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ABSTRACT: The pyrolysis of lignocellulosic materials is a promising technique to produce fuels and chemicals. It is well known
that the most abundant products of lignin pyrolysis are oligomeric molecules, known as pyrolytic lignin (PL). The chemical
composition of PL has been extensively studied; however, there is still an important debate whether these oligomers are produced
directly from the lignin or from the recombination of monomeric pyrolytic products. Existing theories are unable to describe the
effect of vacuum on the distribution of pyrolysis products. Hybrid poplar milled wood lignin (MWL) was initially isolated and
thoroughly characterized by Fourier transform-ion cyclotron resonance mass spectrometry (FT-ICR MS). Chemical formulas were
assigned to each oligomeric compound detected. The MWL was also subjected to vacuum pyrolysis in a modified pyroprobe at 250,
750, and 1000 mbar (absolute pressure), and the resulting liquid products were analyzed by FT-ICR MS. A new strategy to assign
structural representations to the oligomeric PL products is proposed, based on the plausible pyrolysis reaction mechanisms of
depolymerization/fragmentation applied to original MWL oligomer formulas. Our results support the hypothesis that PL is formed
from the removal of moieties from primary lignin pyrolysis products with between three and five aromatic rings. This
depolymerization/fragmentation allows the oligomers to reduce their molecular weights to the point where they can be removed
from the reaction zone by direct vaporization. This phenomenon highlights the importance of pressure on removal mechanisms and
their impact on the molecular weight of the resulting products from lignin pyrolysis.

1. INTRODUCTION

Lignin is a recalcitrant, heterogeneous polymeric material
accounting for roughly 25% of biomass by weight and 40% by
energy content.' " With more carbon and less oxygen than
holocellulose, lignin represents the most abundant renewable,
naturally occurring source of aromatic molecules.”® As such, it
is the focus of significant research and development aimed at
the synthesis of green biofuels and chemicals."*~'" There are
also important distinctions between native and extracted (or
technical) lignins, which tend to be more modified with a
greater abundance of relatively strong C—C bonds (in
comparison with weaker ether bonds).” Albishi et al. state
(quoted directly) that “there is still much debate on whether
any lignin extract adequately represents the native structure,” a
sentiment that is echoed in an earlier publication from this
group on a critique of lignin structural analysis.'"'* These
authors suggest that native lignin is composed of short
oligomers connected in a “criss-cross” fashion with holocellu-
lose to form a given wood network.'*'® Crestini et al., based
on results largely from *'P NMR analysis, similarly report that
milled wood lignin (MWL) is made up of linear oligomers
connected primarily by weak ether bonds,'* although this
perspective is challenged in a recent review on lignin biphenyl
linkages."

Canonically, lignin is considered to be formed from the
oxidative coupling of three primary monomers: p-coumaryl
alcohol, coniferyl alcohol, and sinapyl alcohol.’® More recently,
however, the concept of what makes up lignin, its biosynthesis
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and bioengineering, and its form both in planta and after
extraction has become much more diverse, with new, unique
components having been recently identified.'”'>'"~"? This
evolving perspective is largely driven by the advent of much
more powerful analytical capabilities.”” Among the most
significant of these analytical techniques is advanced mass
spectrometry (MS) analysis. Some recently published work on
lignin MS analysis can be found from Bowman et al.
(synthesized model oligomers), Qi et al, Kubatova et al,
Mikhael et al, and Prothmann et al.'>*'™** A particularly
robust MS technique for the characterization of complex
matrices is Fourier transform-ion cyclotron resonance (FT-
ICR) MS, which is capable of assigning molecular formulas
(ie, C,H,0,) to detected MS peaks from the m/z value
alone.zs_2£¥ FT-ICR MS has been successfully applied for the
characterization and/or description of lignin directly as well as
for similar/relevant reactive processes and systems.”">" >
Pyrolysis is a reactive process of great interest to the biomass
community in general and lignin researchers in specific.
Pyrolysis is the thermochemical deconstruction of an initial
feedstock via heating, rapidly, in the case of “fast” or “flash”
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pyrolysis, under an inert atmosphere (most commonly
nitrogen).”” During the pyrolysis of whole biomass, roughly
half of the lignin-derived products are collected in the form of
oligomers.”®”” There are two main hypotheses as to how these
oligomeric products are formed. The first one proposes that
oligomers result from the recombination of monomeric lignin
pyrolysis products.*”*' The second hypothesis considers that
pyrolytic lignin is produced from the degradation of primary
lignin oligomeric products.””~** Experimental evidence shows
that during lignin pyrolysis, the starting material undergoes
swelling, softening, and/or melting at low temperature (<~200
°C), dehydration and side-chain reactions at intermediate
temperature (~200—500 °C), and aromatic substituent
conversion with polycyclic rearrangement at high temperature
(>~500 °C).””*" From a microkinetic modeling perspective,
Yanez et al. report that major reaction families include ether
cleavage, demethoxylation, demethanation, decarboxylation,
deacylation, dealkylation, aliphatic C—C cleavage, methoxyl
isomerization, oxidation, hydrogen addition, and char for-
mation.” The nonreactive vaporization of low-molecular-
weight oligomers has also been recently highlighted as an
important occurrence during lignin pyrolysis processes.****™**
In this mass-transport-driven phenomenon, oligomeric species
with sufficiently low devolatilization temperature (conceptually
similar to the normal boiling point) are capable of
evaporating/sublimating directly from the reaction front with
a limited extent of actual reactions having taken place.***” The
effect of pressure on the production of oligomeric lignin
products is still poorly understood. Using empirical methods
applied to hypothetical molecular structures, it is possible to
estimate vaporization curves from the Clausius—Clapeyron
equation, thereby suggesting the molecular sizes capable of
evaporating at a given pyrolysis temperature.”'7 Importantly,
this type of analysis highlights the way in which pressure,
which theoretically does not have an effect on chemical
reaction kinetics in condensed phases (i.e., solids and liquids),
can still greatly affect the properties of collected lignin pyrolysis
products. For the pyrolysis of whole wood particles at the
millimeter to centimeter scale, pressure has been shown to play
a role in the convective mass transport and intraparticle
residence time of gas/vapor phase products, whose velocity can
be modeled using Darcy’s law relationship. Larger internal
pressure gradients may also result in the modifications of the
biomass particle morphology and porosity during a pyrolysis
process.*

Studying lignin and its pyrolysis products with FT-ICR MS
and linking their structures through proposed fragmentation
mechanisms could advance the understanding of pyrolytic
lignin and the nature of its formation. The primary advantage
of FT-ICR MS in this setting is in its ability to characterize
lignin-derived oligomers. Previous work has shown success in
the combination of stochastic simulation and FT-ICR MS
measurements of MWL.** This type of approach has also been
extended to the characterization of whole biomass pyrolysis
oils.”” The goal of this work is to utilize FT-ICR MS
measurements of both raw MWL and its pyrolysis products to
propose the structure representations of pyrolysis-derived
oligomers. This structural understanding can then be used as
a basis for the modeling and discussion of the primary
mechanisms underlying oligomer formation during the
pyrolysis processes of diverse feedstocks.

2. METHODOLOGY

2.1. Feedstock and Lignin Preparation. This work
draws on the analysis previously carried out in earlier published
studies on the characterization of hybrid poplar MWL and its
pyrolysis under vacuum conditions.’>>" The MWL was
prepared in separate batches from a common hybrid poplar
biomass sourced from Pasco, WA, donated by the Boise
Cascade Corporation. This raw biomass contains 16% acid-
insoluble lignin, 3% acid-soluble lignin, 21% mannose, 43%
glucose, and <1% arabinose and galactose, with 1% ash and 4%
extractives.”” Lignin was extracted from biomass via solubiliza-
tion in dioxane/water (~9:1 v/v) from extractive-free milled
wood (~0.1 mm particle size), following an adapted Bjorkman
method.>> ™ Further details are available elsewhere.””" The
images detailing the process of lignin extraction and physical
characteristics of the MWL are given in the Supporting
Information.

2.2. Lignin Characterization. The MWL was charac-
terized using a range of techniques in previous works, including
py-GC/MS, HSQC NMR, and matrix-assisted laser desorption
ionization (MALDI)-FT-ICR MS.* For FT-ICR MS analysis,
MWL was suspended/dissolved in methanol/water (~6:1 v/v)
and deposited dropwise onto the instrument sample holder
along with a saturated dihdyroxybenzoic acid (DHB) solution.
Measurements were then performed on solvent-free lignin
(with DHB matrix) using a 9.4 T actively shielded FT-ICR MS
instrument (Varian/Ionspec) in the positive ion mode. The
collected spectra were internally calibrated using the OMEGA
MS instrument software and further compiled and assigned
with the Composer software (Sierra Analytics). The relative
monomer distribution and f-bond type distribution were
determined using py-GC/MS and HSQC NMR, respectively.
This information, along with the molecular weight distribution
from MALDI-FT-ICR MS, was used to generate a stochastic
library of lignin molecules.*® This computational /hypothetical
lignin library was then used as a basis to propose structures for
MS-detected oligomer peaks in the analyzed sample.”

2.3. Lignin Pyrolysis. MWL from the same hybrid poplar
source material was pyrolyzed at a subatmospheric pressure
using a modified pyroprobe reactor setup.”’ The reactor is
described in detail in earlier work from Pecha et al, with a
schematic shown in Figure 1.°” This reactor can be reliably
operated at pressures as low as 5 mbar (absolute pressure);
however, high-quality FT-ICR MS product characterization
data for runs at this pressure were not available. Experimental
pyrolysis studied here occurred on the thin films (~0.1 mm) of
MWL (~5 mg) deposited on the internal walls of quartz tubes
(2 mm OD) heated by the modified pyroprobe reactor at
pressures of 250, 750, and 1000 mbar (absolute pressure). The
samples were heated from room temperature to 500 °C at a
rate of 50 °C/s and held at 500 °C for 1 min. Following
pyrolysis, the glass housing tube was washed with methanol to
collect condensed products for further (offline) analysis by
electrospray ionization (ESI)-FT-ICR MS (9.4 T Bruker
Solarix) in the positive ion mode. The collected FT-ICR MS
spectra were further compiled and assigned with the Composer
software (Sierra Analytics). A complete description of the
experimental pyrolysis details and results are available in the
previously published study by Pecha et al.’’ The emphasis of
this work is primarily centered on the analysis of the pyrolysis
product ESI-FT-ICR MS results as they relate to lignin
characterization MALDI-FT-ICR MS results.
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Figure 1. Illustration of the modified pyroprobe reactor for
experimental pyrolysis. Reproduced from Pecha et al.”'

2.4. Strategy for Oligomeric Lignin Product Structure
Assignment. Structure representations were proposed for
high-abundance FT-ICR MS-detected products based on the
combinatoric expansion of chemical formulas from raw MWL,
for which structures were previously proposed.”” The top 25
trimers and top 10 tetramers for each sample were assigned to
suggested structures. Raw MWL chemical formulas were
expanded based on the consideration of the changes in
hydrogen, methyl, and hydroxyl groups; these groups can be

used to represent all of the fragmentation reactions employed
in the coupled structural and kinetic model from Yanez et al,,
for example.45 All possible combinations of =2, —1, +0, +1, +2
H,, CH;, and OH were applied to oligomers of raw MWL,
producing 7000 modified formulas from an original set of 30
trimers and 30 tetramers.

2.5. Lignin Vacuum Pyrolysis Model. To highlight the
effect of pressure on the molecular weight of lignin pyrolysis
products, an integrated model using stochastic/probabilistic
parameters was developed. A figure showing an overview of the
algorithm and further details describing the model parameters
are given in the Supporting Information. Initially, lignin is
modeled as a truncated lognormal distribution®® with degree of
polymerization between 2 and a user-defined upper limit. Each
of the individual entries in the starting distribution is then
parameterized by a labile bond propensity, which randomly
assigns and breaks interunit linkages in an individual polymer
entry. Following this depolymerization, a fraction of the
resulting depolymerized units recombines according to a
recombination propensity, estimated based on pyrolysis/
carbonization kinetics (and therefore, temperature).”’

Once each entry in the starting lognormal distribution
undergoes depolymerization and recombination, it is stored in
a collection of “initial pyrolysis products.” This collection of
initial products is then partitioned into oil and char precursors
based on mass transport phenomena. The model features two
for-loops. The first loop populates “initial pyrolysis products”
based on the depolymerization and recombination of the
starting lognormal distribution. The second loop populates
“final products” based on the partitioning of the initial
products according to evaporation and aerosol ejection into
“oil” and “char precursor.” If the vaporization temperature for a
given entry is less than the reaction temperature, it is collected
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Figure 2. Representations of the FT ICR mass spectra for (A) unreacted MWL and the pyrolysis products from reaction at (B) 250 mbar, (C) 750
mbar, and (D) 1000 mbar. Numbered peaks correspond to pathways/structures provided in Tables 1—4.
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Figure 3. Plots of MWL showing the (A) van Krevelen diagram and (B) H/C ratio vs mass, adapted from Terrell et al.®

00

00

13 0.65
250 mbar
o MwL
0.60
12 1 °
055
o 111
© 1%}
& & 050
[v] o
T 10 1
045 ®
09 1
250 mbar 0.40
o MWL
08 T T 035 T T
200 300 400 200 300 400
13 0.65
0.60
12 A °
055
o 11
w 1%}
& & 050
o o
I 104
045 o
09 1
750 mbar 040 750 mbar
o MWL o MWL
08 T T 035 T T
200 300 400 200 300 400
13 0.65
1000 mbar
o MwL
0.60
12 A o
055
g 117
° (%}
& & 050
%) o
I 104
045 °
0.9 1
1000 mbar 0.40
o MWwL
08 T T T T T T T 35 T T T T T T T
200 300 400 500 600 700 800 90 1000 200 300 400 500 600 700 800 900
Mass Mass

1000
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as oil; if the vaporization temperature is greater than the
reaction temperature, it is collected as the char precursor. A
random fraction of the char precursor entries is reassigned as
an oil entry based on aerosol ejection propensity.*’ Finally, the
char precursors are partitioned into char, water, and gas based
on a stoichiometric relationship.*> The reported data include

44,51
al.™
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the yields of monomers, oligomers, and char, as well as the
molecular weight of the initial lignin and modeled lignin
pyrolysis oil. The model data are compared with the
experimental results reported by Pecha et al. and Marathe et

https://dx.doi.org/10.1021/acs.energyfuels.0c02928
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Figure S. Expansion of values for unreacted MWL trimers and tetramers, showing the (A) van Krevelen diagram, (B) H/C ratio vs mass, and (C)
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3. RESULTS AND DISCUSSION

3.1. FT-ICR MS Results and Data Visualization. The
representations of the mass spectrum are given in Figure 2 for
the raw MWL and reaction products at 250, 750, and 1000
mbar. The x-axis label corresponds to the nominal mass
calculated from the C,H,O, formula assigned to each peak.
The numbers on the spectra denote oligomeric peaks for which
a structure assignment is proposed. Raw MWL is labeled with
numbers 1—-23, and the pyrolysis products are labeled with
24—72. Many pyrolysis products share common abundant
oligomers.

The representations of raw MWL MS characterization are
given in Figure 3, which features a van Krevelen diagram and a
plot of H/C ratio versus mass. The van Krevelen diagram is
useful for segregating between different molecular classes (e.g.,
cellulose, lignin, protein, lipids, and condensed hgdrocarbons)
and for highlighting potential reaction pathways.>°' The H/C
ratio versus mass plot has utility in its ability to hi%hlight lignin
clusters with different numbers of aromatic rings.”® Due to its
well-preserved aromatic structure, detected lignin molecules
reside within a relatively constant H/C range (viz, H/C =
0.9—1.2); however, due to its polymeric nature, the same lignin
molecules fall within more discretized mass groups (viz., mass
~ 500—600, 650—750, and 800—950; trimers, tetramers, and
pentamers, respectively). Although certain mass features can be
elucidated, the nature of ionization and ion transfer (which
must be optimized for a given analysis) within an FT-ICR MS
instrument provides only a semiquantitative measure of the
molecular weight distribution of the measured sample.
Different ionization modes and conditions applied to the
same saméple can yield different molecular weight distribution
results.”**

The same plots (i.e., van Krevelen diagram and H/C ratio vs
mass) are given for lignin pyrolysis products in the Supporting
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Information. In general, these plots share many of the same
characteristics as those for raw MWL, confirming that there is a
reasonable similarity among the samples. The points on the
van Krevelen diagram for pyrolysis cover a wider range of O/C
and H/C values. The detected pyrolysis products also have a
more limited number of detected ions in the pentamer mass
range (mass ~ 800—950) and a set of low abundance points in
the dimer mass range (mass &~ 300—400) not present in raw
MWL.

In addition to Figure S2, which highlights the FT-ICR MS
intensity of the plotted peaks, Figure 4 depicts the plots of the
H/C ratio vs mass and the carbon-normalized double bond
equivalent (DBE/C) value vs mass for each pyrolysis sample in
combination with raw MWL. The DBE/C value (eq 1) has
been reported to be a useful measure of aromaticity, as
described by Hockaday et al., in studies that utilize FT-ICR
MS for soil characterization.®®> In general, the DBE/C value
tends to decrease with an increase in aliphatic moieties (e.g.,
phenol > guaiacol > coniferyl alcohol > sinapyl alcohol). The
DBE/C value is algebraically similar to the H/C ratio;
therefore, the plots of DBE/C and H/C vs mass share similar
features.

H
DBE (C+1‘?) 1 1 _H
= =1+
C C c 2" ¢ (1)

3.2. Structural Proposal for Lignin Oligomers. For raw
MWL, structural representations were proposed for peaks with
high abundance among the detected trimers, tetramers, and
pentamers (shown elsewhere).”’® These proposals/ assignments
were made based on coupling analytical characterization data
with the stochastic modeling of the lignin structure.”® These
assignments are used here to propose similar structural
representations for the detected pyrolysis product peaks with
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Table 1. Selection of Proposed Assignments for MWL Oligomers*’

no. (trimer/tetramer) formula nom. mass
1 — trimer C30H3,049 552
2 — trimer CyH;,01; 556
3 — trimer C;,H3,049 566
4 — trimer C30H3,04, 568
S — trimer C30H3401; 570
6 — trimer C3H;3,0, 582
7 — trimer C3,H304,; 584
8 — trimer C30H340,, 586
9 — trimer C3,Hj01, 596
10 — trimer C3,H301, 600
11 — trimer C3,H30,, 602
12 — trimer C3,H3304, 614
13 — trimer C33H3504, 626
14 — tetramer C37H3043 688
15 — tetramer C37H330,3 690
16 — tetramer C3gH3043 702
17 — tetramer C30H,045 718
18 — tetramer C33H,y0014 720
19 — tetramer C3Hy, 04y 722
20 — tetramer C3oH,044 734
21 — tetramer C3oH 4044 736
22 — tetramer CyoHyyO1y 748
23 — tetramer CyoHy6014 750

assignment
S (fO4) H (B5) G — H,
G (Bp) G (pO4) G - H,
S (B5) G (fO4) G — 2CH,
G (B0O4) G (pO4) G — CH; — H,
G (5) G (fO4) S — CH, — H,
S (B5) G (f04) S — OH — 2CH,; — H,
G (p0O4) G (p0O4) G — 2H,
S (p0O4) G (f0O4) H — 2H,
G (p0O4) G (f0O4) G — H,
S (fO4) G (O4) H — H,
H (p04) S (fO4) S — OH — 2H,
G (p0O4) G (p0O4) S — OH — 2H,
H (04) S (f04) S — OH — H,
G (p0O4) G (pO4) S — OH — H,
S (f0O4) S (f5) G — 2CH,
S (Bp) G (pO4) S — 2CH;
G (p0O4) G (p0O4) S — 2H,
S (BB) G (pO4) S — OH - H,
H (04) S (fO4) S — H,
G (pO4) G (p0O4) S — H,
H (p04) S (p0O4) S
G (B0O4) G (p0O4) S
S (Bp) G (pO4) S
S (B5) G (pO4) S
S (pO4) S (ff) S — OH - H,
S (pO4) S (pO4) S — 20H — 2H,
G (5) H (p0O4) S (f1) G — 3H,
G (0O4) G (B1) G (pO4) G — OH — 4H,
G (p5) H (pO4) S (B1) G - 2H,
S (1) G (p0O4) G (pO4) H — OH — 3H,
H (f04) G (f0O4) G (f0O4) H — 3H,
S (BO4) H (B1) S (pO4) G — 20H — 4H,
G (p) S (pO4) H (pO4) H - H,
S (fO4) H (p0O4) H (0O4) G — OH — 2H,
G (0O4) G (f0O4) G (0O4) G — OH — 2CH, — 2H,
G (B1) S (BO4) G (fO4) G — OH — 3H,
G (Bp0O4) G (p0O4) G (pO4) H — CH; — H,
S (p0O4) H (B1) S (p0O4) G — OH — 2H,
S (fO4) H (p0O4) H (p0O4) G — 2H,
H (p04) G (f0O4) G (p0O4) G — 2H,
G (p0O4) G (p0O4) G (fO4) H — H,
G (BP) S (BO4) G (fO4) H - CH,
G (Bp) S (PO4) G (B5) G — CH;,
H (p04) S (f0O4) G (04) G — OH — 2H,
S (Bp) G (pO4) H (pO4) G
G (#5) G (B0O4) G (p0O4) G

high MS abundance, based on the combinatoric expansion of
raw MWL chemical formulas. In particular, the top 25 trimers
and top 10 tetramers from each presented reaction pressure
(i.e, 250, 750, and 1000 mbar) are assigned. The results from
the combinatoric expansion of raw MWL oligomers is shown
in Figure S as a van Krevelen diagram and plots of H/C ratio
and DBE/C vs mass.

Table 1 shows a selection of raw MWL oligomers that are
used as a basis for pyrolysis oligomer assignments. These
assignments are not necessarily unique, and other possibilities
are certainly imaginable. An H, G, and/or S represents the
monomer unit in the proposed oligomer (H = p-
hydroxyphenyl, G = guaiacyl, and S = syringyl), and the

14254

bond type connecting two monomers is denoted in
parentheses (following the convention shown by Dellon et
al> for lignin structure simulation, as shown in Figure 6).
Only the relative compositions of B-bond types were
determined in the original work for the lignin oligomer
structure assignment. Tables 2—4 show the proposed structural
assignments for pyrolysis oligomers from reactions at 250, 750,
and 1000 mbar, respectively. A specified loss of a hydroxyl
group is equivalent to the loss of one oxygen from the C,.H,0,
formula; similarly, the loss of a methyl group corresponds to
one carbon and two hydrogens. These pyrolysis product
assignments (Tables 2—4) are reported as modifications of the
raw MWL oligomers in Table 1.

https://dx.doi.org/10.1021/acs.energyfuels.0c02928
Energy Fuels 2020, 34, 14249—14263
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Figure 6. Naming and structure convention for the lignin monomer and bond types, adapted from Dellon et al.*®

Table 2. Proposed Assignments for 250 mbar Pyrolysis Oligomers as Modifications of MWL

no. (trimer/tetramer) relative abundance formula nom. mass assignment
24 — trimer 0.557 C,sH,50, 508 [2] — 20H — CH; — H,
25 — trimer 0455 C5H300 510 [1] - OH — 2CH, + H,
27 — trimer 0.653 CaoH00, 522 (1] - OH - CH,
28 — trimer 0.490 CysHy5040 524 [1] — 2CH;,
30 — trimer 0.564 CysH30010 526 [2] - OH - CH;,
32 — trimer 0.610 CosHy,010 528 [2] - OH - CH, + H,
34 — trimer 0.972 C,oH,504, 536 [4] — OH - CH; — H,
35 — trimer 0.723 CysH34010 538 [2] - OH — H,
36 — trimer 1.000 CyoH;,04 540 [2] - OH
37 — trimer 0.647 C,oH;,04 542 [2] — OH + H,
38 — trimer 0.489 C30H3,049 552 [1]
39 — trimer 0.579 C3H34,0, 554 [S] - OH
40 — trimer 0.572 CyoH3Oy 554 (2] - H,
41 — trimer 0.764 CyH;,04, 556 [2]
43 — trimer 0.523 CyoHy,Oy 558 [2] + H,
45 — trimer 0.644 CyoH,0y 568 (4]
47 — trimer 0.674 C3H;,0,, 570 [s]
48 — trimer 0.531 CsoHsOy 572 [5] + H,
49 — trimer 0.536 C;H3,04, 582 [6]
S0 — trimer 0.515 C3HyOy 584 (7]
S1 — trimer 0455 C3Hy,Op 586 (8]
52 — trimer 0.455 C3,H30,, 596 [9]
$3 — trimer 0.506 C3,H50y 598 [12] — OH
$4 — trimer 0471 CyHy0,, 600 [10]
S5 — trimer 0.510 Cy3H,0O01 628 (13] + H,
58 — tetramer 0.307 C3,H350,, 674 [15] — OH
59 — tetramer 0.308 C3;H,y004, 676 [15] — OH + H,
62 — tetramer 0.301 C37H3504;5 690 [15]
64 — tetramer 0.313 C3;H,0045 692 [14] + 2H,
65 — tetramer 0325 CasHyoO1s 704 [18] — OH
66 — tetramer 0.294 C3sHy045 706 [23] — OH — 2CH,
67 — tetramer 0.277 CyH,,045 718 [21] = OH - H,
68 — tetramer 0.288 C30H;,045 720 [17] + H,
70 — tetramer 0.303 C3oH,, 044 734 [20]
72 — tetramer 0.301 CuoHuiO14 748 [22]

“Bracketed number corresponds to the numbered entry in Table 1.

3.3. Analysis of Proposed Oligomer Formulas. For
each C,H,0, formula in Tables 2—4, the nominal mass, H/C
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ratio, and DBE/C value are calculated, along with the same
values for the top 25 trimers and top 10 tetramers from raw

https://dx.doi.org/10.1021/acs.energyfuels.0c02928
Energy Fuels 2020, 34, 14249—14263
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Table 3. Proposed Assignments for 750 mbar Pyrolysis Oligomers as Modifications of MWL

no. (trimer/tetramer) relative abundance formula nom. mass assignment
24 — trimer 0.538 CysHy50, 508 [2] — 20H — CH, — H,
25 — trimer 0.549 C,5Hi00s 510 [1] - OH — 2CH, + H,
26 — trimer 0572 CysH3,0, 12 [2] - 20H — CH, + H,
27 — trimer 0.678 CaoH30s 522 [1] - OH — CH;,
29 — trimer 0.486 CyoH3,0, 524 [2] - 20H
30 — trimer 0.655 C,sH3004 526 [2] — OH - CH;
32 — trimer 0.759 CysH3,050 528 [2] - OH - CH, + H,
34 — trimer 0.752 CyoH,501 536 [4] — OH - CH; — H,
35 — trimer 0.782 CyoH3,010 538 [2] - OH - H,
36 — trimer 1.000 C,H;,04 540 [2] - OH
37 — trimer 0.760 CyoHy,010 542 [2] - OH + H,
38 — trimer 0.624 CyoH3,050 552 [1]
39 — trimer 0.707 C;30H3,04 554 [s] — oH
40 — trimer 0.548 CyoH3,01, 554 [2] - H,
41 — trimer 0.660 CyH;,0;, 556 [2]
42 — trimer 0.486 CyoH3010 556 [11] — 20H — CH,
43 — trimer 0.581 CyoH,,05, 558 [2] + H,
44 — trimer 0.501 C;,H3,04 566 [3]
4S5 — trimer 0.544 C;0H3,04, 568 [4]
46 — trimer 0.519 C5,H304 568 [7] — oH
47 — trimer 0.597 C30H3,04, 570 [s]
48 — trimer 0.519 C30H3604; 572 [s]+H,
49 — trimer 0.511 C;H;3,04, 582 [6]
50 — trimer 0.519 C3,H304, 584 [7]
53 — trimer 0.497 C;,H30,, 598 [12] - OH
56 — tetramer 0.275 C36H;504, 646 [15] — 20H — CH; + H,
60 — tetramer 0.306 CyH;3505 678 [15] — CH; + H,
61 — tetramer 0.327 C35H,4004, 688 [16] — OH + H,
63 — tetramer 0.367 CysHiO01y 690 [19] — 20H
64 — tetramer 0.320 C3,H,045 692 [14] + 2H,
66 — tetramer 0.306 C3sHyO4 706 [23] — OH — 2CH;,
67 — tetramer 0.277 C3sH,045 718 [21] - OH - H,
68 — tetramer 0.273 C3H,,05 720 [17] + H,
70 — tetramer 0.274 C3H,044 734 [20]
71 — tetramer 0.274 C30H,,04 736 [20] + H,

“Bracketed number corresponds to the numbered entry in Table 1.

MWL. These metrics, which are shown in Figure 7, are then
used as a basis for statistical analysis (& = 0.05) to compare raw
MWL to its pyrolysis oligomers. Further details of the analysis
are given in the Supporting Information. Only the top 25
trimers and top 10 tetramers from each data set (ie, raw
MWL, 250, 750, and 1000 mbar) are considered, with the
assumption that these most abundant FT-ICR MS peaks are
reasonable surrogates for the whole sample.

There is a significant difference in the molecular weight and
O/C ratio between raw MWL and its pyrolysis products (i.e.,
250, 750, and 1000 mbar) for both abundant trimers and
tetramers. Additionally, there is a significant difference between
raw MWL and its pyrolysis products for H/C ratio (with the
exception of 1000 mbar for H/C) and DBE/C with respect to
abundant trimers, but the difference is not significant for
abundant tetramers. In general, the differences between
molecular weight, O/C ratio, H/C ratio, and DBE/C among
the pyrolysis product sets tend to be not significant, most likely
due to the prevalence of shared oligomers among the reaction
samples. This analysis suggests that during pyrolysis, lignin
oligomers experience a decrease in the molecular weight and
O/C ratio. The average analyzed molecular weights are 620,
550, 720, and 700 for raw MWL trimers, pyrolysis trimers, raw

MWL tetramers, and pyrolysis tetramers, respectively. The
average analyzed O/C ratios are 0.38, 0.35, 0.36, and 0.34 for
raw MWL trimers, pyrolysis trimers, raw MWL tetramers, and
pyrolysis tetramers, respectively. Pyrolytic evolution toward
lighter molecules is observable in Figure 4.

3.4. Estimation of Normal Boiling Point for Lignin
Oligomers. To assess further the hypothesis regarding direct
oligomer vaporization, a set of empirical correlations were used
to determine the normal boiling point (T,;,) for representative
monomers and oligomers. The correlations represent Ty, (°C)
as various functions of molecular weight and carbon number
(additional details in the Supporting Information).®*%
Calculations were carried out using the temperature units
specified in a given source as is and then converted to degree
Celsius for use herein. These correlations were applied to
monomers of p-coumaryl alcohol (H-unit), coniferyl alcohol
(G-unit), and sinapyl alcohol (S unit) and their respective f-
O-4-connected dimers, trimmers, and tetramers. Regression
analysis was then applied to the resulting set of T, values
plotted against the molecular weight and carbon number, as
shown in Figure 8. The 95% confidence interval and 95%
prediction intervals are also shown. The linear regressions for
Figure 8 are given in eqs 2 and 3 (where MW = molecular

https://dx.doi.org/10.1021/acs.energyfuels.0c02928
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Table 4. Proposed Assignments for 1000 mbar Pyrolysis Oligomers as Modifications of MWL

no. (trimer/tetramer) relative abundance formula nom. mass assignment®
24 — trimer 0.620 CysHy50, 508 [2] — 20H — CH, — H,
25 — trimer 0.649 C,5Hi00s 510 [1] - OH — 2CH, + H,
26 — trimer 0.825 CysH3,0, 12 [2] - 20H — CH, + H,
27 — trimer 0.730 CaoH30s 522 [1] - OH — CH;,
29 — trimer 0.558 CyoH3,0, 524 [2] - 20H
30 — trimer 0.693 C,sH3004 526 [2] — OH - CH;
31 — trimer 0.610 CyoH,,0, 526 [2] - 20H + H,
32 — trimer 1.000 CysH3,0140 528 [2] — OH — CH, + H,
33 — trimer 0.603 CysH,O10 530 [5] — OH — 2CH, + 2H,
34 — trimer 0.563 CyoH,301 536 [4] — OH - CH; — H,
35 — trimer 0777 CyoH3010 538 [2] - OH - H,
36 — trimer 0.901 CyH3,049 540 [2] - OH
37 — trimer 0.996 C,0H3,04 542 [2] - OH +H,
38 — trimer 0.673 C30H3,04 552 [1]
39 — trimer 0.802 C30H;34,04 554 [s] — OoH
41 — trimer 0.857 C,oH3,04, 556 [2]
42 — trimer 0.589 C30H36049 556 [11] — 20H - CH,
43 — trimer 0.909 C,0H3,04, 558 [2] + H,
44 — trimer 0.608 C3,H3,049 566 [3]
46 — trimer 0.607 C3H;340, 568 [7] — oH
47 — trimer 0.654 C30H3,04, 570 [s]
48 — trimer 0.774 CyoHs601, 572 [5] + H,
50 — trimer 0.630 C3H;360,; 584 [7]
52 — trimer 0.575 C3,H360,; 596 [9]
53 — trimer 0.692 Cy,HygOy 598 [12] — OH
56 — tetramer 0.356 C36H;504, 646 [15] — 20H — CH; + H,
57 — tetramer 0.390 Cy6H3401, 662 [15] - OH — CH, + H,
60 — tetramer 0.399 C37Hy004, 676 [15] — OH + H,
61 — tetramer 0.339 C;35Hy4001, 688 [16] — OH + H,
63 — tetramer 0.332 C3H,;,05 690 [19] — 20H
64 — tetramer 0.404 C37Hy 0045 692 [14] + 2H,
65 — tetramer 0.349 CygH,4015 704 [18] — OH
66 — tetramer 0.424 C3H,,055 706 [23] — OH — 2CH;,
68 — tetramer 0.423 C3H,,0p5 720 [17] + H,
69 — tetramer 0.329 C,oHyO15 732 [22] — OH

“Bracketed number corresponds to the numbered entry in Table 1.

weight and C# = carbon number). In reality, thermochemical/
physical property (e.g., Ty, heat of vaporization, and solubility
parameters) prediction is much more comglicated than a
simple linear regression of one variable;”°”"* however, we
propose that the presented analysis is a useful semiquantitative
tool for observing general trends regarding T,;,. Physical and/
or chemical interpretations of the coefficient and intercept
values may be obfuscated by reducing complex phenomena,
such as liquid boiling, to a regression equation of one variable.
The molecular size and the tendency for intermolecular
interactions (especially H-bonding) are known to have a stron

effect on the boiling point of a liquid compound or mixture.”

T,, (°C) = 0.686*MW + 138 (R* = 0.78) (2)

T, (°C) = 12.7%C# + 127 (R* = 0.79) 3)

The pyrolysis of MWL studied in this work was carried out
at a reactor temperature of 500 °C. Based on the confidence
intervals in Figure 8, an estimated T, value of 500 °C
corresponds approximately to a molecular weight of 530 + 30
and a carbon number of 29 + 2. The prediction intervals
contain, naturally, a much larger range of molecular weights
and carbon numbers. This result suggests that at 500 °C (and

1 bar), it is possible for molecules with mass from ~500 to 560
Da and carbon number from ~27 to 31 to vaporize directly.
For lignin specifically, this range primarily contains trimers.
Smaller molecules are also capable of vaporization under these
conditions. This is consistent with the reported experimental
results of the molecular weight of lignin pyrolysis oils resulting
from different reactor pressures.

The most abundant oligomers resulting from pyrolysis
studied here are trimers, with a lesser quantity of tetramers.
Operation at a lower reactor pressure results in a decrease in
the vaporization temperature (via Clausius—Clapeyron rela-
tion, eq 4), which may encourage the vaporization of heavier
lignin oligomers. Additionally, it is also probable that heavy
oligomers may be collected as primary products due to aerosol
ejection phenomena that have been shown to exist during
lignin pyrolysis.”>"*

e =_AHvap 11

B RA\L T )

Due to the lack of a true structural/conformational analysis
of MWL and its pyrolysis products (for example, with density
functional theory), it is not currently possible here to achieve

https://dx.doi.org/10.1021/acs.energyfuels.0c02928
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for (A) mass and (B) C#.

robust quantitative structure—property relationships. Group
contribution methods have been suggested previously to
estimate vaporization curves for lignin oligomers.”” A point
of emphasis for future work can be to develop more rigorous
structural analysis, which can then be employed as the basis for
calculating more accurate thermophysical/chemical properties.
Nevertheless, one potential approach for these calculations is
to use an empirical correlation (modified Trouton’s rule)
between the entropy of vaporization (ASvap) and T, to
estimate the enthalpy of vaporization (AHV,“P).75 These
thermochemical values can then be used in the Clausius—
Clapeyron relation (eq 4) to determine the vaporization
temperature at a lowered pressure.

Based on this analysis for tetramers (mass of ~700 Da, C# of
~40), the estimated AH,,, is 80—85 kJ/mol, resulting in a
boiling point at 250 mbar of 500—550 °C. Further calculation
details are given in the Supporting Information. This result
suggests that for a pyrolysis temperature of approximately S00
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°C, it is distinctly possible for tetramers (and smaller species)
to directly evaporate at pressures of 250 mbar and lower.
Experimental evidence of tetramers at higher pressures may be
the result of aerosol ejection or secondary recombination
phenomena.*”*"’® For FT-ICR MS measurements specifically,
ionization and/or ion transfer effects are also important.
Extending this analysis of thermophysical/chemical properties
to any arbitrary temperature and pressure combination allows
for estimation, albeit with reasonably large uncertainty, of the
size of oligomeric species that can achieve direct vaporization
during pyrolysis. In this way, pressure is shown to have an
important impact on the pyrolysis process. Although pressure
has no theoretical effect on the reaction kinetics of solid and
liquid phases, it is still important in governing mass transport
phenomena. The pressure of a pyrolysis reactor therefore has
an important effect on the molecular weight of pyrolysis
products.

https://dx.doi.org/10.1021/acs.energyfuels.0c02928
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3.5. Lignin Vacuum Pyrolysis Model. The results from
pyrolysis modeling in comparison with the results reported by
Pecha et al.’' are given in Table 5. The model is described in

Table 5. Comparison between Modeled and Reported
Experimental Results for Lignin Pyrolysis

pressure monomer oligomer yield  Char yield Char yield
(mbar)  yield (model) (model) (model) (Pecha et al.”")
250 5.06 415 22.6 24.3
750 5.05 23.7 33.0 35.3
1000 5.08 222 33.8 35.6

greater detail in the Supporting Information. A value of 0.45
was used for the labile bond propensity, based on the
estimation of the f-O-4 content of hardwood MWL,”” which
also shows reasonably good correspondence with the reported
experimental char values. The estimated recombination
propensity for 500 °C is 0.88 (details are provided in the
Supporting Information). The aerosol propensity was set to 0.1
for 250 mbar, 0.08 for 750 mbar, and 0.05 for 1000 mbar,
estimated based on the previous work on pyrolysis oligomers
and aerosols.”””® A fixed model molecular weight of ~2000 Da
was also used for this specific comparison. At a model pressure
of 250 mbar, monomers, dimers, trimers, and tetramers were
allowed to evaporate. At 750 and 1000 mbar, only monomers,
dimers, and trimers were allowed to evaporate.

The modeled char yields show good agreement across the
reported experimental pressure range. At low pressure, there is
less char resulting from a greater extent of evaporation of high-
molecular weight species. This is also mirrored by the inverse
relationship between the oligomer and char yields in both the
model results and semiquantitative experimental results from
UV-fluorescence analysis.”"”” Pressure has virtually no effect
on monomer yields, which is also shown experimentally by
Pecha et al, who report constant total monomer yields of
roughly 2—39%.""

To further assess the presented modeling approach, oil
molecular weights resulting from different starting average
lignin molecular weights were determined for comparison with
experimental results from Marathe et al.** This comparison is
shown in Figure 9. For the model, the labile bond propensity
was kept at 0.45, recombination propensity was 0.84 (for 530
°C reported experimental temperature), and aerosol propen-
sities of 0.15 and 0.05 were used for low and high pressures,

respectively. Evaporation of model tetramers was allowed for
low pressure but not for high pressure. Monomers, dimers, and
trimers evaporate at both low and high pressures.

These results show that the proposed model reproduces the
experimental trends shown by Marathe et al.** For “light”
lignin (Da < ~400), parity is preserved between the lignin
molecular weight and resulting oil. This is the result of the
direct evaporation of the “light” lignin with a very limited
extent of pyrolysis reactions.”* For “heavier” lignin, the oil
molecular weight is bifurcated based on pressure. At lower
pressure, heavier lignin oligomers can evaporate during
pyrolysis, thereby yielding an overall heavier oil. At higher
pressure, these heavier oligomers do not evaporate, thereby
yielding an overall lighter oil. Model results show a slowly
increasing oil molecular weight with respect to the starting
lignin molecular weight. Marathe et al. suggest a more constant
oil molecular weight, although their lignins differ in the labile
p-O-4 content, with appreciable experimental uncertainty
among the results.** A higher labile bond propensity naturally
corresponds to lighter resulting oils and a higher overall oil
yield. Similarly, a lower recombination propensity (i.e., higher
temperature) corresponds to more oil and less char. The
proposed integrated model is capable of reproducing these
trends. The relationship between the model parameter space
and the resulting oil and char yields is shown in the Supporting
Information.

3.6. Discussion. The characterization of hybrid poplar
MWL revealed that FT-ICR MS-detected lignin molecules
were made up of oligomeric units with 3, 4, and S aromatic
rings (Figure 3). This set of MWL oligomers was well
described by a library of hypothetical/computational structures
developed through the stochastic generation of modified short
linear oligomers.”” The FT-ICR MS-detected products from
the pyrolysis of MWL were similarly made up of lignin-derived
trimers and tetramers, with a much smaller amount of dimers
and pentamers (Figure 4, Figure S2). Comparative analysis
between abundant products and raw MWL suggests that
during pyrolysis, there is a significant shift toward the lower
molecular weight and decreased O/C ratio (Figures 4 and 7).

The various interunit bonds connecting lignin monomers
have a range of bond dissociation enthalpies. Ether linkages,
such as f-O-4, tend to be ~60—70 kcal/mol, while C—C
bonds tend to be ~100 kcal/mol.5°~* The location of a given
bond in a lignin oligomeric unit can also have an img_act on its
dissociation enthalpy for -O-4 homolytic cleavage.” Because
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of bond dissociation enthalpy disparities between C—O and
C—C bonds, during the early stages of pyrolgrsis, there should
be preferential cleavage of ether linkages.*”®” During these
primary reactions (e.g, ether cleavage, demethoxylation,
decarboxylation, and deacylation)*’ that result in deoxygena-
tion and molecular weight decreases for initial MWL,
oligomers with a sufficiently low vaporization temperature
are formed and subsequently devolatilized directly from the
reaction front. Boiling point correlation analysis (Figure 8)
suggests that these oligomers should be primarily made up of
lignin trimers. The presence of heavier molecules may be the
result of reactive boiling/aerosol ejections, although this
contribution to the total oligomer pool is less significant
than direct vaporization. The presence of directly vaporized
oligomers does not preclude the recombination of monomers
into heavier species during the complicated interplay of
chemical and physical processes in early pyrolysis reactions.
For example, Li et al, report that “simple” pyrolytic lignin
monomers, dimers, and coke could be formed from the
recombination of monomeric model compounds; however,
“complex” oligomeric pyrolytic lignin could only be derived
from the fragmentation of whole/real lignin.86 This supports
the hypothesis that oligomer products are detectable in lignin
pyrolysis oil largely due to their direct vaporization during the
early stages of pyrolysis. An ongoing challenge for under-
standing the nature of oligomer formation is the reliable
collection of these products during pyrolysis and accurately
analyzing them with suitable techniques. Wentrup has recently
published a thorough review of the analytical capabilities of
flash vacuum pyrolysis in general (not strictly for biomass),
which may provide useful insights for the development of
innovative reactor designs for biomass."*

Several other successful modeling approaches of lignin
pyrolysis appropriately incorporate transport phenomena such
as vaporization.**™**>? One illustrative example is the flash
distillation analo§y employed by Niksa in the bio-FLASH-
CHAIN model.*’ In this model, tar precursors are in phase
equilibrium with liquid tar products following Henry’s law
relationship.*” Chemical reaction modeling alone—of model
compounds especially but also for whole lignin—falls short in
capturing the true nature of lignin decomposition in pyrolysis.
Primary processes yield a high volume of a wide variety of
product species as the result of nonchemical devolatilization
(such as vaporization and aerosol ejection). These devolatiliza-
tion mechanisms must be explicitly accounted for to accurately
model a given liquefaction process. The flash distillation
analogy for devolatilization is also employed for coal pyrolysis
in the CPD model, described by Fletcher.”® Similar
interpretations of evaporation-driven “heavy” product collec-
tion have also been reported for the pyrolysis of used tire
particles, cellulose, and polyethylene.”’ ~

The advantage of our proposed approach, using a stochastic
modeling strategy of the MWL structure®® (in contrast to
pseudocomponent models)*””* and combinatorics-based func-
tional group expansion (Figure 5), is in molecular-level
speciation from the beginning. With proper structural/
conformational analysis, thermophysical/chemical properties
(e.g., vaporization curves, solubility parameters) for both
reactants and products and pyrolysis/liquefaction product
yields may be more accurately determined. This leaves a
plethora of directions for future studies, including advancing
applications of density functional theory for rigorous structure
determination and analytical chemistry (e.g, FTIR and NMR)

14260

data prediction with experimental validation. From a practical
perspective, incorporating the effect of pressure into the
understanding of lignin pyrolysis can potentially allow for new
levels of control over product characteristics. By operating at
lower pressures, higher oligomer and total oil yields have been
observed, with lower char yields. However, monomer yields are
largely independent of the reactor pressure. Operating at
higher external pressures has been shown to improve char
yields and solid carbon retention, which has practical
implications on carbonization technologies aimed at the
biochar or charcoal production from whole biomass.””°

4. CONCLUSIONS

The characterization and stochastic modeling of milled wood
lignin structures shows that it is well described as a
combination of linear oligomers with three to five aromatic
rings with the known overall chemical formulas. Further
analysis of pyrolysis products suggests that structures can be
proposed for these products based on the simple modifications
of the starting milled wood lignin constitutive oligomers. This
is based on the observation that primary pyrolysis products are
oligomers with an apparent high degree of formula and
structural similarity to the initial milled wood lignin. Further,
based on the analysis of thermophysical/chemical (e.g., boiling
point, heat of vaporization) properties and integrated
probabilistic/stochastic modeling, there is evidence to suggest
that the predominant mode of pyrolytic lignin formation and/
or collection is from direct vaporization with a limited extent of
reactions. Based on these results, opportunities for future work
are highlighted. These include rigorous computational analyses
(e.g., density functional theory) and experimental validation of
initial lignin oligomer structures, pyrolysis pathways, and
oligomer product structures. Attempting modeling work with
initial molecular-level detail does, however, come at the
expense of a potentially much higher computational cost.
Improvements in the accuracy of correlations to estimate
physical and/or chemical properties from molecular structures,
particularly with regard to biomass-derived oligomers, may also
be of great benefit. An important factor that must be
considered when studying lignin pyrolysis is the inclusion of
the effect of pressure on mass transport phenomena. Pressure
plays an important, nonkinetic role in the yield and
characteristics of pyrolysis products from lignin. In particular,
lower (subatmospheric) pressures induce more oligomer
vaporization, resulting in less char and heavier pyrolysis oil;
monomer yields are essentially pressure-independent. Ulti-
mately, the goal of this study and the proposed trajectory of
future work are centered on the development of improved
microkinetic models aimed at more successful lignin valor-
ization.
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