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ABSTRACT: Among the most prominent challenges for the analysis of biomass pyrolysis products is the characterization of the
abundant oligomer fraction of bio-oil. This fraction is principally made up of pyrolytic lignins and dehydrated, highly modified sugar
oligomers, called humins, in liquid phase. An emerging technique for analysis of this oligomer fraction is high-resolution Fourier
transform ion cyclotron resonance mass spectrometry (FT-ICR MS), which allows for accurate determination of CxHyOz formulas
for detected oligomers. Additionally, using simple dehydration and fragmentation reaction schemes, similar formulas can be
developed from cellulose-, hemicellulose-, and lignin-derived oligomers, which are primary depolymerization products. In this study,
FT-ICR MS analysis is coupled with combinatoric dehydration and fragmentation modeling to match experimentally detected bio-
oil oligomers with hypothetical pathways for their formation during pyrolysis. In this way, we present a novel strategy by which
oligomeric structures can be proposed for bio-oils. Using this approach, it becomes possible to advance the understanding of both
the molecular structures comprising the bio-oil oligomer fraction and the pathways by which these structures form during biomass
pyrolysis reactions.

1. INTRODUCTION

Among all potential emerging technologies for renewable and
sustainable development of energy, fuels, and chemicals, bio-
and thermochemical conversion of biomass shows great
promise. With respect to transitioning away from fossil fuels,
in particular, petroleum, biomass valorization, if properly
implemented, is perhaps the only method by which carbona-
ceous liquid products can be obtained with the ultimate goal of
overall carbon neutrality.1−4 Biomass itself is composed of a
network of three primary polymers: cellulose, hemicellulose,
and lignin.5−8 These three constituents exist in an
interconnected, multiscale structure and have both comparable
and contrasting depolymerization pathways during their
conversion and valorization.4,8,9 Biomass pyrolysis is one
such thermochemical conversion process, taking place in an
inert atmosphere at roughly 400−600 °C, producing solid-,
gas-, and liquid-phase products largely through depolymeriza-
tion reactions.10−15 Several recent studies and reviews have
highlighted characterization attempts aimed at understanding
biomass itself and the chemical makeup and physical properties
of liquid-phase pyrolysis oil (bio-oil).8,16−27 Although not
without ongoing technological challenges, this bio-oil and the
products of its upgrading are among the leading green
surrogates for current petro-derived chemicals.28−30

One of the most significant challenges facing analytical
chemists and engineers interested in liquid bio-oil character-
ization is the large oligomeric fraction of the oil. Bio-oil
typically contains about 20−25% water, 25−30% organic
volatiles (C2−C4 light molecules, phenolic monomers, and
anhydrosugars), 30−35% water-soluble oligomers, and 15−
20% water-insoluble pyrolytic lignin.31,32 A recent review from

Harman-Ware and Ferrell III suggests that the development of
a reliable and standardized method for determining bio-oil
molecular weight distribution is still an open problem.33 The
heavy fraction, made up of non-gas chromatography/mass
spectrometry (GC/MS)-detectable compounds, has largely
eluded deep and meaningful structural characterization,
especially in comparison to pyrolysis-derived monomers.
Two examples in which heavy structures are drawn/proposed
are from Stankovikj et al. (for water-soluble pyrolytic
humins)26 and Bayerbach and Meier (for water-insoluble
pyrolytic lignin).34 These structures are shown in Figure 1.
Stankovikj et al. define pyrolytic humins as (quoted here
directly) “highly dehydrated oligomeric compounds derived
from cellulose and hemicellulose depolymerization prod-
ucts”.24 Zandvoort et al. also present a complementary non-
pyrolysis-derived model of humin byproduct structures that
feature significant furanic content.35

One of the most powerful tools for probing the nature of the
oligomeric fraction of bio-oil is high-resolution Fourier
transform ion cyclotron resonance mass spectrometry (FT-
ICR MS).36−39 A unique chemical formula can be assigned
directly from the FT-ICR MS-measured m/z (for singly
charged ions, <700 Da) if ∼1 ppm mass accuracy is achieved.38

FT-ICR MS-based “petroleomic” analysis has been successfully
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applied to the characterization of many types of materials,
including petroleum,40,41 asphaltenes,42−44 natural/dissolved
organic matter,45−48 different biomass varieties,16,49−53 and
biomass conversion products.22,23,54−59 Hertzog et al. present a
comprehensive petroleomic analysis of bio-oil using a range of
ionization techniques.23 These authors highlight complemen-
tary differences between their characterization approaches,
especially with regard to detected heteroatom class and
resulting H/C and O/C ratios among assigned bio-oil
oligomer chemical formulas. Olcese et al. characterized
biomass pyrolysis oil and its catalytic hydrotreatment using
petroleomic FT-ICR MS analysis.60 Similarly, Ware et al.
recently detailed the chemical composition of bio-oil and its
hydrotreatment products using FT-ICR MS.61 These two
published studies highlight the utility of FT-ICR MS for
analyzing bio-oil and its evolution in chemical nature during
reactive upgrading.
Although there is a growing body of research focused on bio-

oil FT-ICR MS-determined chemical formulas, at present,
there is a relative paucity of available literature in which these
assigned formulas are connected to literal biomass-derived
molecular structures larger than monomers. Recently pub-
lished work has shown that it is possible to propose candidate
structures for lignin oligomers detected in FT-ICR MS
(although isomer differentiation remains a challenge).53 This
work relies on coupling stochastic modeling of lignin
biosynthesis and structure62−64 with lab-based analytical
chemistry measurements.53 This type of coupling between
hypothetical/theoretical computationally derived structures
and experimentally observed oligomer ions is made possible
by the existence of a large body of existing knowledge on the
molecular structure of biomass and its pyrolysis prod-
ucts.11−13,31,65−72 Once a representative set of molecular
structures can be proposed and drawn, it then becomes
possible to estimate properties of bio-oil molecules. Some of
these properties include the boiling point, heat of vaporization,
and solubility parameters, for which empirical group
contribution methods exist.31,73−76 Conjecturing the pathways
by which MS-detected oligomeric products are formed can also
enable progress toward more fully developed microkinetic
models of biomass decomposition.

The goal of this work is to use FT-ICR MS analysis coupled
with simple pyrolysis reaction network modeling to character-
ize more fully the heavy fraction of pyrolysis oil, thereby
allowing for the proposal of candidate structures to abundant
bio-oil compounds. This can then be used as a basis for
understanding dehydration and fragmentation pathways that
may govern biomass pyrolysis reactions in the liquid
intermediate.

2. METHODOLOGY
2.1. Biomass Pyrolysis and Bio-oil Characterization. The data

for FT-ICR MS analysis used here is derived from previous work by
Stankovikj et al.24 The bio-oil samples in this work are from a
commercial rotating cone reactor (BTG) and fluidized bed operated
at a low temperature (15A) and a high temperature (22A) (naming
convention adopted from the initial Stankovikj et al. study). All oils
are produced from pine wood. The BTG oil was produced at an
average reactor temperature of 510 °C and average wood particle size
of 3 mm. The 15A and 22A oils were produced at fluidized bed
temperatures of 330 and 580 °C, respectively, and an average wood
particle size of 1 mm. In both reactor types (i.e., fluidized bed and
rotating cone), bio-oil is collected similarly from cooling and
condensation of hot vapor-phase products leaving the reactor. Char
is separated with cyclones. The primary difference between reactors is
the presence of inert gas for heat transfer in a fluidized bed, while a
rotating cone relies only on mechanical mixing between biomass and
inert sand. A figure with pyrolysis reactor schematics is given in the
Supporting Information.77 Further details on these oils and their
production are available in previous work.24,77−79

The bio-oils in the Stankovikj et al. study are characterized with the
following techniques: water content, GC/MS, hydrolyzable sugars,
total carbohydrates, pyrolytic lignin quantification, elemental analysis,
FT-ICR MS, functional group titrations, weak acid and phenol
titration, total phenols, 31P nuclear magnetic resonance (NMR), 1H
NMR, attenuated total reflection (ATR)−Fourier transform infrared
spectroscopy (FTIR), and ultraviolet (UV) fluorescence.24 Specifi-
cally of interest in this work are elemental analysis, GC/MS, and FT-
ICR MS.

Elemental analysis was performed using a Leco TruSpec CHN 628
instrument following the ASTM D5373-08 standard method, with the
oxygen content determined by difference.24 GC/MS was performed
using Agilent Technologies 7890A GC with a Restek Rtx-1701
column (60 m × 250 μm × 0.28 μm) and Agilent 5975 C MS. Bio-oil
samples were dissolved in acetonitrile for GC/MS analysis at 10% oil

Figure 1. Representations of bio-oil oligomer molecules. This figure was adapted with permission from ref 26 (Copyright 2017 American Chemical
Society; water-soluble pyrolytic humin) and ref 34 (Copyright 2009 Elsevier; water-insoluble pyrolytic lignin).
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concentration. Isoamyl ether, 1-octanol, and methyl laurate were used
as internal standards, and eight-point calibration curves were built for
34 standard compounds for quantification.24 FT-ICR MS analysis was
performed on the bio-oils in negative ion mode using electrospray
ionization (ESI) with a Bruker Solarix 9.4T instrument. Bio-oil
samples were diluted 10 mg/mL in methanol for analysis. The FT-
ICR MS result peak list was produced by Bruker DataAnalysis and
assessed for formula assignment with Composer software (Sierra
Analytics). Mass accuracy was limited to 3 ppm, and relative ion
abundance was limited to 0.1%. A more complete, detailed
description of all bio-oil characterization performed by Stankovikj et
al. is available in their original publication.24

2.2. Combinatoric Depolymerization−Dehydration−Frag-
mentation Pyrolysis Model. This model is based on a simplified
interpretation of reacting biomass presented by Marathe et al.80 (see
Figure S2 of the Supporting Information), with the consideration of
limited, specific reactive fragmentations. Each constituent polymer
(i.e., cellulose, hemicellulose, and lignin) was treated separately. Our
analysis supposes that the biomass constituents are first depoly-
merized into oligomers (2−4 monomeric units) with a boiling point
close to those allowing for removal by evaporation. Heavier oligomers
formed (more than 4 monomeric units) are also subjected to
dehydration and fragmentation, but the achievable reductions in
molecular weight are not sufficient to allow for their removal by
evaporation. These heavy oligomers are the main intermediate
precursors for solid-phase char production.71,72 In our analysis, we
include only the small oligomers, because the heavy oligomers are not
likely to result in liquid-phase molecules within the molecular weight
range measured by FT-ICR MS. On the basis of hypothetical
dehydration and fragmentation pathways, a simple combinatoric
model of potential pyrolysis products was built up from biomass
depolymerization intermediates. The model of cellulose pyrolysis
begins from hexose-based polymer fragments with a degree of

polymerization (dp) of up to 4 and considers dehydration,
decarbonylation, and the loss of C3H6O2 (for acetol) and C2H4O2
(for glycolaldehyde). These reactions lead to the formation of the
most important fragmentation products reported during cellulose
pyrolysis.11,81 The model of hemicellulose pyrolysis begins from all
possible combinations of hexose and pentose polymer fragments up to
dp = 4 and considers dehydration and decarbonylation. The model of
lignin pyrolysis begins from guaiacyl β−O−4 polymer fragments (as a
result of the nearly 100% guaiacyl makeup of softwood pine lignin82)
of up to dp = 3 and considers dehydration, dehydroxylation, and
demethylation. Fragmentations of phenyl glucosides (dp = 2,3) are
also lumped in with the lignin model (for the lignin−carbohydrate
complex) and include dehydration, decarbonylation, dehydroxylation,
and demethylation. A descriptive set of figures of the combinatorics
underlying the fragmentation modeling is given in the Supporting
Information. Data manipulation and visualization are performed with
Microsoft Excel and Python.

3. RESULTS AND DISCUSSION
3.1. Analysis of Experimental Bio-oil FT-ICR MS.

Representations of the mass spectra for the bio-oils analyzed
in this study (BTG, 15A, and 22A) are given in Figure 2. As in
previous biomass FT-ICR MS work on lignin, for relevant
figures throughout this work, the term “mass” is used on the x
axis; this refers to the nominal mass calculated for each
assigned formula (such that C = 12, H = 1, and O = 16) from
each respective m/z value detected during MS analysis.53

The detected peaks have mass within the range of
approximately 150−650 Da. The carbon number and oxygen
number breakdown with respect to relative abundance is given
in Figure 3. The most abundant carbon and oxygen numbers

Figure 2. Representations of the FT-ICR mass spectra for (A) BTG, (B) 15A, and (C) 22A bio-oils (numbered peaks correspond to the proposed
pathways/structures in Table 4). The vertical axis of BTG is rescaled to a maximum of 0.5, with peak number 8 extending to an abundance value of
1.0.
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are between roughly 13−17 and 7−11, respectively. These
values correspond well with what could be expected from
biomass-derived dimers and trimers from holocellulose (i.e.,
cellulose and hemicellulose) and lignin. The 22A bio-oil, in
comparison to the other two samples, tends to have greater
abundance for higher carbon numbers and lower oxygen
numbers. This may be attributed to its higher content of
pyrolytic lignin and/or humins.24 Figure 4 depicts the double
bond equivalent (DBE) versus carbon number for one
abundant oxygen class (O8) from each bio-oil. The presence
of monotonically increasing DBE with increasing carbon
number suggests that the detected MS peaks are from linear
oxygenated oligomers (in contrast with a more complex

bimodal distribution that is characteristic of samples with a
more significant hydrocarbon content).61,83

Two other data visualization modes with great utility for
assessing FT-ICR MS data are the van Krevelen diagram84,85

and the carbon versus mass diagram.86 van Krevelen diagrams
for the studied bio-oils are given in Figure 5. The O/C ratio
values range from approximately 0.2 to 1.0, and the H/C ratio
values range from approximately 0.6 to 2.0. These values are
appropriately consistent with the ranges of O/C and H/C that
are expected for lignin- and holocellulose-derived com-
pounds.48,84 The BTG and 15A samples show greater
abundance in the cellulose region (O/C ≈ 0.7−1.0; H/C ≈
1.5−2.0). The 22A sample, unlike BTG and 15A, also has high-

Figure 3. Detected bio-oil oligomer (A) carbon number and (B) oxygen number plotted against the relative MS abundance.

Figure 4. Carbon number versus DBE for (A) BTG, (B) 15A, and (C) 22A bio-oils of oxygen class O8 (with relative MS abundance on grayscale
color bar; all points with abundance of >0.5 are black).
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abundance points in the lignin/humin region of the van
Krevelen diagram (O/C ≈ 0.2−0.5; H/C ≈ 0.8−1.3)35,53 as a
result of its greater abundance of pyrolytic lignin and/or
humins.
On the basis of the presence of some linear patterns in a van

Krevelen diagram, it is possible to deduce some potential
regular changes in functional groups or chemical reactions, as
suggested by Kim et al.84 These characteristic lines can be
further algebraically assessed, as shown in eqs 1 and 2.
Equation 1 describes the slope (m) between two arbitrary
points (p and q), and eq 2 describes the characteristic line in
slope−intercept form (b = y intercept). This type of approach
is briefly presented in early work from Tang and Bacon and
more recently in work from Wu et al. regarding van Krevelen
diagram analysis.85,87 The resulting algebraic governing

expressions for characteristic van Krevelen lines are given in
Table 1.

( )
( )

m
C H C H

C O C O
q p p q

q p q

H
C
O
C

=
Δ

Δ
=

−
−

(1)

m b
H
C

O
C

= +
(2)

Regardless of the starting point on a van Krevelen diagram, a
change in the molecular formula involving only two atomic
species (e.g., CO, CO2, H2O, and CH2) will produce a line
with either a constant intercept or a constant slope. These
invariant characteristics are illustrated in Table 1. This result
does not necessarily imply the inverse: that the existence of an

Figure 5. van Krevelen diagrams with lines representing changes in methyl, carbonyl, and water to CxHyOz formulas for (A) BTG, (B) 15A, and
(C) 22A bio-oils (with relative MS abundance on grayscale color bar; all points with abundance of >0.5 are black).

Table 1. Algebraic Expressions Describing the Linear Characteristics on van Krevelen Diagrams

group initial assumption slope (m) vertical intercept (b) horizontal intercept (−b/m)

CxHyOz Cp = Cq − xn (xH − yC)/(xO − zC) H/C − O(xH − yC)/C(xO − zC) O/C − H(xO − zC)/C(xH − yC)
Hp = Hq − yn
Op = Oq − zn

HyOz Cp = Cq y/z (zH − yO)/zC (yO − zH)/yC
Hp = Hq − yn
Op = Oq − zn

CxHy Cp = Cq − xn (xH − yC)/xO y/x yO/(yC − xH)
Hp = Hq − yn
Op = Oq

CxOz Cp = Cq − xn xH/(xO − zC) zH/(zC − xO) z/x
Hp = Hq

Op = Oq − zn
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individual line with a certain slope or intercept corresponds to
some constant change in the formula. For example, removing
methanol from cellobiose (from C12H22O11 to C11H20O10)
produces a line with a slope of 2, y intercept of 0, and x
intercept of 0. However, removing a methanol from
dehydoxylated cellobiosan (from C12H20O9 to C11H18O8)
produces a line with a slope of 1.33, y intercept of 0.67, and x
intercept of −0.50. In this instance, the removal of methanol
from different starting points yields different slopes and
intercepts. Conversely, dehydration of cellobiose (from
C12H20O9 to C12H18O8) produces a slope of 2, y intercept of
0, and x intercept of 0. Dehydration of dehydroxylated
cellobiosan (from C12H20O9 to C12H18O8) produces a slope of
2, y intercept of 0.17, and x intercept of −0.08. Although the
intercept values differ, the slope is invariant for dehydration
because it involves a change in only two atomic species: H and
O in H2O. Dehydration implies the existence on a van
Krevelen diagram of a line with slope 2; a line with slope 2
does not necessarily imply the existence of dehydration.
Analogous statements can be made for other groups of only
two atomic species (e.g., CO and CH2). Formula changes
involving three atomic species do not produce invariants in
slope or intercept values alone, as per the derived expressions
in Table 1.
The carbon versus mass diagram for each studied bio-oil is

given in Figure 6. As with the van Krevelen diagrams, the BTG
and 15A samples show greater abundance in the holocellulose
region at the lower/bottom end of the C versus mass plot. The
22A sample shows additional abundant peaks in the lignin/
humin region; for a given mass, lignin-derived and other highly
degraded compounds have a greater number of carbon atoms

than that of typical holocellulose-derived compounds, which
may be more oxygenated. Although the mass range extends up
to approximately 650 Da, the most abundant peaks are in the
200−400 Da range. This suggests that dimers and trimers are
the primary constituents of the detected compounds in the
analyzed bio-oils.
The straight-line segments shown on the plots in Figure 6

correspond to hypothetical lignin and holocellulose polymers.
The upper (solid) line is produced by starting at coniferyl
alcohol (C10H12O3) and proceeding by a slope resulting from
regular additions of C10H10O3 to represent hypothetical lignin.
The lower (dotted) line is produced by starting at levoglucosan
(C6H10O5) and proceeding by a slope resulting from regular
additions of C6H10O5 to represent hypothetical holocellulose.
The range of detected points is roughly bound by these two
lines. The 22A sample extends slightly beyond the upper
bound (solid line) defined by hypothetical lignin. This may be
attributed to additional fragmentation reactions occurring on
underlying primary pyrolysis structures, resulting from higher
temperature pyrolysis reactions. Taken together, the results
presented in Figures 5 and 6 indicate that FT-ICR MS-
detected compounds fall within a molecular space containing
primary biomass constituent oligomers (i.e., from holocellulose
and lignin) and their fragmentation products, in which
dehydration and decarbonylation (among other possible
reactions) may be predominant.
Finally, further quantitative evaluation of the MS data also

allows for the calculation of elemental analysis results for the
studied bio-oils. Each bio-oil was analyzed with both GC/MS
and FT-ICR MS.24 This approach assumes that GC/MS
detects only low-molecular-weight compounds (i.e., volatile

Figure 6. Carbon number versus mass, with lines representing changes of hypothetical lignin (solid line) and holocellulose (dotted line) for (A)
BTG, (B) 15A, and (C) 22A bio-oils (with relative MS abundance on grayscale color bar; all abundances of >0.5 are black).
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organics and monomers), that FT-ICR MS detects only high-
molecular-weight compounds (i.e., non-volatile oligomers),
and that the sum of the GC/MS and FT-ICR MS fractions is
100%. In this way, C, H, and O (%) for both the GC/MS and
FT-ICR MS fractions can be calculated separately, weighted by
relative MS abundance. While it is certainly possible for
overlaps in detected molecular weight ranges to exist between
GC/MS and FT-ICR MS, we postulate that this effect is
negligible (at least regarding the MS data used here). For
example, the heaviest GC/MS-detected bio-oil compounds
have a molecular weight up to approximately 200 Da;24

however, the FT-ICR MS abundance of compounds with a
weight less than 200 Da is very small (Figure 2). The final
elemental analysis result is then the weighted average of the
GC/MS and FT-ICR MS fractions (eq 3, where n = C/H/O
mass %, φ = GC/MS fraction, X = GC/MS C/H/O mass %,
and Y = FT-ICR MS C/H/O mass %).

n X Y( ) (1 )φ φ= + − (3)

The results of the elemental analysis calculations are given in
Table 2. The nitrogen content is not considered (viz., it is

assumed to be negligible). The GC/MS-detected mass
fractions for BTG, 15A, and 22A are 29.4, 36.7, and 37.0%,
respectively.24 There is good agreement between the elemental
analysis results using GC/MS and FT-ICR MS data, as in eq 3,

and the reported results from Stankovikj et al.24 In each case,
the relative difference between the calculated and reported
values is within 5%. The 22A sample again shows higher
carbon and lower oxygen contents, in correspondence with the
results presented in previous figures. Ultimately, the elemental
analysis presented here suggests that the MS-based results for
the studied bio-oils comprise an accurate and reliable
elemental representation of the bio-oil samples, which agrees
well with other experimental characterization techniques.

3.2. Pyrolysis Model of Primary Biomass Constitu-
ents: Cellulose, Hemicellulose, and Lignin. To more fully
characterize the FT-ICR MS results from a given biomass
pyrolysis liquid sample, it is possible to attempt to propose
specific structures that correspond to unique detected CxHyOz
peaks. It is therefore constructive to assess what kinds of results
may arise from the consideration of hypothetical depolyme-
rization, dehydration, and/or fragmentation reactions occur-
ring during pyrolysis of cellulose, hemicellulose, and lignin.
This allows for the development of a library of CxHyOz
formulas with known hypothetical structures, which can then
be matched to observed experimental MS data. Collard and
Blin report that the three main classes of primary mechanisms
involved in biomass pyrolysis are char formation (not
particularly relevant for liquid product analysis), depolymeriza-
tion, and fragmentation.67 Further, there is some consensus
that, among primary fragmentation reactions, holocellulose
dehydration is prominent, especially at lower temper-
atures.11,14,65,67−70,81

Illustrations of some initial fragmentation products (specif-
ically from dehydration) that may occur during early biomass
pyrolysis reactions are given in Figures 7, 8, and 9 for cellulose,
hemicellulose, and lignin, respectively. Completely accurate
stereochemistry and stoichiometry are not considered. These
depictions are adapted from the cited literature for each figure
and are not meant to be a rigorous overview of pyrolysis
reactions occurring among biomass constituents. Further
reading on the pyrolysis of cellulose,88−90 hemicellulose,12,65,91

and lignin13,92,93 is available (among a myriad of potential
other sources).
The combinatoric fragmentation pyrolysis model (described

in section 2.2) produces a set of approximately 1200 chemical
formulas, although not all are necessarily unique. The effect of

Table 2. Elemental Analysis of BTG, 15A, and 22A Bio-oils
Using a MS-Based Approach

GC/MS value;a

FT-ICR MS value

combined value (eq 3);
reported value (Stankovikj et

al.)24

sample C (%) H (%) O (%) C (%) H (%) O (%)

BTG 49.9 7.0 43.2 50.7 6.5 42.8
51.0 6.3 42.7 52.6 6.2 41.1

15A 48.6 7.1 44.3 49.2 6.6 44.2
49.5 6.3 44.2 50.5 6.5 43.1

22A 47.7 7.0 45.3 54.5 6.4 39.1
58.5 6.0 35.5 54.1 6.7 39.2

aGC/MS-detected mass fractions: BTG = 29.4%; 15A = 36.7%; and
22A = 37.0%.

Figure 7. Representation of fragmentation products of cellulose, using the hexose model structure as the surrogate. This figure was adapted with
permission from ref 81. Copyright 2018 American Chemical Society.
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fragmentations is reflected in resulting CxHyOz formulas only,
and no consideration is given to whether or not these formulas
produce possible or realistic molecular structures; however, the
presence of “unrealistic” formulas does not limit the ability of
the model results to be used as a library for oligomer structure/
pathway assignment. Using this combinatoric fragmentation
product formula library, van Krevelen diagrams and carbon
versus mass diagrams are developed, as shown Figure 10, to
mirror the results shown previously in Figures 5 and 6. Figure
10 also includes experimental BTG points, for visual
comparison.
In general, the results from combinatoric fragmentation

modeling and experimentally observed FT-ICR MS (shown
here for BTG bio-oil) correspond well, qualitatively. The
cellulose and hemicellulose model points cover nearly the
entire range of the experimental points on both van Krevelen
and carbon versus mass diagrams. The lignin model covers the

appropriate mass range (i.e., ∼150−650) in identifiable
clusters as a result of its nature as an aromatic polymer.53

Because of distinctions in molecular characteristics between
lignin and holocellulose (and their fragmentation products),
the lignin model data exist in more discretized groups with
respect to the set of points belonging to whole bio-oil shown in
Figure 10. This is expected for lignin-derived compounds,
which preserve their aromaticity and tend to have more carbon
and less oxygen, in comparison to holocellulose, for a given
molecular weight. On the van Krevelen diagram, lignin is
confined to approximately O/C = 0.2−0.5 and H/C = 0.8−
1.3. The uncovered experimental points for cellulose and
hemicellulose at high mass could be the result of fragmentation
products with dp = 5, although their relative MS abundance is
low (as in Figure 6). The combinatoric fragmentation model
formulas did not consider dp larger than 4.

Figure 8. Representations of fragmentation products of hemicellulose, using the pentose model structure as the surrogate. This figure was adapted
with permission from ref 12. Copyright 2018 Royal Society of Chemistry.

Figure 9. Representations of fragmentation products of lignin, using the guaiacyl model structure as the surrogate. This figure was adapted with
permission from ref 13. Copyright 2018 American Chemical Society.
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Finally, to quantitatively compare modeled results to
experimental results, the averages and standard deviations of
specific parameters were calculated. This is detailed in Table 3.
Each individual model (i.e., cellulose, hemicellulose, and
lignin) is shown separately and as a combined model into
one larger library of formulas. Values from BTG, 15A, and 22A
experimental results are also given. Relative MS abundance was
not considered in calculating average and standard deviation
values; i.e., each point was assumed to have equal contribution.
The largest differences between the combined model and
experiment in O/C, H/C, and DBE are with 22A, likely as a
result of its higher pyrolytic lignin and/or humin content. For
molecular weight, the largest difference is ∼40 Da for 15A,
although all standard deviations are ∼100−120. The C, H, and
O numbers are within 2 for all samples. Ultimately, these
presented quantitative values suggest that the modeled results
comprise an accurate starting point from which potential
molecular structures can be matched to observed experimental
bio-oil data.

3.3. Proposed Structure Assignment to Top Peaks
from Bio-oil FT-ICR MS. 3.3.1. Cellulose-Derived Structures.
Using the results of the combinatoric fragmentation model,
potential structures are proposed for detected FT-ICR MS
peaks with high abundance. Specifically, the top 23 peak
formulas from each sample (BTG, 15A, and 22A) are matched
to a proposed cellulose-derived structure. Because some
samples share common peaks, the collection of the top 23
from each sample constitutes 50 unique structures. These
results are detailed in Table 4. A hexose monomer unit is
denoted as H and repeated in brackets to signify the degree of
polymerization. For example, a hexose trimer (e.g., cellotriose)
is given as “[HHH]”. The specified fragmentations are then
applied to this structure to arrive at the appropriate CxHyOz

formula. Possible pathways (for numbers 8, 11, 12, and 34 in
Table 4) are shown in Figure 11. These routes and their final
structures are meant to be illustrative only, and no conforma-
tional analysis was considered for the structures themselves.

Figure 10. Representation of modeled fragmentation results showing van Krevelen diagrams for model (A) cellulose, (B) hemicellulose, and (C)
lignin and C versus mass diagrams for model (D) cellulose, (E) hemicellulose, and (F) lignin. FT-ICR MS-measured results for BTG bio-oil are
shown for comparison.

Table 3. Quantifiable Parametersa for Modeled Components and Measured Bio-oils

parameter cellulose model hemicellulose model lignin model combined model BTG 15A 22A

C 15 17 23 17 17 18 18
(5) (4) (5) (6) (5) (5) (5)

H 21 26 28 23 24 25 22
(9) (8) (6) (9) (6) (8) (6)

O 10 10 8 9 10 11 8
(4) (3) (2) (4) (3) (4) (3)

O/C 0.7 0.6 0.3 0.6 0.6 0.6 0.5
(0.2) (0.2) (0.1) (0.2) (0.2) (0.2) (0.2)

H/C 1.4 1.5 1.2 1.4 1.4 1.4 1.3
(0.4) (0.3) (0.1) (0.4) (0.2) (0.3) (0.2)

DBE 5.2 4.9 10.2 5.9 6.3 6.5 8.1
(2.8) (2.7) (3.0) (3.4) (2.5) (2.9) (3.2)

MW 352 382 435 372 389 411 372
(124) (99) (99) (118) (101) (117) (95)

aAverage values for specified parameters with unweighted standard deviations in parentheses.
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3.3.2. Hemicellulose- and Lignin-Derived Structures. In
addition to the results presented in Table 4, it is also possible
to propose matching structures for some peaks that are
hemicellulose- or lignin-derived. These results are shown in
Table 5 (examples of 10 from hemicellulose and 5 from
lignin). This type of alternative structure matching is possible
because FT-ICR MS alone does not distinguish between

isomers.94 The same naming convention is used here as
previously in Table 4. The additions are P for pentose
monomer units in hemicellulose and G for guaiacyl monomer
units in lignin.
Interestingly, none of the top peaks for BTG and 15A bio-

oils fall within the lignin region of a van Krevelen diagram (O/
C ≈ 0.2−0.5; H/C ≈ 0.8−1.3); therefore, all peaks in Table 5

Table 4. Proposed Fragmentation Pathways and Resulting Structure Representation for Cellulose Oligomer-Derived Peaks
among the Studied Bio-oils

number C H O mass proposed structure sample IDa

1 6 10 5 162 [H]−H2O (levoglucosan) 22A-2
2 8 12 6 204 [HH]−2H2O−C3H6O2−CO BTG-11
3 8 14 6 206 [HH]−H2O−C3H6O2−CO−OH BTG-4
4 7 12 7 208 [HH]−H2O−C3H6O2−CO−CH3 BTG-9, 15A-22, and 22A-14
5 11 14 4 210 [HHH]−3H2O−2C3H6O2−CO−4OH 22A-7
6 12 10 4 218 [HHH]−6H2O−C3H6O2−CO−3OH−CH3−CH2 (with ring contraction) 22A-8
7 9 16 6 220 [HH]−H2O−C2H4O2−CO−OH 22A-17
8 8 14 7 222 [HH]−H2O−C3H6O2−CO BTG-1, 15A-6, and 22A-1
9 13 12 4 232 [HHH]−6H2O−C3H6O2−CO−3OH−CH3 22A-4
10 13 14 4 234 [HHH]−5H2O−C3H6O2−CO−4OH−CH3 22A-21
11 9 16 7 236 [HH]−H2O−C2H4O2−CO BTG-6, 15A-1, and 22A-18
12 14 14 4 246 [HHH]−5H2O−C2H4O2−5OH−2CH3 22A-3
13 10 16 7 248 [HH]−H2O−C2H4O2−OH BTG-14 and 15A-17
14 14 16 4 248 [HHH]−H2O−C3H6O2−CO−4OH 22A-15
15 10 18 7 250 [HH]−2H2O−2CO 15A-8
16 15 14 4 258 [HHH]−6H2O−C2H4O2−4OH−CH3 22A-16
17 15 16 4 260 [HHH]−5H2O−C2H4O2−5OH−CH3 22A-6
18 11 18 7 262 [HHH]−2H2O−CO−OH 15A-15
19 10 16 8 264 [HH]−H2O−C2H4O2 BTG-3 and 15A-18
20 10 20 8 268 [HH]−C2H4O2 + H2−OH 15A-12
21 16 18 4 274 [HHH]−5H2O−C2H4O2−5OH 22A-12
22 11 18 8 278 [HH]−2H2O−CO BTG-7 and 15A-5
23 12 16 8 288 [HH]−3H2O BTG-16
24 12 20 8 292 [HH]−H2O−2OH 15A-9
25 11 20 9 296 [HH]−H2O−CO BTG-8 and 15A-3
26 13 16 8 300 [HHH]−4H2O−C3H6O2−CO−OH−CH3 22A-19
27 12 18 9 306 [HH]−2H2O BTG-19
28 12 20 9 308 [HH]−H2O−OH BTG-5 and 15A-7
29 14 18 8 314 [HHH]−4H2O−C3H6O2−CO−OH 22A-5
30 13 22 9 322 [HHH]−2H2O−C3H6O2−2CO−OH 15A-20
31 12 20 10 324 [HH]−H2O (cellobiosan) BTG-2, 15A-4, and 22A-11
32 15 18 8 326 [HHH]−5H2O−C2H4O2−CO 22A-9
33 15 20 8 328 [HHH]−4H2O−C2H4O2−CO−OH 22A-10
34 13 22 10 338 [HHH]−2H2O−C3H6O2−2CO BTG-10 and 15A-2
35 14 22 10 350 [HHH]−2H2O−C2H4O2−CO−OH−CH3 BTG-22 and 15A-21
36 14 24 10 352 [HHH]−2H2O−C2H4O2−2CO 15A-10
37 15 24 10 364 [HHH]−2H2O−C2H4O2−CO−OH BTG-21
38 14 22 11 366 [HHH]−2H2O−C3H6O2−CO BTG-12 and 15A-14
39 14 24 11 368 [HHH]−H2O−C3H6O2−CO−OH BTG-18 and 15A-16
40 17 24 9 372 [HHH]−4H2O−CO−2OH 22A-20
41 16 24 10 376 [HHH]−2H2O−C2H4O2−2OH BTG-23
42 15 24 11 380 [HHH]−2H2O−C2H4O2−CO 15A-11
43 16 24 11 392 [HHH]−2H2O−C2H4O2−OH BTG-13 and 15A-23
44 16 26 11 394 [HHH]−H2O−C2H4O2−2OH 15A-19
45 15 26 12 398 [HHH]−H2O−C2H4O2−CO 15A-13
46 21 26 9 422 [HHHH]−8H2O−3CO−OH 22A-13
47 18 26 12 434 [HHH]−3H2O−OH BTG-20
48 22 28 9 436 [HHHH]−7H2O−2CO−3OH 22A-23
49 18 28 13 452 [HHH]−2H2O−OH BTG-17
50 18 30 15 486 [HHH]−H2O (cellotriosan) BTG-15 and 22A-22

aSample ID: name of sample (BTG, 15A, and 22A) and rank of the relative abundance for the given peak in that sample.

Energy & Fuels pubs.acs.org/EF Article

https://dx.doi.org/10.1021/acs.energyfuels.0c01687
Energy Fuels 2020, 34, 8466−8481

8475

pubs.acs.org/EF?ref=pdf
https://dx.doi.org/10.1021/acs.energyfuels.0c01687?ref=pdf


attributed to lignin-derived compounds are from 22A bio-oil.
Additionally, it was not possible to identify top peaks in 22A
that could be attributed solely to guaiacyl lignin-derived
compounds alone. Because the original biomass used in
pyrolysis is from pine, a softwood, syringyl and/or p-
hydroxyphenyl-derived compounds are expected to be
negligible or virtually absent.82 The five 22A peaks that are
identified result, potentially, from fragmentations of the
lignin−carbohydrate complex. This lack of lignin-derived
compounds among the top peaks may be the result of (1)
the relative underabundance of the lignin content in biomass in
comparison to holocellulose95 and/or (2) ionization effects
during ESI that favor more polar compounds. Further reading
on ionization during biomass pyrolysis oil FT-ICR MS analysis
is available in work from Hertzog and co-workers.22,23,96

3.3.3. Discussion. The presented analysis of FT-ICR MS
data for biomass pyrolysis oils has significant utility for two
proposed reasons. First, knowledge of molecular structure(s)

allows for prediction of physical/chemical properties, thereby
allowing for more efficient exploitation of those properties
during valorization of the material/product. This type of work
is ongoing among energy and fuel researchers and should be a
point of emphasis in future studies.31,97−100 Second, proposing
routes by which fragmentations can follow to reach a desired
final structure sheds light on possible mechanisms underlying
biomass pyrolysis. It is shown here that the top peaks among
the three samples can vary appreciably, especially with respect
to the degree in which they experience fragmentation. A
summary of the average O/C, H/C, and DBE/C101 ratios for
the top 23 peaks from each sample is given in Table 6. The
value of these ratios for BTG and 15A are similar; however,
22A has lower O/C and H/C ratios and higher average DBE/
C. These quantitative metrics indicate that the 22A sample has
undergone more pyrolytic degradation than BTG and 15A
samples. This is consistent with what would be expected from
the effects of the particle size and temperature on pyrolysis

Figure 11. Hypothetical proposed pathways and final structures for oligomers reported in Table 4 (from top to bottom, numbers 8, 11, 34, and 12
in Table 4).
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products.68,79,102 Surveying the extent of fragmentation of the
proposed structures in Table 4 for 22A bio-oil supports this
view.
Assessing the results presented in Table 4 shows that, among

the 50 proposed structures, 34 are suggested to have originated
from reactions (specifically, retro-Diels−Alder is used here)
beyond simple dehydration and/or decarbonylation. The retro-
Diels−Alder mechanism was considered here primarily based
on relevant computational work from Easton et al., who
suggest that this mechanism is thermodynamically favorable,
with low transition state energies for reactions of water-loss
products from pyrolysis of cellobiose.81 As an illustrative
example, the most abundant peak from BTG and 22A (number
8 in Table 4, C8H14O7) is proposed to have originated from
the retro-Diels−Alder reaction of dehydrated cellobiose, with a
subsequent decarbonylation following tautomerization. This
product (C8H14O7) is also detected in high abundance in work
from Hurt et al. and Hutchinson et al., who illustrates the
formation of C8H14O7 through successive retro-aldol reac-
tions.103,104 The two routes are complementary but arrive at
different C8H14O7 isomers. A possible suggested pathway to
the formation of C8H14O7 as well as for three other abundant
MS-detected products is shown in Figure 11. Although not
discussed at length in this work, ongoing research seeks to
address the “isomer problem” of FT-ICR MS analysis through
incorporation of software tools and more advanced separation
and/or hybridized techniques.105−110

Taken as a whole, the proposed pathways by which FT-ICR
MS-detected oligomeric structures can be derived are
consistent with the overview of pyrolysis discussed by
Stankovikj et al. and others.24,66,71,72,80 Initially, cellulose (or
other biomass constituent) decomposes from a singular

polymer into monomers directly and/or a variety of oligomers
of dp ≈ 2−5. These oligomers continue to undergo
dehydration and fragmentation reactions to produce gases,
light volatile organics, and more highly degraded pyrolytic
lignins and humins. By proceeding via the pathways shown in
Table 4, we have shown that pyrolytic humin structures can be
reached from unmodified cellulose-derived oligomers, while at
the same time producing H2O, CO, and C2−C3 light volatile
organics. Once primary oligomers have been sufficiently
modified within a reactive liquid intermediate phase, they
can be collected as GC/MS- and/or FT-ICR MS-detectable
liquid products through either evaporation or thermal ejection
as aerosols. A significant fraction may also continue reacting to
form solid-phase char.
Specifically, one possible degraded oligomer formation

pathway suggested in this work is through thermodynamically
favorable retro-Diels−Alder reactions, yielding C2−C3 prod-
ucts, which are known to be abundant from pyrolysis.24,32 It is
certainly probable that other classes of reactions may also
occur with equal or greater frequency. Some of these
transformations (for cellulose) include retro-aldol reactions,
ring opening, and/or flipping, cyclization, and tautomeriza-
tion.11 The need for differentiating among these primary
mechanisms and their relevant product isomers underscores
the utility of continued novel experimental work (e.g., isotopic
labeling)111−117 and computational kinetic and thermody-
namic pyrolysis studies.81,88,118−122 Finally, the coupling of
rigorous experimental kinetic study with high-resolution MS
can enable the development of more detailed microkinetic
models for pyrolysis, furthering the understanding of the
formation of oligomers. Although the results presented here
are with respect to whole biomass pyrolysis oil, the novel
approach should, in theory, be extensible to other feedstocks
with analogous degradation chemistry and characterization
(e.g., coal tar, solid waste pyrolysis, and hydrothermal
liquefaction).

4. CONCLUSION
In this study, FT-ICR MS results from three contrasting bio-
oils were analyzed in depth to develop a novel strategy for
oligomer structure proposal/assignment. Elemental analysis
using a combination of GC/MS results for monomers and FT-

Table 5. Proposed Fragmentation Pathways and Resulting Structure Representation for Hemicellulose and Lignin Oligomer-
Derived Peaks among the Studied Bio-oils

numbera C H O mass proposed structure sample ID

11 9 16 7 236 [PP]−H2O−CO (hemicellulose) BTG-6, 15A-1, and 22A-18
13 10 16 7 248 [PH]−H2O−OH (hemicellulose) BTG-14 and 15A-17
15 10 18 7 250 [PP]−2OH (hemicellulose) 15A-8
18 11 18 7 262 [PH]−H2O−OH (hemicellulose) 15A-15
19 10 16 8 264 [PP]−H2O (hemicellulose) BTG-3 and 15A-18
22 11 18 8 278 [PH]−H2O (hemicellulose) BTG-7 and 15A-5
25 11 20 9 296 [PH] (hemicellulose) BTG-8 and 15A-3
42 15 24 11 380 [PPP]−H2O−OH (hemicellulose) 15A-11
43 16 24 11 392 [PPH]−2H2O (hemicellulose) BTG-13 and 15A-23
45 15 26 12 398 [PPP]−OH (hemicellulose) 15A-13
9 13 12 4 232 [HG]−3H2O−2CO−CH3−2H2 (lignin) 22A-4
12 14 14 4 246 [HG]−4H2O−CO−CH3 (lignin) 22A-3
17 15 16 4 260 [HG]−4H2O−CO (lignin) 22A-6
29 14 18 8 314 [HG]−2CH3−OH−H2 (lignin) 22A-5
48 22 28 9 436 [HGG]−2CH3−2H2O−2CO (lignin) 22A-23

aNumbering corresponds to identical reported peaks in Table 4.

Table 6. Quantitative Parameters for Comparison of the
Fragmentation Degree among Top Bio-oil Peaks

sample O/Ca H/Ca DBE/Ca

BTG 0.78 (0.08) 1.65 (0.11) 0.27 (0.05)
15A 0.76 (0.07) 1.70 (0.10) 0.24 (0.04)
22A 0.53 (0.24) 1.31 (0.31) 0.43 (0.14)

aAverages for specified parameters with weighted standard deviations
in parentheses (weighting by MS abundance).
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ICR MS results for oligomers showed good agreement with
reported elemental analysis from earlier work. The bio-oil
samples were presented in the forms of van Krevelen and
carbon number versus mass diagrams to highlight potential
fragmentation pathways. Additionally, simple combinatoric
fragmentation modeling was performed for hypothetical
cellulose-, hemicellulose-, and lignin-derived oligomers. This
library of modeled structures/formulas was compared to FT-
ICR MS-detected oligomer formulas to propose hypothetical
structures and their associated fragmentation pathways. In this
way, we show potential routes by which these oligomers are
formed. Ultimately these pathways are consistent with present
perspectives on reaction mechanisms underlying biomass
pyrolysis. This work supports the central hypothesis that if
the formation primary biomass pyrolysis oligomers can be
developed computationally, then bio-oil characteristics in silico
should reproduce laboratory analytical chemistry data, such as
for high-resolution FT-ICR MS. The presented analytical
scheme for bio-oil oligomers, featuring the coupling of high-
resolution MS and reaction/fragmentation modeling, offers a
novel strategy to further the understanding of biomass
pyrolysis reactions at the molecular level for future micro-
kinetic studies.
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