
organic mixtures, especially in petroleum and pyrolysis oil
investigation.>*  Barrow et al presented the first
GC-APCI-FTICR MS coupling in 2014 to study environmental
samples from the Athabasca region of Canada.>® Since then,
several studies were performed on various complex organic
mixture applications.”® The review of Riiger et al. summarized
the published works in the field of gas chromatography
coupled to soft ionization mass spectrometry for the molecular
description of energy and fuel matrices.”” Among the hyphe-
nated GC-FTICR MS methods, Schwemer et al. have used this
coupling method to characterize the volatile and semi-volatile
components in heavy fuel oil, diesel fuel, and corresponding
primary combustion engine aerosol extracts.>® Here, sophisti-
cated automatized routines allowed for the robust removal of
ionization artifacts, such as oxygen adducts, and the detection
of over 5000 molecular features. Streibel et al.?>® have shown
that GC-APCI-FTICR MS highlighted the heteroatom-contain-
ing compounds such as sulfur and oxygen-containing com-
pounds. The same observation was made by Thomas et al.,
which compared GC-APCI-FTICR MS with direct infusion (DI)
APPI-FTICR MS for the environmental contaminants ana-
lysis.>® Heteroatom-containing classes were in common
among both DI and GC but they observed a greater relative
intensity with GC-APCI-FTICR MS for several heteroatom-con-
taining compounds classes such as oxygenated compounds.
The ability to separate isomers by chromatography enabled
characterization of several reactive and hazardous compounds
as shown by Barrow et al.*’ in a study on soil sands, by Lozano
et al®® for the characterization of softwood bio-oil and its
esterified product, or by Zuber et al. for the characterization of
pyrolysis oil from German brown coal.’® All these works used
extracted ion chromatograms of individual molecular compo-
sitions, determining the relationship with the retention time.
However, some drawbacks of APCI source are reported in the
literature such as, adducts formation and reactivities during
ionization processes.>***** To overcome these disadvantages,
atmospheric pressure photoionization (APPI) could be used.**
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APPI can be used in various applications allowing the
ionization of a broad range of compound classes including
nonpolar compounds.?® Its concept was largely and in detail
reported in the literature.’*® In most cases, dopants have
been used in APPI leading to a significant improvement in the
ionization efficiency and therefore increase of sensitivity.***
Several dopants were explored in APPI. Most typically found
are toluene, acetone, anisole, and chlorobenzene. Numerous
other solvents or combinations of solvents have also been
studied. In this case, ionization is a two-step process with the
photoionization of the dopant (D) (eqn (1)) possible if the
ionization energy (IE) of the dopant is lower than the photon
energy () followed by charge exchange with the analyte (M)
to produce the molecular ion M™" (eqn (2)) with the condition
that IE of the molecule is lower than the IE of the dopant.

D+ hv — D" + e (if IE(D) < hv) (1)
D'"+M—D+M" (if [EM) < IE(D)) (2)

Furthermore, depending on their gas phase properties such
as proton affinity (PA) or IE, it has been shown that dopants
and solvents influence the reactions taking place in the
primary ionization and secondary ionization step and there-
fore can induce a certain selectivity. Especially, Bruins et al.
have shown that the use of anisole as a dopant allowed a
100-fold increase in the sensitivity of analytes with low proton
affinities in acetonitrile.** The same observation was realized
by Kauppila et al. which showed that the ionization efficiency
was 1-2 orders higher with dopant than without in the study
of 7 polycyclic aromatic hydrocarbons (PAHs).*’ The authors
also proved that the charge exchange was favored for low
proton affinity solvents and the proton transfer was enhanced
with the addition of protic solvent. This approach can be
advantageous for the identification of specific compounds in
various organic mixtures.

In this study, a light fraction of plastic pyrolysis oil was ana-
lyzed by GC-APPI-FTICR MS in positive ion mode. Three
dopants, having different proton affinities and ionization ener-
gies, were used in the ionization step to first improve the sensi-
tivity and second to selectively ionize the different classes. The
dopants used were pyrrole, toluene, and benzene respectively.
These experiments were compared to an experiment without
the use of a dopant. Furthermore, a comparison to DI-FTICR
MS with APPI source, using toluene as a dopant was also
realized.

2. Materials and methods
2.1. Sample and reagents

Plastic pyrolysis oil was produced by fast pyrolysis at 410 °C
under inert atmosphere without additives. The oil was con-
verted to a light fraction with distillation. This oil was supplied
by TotalEnergies TOTB (TotalEnergies OneTech Belgium). The
oil obtained contains 85.5 w% of carbon, 13.7 w% of hydro-
gen, <0.3 w% of nitrogen, <0.3 w% of sulfur, and 0.36 w% of
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oxygen. Toluene, pyrrole, and benzene (analytical LC-MS grade
with purity higher than 99.7%) were purchased from Fisher
Chemical (Hampton, United States). Classical fossil diesel
sample (respecting the NF EN 590) was provided by
TotalEnergies. Standards molecule solutions were purchased
from a petroleum analyzer Company (PAC) (ref. 20001.643 -
PNA in AVTUR Gravimetric Blend). It includes toluene, ethyl-
benzene, o-xylene, 2-ethyltoluene, n-propylbenzene, trans-deca-
hydronaphtalene, 1,2,4-trimethylbenzene, 1,2,4,5-tetramethyl-
benzene, pentamethylbenzene, hexamethylbenzene, naphtha-
lene and 2-ethylnaphtalene.

2.2. Direct infusion APPI-FTICR MS

Plastic pyrolysis oil was diluted at 0.2 mg mL™" in toluene for
DI-APPI-FTICR MS. For this experiment, a hybrid quadrupole
12 T solariX FTICR mass spectrometer (Bruker Daltonics,
Germany) was coupled to an APPI II source (Krypton discharge
lamp, 10./10.6 eV). The instrument was operated in positive
ion mode. Mass spectra were acquired with a mass range of
m/z 93-1000 accumulating 100 scans. The signal was digital-
ized with 1 M points giving a transient length of 0.2621 s to
mimic the acquisition conditions in GC operation mode. The
accumulation time was set to 0.1 s at a flow rate of 600 puL h™*
giving a resolution of 150 000 at m/z 200. The experimental
conditions were as follows: capillary voltage: 900 V; end plate
offset: —500 V; nebulizer pressure: 2 bar; desolvation gas flow:
3 L min™'; dry temperature: 150 °C; time of flight: 0.55 ms;
and quadrupole lower cut-off m/z 93. The mass spectrometer
was externally calibrated using sodium trifluoroacetate solu-
tion before sample analysis. A blank of the solvent was
recorded with the same conditions before the analysis of the
sample.

2.3. Gas chromatography APPI-FTICR MS

1 pL of the plastic pyrolysis oil was directly injected without
dilution in a GC 450 (Bruker Daltonics, Germany) using a
split/splitless injector equipped with a 30 m Rxi-5Sil column
(0.25 mm x 0.25 pm) from Restek (Clementon, United States).
A split ratio of 1:300 was used. Helium was the carrier gas
with a flow rate of 1 mL min~". The injector and transfer line
temperatures were set at 250 °C. The temperature program was
set as follows: 50 °C hold for 5 min, ramping 5 °C min™" up to
300 °C and hold for 10 min. The hybrid quadrupole 12 T
solariX FTICR mass spectrometer (Bruker Daltonics, Germany)
was equipped with a GC-APCI II ion source (Bruker Daltonics,
Germany). The source was modified to allow APPI experiments
by removing the corona needle and installing a self-build
krypton microwave-induced discharge lamp (10.0/10.6 eV)
module titled from the upper inlet (Fig. Sibf). Emission
characteristics of this source mimic the DI ionization.
Furthermore, a T-piece adapter was added to the nebulizer gas
inlet to allow the addition of dopant directly in the effluent
elution zone. A picture of the modified system is given in
Fig. S1a.f The instrument was operated in positive ion mode
over the mass range of m/z 93-1000 with 1 scan accumulated
and 95% data profile reduction. The signal was digitalized
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with 1 M giving a transient length of 0.2621 s (around 3.8 Hz).
The accumulation time was set to 0.1 s resulting in a resolu-
tion of 115000 at m/z 200. To allow for direct comparison,
other experimental conditions were kept the same as for the
DI-APPI-FTICR MS: capillary voltage: 900 V; end plate offset:
—500 V; nebulizer pressure: 2 bar; desolvation gas flow: 3 L
min~"; dry temperature: 150 °C; time of flight: 0.55 ms; and
quadrupole lower cut-off 93. A flow of 5 pL h™" was used for
dopant addition.

2.4. Data processing

Data were processed with DataAnalysis (version 5.1, Bruker
Daltonics, Germany). Mass spectra were first internally cali-
brated using alkylated series (CH,-units) of known CH com-
pounds of the plastic pyrolysis oil covering the entire detected
mass range (Table S1t). For the GC analysis, mass spectra with
substantial signal were averaged for this purpose. m/z values
were further assigned with a signal-to-noise ratio (S/N
threshold) greater than six. The molecular formula attribution
was carried out with the following constraints: Co_100, Ho-300,
Op-4, No_3, 0 <H/C < 3, —0.5 < double bond equivalent (DBE) < 30
with up to 0.5 ppm error and considering both even and odd
electron ion configurations. The molecular composition of
plastic pyrolysis oil in each condition was assigned with a final
root-mean-square error inferior to 200 ppb.

The peak assignments were finally exported to PyC2MC
viewer*?> and OriginPro 2016 (OriginLab) to visualize the
datasets.

The class distribution is represented by bar plots with class
relative abundance. A compound class includes all compounds
with fixed heteroatom numbers. This graphical representation
allows a general view of the chemical composition of a sample.

DBE versus carbon number plots provide information on
the aromaticity and the unsaturation of a given molecule.
These plots are used to represent a given class such as the CH
class allowing identification of the main compounds as a func-
tion of their size and their aromaticity. DBE values are calcu-
lated with eqn (3) with nc: number of the carbon atom, ny:
number of the hydrogen atom, and ny: number of the nitrogen
atom.

ny

nn
DBE=n.— —+—+1. 3
cm o oy T (3)

3. Results and discussion

3.1. Comparison between DI-APPI-FTICR MS and
GC-APPI-FTICR MS

The light fraction of plastic pyrolysis oil was analyzed by both
DI-APPI-FTICR MS and GC-APPI-FTICR MS using toluene as a
dopant, which represents the classical workflow used with this
kind of ionization source.®**** Fig. 1a displays the two mass
spectra obtained for each experiment. Note that the mass spec-
trum of the GC experiment corresponded to the average mass
spectra over 0 to 80 min (8650 scans). Each presented an ion
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Fig. 1 (a) Mass spectra of plastic pyrolysis oil obtained for DI-APPI-FTICR MS (at the top) and average mass spectra over 0 to 80 min obtained for

GC-APPI-FTICR MS with toluene as dopant (at the bottom) with their (b) molecular classes distribution, (c) DBE versus carbon number plot of CH

class, and (d) DBE versus carbon number plot of N; class.

distribution composed of thousands of peaks covering a mass
range between m/z 100 and m/z 500. A slight bimodal distri-
bution could be observed in the mass spectrum obtained for
GC, with two maxima at m/z 150 and m/z 250, whereas a unim-
odal distribution with a maximum at m/z 200 is obtained in
the case of DI. Comparison of DI-APPI-FTICR MS and
GC-APPI-FTICR MS spectra (Fig. 1) revealed that GC was more
sensitive in detecting low-mass compounds compared to DI.
However, a similar number of attributed molecular formula
was obtained for both setups with 2615 species identified
using DI and 2441 for GC. Interestingly, differences could be
found in the electron configuration ions of the assigned
species (Fig. 2). Both odd-electron configuration ions (M™)
and even-electron configuration ions ([M + H]") were detected.
Mostly odd electron ions were obtained in the case of GC cov-
ering 81% of the attributed species whereas a balanced distri-
bution was obtained in the case of DI. Indeed, as already
shown by Kauppila et al., the proton transfer reaction occurs

Il even electron configuration

3000+ Il odd electron configuration

N

[$)]

o

o
1

2000
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(S)}

o

o
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1000 -

500 -

Number of attributed molecular formulae

o
1

DI-APPI-FTICR MS

GC-APPI-FTICR MS

Fig. 2 Number of attributed species for DI-APPI-FTICR MS and
GC-APPI-FTICR MS experiments.
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with solvent molecules having a proton affinity higher than
the deprotonated dopant radical cation.*® Consequently, the
addition of dopants directly in the ionization step allowed a
more effective electron transfer thanks to the separation
obtained with GC.***

As presented in Fig. 1b, for both experiments, the CH class
is most abundant. It corresponds to more than 65% of the
attributions for the DI and more than 75% for the GC in rela-
tive intensity. This result was not surprising, as plastic-based
materials and therefore their pyrolysis oils contain mainly
hydrocarbon compounds.” The remaining signals were recog-
nized as nitrogen- and oxygen-containing species. Especially,
more than 10% of N, class ions were detected by GC and more
than 10% of N;0; class ions were detected by DI. This kind of
species was already observed on the heavier plastic pyrolysis
oil fraction.™*

The DBE versus carbon number plots of the CH and N,
classes including both odd and even electron configuration
ions are shown in Fig. 1c and d respectively. For the CH class,
the average DBE and the average carbon number by intensity
weighted were respectively 6.5 and 18.8 for DI, and 5.7 and
16.9 for GC. On average higher number of aromatic species
was obtained in the case of DI with major compounds present-
ing DBE values of 8 and 9 that may present naphthalene or
diphenyl cores. While GC allowed the ionization of more ali-
phatic species with intense distribution at the DBE 2 value
that may correspond to diolefins, alkyl-naphthenes, or
alkynes. The difference in behavior among DI-APPI-FTICR MS
and GC-APPI-FTICR MS experiments may be due to ionization
discrimination in DI towards aromatic molecules that are
expected to have a better ionization efficiency in APPI*® or due
to technical aspect of the GC injection?” compared to less
biased direct infusion.

The DBE versus carbon number plots of the CH class separ-
ating both odd and even-electron configuration ions were
given in Fig. S2.f The separation of both ion configurations

This journal is © The Royal Society of Chemistry 2023
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allows the highlight of different hydrocarbon series as aro-
matic species are more likely to yield radical cations. In
addition to the aromatic distribution with ions ionized as odd-
electron configuration ions, the DI-APPI-FTICR MS allowed the
ionization of a fewer aromatic series with DBE values of 3 and
4 that may correspond to triene or cyclopentadiene.”® These
species were also observed in GC-APPI-FTICR MS.

For the N, class (Fig. 1d), the same observation as the CH
class was observed. DI-APPI-FTICR MS allowed the ionization
of more aromatic species with an intense distribution of a
DBE value of 9 that may correspond to phenanthrene or fluor-
ene, whereas GC-APPI-FTICR MS allowed the ionization of less
aromatic species with a DBE value of 4 with benzene aromatic
core. Therefore, GC separation allowed having a more focused
characterization of plastic pyrolysis oil with enhanced detec-
tion of fewer aromatic species (DBE < 4). This can be explained
by the phenomenon of competition to the ionization present
in DI-APPI-FTICR MS. Indeed, in DI, the aromatic species will
preferentially ionize compared to aliphatic species. Thanks to
its separation, GC allows aliphatic species to arrive separately
from aromatic species at the ionization source and thus ionize
with less competition bias. In our case, this means that the
aromatic species might be not the main species in the plastic
pyrolysis oil and focus can be laid on other relevant compound
classes with less unsaturation.

3.2. GC-APPI-FTICR MS with different dopants

3.2.1. Overall description. With APPI, the use of dopants is
required to achieve high ionization efficiency.*"***> Reactions
leading to ionization of the analyte in APPI involve in this case
a two-step process, as presented in eqn (1) and (2). After initial
photoionization of the dopant, the ionization of the analyte
can occur by charge exchange if the ionization energy of the
analyte is below that of the dopant. In addition, the formation
of protonated molecules can also occur especially for high
proton affinity molecules under the presence of protic sol-
vents. Consequently, dopants can selectively ionize molecular
classes.**** Different dopants were used in GC-APPI-FTICR MS
experiments to obtain different ionization selectivity. Such
comparison was already shown with various dopants in direct
infusion, such as toluene and anisole for aromatic standards
by Kauppila et al.** Pyrrole, toluene, and benzene with ioniza-
tion energy of 8.2 eV, 8.8 eV, and 9.2 eV respectively and
proton affinity of respectively 875.4 k] mol™", 784.0 k] mol ",
and 750.4 k] mol™" (NIST webbook) respectively were used.
These three conditions were compared with the experiment
without a dopant. Fig. 3a shows the four total ion chromato-
grams (TIC) for the analysis of the plastic pyrolysis oil with
pyrrole, toluene, and benzene as dopants, and without
dopants. The first observation is the increase of signal inten-
sity with the presence of a dopant, commonly also reported for
direct infusion experiments.** The intensity for the experi-
ments with dopants showed an increase by a factor of 500 for
pyrrole and toluene and 600 for benzene as dopants compared
to the experiment without dopants. As expected, the use of
dopants allowed a clear improvement of the signal intensity
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and allowed the detection of a larger number of species by
substantially increasing the signal-to-noise ratios by a factor of
over 10. Fig. 3b presents the respective average mass spectra
for the four experiments. It is interesting to note that a
broader distribution of ions along the m/z dimension was
obtained in the case of toluene and benzene experiments.
Fig. 3c presents the compound class distribution obtained by
the average mass spectrum over 0 to 80 min.

As for the DI-APPI-FTICR MS approach, the CH class was
the most representative with more than 60% in each case.
Pyrrole and toluene yielded the detection of relatively abun-
dant N; class ions. However, with pyrrole, this class could
correspond to pyrrole adduct [M + C,HsN]™" produced during
the ionization step. Hydrocarbon species and their corres-
ponding pyrrole adduct presented the same extracted ion chro-
matogram (EIC). The EIC of three ions, C;H;,™", CoHy,™', and
Cy1Hy6™", and their corresponding pyrrole adducts were given
in Fig. S3.1 The chromatograms are perfectly aligned in reten-
tion time although one can note differences in relative abun-
dance depending on the isomer. The same observation was
made during the analysis of aromatic standard molecules that
yielded both M™" and [M + C,H;N]"" ions with pyrrole as a
dopant whereas only the M™* was obtained with toluene as a
dopant (Fig. S4t). Consequently, depending on the dopant, it
can be observed the induction of chemical ionization path-
ways, triggering another level of structural dependency accessi-
ble via gas chromatographic hyphenation.

Although the CH class is the most abundant in each case,
the number of molecular formulas assigned varies according
to the dopant used (Fig. 3c). Comparing the three dopants, we
found that the number of ionized species significantly
increased with the ionization energy of the dopant. This is
consistent with the widest distribution obtained with the
benzene dopant compared to the other dopants. We can see
that more than 100 additional species were assigned with
dopants in comparison with the no dopant condition never-
theless presented the most abundant relative intensity in the
CH class (more than 90%). Benzene allowed the ionization of
more compounds with 370 attributed molecular formulas.
Thus, we can conclude the higher the ionization energy of the
dopant, the higher the exhaustivity as already proven by the
analysis of standards by DI-APPI-MS.*° Note that the isomeric
diversity allowed by the GC dimension was not considered as
each molecular formula corresponds to many structural for-
mulas as seen in Fig. S3.t

The corresponding two-dimensional (2D) m/z versus reten-
tion time plots are given in Fig. 3d. This representation
allowed us to identify three distinct areas. The two first ones
(areas 1 and 2) correspond to intact species (M + H]" and M™"
ions). In agreement with gas chromatography elution theory,
the m/z proportionally increased with retention time. The
mass spectra of both areas were extracted to identify the mole-
cular nature of the species (example for benzene is given in
Fig. S5T). The distribution (area 1) with a positive m/z offset
(higher m/z values for the same retention times) corresponded
to nitrogen-containing species such as N; and N; ,0;, and
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Fig. 3 (a) Total ion chromatograms (TIC) of plastic pyrolysis oil obtained by GC-APPI-FTICR MS with pyrrole (in red), toluene (in blue), benzene (in

yellow), and without dopant (in green). (b) Corresponding average mass spectra. (c) Compound class distribution by the average mass spectrum over
0 to 80 min with the number of ionized CH species. (d) Two-dimensional plots representing m/z in the function of retention time (first area corres-
ponding to intact nitrogen-containing compounds, second area to intact hydrocarbon compounds, and third to dealkylation fragments).

the dominating distribution (area 2) to CH compounds. The
first area is more apparent when using pyrrole and toluene as
dopants as previously discussed. A main additional area was
additionally observed in the case of the experiment with
benzene as a dopant (area 3). This area present dealkylation
fragment as they are low mass ions which are observed at
higher retention time. The fragmentation species were evi-
denced on the 2D-maps by vertical lines from the intact mole-
cules identified in both areas 1 and 2, reflecting retention
indexes too high for the given elution retention time compared
to natural mixture estimations, particularly when considering
chemical information, such as DBE, accessible via the sum for-
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mulae attribution.*® The benzene dopant generated a wider
number of peaks corresponding to the fragmentation of high-
mass molecules compared to the experiment without the
dopant and with the pyrrole dopant. This can be explained by
the higher ionization energy of the benzene which leads to a
higher transfer energy to the molecules inducing fragmenta-
tion. The GC is essential here to identify these fragments and
the N-adducts formation and therefore correct them. Indeed,
with direct infusion, it could easily be overlooked and leading
to errors in data interpretation. A small portion of fragmenta-
tion was also observed in the case of toluene dopants mainly
on high-mass compounds, but the fragmentation was substan-
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tially less intense. Less fragments were observed for the
pyrrole experiment (around 130 attributed molecular formula,
against around 1300 for benzene and 1000 for toluene). We
can conclude that the higher the ionization energy of the
dopant, the more fragmentations are present even though the
ionization efficiency is better.** The choice of dopant was
therefore important according to the desired information. This
observation was confirmed by the analysis of aromatic hydro-
carbon standards where the fragmentation of compounds
increased with the ionization energy of the dopant. The chro-
matogram and two examples of fragmentation are shown in
Fig. S6.1 The presence of these fragmentations provided struc-
tural information without the total loss of the precursor ions,
which can only be achieved by prior GC separation.

These produced fragments can be removed after molecular
attribution and further processing applying dedicated algor-
ithms published for GC-APCI MS and adapted towards the
dominant dealkylation observed in the study of Schwemer
et al.*® and Riiger et al.*® The two first areas corresponding
respectively to nitrogen-containing compounds and hydro-
carbon compounds were therefore selected and extracted
using DataAnalysis™ to avoid the presence of fragmentation
products. The DBE versus carbon number plots of both CH
and N; classes were given in Fig. 4a and b respectively. As
expected, the use of a dopant allowed a more in-depth descrip-
tion of the sample. For CH class, ion distributions showing
both aromatic (DBE > 4) and aliphatic (DBE < 4) species were
observed with pyrrole, toluene, and benzene dopants whereas
only aliphatic species were detected without dopants. The aro-
matic distribution was however less intense with benzene
dopant. Concerning low DBE species, toluene and benzene
yielded the largest coverage with carbon atom numbers up to
40 for the toluene and 35 for benzene. Especially, both con-
ditions provided significant information on DBE 2 species.
From an industrial point of view, the identification and charac-
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terization of these species is of particular interest. Indeed,
among them, conjugated diolefins were problematic because
they are responsible for gum formation or polymerization
during refining processes.® The DBE versus carbon number
plots using fold change as a color map is given in Fig. S7.f
They emphasize similarities and differences in the common
chemical space based on intensity/abundance. Comparison
between no dopant vs. pyrrole experiment, no dopant vs.
toluene, no dopant vs. benzene, pyrrole vs. benzene, pyrrole vs.
toluene, and toluene vs. benzene are given. On the other hand,
pyrrole allowed a better ionization of aromatic species whereas
toluene and benzene presented a higher intensity for the
species with lower DBE values. As previously mentioned, the
N; class was also well ionized with toluene and pyrrole as
dopants the latter case they correspond in part to pyrrole
adducts. The DBE versus carbon number plots of this class is
given in Fig. 4d. This class is not observed without dopant as
it is less abundant and falls below the detection limit. For the
experiment with a dopant, the trend is opposite to the trend
observed for the CH class. Pyrrole and toluene as dopants
allowed the ionization of low DBE species whereas benzene
allowed the ionization of higher DBE species corresponding
mainly to aromatic molecules. The distribution was however
narrower with the benzene that present a main distribution
with carbon number between 8 and 20 against 8 to 40 for the
pyrrole and the toluene. The DBE versus carbon number plots
using fold change as a color map are given in Fig. S8.}

The contribution of the dopant was also evaluated in direct
infusion (Fig. S9t) yielding the same observation as with the
GC coupling. The intensity increases with the ionization
energy of the dopant. The number of CH molecules was
similar for the experiments with toluene and benzene as
dopant and lower for the experiment with pyrrole as dopant.
In each case, the number was significantly lower compared to
the number of CH molecules obtained in GC. The use of GC is
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Fig. 4 DBE versus carbon number plots for (a) CH class and (b) N; class corresponding respectively to areas 2 and 1 of the 2D maps.
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therefore required to have a better characterization. Finally, as
observed in GC experiments, pyrrole tends to ionize better aro-
matic molecules (DBE > 4).

3.2.2. In-depth study on hydrocarbon species

3.2.2.1. GC retention times for the visualization of the DBE
versus carbon number plots. To highlight the selectivity of the
dopants, the next part will be focused on the hydrocarbon
class. For that, compounds of area 2 in Fig. 3d were exported
to avoid the presence of fragments and some adducts. The
chromatogram was then sliced into seven equal-width time
segments. Mass spectra were exported for each segment corres-
ponding to an average of 10 min representing a balance
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between useful chromatographic information and the quality
of the mass spectra as done in the work of Barrow et al.”’
(Fig. S10-S13%). Future work will focus on utilizing the full
chromatographic information,”® but here discussion on the
complex emerging matrix of plastic pyrolysis oils is simplified.
At lower retention times, a limited number of lower-mass com-
pounds predominate. With increased retention time, heavier
components become more prevalent with overall higher spec-
tral complexity. The DBE versus carbon number plots of the
CH class of these average mass spectra as a function of reten-
tion time, is shown in Fig. 5. We can see the increase of
carbon atom numbers with the analysis time as excepted and
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Fig. 5 DBE versus carbon number plots of CH class for plastic pyrolysis oil for seven retention time segments of GC-APPI-FTICR MS experiments
with (a) pyrrole (red), (b) toluene (blue), (c) benzene (yellow), and (d) no dopant (green) for the CH class. The relative intensity was normalized for

each DBE versus the carbon number plot.
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already observed by Barrow et al. investigating Athabasca oil
sands.”® As observed in the broadband DBE versus carbon
number plots in Fig. 4a, the intensity of aromatic species was
higher with pyrrole as a dopant whereas the intensity of the
aliphatic species was higher with toluene and benzene as
dopants in agreement with the ionization energy of these
chemical classes (IE(aromatics) < IE(aliphatics)). Among aro-
matic species, high DBE molecules were detected at higher
retention times for a similar carbon atom number. Compared
to the broadband, high-DBE values molecules as observed in
the sixth and seventh segments (50-60 min and 60-70 min) of
pyrrole were described. Among aliphatic species, species with
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Fig. 6 Extracted ion chromatograms (EIC) of CH species with DBE
value of 2 in ascending order for plastic pyrolysis oil with (a) pyrrole, (b)
toluene, (c) benzene, and (d) no dopant. The EIC was obtained with a
precision of around 1 mDa on the selected 100-500 m/z value.
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DBE value of 3 were the most abundant with toluene as a
dopant. Species with a DBE value of 2 observed with toluene
presented a higher carbon atom number between 15 and 25
compared to species with DBE value of 3. A similar relative
intensity between species with DBE values of 2 and 3 was
observed with benzene as a dopant. Compared to toluene,
benzene allowed the ionization of species with DBE value of 2
covering a large carbon atom number range between 5 and 25.

3.2.2.2. Effect of the dopant on the DBE 2 species. In this
section, attention was focused on the hydrocarbon species pre-
senting DBE value of 2. Indeed, these species present high
industrial interest because they encompass reactive species
such as diolefins or alkynes, which are largely responsible for
oligomerization reactions, deposit, and gumming formation in
refinery processes. For this reason, 25 species of the CH class
with DBE value of 2 were extracted. The list of species and
corresponding extracted ion chromatograms (EIC) are given in
Table S2.} Fig. 6 shows the EIC of these species obtained with
a precision of around 1 mDa at the selected m/z value. As pre-
viously observed, the elution time of CH compounds is pro-
portional to the number of carbon atoms. Only low-mass CH
molecules were detected in the experiment without a dopant
while all selected molecules covering m/z from 120 to 460 were
detected only using dopants. In particular, in Fig. 6a it has
been observed that using pyrrole as a dopant low-mass mole-
cules were better ionized. Using toluene uniform ionization
has been observed along the whole chromatogram. On the
contrary, using benzene higher molecular mass compounds
were more efficiently ionized.

4. Conclusion

The hyphenation of GC and FTICR MS applying soft atmos-
pheric pressure photoionization with dopants was for the first
time shown in the presented work. This ionization source over-
comes the disadvantages of artifacts that can be obtained with
APCI or the high selectivity to a narrow chemical space by
APLI classically presented.”’ Moreover, the use of different
dopants in the ionization step allowed us to ionize selectively
molecular classes according to their ionization energies. The
application to a plastic pyrolysis oil evidenced a certain struc-
tural and mass selectivity during the ionization. Pyrrole
tended to better ionize aromatic species (DBE > 4) and low-
mass molecules with lower retention times compared to
benzene, which allowed better ionization of species with lower
DBE values (DBE < 4) and high-mass molecules with higher
retention times. The toluene presented the advantage of ioniz-
ing both aliphatic and aromatic species observed with pyrrole
and benzene and with low and high masses. To conclude, this
work can be adapted to other complex organic mixtures. The
choice of dopants must be made according to the desired
molecular information. Other dopants or even mixtures of
dopants can be considered to obtain global information about
the sample. This technique will allow for complementary infor-
mation compared to direct infusion attempts. Particularly for
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the applications towards emerging matrices from energy tran-
sition and recycling such as the herein investigated plastic
pyrolysis oil, the potential of this technique is highlighted.
Thus, future work will focus on using tandem mass spec-
trometry to elucidate the molecular structures of the sample
constituents, which may provide information about the
dopant ionization mechanism.
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