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Abstract: Biofuel produced from biomass pyrolysis is a good example of a highly complex mixture.
Detailed understanding of its composition is a prerequisite for optimizing transformation processes
and further upgrading conditions. The major challenge in understanding the composition of biofuel
derived from biomass is the wide range of compounds with high diversity in polarity and abundance
that can be present. In this work, a comprehensive analysis using mass spectrometry is reported.
Different operation conditions are studied by utilizing multiple ionization methods (positive mode
atmospheric pressure photo ionization (APPI), atmospheric pressure chemical ionization (APCI)
and electrospray ionization (ESI) and negative mode ESI) and applying different resolving power
set-ups (120 k, 240 k, 480 k and 960 k) and scan techniques (full scan and spectral stitching method)
to study the complexity of a pyrolysis biofuel. Using a mass resolution of 960 k and the spectral
stitching scan technique gives a total of 21,703 assigned compositions for one ionization technique
alone. The number of total compositions is significantly expanded by the combination of different
ionization methods.
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1. Introduction

The decrease of petroleum resources, in combination with the economic, environmen-
tal and political concerns associated with petroleum-based economies, drives a resurgence
in the development of alternatives to fossil fuels [1]. Among the renewable energy resources,
biofuel derived from biomass feedstock evokes the interest of the scientific community
for its low price, high quantitative availability and the good reproducibility of feedstock,
which allows transformation processes to be performed on an industrial scale. Lignocel-
lulosic biomass is a complex material, mainly consisting of cellulose, hemicellulose and
lignin, along with extractives (tannins, fatty acids and resins) and inorganic salts [2]. The
mass fraction of each component is highly dependent on the type of biomass, typically
containing about 40–47% cellulose, 25–35% hemicellulose and 16–31% lignin [3].

One of the most efficient ways to generate bio-oils is fast pyrolysis, generally car-
ried out at temperatures of around 500 ◦C using a short residence time (several seconds),
non-oxidative conditions and sometimes, additionally, a solid-state catalyst [4–6]. The
mechanism behind this process is thermal cracking, which enables the breakdown of or-
ganic biopolymers into smaller molecules. However, biomass-derived oil usually contains
up to 60% oxygen, which fundamentally limits its use as an energy source because of its
correspondingly low heating value, high corrosiveness, high viscosity and instability. Such
oils, therefore, need to be upgraded [2,7].

For an optimized upgrading procedure, it is important to understand the molecular
diversity of such bio-oils since they are highly complex mixtures that contain tens of
thousands of different compounds [8]. Accordingly, it is of tremendous importance to use
cutting-edge tools for their evaluation. As a direct and efficient method, elemental analysis
is commonly used to determine the overall composition of pyrolysis oils. Michael et al. [3]
summarized the elemental composition of fast pyrolysis oils for various biomass feedstocks
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(pine, poplar, oak, etc.) from different regions, with varying mass fractions for carbon,
hydrogen, oxygen, nitrogen and sulfur. Additionally, they found the ppm levels of K,
Na and Cl. To address the bulk of the features in complex pyrolysis oils, infrared (IR)
and nuclear magnetic resonance spectroscopy (NMR) have also been widely used [9–11].
However, being bulk methods, these analytical techniques show a lack of capability for
revealing any information on a single molecule/compound level. Mass spectrometry, on
the other hand, can detect individual compounds within a (complex) mixture. However,
high mass resolving power and accuracy are typically needed for the analysis of complex
mixtures that contain numerous isobaric compounds differing in mass by only a few
mDa [12–19]. Prior to mass spectrometry, separation techniques such as liquid-liquid
extraction [20] or liquid chromatography [21–24] can be used to simplify the complex
mixture, which will ultimately increase the amount of information that can be gained from
a given sample. One- or two-dimensional coupling between gas chromatography and mass
spectrometry (GC×)GC-MS, which enables us to study structural details, has been widely
used for complex mixture analysis and bio-oil upgrading [25–27]. However, these methods
still show disadvantages in terms of separation efficiency when it comes to a wide variety
of polar compounds in complex samples. Different response factors resulting in skewed
abundances can always be limiting factors for in-depth compositional analyses when using
all analytical methods with non-uniform responses.

ESI (electrospray ionization) in a negative mode has been widely used for the charac-
terization of pyrolysis oils, considering their acidic character, while positive-mode ESI is
more suitable for the analysis of basic compounds [28–30]. However, each single ionization
technique generally shows the ionization discrimination for certain compounds. Therefore,
multiple ionization techniques need to be considered for the comprehensive analysis of a
complex sample [31–33]. In comparison with ESI, APCI (atmospheric pressure chemical
ionization) and APPI (atmospheric pressure photo-ionization) are additional methods
for the analysis of non- to medium-polar compounds, and are typically more suitable
when ionizing compounds with aromatic moieties. Referring to the functionalities found
in pyrolysis-derived biofuels, commonly both parts coexist: (1) polar sites including hy-
droxyl, carbonyl or carboxyl groups, and (2) non-polar sites including phenyl groups and
aliphatic chains [34]. Based on the preferences provided by a single ionization technique,
using diverse, complementary methods in combination with ultra-high resolution mass
spectrometry can help to increase the compositions that are discovered and, therefore,
provides a sound basis for in-depth data analysis. Fourier transform mass analyzers, ICR
(ion cyclotron resonance) [35] and Orbitrap [36] are the most powerful mass analyzers in
terms of mass accuracy and resolving power. In the past, only a few studies have dealt with
the use of Orbitrap spectrometers for pyrolysis oil characterization, with few compositions
discovered [37–40].

In this study, we assess the utility of different ionization techniques and the demand
for mass resolving power for the characterization of pyrolysis-derived biofuels.

Three different ionization techniques (APPI, APCI and ESI) and two scan techniques
(full and spectra stitching modes) at different transient times (0.38 s, 0.77 s, 1.53 s and 3.04 s
at m/z 400) are compared in a detailed study of the molecular analysis of a biomass-derived
pyrolysis fuel.

2. Materials and Methods
2.1. Sample Preparation

2.5 mg pyrolysis oil obtained from biomass was diluted with 10 mL methanol (LC-MS
grade, J.T. Baker, Germany) to achieve a final concentration of 250 µg·mL−1, which was
used without further treatment.

2.2. Instruments and Methods

Mass spectra were recorded on a research-type Orbitrap Elite mass spectrometer
(Thermo Fisher Scientific, Bremen, Germany) equipped with a standard ESI, APPI or APCI
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source. The mass spectrometer was externally calibrated prior to data collection, resulting
in a mass accuracy error of less than 1 ppm. Spectra were collected in a positive mode
using ESI, APPI or APCI and in a negative mode using ESI. For ESI measurements, the
sample was infused at a flow rate of 5 µL·min−1 and the ionization was performed at a
needle voltage of 4 kV (positive mode) or 3.5 kV (negative mode). Additional parameters
were sheath and auxiliary gas settings of 5 and 2 arbitrary units, a capillary temperature
of 275 ◦C and an S-lens RF-level of 50%. In the case of APPI or APCI measurements, the
sample was infused at a flow rate of 20 µL·min−1, using a sprayer temperature of 350 ◦C
with the sheath and auxiliary gas flow set to 20 and 10 (arbitrary units), respectively. For
APCI, the discharge current was set to 5 µA. Photoionization was achieved using a Kr
VUV lamp (Syagen Technologies, Tustin, CA, USA) with photon emission of 10.0 and
10.6 eV. Spectra were generally recorded at a resolving power of R = 960 k (FWHM at m/z
400) using spectral stitching (windows of 30 Da with 5 Da overlap) over a mass range of
100–1000 [41]. In the case of APPI measurements, additional experiments were performed
at different resolution settings of 120 k, 240 k and 480 k and also using full-scan acquisition
(R = 480 k).

2.3. Data Analysis

The acquired spectra were recombined (in the case of spectral stitching) and summa-
rized using vendor software (Xcalibur 2.2, Thermo Fisher Scientific, Bremen, Germany).
The summarized spectra were imported into Composer V1.5.0 (Sierra Analytics, Modesto,
CA, USA) for recalibration and elemental composition assignment. The chemical con-
straints for assignment were chosen as C0–100H0–1000N0–3 O0–30Na0–1, with an allowed
double bond equivalent (DBE) ranging from 0 to 40. The maximum allowed mass accuracy
error was set to 1 ppm. The assignments of the most abundant ions were confirmed by
their isotopic peaks. Ions were distinguished and denoted as X[Y] (with Y = H or Na). The
assigned molecular formulas were sorted into heteroatom classes and exported to MS Excel
2016 (Microsoft Corporation, Redmont, WA, USA) and Origin (OriginLab, Northhampton,
MA, USA) for data evaluation and figure preparation. Replicate analyses were performed
using the online tool VENNY 2.1 [42] and associated plots were created with the Venn
Diagram Plotter (PNNL, Richland, WA, USA) [43] from calculated data.

3. Results

Studying the complexity of pyrolysis biofuels is a challenging task. The wide range of
combinations of C, H and O atoms per molecule, together with occasionally present N or S
atoms, results in an extremely complex compositional mixture. The compounds present
in a pyrolysis fuel are also spread over a wide range of polarities and abundances. The
elucidation of as many elemental compositions as possible from such a complex mixture, by
mass spectrometry, requires a high resolving power as well as a good instrument sensitivity.

As we have previously shown, the research-type Orbitrap Elite applied in this study
can reach a resolving power of R = 960 k (FWHM at m/z 400) [44]. Improved sensitivity can
be gained by using the spectral stitching method. In comparison with full scan acquisition,
it reduces the sample complexity per scan, thus allowing a higher accumulation rate for
less abundant compounds.

Given the presence of highly oxidized compounds (up to O26, as seen below) in a
pyrolysis fuel, some critical mass splits need to be addressed to gain a good coverage of
elemental compositions. These splits include the mass difference between H4O5 and C7
(∆m = 5.9 mDa), as well as between C18 and H8O13 (∆m = 3.5 mDa) [13]. A first overview of
the different mass spectra within the mass range of 917.305 to 917.335 Da [13] (a) indicates
that the amount of information changed depending on the resolution settings. A single
peak, observed at the low resolving powers of 120 k and 240 k, split into four peaks at 960 k.
Four more compositions were detected at 960 k, all of which were distinct signals that
were lost at lower resolution settings. The most interesting discovery was that, at a mass
range of above 900, some of the more difficult mass splits could be separated when using
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the high-resolution settings of 960,000. Here, both the split between C18 vs. H8O13 (mass
difference of 3.5 mDa) and the much smaller split between H12O18 vs. C25 (2.4 mDa) could
be separated. This is especially important when studying a biofuel that is not upgraded
since here, still, a high number of oxygen atoms can be present, which are drastically
reduced after hydration.

Generally, using APPI(+) as an ionization technique yields both radical cations and
protonated molecules, by either charge or proton transfer. Figure 1b demonstrates the
number of assigned compositions among different resolving powers and scan techniques
for APPI. The result at a resolution of 480 k shows that spectral stitching measurements gave
more than five times the number of detected compositions (16,793) in comparison with full
scan acquisition (only 3013). Even in comparison with the spectral stitching result from the
lowest resolution setting at 120 k (7385 detected compositions), full scan acquisition cannot
yield the same amount of information. When using the highest resolution setting of 960 k,
an additional increase in detected compositions of around 30% was obtained. It must be
noted that mass spectrometry with mild ionization techniques cannot distinguish different
isomers, i.e., the actual number of detected compounds (in comparison to compositions)
will be much greater. Given these results, it is clear that a maximum of both instrument
sensitivity and mass resolving power is needed for a comprehensive analysis of pyrolysis-
derived fuels. For the remainder of this study, therefore, only results from spectral stitching
acquisitions at resolution settings of 960 k are considered.
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Figure 1. The impact of resolution and scan techniques on the detection of molecular compositions: (a) Mass spectra com-
parison from m/z 917.305 to 917.335 for resolution settings 120 k, 240 k, 480 k and 960 k (from top to down). (b) Summarized
population distribution of different resolution data on spectral stitching acquisition for resolution settings 120 k, 240 k and
960 k. Shown are important mass splits for biofuels that contain a high number of oxygen atoms; in this case, the mass split
between C18 and H8O13, which corresponds to a mass difference of 3.5 mDa, and the mass split of C25 and H12O18, which
shows a difference of 2.5 mDa.

3.1. Ionization Effects

The results of a complex mixture characterization by mass spectrometry are highly
dependent on the ionization technique applied for the study. For a broad view of the
sample, it has been shown that multiple ionization techniques are required, due to the
discrimination effects present for any single method [45]. In this study, four different
ionization methods, APPI and APCI both in a positive ionization mode and ESI in both
the positive and negative ionization modes are investigated. As can be seen from Figure 2,
the mass spectra from each ionization technique are completely different, including the
observed base peak of the highest intensity. This is observed at m/z 163.0756 for APPI(+),
113.0598 for APCI(+), 185.0423 for ESI(+) and 161.0457 for ESI(−), corresponding to the
compositions of [C10H10O2+H]+, [C6H8O2+H]+, [C6H10O5+Na]+ and [C6H10O5-H]−, re-
spectively. A mass scale-expanded segment around m/z 469.18 in Figure 2 gives a more
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detailed view of the differences between the individual methods. APPI(+) and APCI(+)
show a similar pattern of major peaks belonging to protonated molecules from the Ox class.
In ESI(+), sodium adducts are mostly observed throughout the entire spectrum, as can be
expected from highly oxygen-containing compounds. In ESI(−), major peaks are detected
as deprotonated molecules, as expected, probably associated with carboxylic acids.
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A more compound-centred way to assess these differences in ionization is shown
in Figure 3. Considering the protonated species detected by APPI and APCI at m/z 469,
the figure shows the portion of the corresponding spectrum for positive- and negative-
mode electrosprays, where a compound of the same composition would be detected as a
sodium adduct (positive mode, ∆m = m(Na) − m(H) = 21.9819 Da) or proton-abstracted
molecule (negative mode, ∆m = −2·m(H) = −2.0146 Da). A clear difference can be observed
for these mass spectra. The assigned compositions C26H16O5, C27H20O4 and C28H24O3
are only detected in APPI(+) and APCI(+). The corresponding compounds contain low
amounts of oxygen (5, 4 and 3 atoms, respectively) but show high DBE values (18, 18 and
17, respectively). DBE is the number of ring closures and double bonds in a molecule
and can be associated with the aromaticity of a compound. Some compositions with high
amounts of oxygen but low DBE values (C16H23O12 (DBE 5), C17H28O11 (DBE 4) and
C18H32O10 (DBE 3)) are only detected in ESI(+) and ESI(−). A high amount of oxygen
atoms in a molecule typically goes along with high polarity, rendering ionization by ESI
more probable. Additionally, oxygen as an effective Lewis base easily interacts with
sodium cations to form adducts in the positive mode. Also, a high degree of oxidation is
often related to the presence of phenolic moieties, in the case of aromatic compounds or
carboxylic groups, which allows the corresponding compounds to be easily deprotonated
in negative-mode ESI.
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types of ions by different ionization techniques: m/z range from 409.100 to 409.220 Da for APPI(+) and APCI(+), 431.080 to
431.200 Da for ESI(+) and 407.085 to 407.205 Da for ESI(−). The mass differences between different types of ions are shown
on the left.

The assigned compositions for each ionization method are summarized and displayed
in intensity-based class distributions in Figure 4a. No matter which ionization method was
applied, the oxygenated species were detected as the most abundant classes. With ESI(−),
the highest relative intensity of oxygenated species was detected with a contribution of
99.5%. For APPI(+) and APCI(+), the Ox species contributed 87.2% (protonated molecules:
82.8%, radical ions: 4.4%) and 91.7% (protonated molecules: 89.9%, radical ions: 1.83%)
to the overall intensity, respectively. For positive ESI, Ox species were detected both as
sodium adducts and as protonated molecules, which contributed 89.0% (sodium adducts:
77.1%, protonated molecules: 11.9%) to the total intensity. Heteroatom-free hydrocarbons
were easier to detect with positive APPI (protonated molecules: 5.7%, radical ions: 3.8%)
and APCI (protonated molecules: 4.8%, radical ions: 2.4%) than with ESI (protonated
molecules: 0.9%), which indicates that in ESI, the large quantity of polar compounds
discriminates against non-polar aromatic compounds. However, NxOy species (especially
for NOx) showed the reversed case, with contributions of total ion current equal to 2.7%,
0.9% and 8.6% for positive APPI, APCI and ESI, respectively.

For the most abundant Ox species, which contribute around 90% to the total intensity,
all ionization techniques provided data demonstrating a wide range of Ox distributions
(Figure 4b). The maximum number of oxygen atoms per molecule observed by ESI was
24 (sodium adduct) in the positive and 26 in the negative mode, while for APPI(+) and
APCI(+), only up to 18 and 17 oxygen atoms per molecule were detected, respectively. The
Ox distribution was more widely spread and shifted to higher oxygen numbers for ESI than
for APPI and APCI. This can be attributed to ESI being better capable of detecting polar
compositions than APCI and APPI. Moreover, a higher amount of oxygen per molecule
was detected here compared to data from recent reports [46]. This is most likely due to
the increased sensitivity offered by the spectral stitching scan method and the ultra-high
resolution applied in this study. Median and mean oxygen to carbon (O/C) values for
the detected compositions are shown in Table 1. Slight differences between the median
and mean values were observed throughout the ionization methods, with the median
being slightly lower, by 0.01–0.04. In accordance with the previous discussion, significant
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differences were discovered for the Ox species. APPI and APCI showed the lowest median
O/C values, with the results for ESI being significantly higher, with 0.29 (median over
sodium adducts and protonated molecules) for the positive and 0.35 for the negative mode.
In the positive mode, sodium adducts displayed a higher value than protonated molecules,
by 0.06, which was in line with the tendency of oxygenated compounds to preferably form
sodium adducts.
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class distribution for different ionization techniques. (b) Relative intensity-based class distribution for the Ox[Y] classes
(x: number of oxygen atoms per molecule, Y: type of ion (de-/protonated molecule or sodium adduct)). (c) The left-hand
graph shows the Kendrick plots for the O10 class and the right-hand graph presents histogram plots of DBE vs. normalized
intensity.

Table 1. Calculated median and mean O/C values for detected compositions.

Median/Mean APPI(+) APCI(+) ESI(+) ESI(−)

All assigned
compositions 0.21/0.24 0.20/0.23 0.26/0.29 0.37/0.40

Ox 0.19/0.22 0.19/0.22

0.29/0.33
([M+Na]+)

0.23/0.28
([M+H]+)

0.29/0.33 (total)

0.35/0.39

NOx 0.26/0.30 0.24/0.27 0.25/0.26 0.43/0.45

N2Ox 0.24/0.26 0.23/0.25 0.24/0.27 0.33/0.42
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By going down to the molecular level within an individual class, more detailed
information can be gained to understand how different ionization methods work. Figure 4c
shows the O10 class, as an example, with plots of DBE vs. C-count (number of carbon atoms
per molecule) and corresponding histograms of DBE vs. normalized intensity. Compared to
APPI(+), the results for APCI(+) showed slightly greater assigned compositions at relatively
low DBE, but with high carbon numbers. This was in agreement with the greater capability
of APCI(+) to ionize aliphatic hydrocarbon moieties. The corresponding signals, however,
were not of high intensities, such that the DBE histogram plots are, overall, comparable.
APCI(+) and APPI(+) show similar DBE distribution patterns, with DBE values ranging
from 4 to 40 for APPI(+) and 3 to 40 for APCI(+). Also, the highest intensities are observed
in similar DBE regions for APCI(+) (13) and APPI (+) (16). With ESI(+), a similarly large
quantity of compositions, as with APCI(+), was detected. This can be attributed to the
high oxygen content that makes the molecules more polar, which results in a strong affinity
to sodium ions for ionization. In contrast, ESI(−) showed the least number of detected
compositions. Compared to APPI and APCI, ESI shows a significant DBE shift. ESI(+)
and (−) both ionize compositions at lower DBE values (minima of 0 and 1, respectively),
with the highest intensities observed at 5 and 3, respectively. Biomass is mainly composed
of three components: lignin, cellulose and hemicellulose. Pyrolytic biofuel, therefore,
can contain large amounts of phenolic and carbohydrate-derived compounds. Based on
our results, the ionization efficiencies of the different ionization techniques are associated
with distinct chemical properties. APPI(+) and APCI(+) are more capable of ionizing
lignin-derived phenolic compounds with relatively high DBEs. The carbohydrate-derived
compounds from cellulose and hemicellulose are more easily ionized by ESI.

3.2. Total Unique Compositions with Complementary Ionization Techniques

As discussed above, different ionization methods yield different results regarding
the elemental compositions that are observed. This greatly improves the compositional
coverage of pyrolysis-based biofuels. However, there are possible overlaps that need to
be taken into account. Firstly, a given ionization method can yield different ion species
from the same elemental composition (or compound). For example, a compound can
potentially be detected as both a radical ion and protonated molecule when using APPI(+)
or APCI(+). This presents an undesirable increase in spectrum complexity. Similarly, with
ESI(+), compounds can be detected as protonated molecules and/or as sodium adducts
(or different adducts, depending on the compounds and the matrix). Secondly, a given
compound might be detected with more than one ionization method. To deal with these
effects, a two-step replicate overlap analysis is used. The result is shown in Figure 5. The
first overlap analysis is applied to each single ionization technique. The results are depicted
as Venn diagrams. For example, in APPI(+), 21,592 compositions are detected as protonated
molecules, 3750 of which are also detected as radical cations. A further 111 compositions
are exclusively detected as protonated molecules, giving a total of 21,703 different elemental
compositions of analytes that are detected (unique formulas). The corresponding totals
for APCI(+), ESI(+) and ESI(−) are 18,780, 25,507 and 12,315, respectively. In a second
overlap analysis, the replicates obtained by different ionizing techniques are trimmed to
an overall total number of 34,523 unique compositions detected. Compared to the results
obtained from the single ionization methods for APPI(+), APCI(+), ESI(+) and ESI(−), this
corresponds to an increase in coverage of 159%, 184%, 135% and 280%, respectively.
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Figure 5. Two-step procedure to remove elemental composition replicates. The first step is to achieve the number of unique
formulas in a single ionization technique. An example using the composition of C24H24O7, which can be detected in
multiple forms depending on the applied ionization technique, is shown in mass spectra. The second step is to remove
composition replicates among multiple ionization techniques, to obtain a total number of unique formulas.

The composition overlaps between different ionization methods are depicted in
Figure 6. The set-size plot on the left-hand side states the number of unique composi-
tions found for each ionization method (see Figure 5). The top bar chart shows the number
of compositions detected among all methods, indicated by black bullets at the bottom
(intersection result). Among all ionization techniques, ESI(+) shows the most uniquely
assigned compositions, while ESI(−) gives the least unique assignments (5748 vs. 1209
compositions). APCI(+) and ESI(−) provide the smallest pairwise intersection, with 129
compositions, while the largest overlap is observed between the APPI and APCI (2916)
assignments. There are 6384 compositions that are observed with all ionization techniques.
These correspond to compounds that exhibit multiple functionalities, such as aromatic
moieties, phenols, hydroxyl and/or carboxyl groups within the same molecule, rendering
them amenable to all ionization methods used. Alternatively, these correspond to different,
isomeric compounds present in the mixture. Both cases apply to a certain extent.

Differences in the uniquely detected compositions for each ionization method are
shown in histogram boxplots of the DBE/C (ratio of DBE and number of carbon atoms
within a given molecule) in Figure 7a. The overall results after the first step of overlap
analysis are relatively similar, with median DBE/C values of 0.49, 0.47, 0.43 and 0.44,
respectively. After the second step of overlap analysis, the DBE/C value differences for
uniquely detected compositions has widened into the range of 0.03–0.2 (Figure 7b). The
compositions common among all methods still show a relatively high median DBE/C value
of 0.49. The value for APPI(+) (0.51) is now significantly higher than that for APCI(+) (0.34).
This can be attributed to the difference in ionization, with APCI being more capable of ion-
izing aliphatic moieties than APPI, which is more efficient for aromatic compounds. ESI(+)
shows the smallest median DBE/C value of 0.31, which can be attributed to hydrocarbon-
derived components being easily ionized by this method. Taking into consideration only
oxygen-containing species, as the most abundant classes in pyrolytic biofuels (right-hand
side of the figure), a similar trend is shown.
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4. Conclusions

In this work, a comprehensive analysis was performed to study the complexity of
pyrolysis-derived biofuels. As was demonstrated using different resolution settings and
scan methods, utmost instrument performance is a crucial aspect of pyrolysis oil analysis.
By using resolving power settings of 960 k (FWHM at m/z 400) and the spectral-stitching
technique, it was possible to detect up to 21,703 unique elemental compositions of analytes
when using APPI in the positive mode as the ionization method. When adding positive-
mode APCI and ESI and negative mode ESI, this number could even be increased to a total
of 34,523 compositions. Ox species are the most abundant (around 90% signal intensity),
no matter which ionization technique is used. ESI shows the broadest distribution of
Ox, in line with the assumed high polarity of the corresponding compounds. This is
also reflected by the higher O/C ratios observed for ESI in comparison with APPI and
APCI, which in turn, are more efficient for compounds with high DBE values (up to 40)
due to different ionization mechanisms. Altogether, this study shows that the utilization
of multiple ionization methods allows a much broader overview of pyrolysis-derived
fuels. Although complexity is increased by different types of ions being formed, ultrahigh-
resolution mass spectrometry allows for a detailed understanding of them all as replicates
can be identified. Here, a two-step overlap analysis helps with understanding the details.
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have read and agreed to the published version of the manuscript.
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