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ABSTRACT: One of the few similarities between petroleum and
bio-oils derived from biomass pyrolysis is that they are both
complex organic mixtures composed of thousands of distinct
elemental compositions, but biomass pyrolysis oils uniquely contain
ultrahigh oxygen content and a more diverse collection of chemical
functionalities. Thus, their chemistry is different from fossil fuels,
and advanced upgrading strategies for the coprocessing of such
unique materials along with conventional refinery feeds will benefit
from comprehensive knowledge of their molecular composition,
known as petroleomics. The work presented herein focuses on the
molecular characterization of nonvolatile species from a loblolly
pine bio-oil and its hydrotreated effluents by soft ionization
methods coupled to high-field Fourier transform ion cyclotron
resonance mass spectrometry (FT-ICR MS). Electrospray ionization (ESI) facilitates the analysis of polar oxygen-containing
molecules, whereas atmospheric pressure chemical ionization (APCI) enables access to hydrocarbons. The molecular data revealed
time-dependent compositional changes, visualized in van Krevelen diagrams, that highlighted the optimal catalyst performance and
the impacts of catalyst fouling or deactivation. Furthermore, elucidation of compositional features such as abundance-weighted H/C,
O/C, molecular weight, and aromaticity facilitated data interpretation and suggested that value-added bio-oils are likely produced
upon a concurrent decrease in oxygen content, aromaticity, and molecular weight with a marked increase in H/C. Furthermore,
distinct temporal molecular changes suggested specific hydrotreatment reaction pathways, including concurrent deoxygenation and
hydrogenation, transalkylation, and cracking of highly aromatic lignin-like oligomers. The detailed molecular characterization
provided by FT-ICR MS facilitated access to common molecular formulas (those detected both before and after upgrading).
Common formulas are hypothetically recalcitrant compounds, which feature a highly aromatic nature (low H/C) and alkyl
deficiency. Understanding the chemistry of such molecules, along with the remaining oxygen-containing species, is critical for future
advances in bio-oil upgrading.

■ INTRODUCTION
Alternative fuels from biomass fast pyrolysis are promising
“green” energy sources with the potential to offset carbon
emissions.1 Indeed, fast pyrolysis of biomass has been the
target of extensive scientific efforts since the oil crisis in the
mid-1970s, with significant advances in catalyst development
for hydrotreatment achieved in the past decade.2−5 Thus,
current biomass pyrolysis methods can produce liquid
intermediates that can be upgraded to obtain hydrocarbon
molecules with properties consistent with transportation
fuels.6−10

The generation of renewable fuels from biomass involves the
critical steps of feedstock purification, thermal deconstruction

of biomass polymers, chemical modification such as heter-
oatom removal and cracking, and separations to implement
molecular management.11 Initially, pyrolysis transforms bio-
mass into condensable volatiles or bio-oil, noncondensable
gases, and biochar, which occurs through the decomposition of
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polymer chains of cellulose, hemicellulose, and lignin.12−18 As
a result, bio-oils are ultracomplex mixtures with a wide range of
oxygen content, chemical functionalities, molecular weight, and
thermal stability. Indeed, the chemistries of bio-oils and fossil
fuels are very dissimilar.19,20 For instance, bio-oils feature much
higher oxygen concentration and acidity, which translates into
poor thermal stability and prevents their processing through
well-established petroleum-refining methods.21−23 A typical
vacuum gas oil from heavy petroleum features an oxygen
content of <1 wt %, H/C of ∼1.6, density <1 g/mL, neutral
pH, and boiling points between 160 and 400 °C.15,24 In
contrast, typical pyrolysis bio-oils reveal oxygen contents up to
∼40 wt %, H/C of ∼1.3, densities between ∼1.10 and 1.30 g/
mL, acidic pH between 2 and 3, and undefined boiling range as
they decompose upon heating.25−27

Loblolly pine is a preferred wood source for fast pyrolysis of
biomass, with an average content of lignin, cellulose, and
hemicellulose of ∼31, ∼37, and ∼23%, respectively.28−36

Loblolly pine sawdust has been successfully transformed into
bio-oil by reactive catalytic fast pyrolysis (RCFP), a process in
which reactive gases, such as hydrogen, are incorporated to
promote selective hydrodeoxygenation and decrease char
yields.37 Several works have shown that RCFP with
molybdenum oxide-based catalysts can produce higher bio-
oil yields with improved chemistry, e.g., much lower oxygen
contents and higher H/C ratios.37−39 Many of these efforts
have investigated catalyst selection and the effect of H2
pressure.37,40 Recently, Cross et al.38 concluded that an
optimal H2 partial pressure significantly drives the trans-
formation of phenols and carbonyls, which yields bio-oils with
lower O/C ratios. Specifically, RCFP promotes the deoxyge-
nation of anhydrosugars and poly-methoxy phenols, which
enables the production of bio-oils that could be further
upgraded into transportation fuels.37,41

Bio-oil upgrading seeks the generation of high carbon yields
with high H/C and substantially decreased O/C ratios.42,43

Generally, catalytic hydrodeoxygenation (HDO) at a temper-
ature of ∼400 °C and a H2 pressure of ∼135 bar can induce
significant deoxygenation; some reports have suggested up to
∼99.5% of oxygen removal.26,44−49 However, oxygen-depleted,
upgraded bio-oils still feature significant molecular-level
differences from fossil fuels. For instance, distillation cuts
from the North Slope crude have revealed superior
concentrations of paraffins (up to ∼8-fold higher) and
increased H/C ratios (e.g., H/C = 1.75 vs 1.55) than upgraded
bio-oils with minimal amounts of oxygen.11,50,51 Therefore,
removing recalcitrant oxygen is not the only goal of bio-oil
upgrading; producing molecules that resemble those of
petroleum-derived fuels is also necessary.
Recent advances in HDO processes under low hydrogen

partial pressure have shown promising results for oxygen
removal and hydrogenation of model compounds such as
phenols, ketones, and furans.52,53 Several works suggest that ex
situ HDO assisted by molybdenum-based catalysts (e.g.,
MoO3) can increase the production of hydrocarbons, with
yields close to ∼30 C% and high concentration of aromatics
(∼7 C%) and alkanes (∼18 C%).54,55 These advances
emphasize the transformation of low-molecular-weight O-
containing compounds into species with a higher content of
alkyl moieties and lower oxygen concentrations. However,
abundant compounds remain enriched with carboxylic acids
and anhydrosugars. It is essential to highlight that carbonyl
compounds are challenging to remove, and only moderate

transformation efficiencies under high pressures and temper-
atures have been reported.56

Understanding bio-oil molecular composition is central to
improving bio-oil production and refinery, which can rely on
the lessons learned from petroleum analysis by mass
spectrometry (MS). The use of ultra-high-resolution MS to
investigate the ultracomplex composition of fossil fuels,
complemented by bulk techniques such as combustion
elemental analysis and NMR spectroscopy, is known as
petroleomics.57−60 Its ultimate goal is to predict petroleum
behavior and improve upstream and downstream operations
based on molecular-level knowledge.61,62 Petroleomics relies
on the ultrahigh resolving power and mass accuracy uniquely
provided by high-field Fourier transform ion cyclotron
resonance mass spectrometry (FT-ICR MS). This technique
can access tens of thousands of molecules present in complex
mixtures. Over the last two decades, it has enabled an in-depth
understanding of the wide diversity of molecules in heavy
petroleum and proved its continuum composition, a concept
originally proposed by Boduszynski in the early 1980s.63,64

This knowledge provided the petroleum community with the
tools to predict distillation trends, understand and solve
deposit formation in production facilities, and design better
strategies for petroleum refining. Furthermore, the implemen-
tation of separation methods, such as extrography and column
chromatography coupled to FT-ICR MS, also provided
knowledge of the structures in heavy feedstocks and
asphaltenes.65,66 One of the major lessons learned is that
separation strategies are crucial to achieving comprehensive
characterization by FT-ICR MS and that the higher the
heteroatom content, the more difficult it is to develop and
implement such separations.

The development of efficient upgrading technologies for
renewable fuels requires a comprehensive understanding of
bio-oil molecular composition.67,68 Two-dimensional gas
chromatography, GC × GC, has dominated the field of
chemical analysis for the volatile fraction of bio-oils and has
been notably helpful to semiquantitatively classify compound
families such as alkanes, cycloalkanes, and aromatics.69−71

However, the nonvolatile fraction requires advanced instru-
mentation, such as high-field FT-ICR MS, as a large mass
fraction of pyrolysis bio-oils are ultracomplex, nondistillable
mixtures of polyfunctional O-containing molecules.72,73 A
typical bio-oil analysis by FT-ICR MS produces tens of
thousands of mass spectral peaks. Ideally, each peak is assigned
a unique molecular formula based on mass accuracy and
isotopic patterns.74,75 In general, molecular formulas are sorted
into heteroatom classes; for instance, the O3 class comprises all
of the species with C, H, and three oxygen atoms. Common
data representations include plots of double bond equivalents
(DBE = number of rings plus double bonds to carbon) versus
carbon number and van Krevelen diagrams of atomic ratios
such as H/C versus O/C.76

Several research groups have used electrospray ionization
(ESI) and atmospheric pressure photoionization (APPI) for
targeted analysis of polar and aromatic bio-oil species.59,77,78

For instance, Jarvis et al.77 reported the −ESI FT-ICR MS
investigation of bio-oils derived from different biomass sources
such as oak, mixed conifer, and scotch broom. The authors
found molecules composed mainly of C, H, and up to 13
oxygen atoms (O13 class). This study highlighted the
identification of boron-containing compounds (11BOX, X =
4−12), which can be readily misassigned as N2OX species due
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to a mass difference of only 35 μDa, which highlights the need
for ultrahigh mass resolving power, only achievable by FT-ICR
MS.77 In other reports, Ware et al.79,80 performed a detailed
analysis of oak bio-oils and their hydrotreated products via
+APPI FT-ICR MS. The accessed compositional range
featured DBE values from ∼5 to ∼25, carbon numbers
between 8 and 46, H/C ratios of 0.5−1.5, and up to 14 oxygen
atoms per molecule. The authors noted that bio-oil
composition revealed a concurrent monotonic increase in
DBE and carbon number as a function of increasing the
number of oxygen atoms, which suggested the presence of
oligomeric species. In contrast, the hydrotreated products
featured a compositional range that narrowed in the DBE and
carbon number as a function of increasing oxygen content,
which suggested the occurrence of direct deoxygenation.
Indeed, compound classes with high oxygen numbers (>7)
maintained their initial DBE upon hydrotreating, which ruled
out hydrogenation reaction pathways.79 In another study,
Palacio Lozano et al.81 used van Krevelen diagrams for data
mining of −ESI FT-ICR MS analysis of bio-oils. The authors
suggested reaction pathways, such as dehydration and
decarboxylation, based on specific changes in H/C and O/C
ratios upon bio-oil upgrading. Furthermore, the authors
proposed categorizing bio-oil molecules in three zones
according to their location in van Krevelen diagrams. In such
classification, compounds with high energy density and
elemental compositions similar to fossil fuels feature 1.5 ≤
H/C < 2, 0 < O/C ≤ 0.3, and belong to zone 1. Conversely,
molecules with little to no potential of being used as fuels are
in zone 2 and present extremely low H/C ratios and a wide
range of oxygen content (0.5 < H/C < 1.5, 0 < O/C < 0.67).
Finally, species that can be easily transformed into molecules
with high energy density, throughout deoxygenation pathways,
are contained in zone 3 and present 1.5 < H/C < 2, O/C >
0.3.81

ESI and APPI ion sources are helpful to access polar and
aromatic compounds. However, bio-oil upgrading can produce
significant amounts of (nonpolar) hydrocarbons that could be
difficult to ionize by those ionization methods due to selective
ionization. Recently, Mase et al.82 used atmospheric pressure
chemical ionization (APCI) to target the analysis of hydro-
carbons and aromatic species in pine bio-oils. The authors
compared the compositional range accessed via different ion
sources, i.e., APPI, ESI, and APCI, with different ionization
“additives” such as formic acid or sodium acetate for +ESI and
methanol or n-heptane for APCI. Specifically, APPI allowed for
the abundant ionization of molecules with high DBE, limited
alkyl-chain substitution, and low oxygen content compared
with ESI, which, in contrast, efficiently exposed highly polar
species with increased O/C ratios. On the other hand,
heptane-assisted APCI was remarkably useful to access
abundant, nonpolar low-DBE compounds. One hypothesis is
that the ionization of hydrocarbons can be achieved via
proton-transfer reactions, which is facilitated by the use of
heptane during ionization. Another theory is that ionization of
hydrocarbons occurs via exothermic proton-transfer reactions
involving highly acidic and protonated atmospheric molecules
such as N2 and H2O.83 As hydrocarbons are the desired
products from upgrading, the characterization of such
compounds is critical to improving the production of value-
added fuels from bio-oils.
The work herein is the first of a series of manuscripts dealing

with the application of petroleomics principles to comprehend

the molecular composition of bio-oils. In this work, the
molecular characterization of a loblolly pine bio-oil and its
hydrotreated effluents was performed by +APCI and −ESI
coupled to 12 and 21 T FT-ICR MS. These analyses exposed
complementary compositional trends for hydrocarbons and
highly oxygenated molecules that could help determine
optimal hydrotreating conditions and understand reaction
pathways.

■ MATERIALS AND METHODS
Bio-Oil Production and Upgrading. Samples were supplied by

RTI International, North Carolina. Bio-oil was produced from the
reactive catalytic fast pyrolysis (RCFP) of loblolly pine. The RCFP
was performed under 80 vol % hydrogen in a laboratory-scale
pyrolysis reactor (2.5 inch diameter fluidized bed reactor) with a
molybdenum catalyst, at an average temperature of 500 °C and
biomass feed rate of about 4−5 g per minute. Bio-oil, obtained from
RCFP of loblolly pine, was hydrotreated continuously for 144 h under
2000 psi of H2. In total, 9.0 kg of bio-oil was fed into a pilot-scale
hydroprocessing unit.4 Specifically, the RCFP biocrude (referred to as
bio-oil feed) was hydrotreated continuously for 144 h in an RTI’s
pilot-scale hydroprocessing unit at 2000 psi of hydrogen pressure and
a liquid hourly space velocity (LHSV) of 0.35/h over a sulfide
hydrotreating catalyst. The average reactor bed temperature was 300
°C. A total of 9.0 kg of feed was processed. Information about the
catalyst is reported elsewhere.4 Six effluents were recovered at
different time points: ∼36.5, 48.5, 72.5, 96.5, 124.5, and 143.5 h.
Thus, the hydrotreated effluents could be used to access catalyst aging
and were labeled RCFP-1−6. Much more detail on the production
and upgrading of the RCFP biocrude can be found in the literature.4

Reagents. High-performance liquid chromatography (HPLC)-
grade methanol and toluene were purchased from J.T. Baker
Chemicals, Phillipsburg, NJ. Tetramethylammonium hydroxide
(TMAH 25 vol % in methanol) was obtained from Fisher Scientific.
Toluene and n-heptane solvents, with a purity higher than 99.7%,
were purchased from VWR chemicals and used for APCI 12 T FT-
ICR MS.
Elemental Analyses. Bio-oil and its hydrotreated effluents were

subjected to bulk elemental analysis for C, H, and S, conducted with a
Thermo FLASH 2000 analyzer (Thermo Fisher Scientific, MA). In
addition, the oxygen content was accessed using a Flash SMART
analyzer from Thermo Fisher Scientific. Oxygen measurements
require correction of the contribution from water by measuring its
content in wt % using the traditional Karl Fisher technique. The
molecular weight of water is 18.015 Da, in which oxygen accounts for
15.999 Da (88.8%). Both water and oxygen contents are measured in
wt %; thus, 88.8% of the water content is subtracted from the
measured oxygen content by elemental analysis in order to obtain
water-free oxygen. Nitrogen was measured with a Mitsubishi TN2100
V analyzer equipped with a vertical oven VF-210, an ND-210
chemiluminescence detector, and a thermostatic passer STC-210L.
Ultra-High-Resolution Mass Spectrometry. Positive-Ion APCI

Coupled to 12 T FT-ICR MS. For direct infusion APCI experiments,
bio-oils and the upgraded effluents were first solubilized at 10 mg/mL
in a 1/1 (v/v) toluene/methanol mixture. Samples were diluted at 0.5
mg/mL in n-heptane to promote ionization of alkanes in APCI.84

Heptane was used to avoid the mass spectral chemical noise
commonly encountered with isooctane. Analyses were performed
on an FT-ICR MS instrument equipped with a 12 T superconducting
magnet and a dynamically harmonized ICR cell (SolariX 2XR, Bruker
Daltonics, Bremen, Germany). The mass spectrometer was externally
calibrated with a solution of sodium trifluoroacetate. Sample solutions
were directly infused into the APCI source at a flow rate of 600 μL/h.
Mass spectra were acquired in positive-ion mode over m/z 92−1000,
at 4 million data points with 1.05 s transient length and coaddition of
200 scans, which yielded a resolution of 552,000 at m/z 200.
Ionization and ion transferring were carried out at a capillary voltage
of 4000 V, end plate offset of −500 V, corona needle at 4000 nA,
nebulizer gas of 1 bar, vaporizer temperature of 350 °C, dry gas flow

Energy & Fuels pubs.acs.org/EF Article

https://doi.org/10.1021/acs.energyfuels.3c02599
Energy Fuels XXXX, XXX, XXX−XXX

C

pubs.acs.org/EF?ref=pdf
https://doi.org/10.1021/acs.energyfuels.3c02599?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


of 2 L/min, dry temperature at 250 °C, and time-of-flight of 0.8 ms.
Data treatment was performed with DataAnalysis Software (version
6.0, Bruker, Bremen, Germany). Each mass spectrum was internally
calibrated using homologous series present over the whole mass
range, which resulted in an error standard deviation of <0.3 ppm. m/z
values were picked with a signal-to-noise ratio (S/N threshold)
greater than 6, with both odd and even electron configurations.
Molecular formulas were attributed with a maximum error of 0.5 ppm.

Elemental boundaries were limited to CxHyN2O18 with maximum
DBE and H/C set to 40 and 2.5.

Negative-Ion ESI and Positive-Ion APPI Coupled to 21 T FT-ICR
MS. For negative-ion micro-ESI, extensively used for the character-
ization of oxygen-rich samples,85 the bio-oil feed (or RCFP biocrude)
and hydrotreated effluents were dissolved in 1:1 toluene/methanol at
a concentration of 50 μg/mL. Samples were directly infused at 0.5
μL/min and ionized with a needle voltage of 3.2 kV. Analyses were
also performed adding tetramethylammonium hydroxide (TMAH,
0.005% v/v) to the sample solutions to promote deprotonation.86 For

Table 1. Bulk Elemental Composition for the Bio-Oil Feed and the Hydrotreated Effluents

sample % C % H % N* % S % O* H/C O/C % water content

feed 72.40 6.70 0.09 <0.50 8.30 1.11 0.09 6.91
RCFP-1 86.00 11.00 0.02 <0.50 1.01 1.53 0.01 0.05
RCFP-2 84.40 10.50 0.04 <0.50 1.65 1.49 0.01 0.13
RCFP-3 84.40 10.00 0.06 <0.50 2.71 1.42 0.02 0.38
RCFP-4 84.20 9.62 0.07 <0.50 3.50 1.37 0.03 0.57
RCFP-5 83.70 9.37 0.08 <0.50 3.96 1.34 0.04 0.85
RCFP-6 83.70 9.28 0.08 <0.50 4.29 1.33 0.04 0.97

% In weight, *N was measured using a Mitsubishi TN2100 V analyzer equipped with an ND-210 chemiluminescence detector, **water corrected.

Figure 1. (a) Heteroatom class distribution derived from FT-ICR MS analysis of pyrolysis oil derived from loblolly pine (bio-oil feed), ionized by
different methods: −ESI with and without deprotonation additive and +APPI were collected by 21 T FT-ICR MS, and +APCI used 12 T FT-ICR
MS. (b) Combined DBE vs carbon number plots for all oxygen-containing compound classes (all ionization methods) and hydrocarbons (only
positive-ion APPI and APCI). (c) Number of assigned molecular formulas for each ionization method.
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+APPI, samples were diluted in toluene/methanol (1/1 v/v) to a
concentration of 25 μg/mL and directly infused at 50 μL/min into an
APPI Ion Max source (Thermo Fisher Scientific, Inc., San Jose, CA),
operated with a vaporizer temperature of 300 °C. For APPI, N2 sheath
gas was used at 50 psi, N2 auxiliary gas (32 mL/min) prevented
oxidation, and gas-phase neutrals were photoionized by a 10.2 eV
ultraviolet krypton lamp (Syagen Technology, Inc., Tustin, CA). Ions
were analyzed with a custom-built 21 T FT-ICR mass spectrom-
eter.87,88 For this purpose, 1 × 106 charges were accumulated for 1−5
ms in an external multipole ion trap, equipped with automatic gain
control (AGC).88,89 Ions were subsequently transferred to the ICR
cell, as a function of m/z, by a decreasing auxiliary radio
frequency.88,89 Ions were excited to an m/z-dependent radius to
maximize the dynamic range and the number of detected peaks.
Excitation and detection were performed on the same pair of
electrodes of the dynamically harmonized ICR, operated with 6 V
trapping potential. Time-domain transients of 3.2 s were acquired
with Predator Software, and 100 time-domain transients were
averaged for all of the samples. Mass spectra were phase-corrected
and internally calibrated with oxygen-containing homologous series
using the “walking” calibration method.90 PetroOrg software assisted
molecular formula calculation.91 CSV files from all assigned molecular
formulas were exported from PetroOrg and also from Data Analysis
(APCI 12 T FT-ICR MS) and imported into PyC2MC for data
visualization in plots of DBE vs carbon number and van Krevelen
diagrams.92 Molecular formulas with an error >0.20 ppm were
discarded, and only compound classes with a relative abundance of
≥0.15% were considered. Raw mass spectra, calibrated peak lists,
PetroOrg files, and lists of molecular formula assignments are publicly
available at Open Science Framework, DOI 10.17605/OSF.IO/
BVM65.

■ RESULTS AND DISCUSSION
Bulk Elemental Analysis. The hydrotreated effluents from

the bio-oil feed were collected at different time points; thus,
their composition could be correlated to catalyst deactivation.
In a previous report, catalyst deactivation was correlated to
density and H and O contents of the hydrotreated bio-oils as a
function of time on stream. Specifically, the density increased
as a function of increasing catalyst deactivation. However, the
catalyst was active even after 144 h. of time on stream.4 Table
1 presents the bulk elemental composition of the bio-oil feed
(RCFP biocrude) and its hydrotreated effluents (RCFP-1−6).
The results highlight the prominent decrease in oxygen
content (up to ∼8-fold) and increase in H/C (e.g., from
∼1.10 to 1.50) upon hydrotreatment; RCFP-1 (collected at
36.5 h) and RCFP-2 (48.5 h) featured the best bulk properties.
Notably, the results point out a sharp rise in oxygen content
from RCFP-3 (collected at 72.5 h), which suggest a loss in
hydrotreatment performance likely due to catalyst deactivation.
Table 1 also indicates that the S content was minimal and
remained. Results from bulk elemental analysis are revisited
later to understand the extent of selective ionization in mass
spectral analyses.
Selection of Optimal Ionization Methods for MS

Analysis. Bio-oils are ultracomplex mixtures in which MS
analysis is likely limited by selective ionization, similar to what
has been observed in the molecular-level characterization of
fossil fuels by high-resolution mass spectrometry. As proved for
petroleum, separations and the use of different ion sources
operated under distinct conditions help in achieving
comprehensive molecular-level analysis. Separations are the
subject of future work; the focus here is comprehensive
untargeted bio-oil MS characterization, which requires
complementary ion sources that enable access to thousands
of compounds with no significant ionization bias. Figure 1

presents the molecular composition of the feed bio-oil as
determined by 12 and 21 T FT-ICR MS, assisted by +APPI
and +APCI and −ESI with [tetramethylammonium hydroxide
(TMAH)] and without deprotonation additive.86

FT-ICR MS of pyrolysis oils reveals thousands of peaks that
are assigned a unique molecular formula based on mass
accuracy and isotopic structure.64,93 The assigned composi-
tions are grouped into compound classes. For example, species
with C and H, but no heteroatoms, make up the HC class,
whereas formulas with C, H, and 10 oxygen atoms comprise
the O10 class. Figure 1a presents the compound class
distribution for the bio-oil feed obtained by the four ionization
strategies. The results strongly suggest that −ESI with (dark-
blue bars) and without (light-blue bars) deprotonation
additives ionized oxygen-containing species with a highly
similar class distribution. The oxygen content of most of the
detected compounds ranged between that of O2 and O13.
Conversely, positive-ion APPI and APCI (yellow and orange
bars) favored the observation of hydrocarbons (HC class),
with up to ∼27% of relative abundance observed via APCI. It is
essential to point out that APPI and APCI ionized polar
compounds with lower oxygen numbers than ESI. However,
APPI favored the observation of ions with higher polarizability,
such as O4−6, compared with APCI, which revealed higher
abundances for the O1−3 classes.

The heteroatom class distributions obtained by −ESI, with
and without a deprotonation additive, are highly similar.
However, panels (b) and (c) in Figure 1 reveal pronounced
differences in molecular composition. Clearly, the use of
TMAH favored the detection of low-DBE (<20), low-carbon-
number (<40) compounds. Conversely, the lack of deproto-
nation additive enabled the observation of a compositional
range with DBE values up to ∼35 and carbon numbers up to
∼60. Lessons learned from two decades of research in
petroleomics demonstrated ionization bias toward low-
molecular-weight acidic species, via −ESI with TMAH or
NH4OH, for fractions of naphthenic acids isolated from fossil
fuels. Several works have suggested that separations help to
overcome this limitation.94−97 Importantly, the DBE vs carbon
number plots highlight the PAH limit (red-dashed line), a
compositional boundary for planar molecules with the highest
possible DBE.98−100 In the case of bio-oils, molecular formulas
close to the PAH limit could correspond to structures similar
to oxy-PAHs.101 Thus, the data suggest that the studied
pyrolysis oil is enriched in highly aromatic O-containing
compounds.

It should be noted that ESI without deprotonation additive
produced ∼3-fold lower number of ions (lower ion current),
and thus, accumulation of the target number of charges (1 ×
106) for FT-ICR MS required ∼3-fold longer “ion times” as
measured by automatic gain control.88,89 Regardless of this
limitation, the number of detected compositions without the
use of a deprotonation additive was superior. Figure 1c shows
that the number of assigned molecular formulas without
TMAH was ∼3-fold higher. Therefore, the rest of the
discussion focuses on ionization by negative-ion ESI without
TMAH as an additive.
Ionization of Hydrocarbons. +APPI and +APCI revealed

subtle differences in the compositional range of the O-
containing compounds (Figure 1b, upper row). However, the
primary advantage of APCI is that it improved access to
hydrocarbons, which is consistent with what has been learned
in petroleomics; APCI revealed almost twice the number of
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hydrocarbon molecular formulas than APPI (highlighted in
red, Figure 1c). The accessed compositional range for
hydrocarbons via APCI is much more extended, comprising
DBE ∼3−25 and carbon numbers between ∼8 and 40 (Figure
1b, lower row). It is critical to highlight that using small
alkanes in APCI, such as n-heptane (C7), promotes the
ionization of hydrocarbon species (no heteroatoms), whether
saturated, unsaturated, linear, branched, or cyclic. APCI carried
out with heptane enables the detection of hydrocarbons in
complex mixtures. Ionization of saturated hydrocarbons occurs
via exothermic proton-transfer reactions between highly acidic,
protonated atmospheric molecules, such as N2 and H2O.83

Figure 2 presents the molecular composition of the bio-oil
feed and hydrotreated effluents accessed via −ESI 21 T FT-
ICR MS. Figure 2a shows the class distributions for all
detected O-containing species. The feed revealed abundant
compounds with high oxygen numbers, with up to 13 oxygen
atoms and dominance of O4−7 classes. Conversely, the
hydrotreated effluents featured higher abundances of low-
order oxygen-containing classes, such as O1 and O2. These
compositional trends suggest a high degree of deoxygenation.
Notably, the effluent RCFP-2 exhibited the most promising
properties for energy applications. It revealed the lowest
oxygen content per molecule, as >90% of the detected species,
as measured in relative abundance, had only 1−2 oxygen
atoms. In contrast, the bio-oil feed revealed >80% of
compounds with ≥4 oxygen atoms.
Figure 2b presents the number of assigned monoisotopic

molecular formulas, unique to each sample (purple/blue) and
common to the bio-oil feed (gray). Specifically, the bio-oil feed
(black bar) revealed 6919 monoisotopic compositions. It is
noteworthy that the high resolving power and dynamic range,
facilitated by the high magnetic field of the 21 T FT-ICR mass
spectrometer, enable the detection and subsequent formula
assignment of higher numbers of peaks. In total, counting 13C
and 13C2 isotopologues, the bio-oil feed presented 13,627

assigned molecular formulas. However, the work presented
herein focuses on monoisotopic species. The results indicate
that hydrotreatment did not significantly decrease the number
of assigned compositions. For instance, RCFP-1 and RCFP-6
revealed similar numbers of molecular formulas to those
detected in the feed. RCFP-2 featured the lowest number,
5784, which is only ∼1.2-fold lower than those assigned for the
bio-oil feed. Therefore, changes in the total number of
detected/assigned molecular formulas, before and after hydro-
treatment, do not provide insights into the effectiveness of the
applied upgrading process. However, Figure 2b provides
information about hypothetical recalcitrant oxygen-containing
molecules (common formulas), whose characterization is
critical to improving bio-oil upgrading methods. Among all
of the effluents, RCFP-2 and RCFP-4 revealed the lowest
numbers of common compositions to the bio-oil feed. It is
essential to highlight that although common species have
identical elemental composition, it is impossible to conclude
that they are precisely the same entities before and after
hydrotreatment, as they could be isomers. Furthermore, a
fraction of common compositions might be generated by
HDO. The compositional range of common species will be
revisited later.

Figure 2c, the upper row, presents the combined DBE vs
carbon number plots for all oxygen-containing molecules (e.g.,
O1, O2, and O3, O4). The results indicate that the bio-oil feed
featured a typical composition of wood-derived pyrolysis oils,
with carbon numbers between 10 and 70 and DBE values from
∼1 to 35.79 Individual plots for separate classes are included in
the Supporting Information (Figure S1) and demonstrate that
the bio-oil feed revealed trends in DBE and carbon number
consistent with previous reports. Specifically, the data shows
that DBE values and carbon numbers increased concurrently as
a function of increasing oxygen number.102,103 In general, at
low oxygen numbers (i.e., O2−O5), the addition of one oxygen
atom increased the abundance-weighted-average (AW) DBE

Figure 2. Molecular composition of the bio-oil feed and hydrotreated effluents (RCFP-1−6) obtained via −ESI 21 T FT-ICR MS. (a) Compound
class distribution for all oxygen-containing species. (b) Number of molecular formulas detected for each sample; common formulas relative to the
feed are represented in gray, whereas unique formulas to each sample are highlighted in purple/blue. (c) Combined DBE vs carbon number plots
(upper row) and combined van Krevelen diagrams (lower row) for all O-containing compounds.
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by ∼1 unit and the AW carbon number by ∼2−2.5 units
(Table S1 of the Supporting Information). This suggests the
likely addition of furanic moieties to existing aromatic rings as
highlighted in the Supporting Information (Figure S2).104 At
higher oxygen numbers (O6−O11), average changes in DBE
and carbon numbers are less pronounced. For instance, the
addition of two oxygen atoms (e.g., from O8 to O10) increased
the AW DBE by ∼1 unit, adding ∼2−3 carbon atoms, which
suggests the presence of heterocycles with multiple oxygen
atoms (Figure S2).104 Progression to even higher oxygen
numbers (O12−13) revealed minor changes in DBE and carbon
number, which indicates the incorporation of O-containing
functionalities such as OH. Collectively, these compositional
trends point to the existence of sugarlike oligomers that
survived the initial pyrolysis process to produce bio-oil.
The applied hydrotreatment produced significant changes in

the composition, as shown in Figure 2c. Specifically, the global
abundance-weighted DBE for the O-containing species for the
bio-oil feed was 17.4; the values for all samples are included in
the Supporting Information (Table S2). In contrast, the
hydrotreated effluents revealed values between ∼10.4 and
∼13.4. Notably, the effluent RCFP-2 featured the lowest AW
DBE (∼10.4) and carbon number (∼30). A recent work on
hydrotreatment of lignin model compounds demonstrated that
hydrodeoxygenation, apart from removing oxygen while
increasing hydrogen, can promote cracking reactions that
result in the loss of DBE.105 It is essential to highlight that
DBE values steadily increased from RCFP-3 (∼11.8) to RCFP-
6 (∼13.4), which suggests a loss of hydrotreatment perform-
ance as a function of the increasing processing time.

Van Krevelen diagrams of atomic ratios such as H/C vs O/C
can help understand the energy density of molecules
(hydrogen content) and the oxygen content per carbon unit,
two parameters critical for bio-oil applications.81 Desired
molecules for biorefinery have high H/C and low O/C and
belong to zone 1, which is between 1.5 ≤ H/C < 2 and 0 < O/
C ≤ 0.3. Conversely, unwanted molecules feature 0.5 < H/C <
1.5 and 0 < O/C < 0.67 (zone 2), and thus, their composition
is more consistent with biochar.106 Molecules with 1.5 < H/C
< 2, O/C > 0.3 are highly similar to lignin and belong to zone
3.107 Zone 3 species can be “easily” transformed into
compounds of zone 1.81

Figure 2c, the lower row, presents the van Krevelen diagrams
for the bio-oil feed and the hydrotreated effluents and
highlights zones 1, 2, and 3 for the feed, emphasizing zone 1
(red box) for the hydrotreated samples. The results indicate
that the bio-oil feed featured a much wider compositional
range than the effluents, with oxygen content between ∼0.05 <
O/C < 0.60 and H/C ratios from 0.5 to 2.0. The visual
inspection of the van Krevelen diagrams suggests abundant
content of highly aromatic, “low-quality” molecules of zone 2
for the feed, with low H/C and a wide range of O/C.
Furthermore, the results show that the applied hydrotreatment
effectively removed oxygen, as it produced abundant molecules
with O/C ratios below 0.15. Importantly, a high proportion of
bio-oil species “migrated” to zone 1 upon hydrotreatment,
which was most pronounced for RCFP-1 and RCFP-2.

High-resolution mass spectrometry (HRMS) data analysis
by molecular formula “counting” and average molecular
parameters may expose trends that help elucidate optimal
processing conditions and reaction pathways as demonstrated

Figure 3. Abundance-weighted-average (AW) molecular features determined via −ESI coupled to 21 T FT-ICR MS: (a) H/C (gray bars) and O/
C (red mark) ratios, (b) aromaticity (gray bars) and molecular weight (red mark), and (c) definition of aromaticity with examples of molecular
structures.
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for other complex mixtures.81,108,109 Thus, Figure 3 presents
FT-ICR MS-derived abundance-weighted H/C, O/C, molec-
ular weight, and aromaticity. This work defines aromaticity as
the ratio between the abundance-weighted DBE and the
abundance-weighted H/C. Thus, molecules with high values of
DBE but low H/C due to a limited content of CH2 units, such
as coronene (structure to the left in Figure 3c), have high

aromaticity (∼38.0). Conversely, compounds with low DBE
but high alkyl substitution, such as the structure to the right in
Figure 3c, present low aromaticity (∼3.1). Figure 3 effectively
summarizes the results from molecular characterization via FT-
ICR MS. It clearly shows that the applied hydroprocessing
successfully transformed the bio-oil feed into species with
properties more consistent with those of conventional fuels.

Figure 4. (a) Relative fraction of compositions present in each of the van Krevelen diagram zones previously defined by Palacio Lozano et al.81 The
data are derived from −ESI 21 T FT-ICR MS. (b) Expanded van Krevelen diagrams for OX compounds for the bio-oil feed and the hydrotreated
effluent RCFP-2.

Figure 5. Molecular composition of the bio-oil feed and the hydrotreated effluents was determined by nC7-assisted +APCI 12 T FT-ICR MS. (a)
Compound class distribution, (b) number of common and unique molecular formulas relative to the bio-oil feed, and (c) compositional plots of
DBE vs carbon numbers and H/C vs m/z for hydrocarbons or HC class.
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Specifically, the bio-oil feed featured AW H/C < 1.10, O/C ∼
0.18, average molecular weight (MW) of ∼480 g/mol, and
aromaticity of ∼14. All of the hydrotreated effluents revealed
increased H/C and pronounced decrease in O/C, MW, and
aromaticity. The composition of the effluent RCFP-2 was
particularly promising, with H/C > 1.4, a 3-fold decrease in O/
C, less than half aromaticity, and ∼100 g/mol lower molecular
weight than the bio-oil feed. The data shown in Figure 3
demonstrate that hydrotreatment performance significantly
decreased after ∼48 h time on stream. Although all
hydrotreated effluents revealed lower O content and
aromaticity and higher H/C, catalyst deactivation was evident
starting with RCFP-3 (collected at ∼72 h).
Relative Fraction of Molecules in “Bio-Oil Zones” of

van Krevelen Diagrams. Figure 4a presents the relative
fraction (RF) of compositions in zones 1, 2, and 3 of the van
Krevelen diagrams for the bio-oil feed and the hydrotreated
samples. RF was determined by eq 1, which divides the
summed relative abundance for all assigned molecular formulas
(RAi) for each separate zone, by the summed relative
abundance of all compositions (total RA). The results indicate
that all of the samples are depleted in zone 3 lignin-like species
(<0.1%). Notably, the feed revealed ∼97% of highly aromatic
compounds in zone 2 and only ∼3% of species in zone 1.
Conversely, the effluent RCFP-2 featured the highest relative
content of molecules in zone 1, ∼ 47%, which is ∼16-fold
higher than that of the feed. The dramatic shift in composition
is highlighted in the van Krevelen diagrams in Figure 4b.
Notably, after ∼48 h time on stream, the amount of
compounds in zone 1 dropped, which again points to a
lower hydrotreatment performance likely due to catalyst
deactivation. Several works have suggested that products
from the polymerization of oxygen-containing species derived
from biomass pyrolysis can cause fouling, which triggers

catalyst deactivation and decreases deoxygenation and hydro-
genation rates.110−112

= =RF
RAi

Total RA
i
n

1
(1)

Access to Hydrocarbon Chemistry by Atmospheric
Pressure Chemical Ionization Assisted with n-Heptane.
nC7-Assisted APCI is central to bio-oil characterization as it
enables access to hydrocarbon species,82 whose production is
desired in biorefinery processes. Figure 5 presents the
molecular composition of the bio-oil feed and hydrotreated
effluents determined via +APCI 12 T FT-ICR MS. Figure 5a
shows the compound class distribution and highlights the
favored detection of hydrocarbons with no heteroatoms (HC
class). It is critical to consider that APCI FT-ICR MS provided
no direct quantification of hydrocarbons, opposite to GC ×
GC;71,113 however, it revealed compositional trends that
suggest a maximum content of hydrocarbons for RCFP-1−2.
These effluents showed a ∼2-fold increase in relative
abundance as compared with bio-oil feed. After ∼48 h of
catalyst use (RCFP-2), the relative abundance of the HC class
steadily decreased, with a concurrent increase in oxygen-
containing classes, i.e., O1 and O2. As discussed earlier,
elemental analysis confirmed the presence of N, whose bulk
concentration raised upon hydrotreatment. It should be noted
that a distinctive feature of pinewood is the elevated N content
compared with fast-growing agricultural biomass.114 It is likely
that such species were not detected in −ESI, given their
limited concentrations and much lower ionization efficiencies
than those of the OX classes.

Figure 5b shows that +APCI exposed trends consistent with
−ESI: again, RCFP-2 featured the lowest number of molecular
formulas common to the feed, and the number of common
compositions increased continuously as a function of catalyst

Figure 6. Abundance-weighted-average (AW) molecular features for the HC class derived from +APCI 12 T FT-ICR MS analysis of the bio-oil
feed and the hydrotreated effluents. (a) H/C and DBE and (b) aromaticity and molecular weight. O/C ratios are not included as the data analysis
is focused on the HC class.
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aging. We hypothesize that targeted analysis of common
species is central to understanding the chemistry of recalcitrant
compounds. Regarding the composition of hydrocarbons,
Figure 5c presents their compositional range or DBE vs
carbon number plots. The bio-oil feed revealed abundant alkyl-
depleted HC species, which featured short homologous series
or a limited range of carbon numbers for each DBE value.115

As highlighted by the black-dashed circle, abundant
compositions were detected adjacent to the PAH limit,
which indicates a high content of alkyl-depleted polycyclic
aromatic hydrocarbons. This finding is consistent with the
well-known high production of PAHs from pyrolysis of lignin-
enriched feedstocks.116−118 Conversely, RCFP-2 featured a
more extended homologous series, with carbon numbers up to
∼50. Notably, the degree of alkyl substitution or homologous
series length decreased as a function of increasing catalyst
aging. For instance, RCFP-6 revealed compounds with carbon
numbers of only up to ∼40. Furthermore, the compositional
plots of H/C vs m/z emphasize the abundant content of
hydrocarbons with higher H/C ratios and molecular weights
for the hydrotreated samples RCFP-1−2.
Again, the visual analysis of DBE vs carbon number plots

and van Krevelen diagrams is challenging; therefore, Figure 6
summarizes the molecular properties of HC compounds as
accessed by +APCI. The results indicate that RCFP-1−2
featured, among all hydrotreated effluents, the highest AW H/
C and molecular weight and the lowest AW DBE and
aromaticity. Comparison of Figures 3 and 6 shows that the
feed revealed OX compounds with higher aromaticity (∼14,
Figure 3b) than that of the HC species (∼10, Figure 6b).
Conversely, the hydrotreated samples comprised molecules
with similar aromaticity, from ∼6 to ∼9, regardless of their
oxygen content. This shows that the applied upgrading method
was much more effective in increasing the hydrogen content of
OX species, as the applied HDO process targeted concurrent

hydrogenation, transmethylation, and deoxygenation reactions
for molecules with active O-containing moieties. Notably, the
higher aromaticity of O-containing compounds in the feed
indicates the abundant content of lignin-like residual
structures.

Interestingly, changes in the average molecular weight were
opposite for the OX and HC classes. Hydrocarbons in RCFP-2
revealed an increase in ∼60 g/mol compared to the feed,
which could result from transalkylation reactions and the
increase in H content. In contrast, the molecular weight of the
OX compounds decreased by ∼100 g/mol after hydrotreat-
ment. Interestingly, OX species in RCFP-2 featured higher
carbon numbers for low-DBE homologous series (Figure 2c).
A potential increase in molecular weight due to the higher
content of alkyl moieties could be offset by the cracking of
lignin-like oligomers in the feed, which featured higher DBE
values and carbon numbers. Additionally, global deoxygenation
could contribute to the decrease in the molecular weight for
the OX species. Specifically, the abundance-weighted oxygen
number decreased from ∼5.6 (feed) to ∼1.6 (RCFP-2). These
compositional trends could explain why HC and the OC
classes had opposite changes in the molecular weight.
However, the DBE vs carbon number plots for O-containing
compounds (Figure 2c) and HC class (Figure 5c) suggest that
transalkylation reactions are not the only possible pathway to
produce hydrocarbons with increased molecular weight than
those present in the feed. In Figure 5, HC species in
hydrotreated effluents reveal the same DBE range as in the
feed but with a much more extended carbon number range,
which indicates a higher content of CH2 units. The carbon
number range for HC species detected by +APCI is within the
carbon number range of the Ox classes detected by −ESI
(Figure 2c). Therefore, it is also possible that the increase in
around 60 g/mol for HC in RCFP-2 is related to the
production of hydrocarbons by deoxygenation of high-

Figure 7. Number (a) and compositional range (b, c) for common and unique Ox molecular formulas to the bio-oil feed and RCFP-2. Data were
derived from negative-ion ESI 21 T FT-ICR MS.
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molecular-weight O-containing species originally present in the
feed.
Compositional Range for Common Molecular For-

mulas Detected in the Feed and RCFP-2. Figure 7a
highlights the number of unique and common OX formulas for
the feed and the hydrotreated effluent RCFP-2. The composi-
tional plots of DBE vs carbon numbers and van Krevelen
diagrams are shown in panels (b) and (c). The data indicate
that both samples have ∼2600 common compositions. Most
common species revealed DBE values between ∼5 and 25,
with high proximity to the PAH limit and dominant oxygen
numbers between 2 and 5 (data shown in Figure 2a). This
suggests that “recalcitrant” oxygen-containing molecules are, to
some extent, highly aromatic and alkyl-depleted. Importantly,
in this study, the O content was not completely removed. The
highest O removal occurred from ∼8.3 to ∼1.0%. In this case,
common species could be referred to as “intermediates” of the
deoxygenation process, as they need further treatment, e.g.,
tandem HDO,119 in order to achieve complete oxygen
removal.
There is one group of unique molecules to the feed, circled

in black, with DBE values > 20, extensive alkyl substitution (up
to ∼25 carbon atoms in CH2 units), and higher oxygen
numbers (O8−O13, Figures 2a and S1). The absence of such
compounds in RCFP-2 suggests the occurrence of cracking
and hydrodeoxygenation of polymeric species with high
oxygen numbers, which decreased the average molecular
weight, DBE, and the O/C ratio. Indeed, species unique to
RCFP-2 (especially the ones highlighted in purple in Figure
7b) belong to low-DBE (<20) homologous series with a higher
content of alkyl moieties (higher carbon numbers). It is
noteworthy an increase in carbon numbers has been observed
after hydrodeoxygenation of model compounds. For instance,
hydrodeoxygenation of anisole in the presence of Mo-based
catalysts has shown the occurrence of transalkylation reactions
to produce molecules with higher carbon numbers.120

Furthermore, van Krevelen diagrams in Figure 7c indicate
that a large fraction of unique species to RCFP-2 occupied the
“optimal” bio-oil zone 1. Indeed, the relative fraction of unique
molecules in zone 1 for RCFP-2 was ∼38% compared to only
2% for the feed. This suggests that the used hydrotreatment
method can produce abundant new compositions with
molecular features highly consistent with transportation fuels.
In contrast, common molecular formulas between the biocrude
feed and RCFP-2 mostly belong to zone 2 (96.7%), and only
3.2% of species correspond to zone 1.
Selective Ionization and Future Work. Complex

mixture analysis by FT-ICR MS can be strikingly limited by
selective ionization.121,122 Importantly, ionization efficiency

(ion production efficiency or “monomeric” ion yield) was
consistent across the whole sample set. Ion production
efficiency is inversely proportional to the accumulation period
required to hit a target ion number (1 × 106 charges). On
average, the bio-oil feed and effluents revealed accumulation
periods (inject times) between 1.5 and 2.5 ms (∼2-fold
difference average). Previous reports on petroleum analysis
investigated samples with remarkably different ionization
efficiencies. In those cases, accumulation periods in APPI
varied between 40 and 2800 ms (∼70-fold difference).123

However, there are still limitations on selective ionization
evident from bulk elemental analysis. Figure 8 compares
atomic ratios derived from bulk elemental analysis and −ESI
21 T FT-ICR MS. Clearly, −ESI favored the ionization of
oxygen-enriched species, which likely suppressed the ionization
of nonpolar compositions (HC), and thus, MS analysis yielded
higher O/C values than those determined quantitatively.
Furthermore, the effluents RCFP-1−2 revealed lower H/C
ratios via MS than those determined by combustion elemental
analysis. This indicates the preferred ionization of highly
aromatic, alkyl-depleted compounds, known for their increased
ionization efficiency in ESI compared to hydrogen-enriched
molecules and overall inability of (−) ESI to capture the
identity and diversity of HC products. Despite the discrep-
ancies, both bulk elemental analysis and FT-ICR MS show
similar trends allowing to conclude that ultra-high-resolution
mass spectrometry is a convenient tool to understand bio-oil
molecular composition, which is central in molecular manage-
ment in biorefinery applications. Thus, our current efforts
focus on understanding bio-oil chemistry by applying the
lessons learned over two decades of research in petroleomics at
the National High Magnetic Field Laboratory and other
leading groups. Specifically, our goal is to develop separation
methods for the nonvolatile fractions from bio-oils to
overcome limitations from selective ionization and thus
maximize the compositional range coverage and understanding
of recalcitrant species and HC products. Previous efforts with
fossil fuels demonstrate that separations can shorten the gap
between atomic ratios derived from bulk elemental analysis
and FT-ICR MS.58 It is important to point out existing
strategies based on chromatography,124,125 extrography,126 and
derivatization reactions,127 followed by solid-phase extrac-
tion,128 whose further development is in course to investigate
the samples discussed in this study.

■ CONCLUSIONS
High-field Fourier transform ion cyclotron resonance mass
spectrometry was used to investigate the molecular composi-
tion of a Loblolly pine bio-oil and its hydrotreated effluents. As

Figure 8. Graphic comparison for O/C (a) and H/C (b) ratios derived from bulk elemental analysis and −ESI 21 T FT-ICR MS.
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in the early days of petroleomics, whole samples were analyzed
with no previous chromatographic separations. Atomic ratios
derived from FT-ICR MS revealed trends that resemble those
from combustion elemental analysis. However, FT-ICR MS
provided higher O/C and lower H/C ratios than bulk
elemental analysis, which pointed to the preferential ionization
of highly aromatic, oxygen-rich compositions. Despite such
limitations, FT-ICR MS revealed a great potential to trace bio-
oil molecular composition as a function of hydrotreatment
time on stream and to comprehend the chemistry of
recalcitrant, difficult-to-process species. Furthermore, the
results highlighted the need to use different ion sources, i.e.,
ESI and APCI, to gain insight into different compound
families, i.e., highly polar oxygen-rich species and hydro-
carbons. In summary, FT-ICR MS showed that hydrotreating
transformed the bio-oil feed or biocrude into fuel-range
products when the HDO catalyst activity was high, but as the
catalyst deactivated, the percentage of fuel-range molecules
decreased. Regardless of the HDO catalyst activity, the high
carbon number components identified in the biocrude feed
seemed to be partially converted to lower carbon number
products.
Data representation in van Krevelen diagrams exposed time-

dependent compositional changes for the hydrotreated
effluents and clearly highlighted the occurrence of catalyst
deactivation. However, data visualization via van Krevelen
diagrams can be a challenge to follow. Instead, compositional
features derived from FT-ICR MS, such as abundance-
weighted H/C, O/C, molecular weight, and aromaticity,
were calculated and assisted in data interpretation. The results
indicate that value-added hydrotreated effluents revealed
hydrocarbons (HC class) in higher abundances compared
with products obtained after catalyst deactivation. Such value-
added bio-oils featured decreased oxygen content, aromaticity,
and global molecular weight and revealed a marked increase in
H/C. Specific molecular changes, concurrently visualized in
DBE vs carbon number plots and van Krevelen diagrams,
suggested distinct hydrotreatment reaction pathways, including
concurrent deoxygenation and hydrogenation and cracking of
highly aromatic lignin-like oligomers. Data analysis focused on
common molecular formulas between the biocrude feed and
the hydrotreated effluents indicates that recalcitrant or
intermediate O-containing compounds are highly aromatic
(low H/C) and alkyl-deficient.
One of the most significant lessons of decades of research in

petroleomics is that separations are crucial to finding
compositional trends that remain unseen when whole
petroleum samples are analyzed. Therefore, current efforts
are focused on the development of chromatographic methods
to expand the compositional coverage through FT-ICR MS
and target the separation of molecules from different zones of
van Krevelen diagrams, i.e., high H/C and low O/C vs low H/
C, which are the species close to the PAH limit in the DBE
versus carbon number plots. However, the experience gained
with fossil fuels indicates one big caveat: the higher the content
of heteroatoms and polyfunctional molecules, the more
challenging it is to develop optimal separation methods to
target specific compound families. This will be the topic of our
future reports.
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