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(57) ABSTRACT

Methods of depolymerizing lignin and products obtained
therefrom. The methods include reacting lignin in a liquid
solvent comprising an oxidation catalyst with the solvent
being in contact with 02 gas. The solvent can include aprotic
polar solvents. The oxidation catalyst can include heteroge-
neous catalysts. The methods can be used in the oxidative
catalytic fractionation of raw biomass to generate soluble
aromatic monomers and a solid carbohydrate residue. Depo-
lymerized lignin products include phenolic and benzoqui-
none monomers, such as p-hydroxybenzoic acid, vanillin,
syringaldehyde, vanillic acid, and/or syringic acid.
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monomers produced from reductive catalytic fractionation
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METHODS OF DEPOLYMERIZING LIGNIN

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

[0001] This invention was made with government support
under DE-SC0018409 awarded by the US Department of
Energy. The government has certain rights in the invention.

FIELD OF THE INVENTION

[0002] The invention is directed to methods of depolymer-
izing lignin, including the oxidative catalytic fractionation
of biomass, and products obtained therefrom.

BACKGROUND

[0003] Lignocellulosic biomass is one of the promising
renewable energy sources with great potential for generating
value-added chemicals which can help reduce our reliance
on fossil fuels. Major components of biomass including
cellulose (35-50%), hemicellulose (25-30%) and lignin (15-
25%) (Sagues et al. 2018). Lignin as the second largest
reservoir of carbon (after carbohydrate) accounts for about
30% of organic carbon in biosphere and 40% of the energy
in biomass (Upton et al. 2015, Luo and Abu-Omar et al.
2018). Lignin is a structurally complex heterogeneous aro-
matic biopolymer made of three principal building blocks,
p-hydroxyphenol (H), guaiacyl (G) and syringyl (S) units. It
is the largest renewable source of aromatic building blocks
in nature, and represents huge potential for deriving high
value aromatic compounds which can be applied as trans-
portation fuels, bio-based polymer materials and well-de-
fined chemicals, etc. (Sagues et al. 2018, Ragauskas et al.
2006, Barth et al. 2008, Sun et al. 2018). Unfortunately,
lignin has been traditionally treated as waste and burnt for its
heat value due to the very complex structure and less
developed techniques.

[0004] In the past few decades, various lignin depolymer-
ization strategies have been developed, which can be gen-
erally categorized as: reductive, oxidative, acid-catalyzed,
base-catalyzed, thermal methods, etc. (Sun et al. 2018,
Behling et al. 2016, Li et al. 2015, Schutyser and Kruger et
al. 2018). In general, a depolymerization process breaks the
interunit linkages within the lignin macromolecule, convert-
ing complex lignin polymers into oligomers or monomeric
aromatic products to be upgraded to specialty fuels and
chemicals. Among different treatments, lignin oxidative
depolymerization presents advantages in making aromatic
compounds with oxygen-containing functional groups. Cur-
rently, lignin oxidation research has been extensively exam-
ined on model compounds, with less attention focused on
isolated lignin samples (Schutyser and Renders et al. 2018).
However, these lignin model compounds are less represen-
tative due to their simplified structure compared to the high
complexity of real lignin. On the other hand, lignin extrac-
tion process usually leads to a recovery of only 30-70% of
the original lignin contained in raw biomass, and often
causes damage to the lignin structure, which results in less
promising behavior towards further depolymerization to
monomers.

[0005] Strategies that facilitate efficient oxidative depo-
lymerization of lignin in intact, untreated biomass are highly
desirable.
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SUMMARY OF THE INVENTION

[0006] One aspect of the invention is directed to methods
of depolymerizing lignin. The methods can comprise react-
ing in a liquid solvent the lignin and an oxidation catalyst
with the solvent being in contact with gas comprising O,
gas.

[0007] In some versions, the solvent comprises organic
solvent. In some versions, the solvent comprises aprotic
solvent. In some versions, the solvent comprises aprotic
solvent in an amount of at least about 90% v/v. In some
versions, the aprotic solvent is a polar aprotic solvent. In
some versions, the solvent is devoid of protic solvent or
comprises protic solvent in an amount less than about 10%
v/v. In some versions, the solvent is selected from the group
consisting of acetone, acetonitrile, and a combination
thereof. In some versions, the solvent comprises a solvent
that is not an alcohol and is not water.

[0008] In some versions, the oxidation catalyst is a het-
erogeneous catalyst. In some versions, the oxidation catalyst
is a metal-based catalyst. In some versions, the oxidation
catalyst comprises a metal-containing nitrogen-doped car-
bon catalyst. In some versions, the oxidation catalyst com-
prises a metal other than palladium and ruthenium. In some
versions, the oxidation catalyst comprises a non-noble
metal. In some versions, the oxidation catalyst comprises a
first-row transition metal. In some versions, the oxidation
catalyst comprises a metal selected from the group consist-
ing of Mn, Fe, Co, Ni, V, and Cu. In some versions, the
oxidation catalyst is comprised in the solvent within a
porous cage.

[0009] In some versions, the gas comprises O, gas in an
amount from about 1% v/v to about 10% v/v. In some
versions, the O, gas is present at a partial pressure of from
about 1 to about 3 bar.

[0010] In some versions, the reacting is conducted at a
temperature from about 100° C. to about 240° C.

[0011] In some versions, the lignin is in the form of
lignocellulosic biomass. In some versions, the lignin is in the
form of lignocellulosic biomass comprising the lignin and at
least one of cellulose and hemicellulose. In some versions,
the lignin is in the form of lignocellulosic biomass compris-
ing the lignin in an amount from about 10% w/w to about
80% w/w of the lignocellulosic biomass and at least one of
cellulose in an amount from about 5% w/w to about 90%
wiw of the lignocellulosic biomass and hemicellulose in an
amount from about 5% w/w to about 90% w/w of the
lignocellulosic biomass. In some versions, the lignin is in the
form of raw lignocellulosic biomass. In some versions, the
lignin is in the form of lignocellulosic biomass that has not
been treated with any one or more of chemical pretreatment
and physicochemical pretreatment.

[0012] In some versions, the reacting is conducted for a
time from about 4 hours to about 16 hours. In some versions,
the reacting is conducted for a time sufficient to produce a
phenolic or benzoquinone monomer. In some versions, the
reacting is conducted for a time sufficient to produce a
phenolic monomer comprising a benzylic carbonyl. In some
versions, the reacting is conducted for a time sufficient to
produce p-hydroxybenzoic acid, vanillin, syringaldehyde,
vanillic acid, and/or syringic acid.

[0013] Some versions further comprise, after the reacting,
separating a carbohydrate residue produced during the react-
ing from the solvent. Some versions further comprise, after
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the reacting, isolating a phenolic monomer produced during
the reacting from the solvent.

[0014] The objects and advantages of the invention will
appear more fully from the following detailed description of
the preferred embodiment of the invention made in conjunc-
tion with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] FIG. 1. Schema of an oxidative catalytic fraction-
ation method of the present invention.

[0016] FIGS. 2A-2D. Overview of biomass deconstruc-
tion approaches. FIG. 2A. Traditional cellulosic biomass
isolation approaches focusing on obtaining high-quality
carbohydrates. FIG. 2B. Redox catalytic fractionation (such
as reductive catalytic fractionation and oxidative catalytic
fractionation), focused on obtaining high-quality carbohy-
drates and lignin-derived aromatic monomers. FIG. 2C.
Identity of monomers primarily produced from reductive
catalytic fractionation. FIG. 2D. Identity of exemplary
monomers produced via exemplary versions of the oxidative
catalytic fractionation of the present invention.

[0017] FIGS. 3A and 3B. HPLC programs. FIG. 3A.
HPLC program showing the gradient of acetonitrile percent-
age (B.Conc) used to determine monomer yields. Solvent A
was 0.1% formic acid in water. FIG. 3B. HPLC program
showing the gradient of acetonitrile percentage (B.Conc)
used to separate the lignin-derived oligomers. Solvent A was
0.1 formic acid in water.

[0018] FIGS. 4A and 4B. Overview of oxidative catalytic
fractionation process development. FIG. 4A. Schematic of
oxidative catalytic fractionation reactor. FIG. 4B. Examples
of some of the tested variables. Biomass sources include
hardwoods (poplar, birch), softwoods (pine), and grasses
(miscanthus). Solvents tested include polar aprotic solvents
(e.g. acetone, acetonitrile, ethyl acetate), polar protic sol-
vents (e.g. methanol), and water. Catalysts tested include
metal oxides, metal on nitrogen-doped carbon (M-N/C)
catalysts, and supported platinum-group metal (PGM/C)
catalysts.

[0019] FIG. 5A. Schema of oxidative catalytic fraction-
ation of raw poplar biomass and resulting products. Condi-
tions: 0.1 g poplar, 10 wt % heterogeneous catalyst (e.g.,
Co-PANI/C), 25 mL acetone, 190° C., 35 bar 6% O, in N,
12 h.

[0020] FIG. 5B. HPLC chromatogram showing identity of
monomers from oxidative catalytic fractionation of poplar
lignin. Monomers were detected by measuring the optical
absorbance at 280 nm. The yields of monomers were quan-
tified based on an internal standard, 1,4-dimethoxybenzene.
Reaction conditions: 100 mg poplar, 10 wt % Co-PANI-C,
25 mL acetone, 190° C., 12 h, 35 bar 6% O,.

[0021] FIG. 6. Catalyst screen for the oxidative catalytic
fractionation of raw poplar biomass. Conditions: 0.1 g
poplar, 10 wt % heterogeneous catalyst, 25 ml. acetone,
190° C., 35 bar 6% O, in N,, 12 h.

[0022] FIG. 7. Monomer yields from oxidative catalytic
fractionation of raw poplar biomass using different solvents.
Conditions: 0.1 g poplar, 10 wt % Co-PANI/C catalyst, 25
mL solvent, 190° C., 35 bar 6% O, in N,, 12 hours.
[0023] FIG. 8. GPC analysis of lignin-derived oligomers
after lignin extraction under N, and O, without catalyst and
under O, with Co-PANI/C. Conditions: 0.1 g poplar, 10 wt
% Co-PANI/C catalyst (or absent), 25 mL solvent, 190° C.,
35 bar 6% O, in N, (or only N,), 12 hours.

Apr. 28, 2022

[0024] FIG. 9. Time course of monomer yields from
oxidative catalytic fractionation of raw poplar. Conditions:
0.1 g poplar, 10 wt % Co-PANI/C catalyst, 25 mL solvent,
190° C., 35 bar 6 % O, in N,.

[0025] FIG. 10. Oxidative catalytic fractionation results
using various biomass sources, including hardwood (poplar,
birch), softwood (pine), grass (miscanthus). Conditions: 0.1
g biomass, 10 wt % Co-PANI/C, 25 mL acetone, 190° C., 35
bar 6% O, in N,, 12 h.

[0026] FIGS. 11A-11C. Structure characterization of raw
biomass and carbohydrate residue. FIG. 11A. 1D !'3C
CPMAS NMR spectra of raw biomass. FIG. 11B. 1D '*C
CPMAS NMR spectra of carbohydrate residue post-oxida-
tive catalytic fractionation (OCF). FIG. 11C. Acid hydroly-
sis of carbohydrate residue to glucose and xylose following
a modified NREL procedure.

[0027] FIG. 12. Mass balance of carbohydrates (glucans
+xylans) and lignin of poplar biomass.

[0028] FIGS. 13A-13V. Exemplary phenolic and benzo-
quinone monomers shown or predicted to be produced with
the methods of the invention.

DETAILED DESCRIPTION OF THE
INVENTION

[0029] One aspect of the invention is directed to methods
of depolymerizing lignin. The methods can comprise react-
ing in a liquid solvent the lignin and an oxidation catalyst
with the solvent being in contact with gas comprising O,
gas.

[0030] The term “solvent” is used broadly to refer to any
liquid medium for the depolymerization reaction. The sol-
vent can comprise a polar solvent, a non-polar solvent, an
organic solvent, an inorganic solvent, a protic solvent, an
aprotic solvent, or any combination thereof.

[0031] In some versions of the invention, the solvent
comprises or consists of organic solvent. The solvent in
some versions can comprise the organic solvent in an
amount from about 1% v/v to about 100% v/v, such as an
amount of at least about 1% v/v, at least about 5% v/v, at
least about 10% v/v, at least about 15% v/v, at least about
20% v/v, at least about 25% v/v, at least about 30% v/v, at
least about 35% v/v, at least about 40% v/v, at least about
45% v/v, at least about 50% v/v, at least about 55% v/v, at
least about 60% v/v, at least about 70% v/v, at least about
75% viv, at least about 80% v/v, at least about 85% v/v, at
least about 90% v/v, at least about 95% v/v, or at least about
99% v/v.

[0032] In some versions of the invention, the solvent
comprises or consists of an aprotic solvent. As understood in
the art, aprotic solvents are solvents that have no O—H or
N—H bonds. Non-limiting examples of aprotic solvents
include dichloromethane (DCM), N-methylpyrrolidone, tet-
rahydrofuran (THF), ethyl acetate (EtOAc), acetone, dim-
ethylformamide (DMF), hexamethylphosphoramide
(HMPA), acetonitrile (MeCN), dimethy] sulfoxide (DMSO),
gamma-valerolactone (GVL), dimethyl carbonate, and pro-
pylene carbonate. The solvent in some versions can com-
prise the aprotic solvent in an amount from about 1% v/v to
about 100% v/v, such as an amount of at least about 1% v/v,
at least about 5% v/v, at least about 10% v/v, at least about
15% v/v, at least about 20% v/v, at least about 25% v/v, at
least about 30% v/v, at least about 35% v/v, at least about
40% v/v, at least about 45% v/v, at least about 50% v/v, at
least about 55% v/v, at least about 60% v/v, at least about
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70% v/v, at least about 75% v/v, at least about 80% v/v, at
least about 85% v/v, at least about 90% v/v, at least about
95% vlv, or at least about 99% v/v. In preferred versions of
the invention, the solvent comprises the aprotic solvent in an
amount of at least about 90% v/v, at least about 95% v/v, or
at least about 99% v/v. The aprotic solvent is preferably a
polar aprotic solvent.

[0033] In some versions, the solvent is devoid of protic
solvent or contains protic solvent in an amount less than
100% v/v, such as an amount less than about 99% v/v, less
than about 95% v/v, less than about 90% v/v, less than about
85% v/v, less than about 80% v/v, less than about 75% v/v,
less than about 70% v/v, less than about 65% v/v, less than
about 60% v/v, less than about 55% v/v, less than about 50%
v/v, less than about 45% v/v, less than about 40% v/v, less
than about 35% v/v, less than about 30% v/v, less than about
25% v/v, less than about 20% v/v, less than about 15% v/v,
less than about 10% v/v, less than about 5% v/v, or less than
about 1% v/v. In preferred versions of the invention, the
solvent is devoid of protic solvent or contains protic solvent
in an amount less than about 10% v/v, less than about 5%
v/v, or less than about 1% v/v.

[0034] In some versions of the invention, the solvent
comprises a solvent that is not an alcohol and is not water.
In some versions, the solvent is devoid of water, alcohol, or
water and alcohol. In some versions, the solvent is selected
from the group consisting of acetone, acetonitrile, and a
combination thereof.

[0035] The oxidation catalyst can include any catalyst
capable of catalyzing an oxidation reaction. The oxidation
catalyst can include a metal-based catalyst, a non-metal-
based catalyst, a homogeneous catalyst, a heterogeneous
catalyst, or any combination thereof. See Kaur et al. 2013 for
examples of metal-based catalysts and non-metal-based
catalysts.

[0036] In some versions of the invention, the oxidation
catalyst is a heterogeneous catalyst. Nonlimiting examples
of heterogeneous oxidation catalysts include Co-PANI-C,
Fe-PANI-C, PANI-FeCo—C, Co-Phen-C, Co,0,, Fe,O,,
Mn,Oj; or other manganese oxides, CuO, Pd/C, Pt/C, Ru/C,
Ni/C, Fe nanocatalyst, other metal on nitrogen-doped carbon
(M-N/C) catalysts containing Fe or Co (for example, such as
those used for electrochemical dioxygen reduction, see Sun
et al. 2017 or Gewirth et al. 2018), Fe,O; on silica, Al,Oj,
TiO,, or other metal-oxide support, Co50, on silica, Al,O;,
TiO,, or other metal oxide support, supported Fe, Co, Ni, Cu
or Mn phthalocyanines or porphyrins, vanadium oxides, Fe,
Co, Ni, Cu, or Mn in zeolites such as ZSM-5, MnO, on
alumina, mixed Mn—Co oxides, Aw/Al,O;, Au/C, Au/Pt
bimetallic nanoparticles, gold nanoparticles supported on
Mg(OH), nano sheets, Au/TiO, supported on ferritic stain-
less steel monoliths, nanoporous gold, P123-stabilized Au—
Ag alloy, alumina-supported gold-ruthenium bimetallic
catalysts, Au/CuO catalysts, cerium modified silver, Pd-Au
catalyst, Au/ZnO, AwTiO,, microstructured Au/Ni-fiber,
nanocrystalline Ag and Au—Ag alloys supported on titania,
nanosized Au supported on 3-D ordered mesoporous MnQO,,
Au/FeO,, nanosized ruthenium particles decorated carbon
nanofibers, Au/C, CeAl PO-5 molecular sieves, nanosized
gold on SiO,, Au/SiO,, nano gold-mesoporous silica, nano-
sized gold, Ag/SBA-15, bimetallic Au-Pd/MgO, inverse
Fe,05;/Au(111) model catalysts, silica-supported Au-Cu
alloy, gold nanoparticles supported on MgO, silica-sup-
ported Au-CuQO,, Aw/Al,O,;, Au—Pd/C, Pd-Te supported
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catalysts, gold nanoparticles supported on functionalized
mesoporous silica, silica supported cobalt (II) salen com-
plex, gold nanowires, Cus,, PMo,,0,4,]Si0,, gold nanopar-
ticles deposited on cellulose, metalloporphyrin bound to
silica, hydrophobized palladium, supported gold catalysts,
AuwHMS catalysts, mobilized gold nanoparticles, mes-
oporous Co;0,, mesoporous and Au/Co,0,, metal-organic
framework supported gold nanoparticles, Pt/Al,O;,
Au/TiO,, Co(AcO),Mn(AcO),, nickel substituted copper
chromite spinels, gold catalysts, MCM-48 molecular sieve
modified with SnCl,, CuO-impregnated mesoporous silica,
Au—Cu0O/AlL,O;, PY/Al,O;, manganese-containing mes-
oporous MCM-41 and AI-MCM-41 molecular sieves, Aw/C,
gold immobilized mesoporous silica, nitrous oxide over MFI
zeolites, CoAPO-5 molecular sieves, Mn-containing MCM-
41, Mn (SalenyMCM-41, nanostructured CuO,/CeO,,
nano-Au catalysts, heteropoly catalysts containing Ru(IIl)
and Rh(III) particles, gold supported on ZnO and TiO,,
bismuth promoted palladium catalysts, or other metal oxides
not named above. See Ali et al. 2014 for further details on
the above-mentioned catalysts. As used herein, “PANI” is an
abbreviation for polyaniline, and “Phen” is an abbreviation
for 1,10-phenanthroline.

[0037] In some versions, the oxidation catalyst comprises
a metal-based catalyst. A metal-based catalyst is a catalyst
that comprises a metal. The metal can be any metal
described in any catalyst herein. The metal can comprise or
consist of a metal other than palladium and ruthenium. The
metal can comprise or consist of a non-noble metal. “Non-
noble metal” is used herein to refer to a metal that is not a
noble metal. “Noble metal” is used herein to refer to
ruthenium (Ru), rhodium (Rh), palladium (Pd), silver (Ag),
osmium (Os), iridium (Ir), platinum (Pt), and gold (Au). The
metal can comprise or consist of a transition metal. The
metal can comprise or consist of a first-row transition metal.
“First-row transition metal” refers to transition metals in the
first row of the periodic table, i.e. scandium (Sc), titanium
(Ti), vanadium (V), chromium (Cr), manganese (Mn), iron
(Fe), cobalt (Co), nickel (Ni), copper (Cu), and zinc (Zn). In
some versions, the metal can comprise or consist of titanium
(Ti), vanadium (V), chromium (Cr), manganese (Mn), iron
(Fe), cobalt (Co), nickel (Ni), and/or copper (Cu). In some
versions, the metal can comprise or consist of manganese
(Mn), iron (Fe), cobalt (Co), nickel (Ni), vanadium (V),
and/or copper (Cu).

[0038] In some versions, the oxidation catalyst comprises
a metal-containing nitrogen-doped carbon catalyst. Exem-
plary metal-containing nitrogen-doped carbon catalysts
include metal-PANI/C or metal-Phen/C catalyst. Exemplary
metals in the metal-containing nitrogen-doped carbon cata-
lyst include the metals described above for the metal-based
catalyst, such as Co and Fe, among others.

[0039] In some versions, the oxidation catalyst can com-
prise a non-metal-based catalyst. A non-metal-based catalyst
is a catalyst that does not comprises a metal. Examples of
non-metal-based catalysts include metal-free nitrogen-
doped carbon.

[0040] The oxidation catalyst can comprise a solid sup-
port. The solid support can comprise any solid support used
for any catalyst described herein. The solid support can
comprise silica, carbon, clay, zeolite, nitrogen-containing
carbon matrices, polymers (e.g., polyaniline polymers),
metal oxides, metal nitrides, boron nitride, and other mate-
rials. The supports can be porous. The supports can be
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microporous (having an average pore diameter of less than
2 nm), mesoporous (having an average pore diameter
between 2 nm and 50 nm), or macroporous (having an
average pore diameter of greater than 50 nm).

[0041] Mesoporous and microporous supports are pre-
ferred.
[0042] The oxidation catalyst can be confined within a

porous cage. The porous cage can be composed of steel
alloys, titanium, or other non-reactive metals. The porous
cage can have an average pore size of from about 1 pm,
about 10 pm, about 50 pm, about 100 pum, about 500 pm,
about 1000 um, or about 2500 um to about 10 pm, about 50
um, about 100 um, about 500 um, about 1000 pm, about
2500 pum, about 5,000 um or more. In preferred versions of
the invention, the porous cage has an average pore size of
from about 10 um to about 70 um, such as from about 20 um
to about 60 um or from about 30 um to about 50 um.
[0043] The oxidation catalyst in some versions can be
included in the solvent in an amount (w catalyst/v solvent)
from about 0.001% w/v, about 0.005% w/v, about 0.01%
w/v, about 0.05% w/v, 0.1% w/v, about 0.5% w/v, about 1%
w/v, about 5% w/v, about 10% w/v, about 15% w/v, about
20% w/v, about 25% w/v, about 30% w/v, about 35% w/v,
or about 40% w/v to about 0.005% w/v, about 0.01% w/v,
about 0.05% w/v, 0.1% w/v, about 0.5% w/v, about 1% w/v,
5% wiv, about 10% w/v, about 15% w/v, about 20% w/v,
about 25% w/v, about 30% w/v, about 35% w/v, about 40%
w/v, about 45% wi/v, about 50% w/v, or more.

[0044] The oxidation catalyst in some versions can be
included with the substrate in an amount (w catalyst/w
substrate) from about 0.1% w/w, about 0.5% w/w, about 1%
w/w, about 5% w/w, about 10% w/w, about 15% w/w, about
20% w/w, about 25% w/w, about 30% w/w, about 35% w/w,
or about 40% w/w to about 5% w/w, about 10% w/w, about
15% w/w, about 20% w/w, about 25% w/w, about 30% w/w,
about 35% w/w, about 40% w/w, about 45% w/w, about 50%
w/w, or more. In preferred versions of the invention, the
oxidation catalyst is included with the substrate in an
amount (w catalyst/w substrate) from about 1% w/w to
about 30% w/w.

[0045] The gas in contact with the solvent comprises O,
gas as an oxidant for the reaction. Reference to the gas and
liquid solvent being “in contact” indicates that the gas and
the liquid solvent persist in different phases and are con-
tiguous with each other along an interface. The gas can be
in contact with the solvent by bubbling the gas through the
solvent, situating the gas in a headspace over the solvent, or
other methods or formats.

[0046] The gas in some versions can comprise the O, gas
in an amount from about 0.1% v/v to about 30% v/v or more,
such as from about 0.1% v/v, about 0.5% v/v, about 1% v/v,
about 5% v/v, about 10% v/v, about 15% v/v, about 20% v/v,
or about 25% v/v to about 0.5% v/v, about 1% v/v, about 5%
v/v, about 10% v/v, about 15% v/v, about 20% v/v, about
25% v/v, or about 30% v/v. In some versions of the inven-
tion, the gas comprises the O, gas in an amount no greater
than about 9% v/v or about 10% v/v. In preferred versions
of the invention, the gas comprises the O, gas in an amount
from about 1% v/v to about 10% O, or from about 1% v/v
to about 9% O,.

[0047] The balance of the gas beyond the O, can comprise
one or more inert gases. The balance of the gas beyond the
O, can comprise nitrogen. The balance of the gas beyond the
O, can alternatively or additionally comprise one or more
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noble gases. Noble gases include helium (He), neon (Ne),
argon (Ar), krypton (Kr), xenon (Xe), and radon (Rn).
[0048] The concentration of the O, within the gas is
preferably below the limiting oxygen concentration (LOC).
The limiting oxygen concentration, also known as the mini-
mum oxygen concentration (MOC), is the limiting concen-
tration of oxygen below which combustion is not possible,
independent of the concentration of fuel.

[0049] The reacting in some versions is conducted with a
partial pressure of O, of from about 1 bar to about 5 bar or
more, such as from about 1 bar to about 4 bar, from about
1 bar to about 3 bar, about 1.5 bar to about 2.5 bar, or about
2 bar.

[0050] The reacting in some versions can be conducted at
a temperature from about 25° C. to about 250° C. or more,
such as from about 25° C., about 50° C., about 75° C., about
100° C., about 125° C., about 150° C., about 175° C., or
about 200° C. to about 50° C., about 75° C., about 100° C.,
about 125° C., about 150° C., about 175° C., about 200° C.,
or about 250° C. In some versions of the invention, the
reacting is conducted at a temperature no greater than about
240° C. Preferred temperature ranges include from about
100° C. to about 240° C., such as from about 130° C. to
about 230° C., or about 150° C. to about 220° C.

[0051] The reacting can be conducted with the solvent
being devoid or substantially devoid of strong acid or strong
base. Strong acids include hydrochloric acid (HCI), hydro-
bromic acid (HBr), hydroiodic acid (HI), nitric acid (HNO,),
chloric acid (HCIO,), perchloric acid (HC1O,), and sulfuric
acid (H,SO,). Strong bases include sodium hydroxide
(NaOH), lithium hydroxide (LiOH), potassium hydroxide
(KOH), rubidium hydroxide (RbOH), cesium hydroxide
(CsOH), calcium hydroxide (Ca(OH),), strontium hydrox-
ide (Sr(OH),), and barium hydroxide (Ba(OH),).

[0052] The lignin used in the reacting can be in the form
of lignocellulosic biomass. The lignocellulosic biomass can
comprise the lignin and at least one of cellulose and hemi-
cellulose.

[0053] The lignocellulosic biomass in some versions can
comprise lignin in an amount from about 1% w/w, about 5%
w/w, about 10% w/w, about 15% w/w, about 20% w/w,
about 25% w/w, about 30% w/w, about 35% w/w, about 40%
w/w, about 45% w/w, about 50% w/w, about 55% w/w,
about 60% w/w, about 65% w/w, about 70% w/w, about 75%
w/w, about 80% w/w, about 85% w/w, about 90% w/w,
about 95% w/w, or about 99% w/w to about 5% w/w, about
10% w/w, about 15% w/w, about 20% w/w, about 25% w/w,
about 30% w/w, about 35% w/w, about 40% w/w, about 45%
w/w, about 50% w/w, about 55% w/w, about 60% w/w,
about 65% w/w, about 70% w/w, about 75% w/w, about 80%
w/w, about 85% w/w, about 90% w/w, about 95% w/w,
about 99% w/w, or about 100% w/w. In some versions, the
lignocellulosic biomass comprises lignin in an amount from
about 10% w/w to about 80% w/w, such as about 15% w/w
to about 25% w/w.

[0054] The lignocellulosic biomass in some versions can
comprise cellulose in an amount from about 1% w/w, about
5% wiw, about 10% w/w, about 15% w/w, about 20% w/w,
about 25% w/w, about 30% w/w, about 35% w/w, about 40%
w/w, about 45% w/w, about 50% w/w, about 55% w/w,
about 60% w/w, about 65% w/w, about 70% w/w, about 75%
w/w, about 80% w/w, about 85% w/w, about 90% w/w,
about 95% w/w, or about 99% w/w to about 5% w/w, about
10% w/w, about 15% w/w, about 20% w/w, about 25% w/w,
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about 30% w/w, about 35% w/w, about 40% w/w, about 45%
w/w, about 50% w/w, about 55% w/w, about 60% w/w,
about 65% w/w, about 70% w/w, about 75% w/w, about 80%
w/w, about 85% w/w, about 90% w/w, about 95% w/w,
about 99% w/w, or about 100% w/w. In some versions, the
lignocellulosic biomass comprises cellulose in an amount
from about 5% w/w to about 90% w/w, such as about 35%
w/w to about 50% w/w.

[0055] The lignocellulosic biomass in some versions can
comprise hemicellulose in an amount from about 1% w/w,
about 5% w/w, about 10% w/w, about 15% w/w, about 20%
w/w, about 25% w/w, about 30% w/w, about 35% w/w,
about 40% w/w, about 45% w/w, about 50% w/w, about 55%
w/w, about 60% w/w, about 65% w/w, about 70% w/w,
about 75% w/w, about 80% w/w, about 85% w/w, about 90%
w/w, about 95% w/w, or about 99% w/w to about 5% w/w,
about 10% w/w, about 15% w/w, about 20% w/w, about 25%
w/w, about 30% w/w, about 35% w/w, about 40% w/w,
about 45% w/w, about 50% w/w, about 55% w/w, about 60%
w/w, about 65% w/w, about 70% w/w, about 75% w/w,
about 80% w/w, about 85% w/w, about 90% w/w, about 95%
w/w, about 99% w/w, or about 100% w/w. In some versions,
the lignocellulosic biomass comprises hemicellulose in an
amount from about 5% w/w to about 90% w/w, such as from
about 25% w/w to about 30% w/w.

[0056] The lignocellulosic biomass can be in the form of
raw lignocellulosic biomass. “Raw lignocellulosic biomass™
refers to lignocellulosic biomass that has not been processed
from its native, unaltered chemical state by any lignocellu-
losic pretreatments except for mechanical comminution
(chopping, chipping, grinding, milling, etc.). “Lignocellu-
losic pretreatment,” or simply “pretreatment,” is a term well
understood in the art that encompasses a number of treat-
ments that change the physical and/or chemical structure of
lignocellulosic biomass for downstream treatments, such as
lignin depolymerization, cellulose hydrolysis, or other treat-
ments. For descriptions of various pretreatments, see Kumar
et al. 2017 and Kumar et al. 2009.

[0057] Types of lignocellulosic pretreatments include
physical pretreatments, chemical pretreatments, physico-
chemical pretreatments, and biological pretreatments. Physi-
cal pretreatments include mechanical comminution (e.g.,
chipping, grinding, milling), microwave irradiation, ultra-
sound sonication, pyrolysis, and pulsed-electric field treat-
ment. Chemical pretreatments include acid treatment (e.g.,
sulfuric acid treatment, dicarboxylic acid treatment) alkali
treatment, ozonolysis, organosols treatment, ionic liquid
treatment, deep eutectic solvent treatment, and natural deep
eutectic solvent treatment. Physicochemical pretreatments
include steam explosion, liquid hot water treatment, wet
oxidation, SPORL (sulfite pretreatment to overcome recal-
citrance of lignocellulose) pretreatment, ammonia-based
pretreatment (e.g., ammonia fiber explosion (AFEX),
ammonia recycle percolation (ARP), soaking aqueous
ammonia (SAA), CO, explosion, and oxidative pretreat-
ment. Biological pretreatments include fungi treatment (e.g.,
brown-rot fungi treatment, white-rot fungi treatment, soft-
rot fungi treatment), bacterial treatment, archaeal treatment,
and enzyme treatment (e.g., peroxidase enzyme treatment,
laccase enzyme treatment). Merely washing lignocellulosic
biomass with non-chemically reactive solvents such as
organic solvents (e.g., dioxane) or water at a temperature
under about 100° C. and a pressure at or near atmospheric
does not constitute a lignocellulosic pretreatment. Organo-
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sols methods, for example, typically employ temperatures
above 140° C. and elevated pressures.

[0058] In some versions of the invention, the lignocellu-
losic biomass can be in the form of lignocellulosic biomass
that has not been treated with physical pretreatment. In some
versions of the invention, the lignocellulosic biomass can be
in the form of lignocellulosic biomass that has not been
treated with chemical pretreatment. In some versions of the
invention, the lignocellulosic biomass can be in the form of
lignocellulosic biomass that has not been treated with phys-
icochemical pretreatment. In some versions of the invention,
the lignocellulosic biomass can be in the form of lignocel-
Iulosic biomass that has not been treated with biological
pretreatment. In some versions of the invention, the ligno-
cellulosic biomass can be in the form of lignocellulosic
biomass that has not been treated with mechanical commi-
nution (e.g., chipping, grinding, milling). In some versions
of the invention, the lignocellulosic biomass can be in the
form of lignocellulosic biomass that has not been treated
with microwave irradiation. In some versions of the inven-
tion, the lignocellulosic biomass can be in the form of
lignocellulosic biomass that has not been treated with ultra-
sound sonication. In some versions of the invention, the
lignocellulosic biomass can be in the form of lignocellulosic
biomass that has not been treated with pyrolysis. In some
versions of the invention, the lignocellulosic biomass can be
in the form of lignocellulosic biomass that has not been
treated with pulsed-electric field treatment. In some versions
of the invention, the lignocellulosic biomass can be in the
form of lignocellulosic biomass that has not been treated
with acid treatment (e.g., sulfuric acid treatment, dicarbox-
ylic acid treatment). In some versions of the invention, the
lignocellulosic biomass can be in the form of lignocellulosic
biomass that has not been treated with alkali treatment. In
some versions of the invention, the lignocellulosic biomass
can be in the form of lignocellulosic biomass that has not
been treated with ozonolysis. In some versions of the
invention, the lignocellulosic biomass can be in the form of
lignocellulosic biomass that has not been treated with
organosols treatment. In some versions of the invention, the
lignocellulosic biomass can be in the form of lignocellulosic
biomass that has not been treated with ionic liquid treatment.
In some versions of the invention, the lignocellulosic bio-
mass can be in the form of lignocellulosic biomass that has
not been treated with deep eutectic solvent treatment. In
some versions of the invention, the lignocellulosic biomass
can be in the form of lignocellulosic biomass that has not
been treated with natural deep eutectic solvent treatment. In
some versions of the invention, the lignocellulosic biomass
can be in the form of lignocellulosic biomass that has not
been treated with steam explosion. In some versions of the
invention, the lignocellulosic biomass can be in the form of
lignocellulosic biomass that has not been treated with liquid
hot water treatment. In some versions of the invention, the
lignocellulosic biomass can be in the form of lignocellulosic
biomass that has not been treated with wet oxidation. In
some versions of the invention, the lignocellulosic biomass
can be in the form of lignocellulosic biomass that has not
been treated with SPORL (sulfite pretreatment to overcome
recalcitrance of lignocellulose) pretreatment. In some ver-
sions of the invention, the lignocellulosic biomass can be in
the form of lignocellulosic biomass that has not been treated
with ammonia-based pretreatment. In some versions of the
invention, the lignocellulosic biomass can be in the form of
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lignocellulosic biomass that has not been treated with
ammonia fiber explosion (AFEX). In some versions of the
invention, the lignocellulosic biomass can be in the form of
lignocellulosic biomass that has not been treated with
ammonia recycle percolation (ARP). In some versions of the
invention, the lignocellulosic biomass can be in the form of
lignocellulosic biomass that has not been treated with soak-
ing aqueous ammonia (SAA) treatment. In some versions of
the invention, the lignocellulosic biomass can be in the form
of lignocellulosic biomass that has not been treated with
CO, explosion. In some versions of the invention, the
lignocellulosic biomass can be in the form of lignocellulosic
biomass that has not been treated with oxidative pretreat-
ment. In some versions of the invention, the lignocellulosic
biomass can be in the form of lignocellulosic biomass that
has not been treated with fungi treatment. In some versions
of the invention, the lignocellulosic biomass can be in the
form of lignocellulosic biomass that has not been treated
with brown-rot fungi treatment. In some versions of the
invention, the lignocellulosic biomass can be in the form of
lignocellulosic biomass that has not been treated with white-
rot fungi treatment. In some versions of the invention, the
lignocellulosic biomass can be in the form of lignocellulosic
biomass that has not been treated with soft-rot fungi treat-
ment. In some versions of the invention, the lignocellulosic
biomass can be in the form of lignocellulosic biomass that
has not been treated with bacterial treatment. In some
versions of the invention, the lignocellulosic biomass can be
in the form of lignocellulosic biomass that has not been
treated with archaeal treatment. In some versions of the
invention, the lignocellulosic biomass can be in the form of
lignocellulosic biomass that has not been treated with
enzyme treatment. In some versions of the invention, the
lignocellulosic biomass can be in the form of lignocellulosic
biomass that has not been treated with peroxidase enzyme
treatment. In some versions of the invention, the lignocel-
Iulosic biomass can be in the form of lignocellulosic bio-
mass that has not been treated with laccase enzyme treat-
ment.

[0059] The lignocellulosic biomass can be derived from
any source, such as corn cobs, corn stover, cotton seed hairs,
grasses, hardwood stems, leaves, newspaper, nut shells,
paper, softwood stems, switchgrass, waste papers from
chemical pulps, wheat straw, wood, woody residues, and
other sources.

[0060] The lignocellulosic biomass in some versions can
be included in the solvent in an amount from about 0.01%
w/v, about 0.05% w/v, about 0.1% w/v, about 1% w/v, about
5% w/v, about 10% w/v, or about 25% w/v to about 1% w/v,
about 5% w/v, about 10% w/v, about 25% w/v, or about 50%
w/v, or more.

[0061] The reacting in some versions can be conducted at
a pressure from about 1 bar, about 5 bar, about 10 bar, about
20 bar, about 25 bar, about 30 bar, about 40 bar, about 45 bar,
about 50 bar, or about 75 bar to about 5 bar, about 10 bar,
about 20 bar, about 25 bar, about 30 bar, about 40 bar, about
45 bar, about 50 bar, about 75 bar, about 100 bar, or more.
[0062] The reacting in some versions can be conducted for
a time from about 0.5 hours, about 1 hours, about 3 hours,
about 10 hours to about 1 hour, about 3 hours, about 10
hours, about 30 hours, or more. The reacting is preferably
conducted for a time from about 4 hours to about 16 hours,
such as from about 6 hours to about 14 hours, or about 12
hours.
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[0063] The reacting can be conducted for a time sufficient
to produce one or more phenolic or benzoquinone mono-
mers as a product. “Phenolic monomers” refers to com-
pounds having one and only one phenolic group. The
phenolic groups in the phenolic monomers can comprise
p-hydroxyphenyl (H), guaiacyl (G), and/or syringyl (S)
phenolic groups. The phenolic monomer products can com-
prise oxidized phenolic monomer products. The phenolic
monomer products can comprise phenolic monomer prod-
ucts comprising a benzylic carbonyl. The term “benzylic” is
used to describe the position of the first carbon bonded to a
benzene, phenol, or other aromatic ring. Exemplary phenolic
monomer products comprising a benzylic carbonyl include
each of the compounds shown in FIGS. 13A-13V except for
2,6-dimethoxybenzoquinone.

[0064] The reacting can be conducted for a time sufficient
to produce p-hydroxybenzoic acid at a yield of the lignin of
at least about 4% w/w, at least about 5% w/w, at least about
6% w/w, at least about 7% w/w, at least about 8% w/w, or
at least about 9% w/w. The reacting can be conducted for a
time sufficient to produce vanillic acid at a yield of the lignin
of at least about 4% w/w, at least about 5% w/w, at least
about 6% w/w, at least about 7% w/w, at least about 8% w/w,
at least about 9% w/w, or at least about 10% w/w. The
reacting can be conducted for a time sufficient to produce
syringic acid at a yield of the lignin of at least about 4% w/w,
at least about 5% w/w, at least about 6% w/w, at least about
7% wiw, at least about 8% w/w, at least about 9% w/w, at
least about 10% w/w, or at least about 11% w/w. The
reacting can be conducted for a time sufficient to produce
vanillin at a yield of the lignin of at least about 1% w/w or
at least about 1.5% w/w, or at least about 2% w/w. The
reacting can be conducted for a time sufficient to produce
syringaldehyde at a yield of the lignin of at least about 1%
w/w, at least about 1.5% w/w, at least about 2% w/w, at least
about 2.5% w/w, at least about 3% w/w, at least about 3.5%
w/w, at least about 4% w/w, or at least about 4.5% w/w.
[0065] Alkyl esters of p-hydroxybenzoic acid, vanillic
acid, and syringic acid (FIG. 4C) can be produced by
conducting the reaction in the presence of an alcoholic
solvent, such as methanol, ethanol, etc. p-methoxypropio-
vanillone and f-methoxypropiosyringone can arise from
solvolylsis of f-hydroxypropiovanillone and [-hydroxypro-
piosyringone, respectively.

[0066] The methods of the invention can further comprise,
after the reacting, separating a carbohydrate residue from the
solvent. The solvent in this step can comprise a phenolic
monomer product and/or a benzoquinone monomer product
therein, such that the phenolic monomer product and/or the
benzoquinone monomer is separated from the carbohydrate
residue in the solvent. The separating can comprise filtra-
tion, among other separation methods.

[0067] The methods of the invention can further comprise,
after the reacting, isolating one or more of the catalyst, a
phenolic monomer product, or a benzoquinone monomer
product from the solvent. The isolating can comprise evapo-
rating the solvent, among other isolation methods.

[0068] The elements and method steps described herein
can be used in any combination whether explicitly described
or not.

[0069] All combinations of method steps as used herein
can be performed in any order, unless otherwise specified or
clearly implied to the contrary by the context in which the
referenced combination is made.
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[0070] As used herein, the singular forms “a,” “an,” and
“the” include plural referents unless the content clearly
dictates otherwise.

[0071] Numerical ranges as used herein are intended to
include every number and subset of numbers contained
within that range, whether specifically disclosed or not.
Further, these numerical ranges should be construed as
providing support for a claim directed to any number or
subset of numbers in that range. For example, a disclosure
of from 1 to 10 should be construed as supporting a range of
from 2 to 8, from 3 to 7, from 5 to 6, from 1 to 9, from 3.6
to 4.6, from 3.5 to 9.9, and so forth.

[0072] All patents, patent publications, and peer-reviewed
publications (i.e., “references”) cited herein are expressly
incorporated by reference to the same extent as if each
individual reference were specifically and individually indi-
cated as being incorporated by reference. In case of conflict
between the present disclosure and the incorporated refer-
ences, the present disclosure controls.

[0073] Itisunderstood that the invention is not confined to
the particular construction and arrangement of parts herein
illustrated and described, but embraces such modified forms
thereof as come within the scope of the claims.

EXAMPLES

Oxidative Catalytic Fractionation of Raw Biomass Under
Non-Alkaline Conditions

Summary

[0074] Economically viable biorefineries will depend on
valorization of both sugar and lignin fractions in biomass.
Pretreatment methods are commonly used to modify differ-
ent components in biomass before the conversion into target
products, but they often lead to chemical modification,
degradation, and/or low yields of lignin. Catalytic fraction-
ation approaches provide a possible solution to these chal-
lenges by separating the polymeric sugar and lignin fractions
in the presence of a catalyst that promotes hydrogenolytic
cleavage of the lignin into alkylated phenols. Here, we
demonstrate an oxidative fractionation method that is con-
ducted in the presence of a non-precious-metal Co—N/C
catalyst and O,. This process affords a 24 wt % yield of
oxygenated aromatics from lignin while preserving a high-
quality carbohydrate stream. The aromatic carboxylic acids
and aldehydes derived from this process offer advantages
relative to the previously reported reduction products, for
example, in polymer synthesis and/or biological funneling to
value-added products.

Introduction

[0075] Lignocellulosic biomass is an important renewable
feedstock for the production of transportation fuels and
valuable chemicals that could reduce reliance on fossil-
based resources (Tuck et al. 2012, Langholtz et al. 2016).
Historical efforts on biomass conversion, ranging from the
pulp and paper industry to more recent efforts on bioethanol
production, have emphasized utilization of carbohydrates.
Although these polymeric sugars represent the major frac-
tion (70-85 wt %) of nonedible biomass (McKendry et al.
2002, Mosier et al. 2005), there is growing recognition that
valorization of lignin will be crucial to the economic viabil-
ity of biorefineries (Ragauskas et al. 2014, Li et al. 2015,
Sun et al. 2018, Schutyser and Renders et al. 2018). Lignin
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is a structurally complex heterogeneous aromatic biopoly-
mer that represents the largest renewable source of aromatic
chemicals. Conventional lignocellulosic biomass conversion
methods for the isolation of carbohydrates, however, often
result in chemical modification or degradation of the lignin
(FIG. 2A). Although the lignin extracted from these pro-
cesses has found some direct commercial application (Lora
2008, Strassberger et al. 2014), it is commonly burned for
energy production and it is not well suited for large-scale
conversion into aromatic chemicals. The challenges in lignin
isolation often arise from side-reactions initiated by benzyl
alcohols present in the lignin backbone between the aro-
matic subunits (Rinaldi et al. 2016, Renders et al. 2017).
Under acidic conditions, facile generation of carbocation
intermediates, and under alkaline conditions, the formation
of quinone methide and/or epoxides at these sites can lead to
polymer cross-linking resulting in the formation of recalci-
trant C—C bonds that prevent conversion of lignin into
aromatic monomers.

[0076] The issues noted above have contributed to grow-
ing interest in “reductive catalytic fractionation” methods
(Rinaldi et al. 2016, Renders et al. 2019), a biomass pre-
treatment strategy in which separation of the carbohydrate
and lignin fractions takes place in the presence of a hetero-
geneous catalyst and source of H, (hydrogen gas, formic
acid or alcohol solvent). As the lignin dissolves, it is
converted directly into aromatic monomers via catalytic
hydrogenolysis (FIG. 2B), thereby avoiding the degradation
pathways that occur during conventional pretreatment meth-
ods. The products are primarily syringyl- and guaiacyl-
derived phenols bearing (partially) deoxygenated hydrocar-
bon substituents (FIG. 2C), with specific compositions
varying with the catalyst (e.g., Pd/C, Ru/C, Ni/C), reaction
conditions, and source of biomass (Li et al. 2012, Song et al.
2013, Klein et al. 2016, Luo et al. 2016, Huang et al. 2017,
Van den Bosch et al. 2017, Anderson et al. 2017, Kumaniaev
et al. 2017, Anderson et al. 2018). These compounds are
being explored as precursors to fuels and fuel additives (Sun
et al. 2018), monomers for polymeric materials (Koelewijn
et al. 2018, Wang et al. 2018), and fine chemicals (Parsell et
al. 2015, Elangovan et al. 2019).

[0077] The present examples show oxidative catalytic
fractionation (OCF) as a means to access lignin-derived
products (FIGS. 2D) different from those obtained under
reductive catalytic fractionation conditions. The prospective
oxidized bifunctional compounds in FIG. 2D offer potential
advantages as monomers for the synthesis of bio-based
polymers (Llevo et al. 2016). In addition, they represent
appealing alternatives to reduced products as feedstocks for
microbial conversion and biological funneling, due their
increased water solubility and similarity (or identity) to
known metabolic intermediates (Beckham et al. 2016, Perez
et al. 2019). The oxidation of lignin derived from conven-
tional pretreatment methods (cf. FIG. 2A) and lignin model
compounds has been studied extensively (Ma et al. 2015,
Behling et al. 2016, Vangeel et al. 2018, Rahimi et al. 2013,
Rahimi et al. 2014, Lancefield et al. 2015, Bosque et al.
2017, Das et al. 2018, Rafiee et al. 2019, Song et al. 2018).
We speculated that pretreatment of biomass in the presence
of a suitable catalyst and O, could provide the basis for an
oxidative catalytic fraction method analogous to reductive
catalytic fractionation but capable of generating oxidized
aromatic products in combination with a carbohydrate frac-
tion. Previous biomass processing methods have employed
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alkaline aqueous conditions with a number of different
catalysts (Tarabanko and Kaygorodov al. 2017, Schutyser
and Kruger et al. 2018), but the simultaneous production of
good yields of oxidized aromatic monomers and high-
quality cellulose has proven to be difficult. The present
examples employ non-basic conditions in organic solvent
that allow for simultaneous production of oxidizes aromatic
chemicals from lignin and a high-quality carbohydrate
stream.

Methods

General Considerations

[0078] All reagents were purchased and used as received
without further purification unless otherwise noted. Acetone,
acetonitrile, 1,4-dioxane, dimethyl carbonate, ethyl acetate,
aniline, ammonium peroxydisulfate, Co(OAc),4H,O,
Co(NO,),"6H,0, Fe(NO,),-6H,0, FeCl;-6H,0, Co,0,,
Fe,O,, MnO, CuO, CeO,, Pd/C (5 wt % metal loading), Pt/C
(5 wt % metal loading), Ruw/C (5 wt % metal loading),
DARCO KB-G active charcoal were purchased from Sigma
Aldrich. TiO, was purchased from Eastman Fine Chemicals.
Methanol was purchased from Fisher Scientific. Ethanol was
purchased from Pharmco-Aaper. Phenanthroline was pur-
chased from Oakwood Chemical. Carbon black (VXC72R)
was purchased from Cabot Chemical. NE-19 poplar was
obtained from the Great Lakes Bionenergy Research Center
in Madison, Wis. The poplar was ground to a particle size of
20 mesh and washed in a Soxhlet extractor with subsequent
24-hour ethanol, toluene, 1,4 dioxane washes. Wiley milled
(1 mm) lodgepole pine and birch samples were obtained
from the USDA Forest Products Laboratory in Madison,
Wis. The miscanthus sample obtained from the Great Lakes
Bioenergy Research Center in Madison, Wis., and was
ground to 5 mm.

[0079] Solid state NMR (ssNMR) spectra were obtained
with Bruker Avance 111-500 MHz NMR spectrometer with
a Doty 4 mm ‘H/X/Y DSI MAS probe and Bruker MAS 111
controller unit. All samples were packed into thin-walled, 4
mm silicon nitride rotors with Kel-F caps. A standard cross
polarization pulse sequence was used with the acquisition
parameters listed in Table 1. Chemical shifts are reported in
parts per million (ppm).

TABLE 1

Solid state NMR spectra acquisition parameters.

Number of scans 5358

Sweep width (ppm) 496.848
Acquisition time (s) 0.029936
Receiver gain 201.52

O1 (*H in PPM) 4.7

01 (13C in PPM) 100
Sample spinning rate (Hz) 10,000

Probe temperature (K) 297.2

[0080] HPLC/UV analysis on lignin-derived monomers
and oligomers was obtained on a Shimadzu Prominence
HPLC system equipped with a SPD-M20A diode array
detector and a Restek Ultra C18 column (150 mmx4.6 mm
ID—3 micron particle size) at 35° C. Solvent A was 0.1%
formic acid in Millipure water and solvent B was acetonitrile
for the HPLC separations. Monomer yields were calculated
based on a 1,4-dimethoxybenzene internal standard. The
gradient of solvent B (acetonitrile) is shown in FIG. 3A.
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Semipreparative scale isolations of the lignin oligomers was
done using a Restek Ultra C18 column (100 mmx21.2 mm
ID—S5-micron particle size) at 35° C. The gradient profile
for collecting the oligomers is shown in FIG. 3B.

[0081] Xylose and glucose were quantified by HPLC
analysis using an Agilent 1260 Infinity HPLC system with
an RID detector equipped with a Biorad Aminex HPX-87H
column (300x7.8 mm) and Cation-H guard column. The
mobile phase was 0.02 N H,SO,, with a flow rate of 0.500
ml/min and a column temperature of 50° C. Reference
standards were used to quantify the glucose and xylose
concentrations.

[0082] Gel permeation chromatography (GPC) character-
ization of lignin-derived oligomers was conducted using a
PSS PolarSil Linear S column with solution of 0.1 M lithium
bromide (LiBr) in dimethyl formamide (DMF) as the mobile
phase (flow rate of 0.3 m[./min). The sample concentrations
were 1 mg/ml (dissolved in same solution as mobile phase)
and the samples were sonicated for 1 h and filtered through
a 0.2 um PTFE membrane prior to analysis.

[0083] A modified version of NREL/TP-510-42618 (Slui-
ter et al. 2012) was used to quantify the glucan, xylan, and
lignin amounts in the NE-19 poplar, as well as the lignin
quantities in the pine, miscanthus, and birch samples.
[0084] Special caution should be used when handling
reactions performed in organic solvents at elevated tempera-
ture under oxygen atmosphere (Osterberg 2015). Oxygen
diluted with an inert gas, such as N, or Ar, should be used
to stay below the limiting oxygen concentration (LOC) of
the organic solvent to prevent combustion.

Oxidative Depolymerization of Lignin in Raw Biomass

[0085] In a typical lignin depolymerization reaction of
poplar, 0.1 g washed NE-19 poplar species, 10 wt %
(determined relative to the biomass substrate (e.g., poplar,
etc.)) of a heterogeneous catalyst, and 25 mL solvent were
added to a Hastelloy steel Parr reactor. A microporous cage
(40-micron pores) was used to separate the heterogeneous
catalyst and the biomass/carbohydrates. The catalyst cage
had the functionality to allow solvent as well as soluble
solute to pass through and access the catalyst, while at the
same time keep biomass substrate separate from the catalyst.
This cage was attached to the vessel head. Following addi-
tion of biomass, solvent, catalyst, and a Teflon stir bar, the
pressure vessel was sealed. The system was first purged with
6% O, (balanced by N,) 3 times while stirring, and then the
system was pressurized with 35 bar 6% O,. The mixture was
then heated at 190° C. for 12 h. After 12 h, the heating was
stopped, and the mixture was allowed to cool to room
temperature. The system was vented, and the pressure head
and catalyst cage were removed. The reaction mixture was
filtered to separate the liquid phase containing the aromatic
products from the solid biomass residue. The residue was
washed with additional acetone to remove the remaining
phenolic products from the surface, and the resulting solu-
tion was combined with the filtrate. The combined liquid
phase was condensed by rotary evaporation, diluted in a
volumetric flask (5 mL), and then analyzed by HPLC/UV.
The solid biomass residue was left to dry thoroughly under
ambient conditions.

Metal on Nitrogen-Doped Carbon (M-N/C) Catalyst
Preparation

[0086] Co-PANI/C and Fe-PANI/C catalysts were pre-
pared according to previous published report (Wu et al.



US 2022/0127217 Al

2011). Specifically, 2 g of carbon support (carbon black,
either VXC72R from Cabot Chemical or DARCO KB-G
activated carbon from Sigma Aldrich) was first treated in 45
mL concentrated HNO; solution at room temperature for 48
hours to remove surface impurities. The carbon supported
was then filtered under vacuum followed by drying in a
vacuum oven overnight. 2.0 mL aniline was then added to
0.4 g of acid treated carbon support in 15 mL 0.5 N HCl
solution. The suspension was stirred in ice bath while for ten
minutes before metal precursors and the oxidant (ammo-
nium peroxydisulfate, APS, 4.4 g) were added. Co(NO,)
»"6H,0 (1.024 g) and FeCl;-6H,O (0.570 g added in two
portions) were used as precursors for Co-PANIC and Fe-
PANI/C catalysts, respectively. After stirring for 24 hours,
the suspension was filtered and the recovered solid was dried
under vacuum. A first pyrolysis was performed at 850° C. for
1 hour in an inert nitrogen atmosphere in a vertical Carbolite
Gero MTF Model 12/38 tube furnace with a 3216 tempera-
ture controller. This “heat-treated” sample was then stirred
in 0.5 M H,SO,, at 80° C. for 8 hours to remove any unstable
and inactive species from the catalyst, and thoroughly
washed with DI water. The acid treated sample was then
filtered and dried before a second pyrolysis process under a
nitrogen atmosphere at 850° C. for 3 hours.

[0087] The Co-Phen/C catalyst was prepared in a similar
previously reported method (Jagadeesh et al. 2013). 508 mg
of Co(OAc,)-4H,0, 720 mg of phenanthroline and 2.7 g of
acid-treated carbon support (same treatment as above) was
added to 50 mL of ethanol. After stirring for 24 hours at
room temperature, the suspension was filtered and the recov-
ered solid was vacuum-dried. The sample was pyrolyzed at
800° C. for 2 hours in under inert nitrogen atmosphere.
Quantification of lignin-, glucan-, and xylan-Derived Prod-
ucts

[0088] To fully characterize the reaction products post-
oxidative catalytic fractionation treatment, both the solid
residue and the liquid phase were analyzed further.

[0089] Solid residue: The solid residue obtained after
filtration was air dried and weighed. The mass of the residue
was 55.2 mg. A modified version of NREL/TP-510-42618
was used to quantify the glucans and xylans present in the
solid residue. After acid hydrolysis, HPL.C analysis showed
that the residue composition consisted of 71.5% glucose and
8.1% xylose. These results correlate to 39.5 mg of glucans
and 4.5 mg of xylans in the solid residue, accounting for
83% and 32% of the material from the raw biomass,
respectively.

[0090] Liquid fraction: After solvent removal, the dried
sample was dissolved in ethyl acetate and extracted with
water. The aqueous phase was separated and dried. The
solids from the aqueous extraction were hydrolyzed with 72
wt % sulfuric acid at 30° C. for one hour, diluted to a sulfuric
acid concentration of 4%, and heated at 120° C. for one hour.
The resultant solution was analyzed by HPLC to quantify
the xylose and glucose. The results indicated that 1.3 mg of
xylose and 0.8 mg glucose were present in this aqueous
fraction, corresponding to 9.4% and 1.7% of the xylans and
glucans in the raw biomass, respectively. The ethyl acetate
layer was analyzed by HPLC to quantify the monomers, and
the results correspond to 5.0 mg of monomers, correlating to
a 24% yield relative to the lignin in the raw biomass. The
oligomers were separated using prep-HPLC and dried. The
mass of oligomers was 12.1 mg, corresponding to 62% of
the mass of the original lignin.
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[0091] Owverall, 85% of the lignin, 84% of the glucans, and
41% of the xylans were accounted for after oxidative
catalytic fractionation processing of raw poplar biomass.

Results and Discussion

Overview of Strategy and Reaction Components

[0092] We envisioned that oxidation of biomass could take
place in an organic solvent capable of promoting solvolytic
separation of lignin from the carbohydrates under an atmo-
sphere of oxygen gas. In an ideal scenario, the lignin will
dissolve into solution and be susceptible to oxidation-initi-
ated depolymerization and the carbohydrates will remain as
a solid, thereby protecting them from oxidative degradation.
The heterogeneous catalyst for lignin oxidation/depolymer-
ization can be integrated within a porous cage (Luo et al.
2016, Van den Bosch et al. 2017) to avoid contamination of
the solid carbohydrate fraction. The pores of the cage are
designed to be large enough to allow soluble lignin to enter,
but small enough to prevent passage of catalyst particles into
the reaction vessel. A schematic diagram of the assembled
reactor and various components of the reaction mixture is
shown in FIG. 4A.

[0093] A series of different variables were evaluated (FIG.
4B). The majority of the examples were conducted with
poplar as a representative hardwood biomass source, but
birch (another hardwood), pine (softwood), and miscanthus
(a grass) were also evaluated. Solvents included both aprotic
(acetone, acetonitrile, ethyl acetate, 1,4-dioxane, and dim-
ethyl carbonate) and protic (methanol, ethanol, and water)
examples. A range of different catalyst compositions (Tara-
banko and Tarabanko 2017, Mallat et al. 2004, Sun et al.
2017, He et al. 2016, Jagadeesh et al. 2013, Preger et al.
2018, Luo and Wang et al. 2018, Liu et al. 2019) were tested,
including metal oxides, supported platinum-group metals
(PGMs), and metal-containing nitrogen-doped carbon cata-
lysts (M-N/C). The M-N/C catalysts are typically prepared
by adsorption of a metal salt and a source of nitrogen onto
a carbon support, followed by pyrolysis under an inert
atmosphere. For example, Co-PANI/C, which was identified
as an effective catalyst in the examples described below,
uses polyaniline (PANI) derived from in situ polymerization
of aniline on the carbon support as the nitrogen source.

Biomass Oxidation and Analysis of Lignin-Derived
Products
[0094] The oxidative catalytic fractionation of poplar (20

mesh) was examined under a variety of conditions by testing
the parameters noted above (FIGS. 1, 2B, 4A, and 4B).
Representative reaction conditions employed a 10 wt %
catalyst loading with 2 bar partial pressure of O, (supplied
as a gas mixture of 6% O, in N, to stay below the solvent
flammability limits (Huang et al. 2017)), at 190° C. for 12
h. Following the reaction, the soluble and insoluble fractions
were separated, and the soluble fraction was analyzed by
HPLC to identify and quantify the low molecular weight
products.

[0095] Five aromatic compounds, including p-hydroxy-
benzoic acid (PHBA), vanillic acid, syringic acid, vanillin,
and syringaldehyde, were identified as monomeric products
of'the reactions, together with a collection of higher molecu-
lar weight products (FIGS. 5A, 5B, and 8).
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[0096] Results obtained with different catalysts (FIG. 6,
Table 2) revealed that Co-PANI/C (3 wt % Co) was the
optimal catalyst, affording a 24.0 wt % total yield of
aromatic monomers relative to the mass of lignin in the
sample of biomass. Ru/C was the most effective PGM
catalyst (17.6 wt % yield), but a number of non-precious
metal catalysts outperformed the PGM catalysts, including
Co;0, (19.1 wt %), MnO (18.4 wt %), and all three of the
M-N/C catalysts (18.5-24.0 wt %) (FIG. 6, Table 2). Treat-
ment of poplar with O, under the optimized reaction con-
ditions, but in the absence of catalyst, resulted in 9.2 wt %
yield of monomers (FIG. 6, Table 2).

TABLE 2

Monomer yields from oxidative catalytic fractionation of
raw poplar using different catalysts.”

Yields of major phenolic products (weight %)

Vanillic Syringic Syringal-  Total

Catalyst PHBA®  acid acid  Vanillin  dehyde  (wt %)
Co-PANI-C 6.5 6.2 6.7 2.0 2.6 24.0
Fe-PANI-C 4.7 3.1 6.0 0.6 3.2 17.6
Co-Phen-C 3.7 4.0 6.2 1.3 3.2 18.4

Co30, 4.8 4.2 7.6 1.3 1.4 19.3

Fe,05 5.9 4.3 3.2 0.9 1.6 15.9
MnO 5.5 4.8 4.6 1.3 2.1 18.3
CuO 6.1 3.2 1.4 0.9 1.2 12.8
CeO, 1.4 3.9 35 0.9 1.3 11.0
Pd/C 2.7 2.6 2.3 0.4 3.0 11.0
PrC 5.2 2.0 1.7 0.6 1.1 10.6
Rw/C 6.3 3.7 3.7 1.2 2.7 17.6
No catalyst 3.1 1.6 2.1 0.9 1.5 9.2

“Reaction conditions: 100 mg poplar, 10 wt % heterogeneous catalyst, 25 mL acetone, 190°
C., 12 h, 35 bar 6% O,.

"PHBA = para-hydroxybenzoic acid.

[0097] Acetone proved to be the optimal solvent, but good
monomer yields were also observed in acetonitrile (20.5 wt
% monomers) (FIG. 7, Table 3).

TABLE 3

Monomer yields from oxidative catalytic fractionation of raw
poplar biomass using different solvents.”
Yields of major phenolic products (weight %)

Vanillic Syringic Syringal-  Total

Solvent PHBA®  acid acid  Vanillin  dehyde  (wt %)
Acetone 6.5 6.2 6.7 2.0 2.6 24.0
Methanol 2.4 4.2 0.8 1.1 2.0 10.5
Ethanol 3.9 0.5 0.9 1.0 3.0 9.3

Ethyl 3.1 1.7 1.6 0.8 1.7 8.9
acetate
Acetonitrile 3.9 8.3 6.7 1.7 3.0 23.6
1,4-Dioxane 1.6 0.0 0.0 0.2 0.3 2.1
H,0 0.7 2.5 0.6 0.0 0.0 3.8
Dimethyl 2.3 3.7 2.0 0.8 2.4 1.2
carbonate

“Reaction conditions: 100 mg poplar, 10 wt % Co-PANI-C catalyst, 25 mL solvent, 190°
C., 12 h, 35 bar 6% O,.
“PHBA = para-hydroxybenzoic acid.
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[0098] Gel-permeation chromatography (GPC) was used
to analyze the higher molecular weight products obtained
from three different variations of the optimized reaction
conditions: (a) the standard conditions with Co-PANI/C as
the catalyst under 2 bar O, partial pressure, (b) in the
absence of a catalyst, and (c) in the absence of catalyst and
under anaerobic conditions (35 bar N,) (FIG. 8). The higher
molecular weight lignin products were separated from the
monomers via semi-preparative HPLC prior to analysis of
the former fraction by GPC. The material obtained from the
catalyst-free anaerobic conditions exhibited a molecular
weight distribution with Mw and Mn values of 775 and 386
Da, respectively. Lower molecular weight materials were
obtained from the aerobic reactions, with Mw and Mn values
of 455 and 256 Da from the catalyst-free conditions, and
Mw and Mn values of 375 and 265 Da from the conditions
with both catalyst and O,. These results support that lignin
depolymerization can occur purely via action of the solvent,
but further depolymerization occurs under O,, especially in
the presence of the Co-PANI/C catalyst.

[0099] A time course study of the oxidative catalytic
fractionation of the raw poplar was performed. Results show
that monomer yields increased up to 12 hours and decreased
thereafter. (FIG. 9 and Table 4).

TABLE 4

Time course study of lignin oxidative depolymerization.®

Yields % of major phenolic products

Time Vanillic  Syringic Syringal- Total
(h) PHBA Acid Acid Vanillin dehyde (wt %)
1 2.6 0.5 0.5 0.6 0.5 4.7
2 2.6 2.7 1.3 0.9 0.9 8.4
4 3.0 35 3.0 1.0 1.8 12.3
6 6.1 3.7 4.9 1.6 2.2 18.5
8 5.2 4.5 6.6 1.4 1.9 19.6
10 6.0 6.0 6.7 1.4 2.1 22.2
12 6.5 6.2 6.7 2.0 2.6 24.0
14 4.8 5.9 7.4 0.9 0.7 19.7
16 4.3 4.4 3.4 0.8 0.5 13.5
20 4.3 4.0 33 0.9 0.8 13.3
24 4.3 2.8 4.2 1.2 14 139

“Reaction conditions: 100 mg poplar, 10 wt % heterogeneous catalyst, 25 mL acetone, 190°
C., 12 h, 35 bar 6% O,.

’PHBA = para-hydroxybenzoic acid.

[0100] In addition to poplar, other biomass sources are
viable starting materials for oxidative catalytic fractionation
(FIG. 10, Table 5). Another hardwood, birch, generates the
same five monomers in a similar yield to poplar, 25.5 wt %.
Pine, a softwood with a lower ratio of S subunits, provides
a lower yield of 7.6 wt %, mainly vanillic acid. Miscanthus,
a grass, also generates the five monomers observed for
poplar, but also produces ferulic and coumaric acids with an
overall yield of 11.1 wt %. These results indicate that the
oxidative catalytic fractionation chemistry described here is
suitable for a range of biomass feedstocks.
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TABLE 5
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Lignin oxidative depolymerization of select biomass sources.”

Yields of major phenolic products (weight %)

Syringic p-Coumaric  Ferulic
Biomass PHBA® Vanillic acid  acid  Vanillin Sa® acid acid  Total (wt %)
Poplar 6.5 6.2 6.7 20 26 — — 24.0
Pine ¢ 0.4 4.8 1.2 07 05 — — 7.6
Birch ¢ 9.1 6.8 7.1 07 1.8 — — 255
Miscanthus © 2.4 5.4 1.2 1.1 1.2 0.5 0.3 12.1

“Reaction conditions: 100 mg biomass, 10 wt % Co-PANI-C, 25 mL acetone, 190° C., 12 h, 35 bar 6% O,.

"PHBA = para-hydroxybenzoic acid.
“Sa = syringaldehyde.

4 Lignin content = 22%.

¢ lignin content = 19%.

flignin content = 20%.

Analysis of Carbohydrate Residue

[0101] In this oxidative catalytic fractionation process, the
carbohydrate residue can be easily obtained post-reaction by
simple filtration, due to the use of the catalyst cage to
separate the heterogeneous catalyst and biomass. The resi-
due from poplar constitutes 55% of the mass from the
starting raw biomass. The solid-state NMR spectra (1D '*C
cross-polarization magic angle spinning (CPMAS)) of the
raw biomass (FIG. 11A) and post-oxidative catalytic frac-
tionation residue (FIG. 11B) show that most of the lignin is
removed from the sample (as described above), and that the
resonances from the carbohydrates remain consistent. The
high quality of the carbohydrate residue is also demonstrated
by acid hydrolysis following a modified version of the
NREL procedure (Huang et al. 2017). The residue is hydro-
lyzed to generate 71.5 wt % glucose and 8.1 wt % xylose,
corresponding to sugar yields of 83% glucose and 32%
xylose from the raw biomass (FIG. 11C). These results show
that the carbohydrates from this oxidative catalytic fraction-
ation approach are suitable for a wide array of biorefinery
conversion approaches. A full mass balance analysis is
discussed below.

Mass Balance of Products from Oxidative Catalytic Frac-
tionation

[0102] For a biomass fractionation approach to be eco-
nomically viable, not only must good yields of lignin-
derived monomers be accessed, but high recoveries of
sugars (or sugar-derived products) must also be achievable.
We conducted a full mass balance analysis to track to
carbohydrate- and lignin-derived products from oxidative
catalytic fractionation of poplar (FIG. 12, Table 6). The raw
biomass comprised 21.4 wt % lignin, 13.2 wt % hemicel-
Iulose, and 45.1 wt % cellulose. After oxidative catalytic
fractionation, the solids were filtered off from the solution,
and rinsed with acetone. The solution was extracted with
water and ethyl acetate. The solid fraction was subjected to
acid hydrolysis (vide supra) and generated an 83% yield of
glucose and 38% yield of xylose, respective to the cellulose
and hemicellulose in the raw biomass. The yield of lignin-
derived monomers was quantified by HPLC, corresponding
to a 24% yield of monomers, relative to the original lignin.
Semi-preparative HPLC was used to separate the lignin-
derived oligomers from the monomers, and these oligomers
are obtained in a 61% yield by mass. The aqueous layer from
the extraction was hydrolyzed with sulfuric acid and ana-
lyzed for soluble sugars. Both xylose and glucose were
detected, corresponding to yields of 9.4% and 1.7% from the

original xylan and glucan, respectively. In total, 85% of the
lignin, 84% of the cellulose, and 41% of the hemicellulose
is retained through the oxidative catalytic fractionation
process.

TABLE 6

Compositional analysis of NE 19 and solid residue after reaction.

Weight percent of major Components
of Biomass

Hemi- Mass

Cellulose cellulose Lignin Water Balance
washed NE-19 45.1 13.2 214 5.6 14.7
post-OCF? residue® 67.6 7.7 5.6 19.1

“Reaction conditions: 100 mg poplar, 10 wt % Co-PANI-C, 25 mL acetone, 190° C., 12
h, 35 bar 6% O,.
50CF: oxidative catalytic fractionation.

Conclusion

[0103] We have demonstrated the first example of pH-
neutral oxidative catalytic fractionation of raw biomass.
This process generates a high-quality carbohydrate residue
containing mostly cellulose and a high yield of bifunctional
aromatic monomers from lignin. These results highlight the
utility of oxidative catalytic fractionation processes in biore-
finery applications as a complement to reductive catalytic
fractionation or other biomass fractionation approaches.
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1. A method of depolymerizing lignin, the method com-
prising reacting in a liquid solvent the lignin and an oxida-
tion catalyst with the solvent being in contact with gas
comprising O, gas.

2. The method of claim 1, wherein the solvent comprises
organic solvent.

3. The method of claim 1, wherein the solvent comprises
aprotic solvent.

4. The method of claim 1, wherein the solvent comprises
aprotic solvent in an amount of at least about 90% v/v.

5. The method of claim 1, wherein the aprotic solvent is
a polar aprotic solvent.

6. The method of claim 1, wherein the solvent is selected
from the group consisting of acetone, acetonitrile, and a
combination thereof.

7. The method of claim 1, wherein the solvent is devoid
of protic solvent or comprises protic solvent in an amount
less than about 10% v/v.

8. The method of claim 1, wherein the solvent comprises
a solvent that is not an alcohol and is not water.

9. The method of claim 1, wherein the oxidation catalyst
is a heterogeneous catalyst.

10. The method of claim 1, wherein the oxidation catalyst
is a metal-based catalyst.

11. The method of claim 1, wherein the oxidation catalyst
comprises a metal-containing nitrogen-doped carbon cata-
lyst.

12. The method of claim 1, wherein the oxidation catalyst
comprises a metal other than palladium and ruthenium.

13. The method of claim 1, wherein the oxidation catalyst
comprises a non-noble metal.

14. The method of claim 1, wherein the oxidation catalyst
comprises a first-row transition metal.

15. The method of claim 1, wherein the oxidation catalyst
comprises a metal selected from the group consisting of Mn,
Fe, Co, Ni, V and Cu.

16. The method of claim 1, wherein the oxidation catalyst
is contained within the solvent within a porous cage.

17. The method of claim 1, wherein the gas comprises O,
gas in an amount from about 1% v/v to about 10% v/v.

18. The method of claim 1, wherein the O, gas is present
at a partial pressure of from about 1 to about 3 bar.

19. The method of claim 1, wherein the reacting is
conducted at a temperature from about 100° C. to about 240°
C.

20. The method of claim 1, wherein the lignin is in the
form of lignocellulosic biomass.

21. The method of claim 1, wherein the lignin is in the
form of lignocellulosic biomass comprising the lignin and at
least one of cellulose and hemicellulose.
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22. The method of claim 1, wherein the lignin is in the
form of lignocellulosic biomass comprising the lignin in an
amount from about 10% w/w to about 80% w/w of the
lignocellulosic biomass and at least one of cellulose in an
amount from about 5% w/w to about 90% w/w of the
lignocellulosic biomass and hemicellulose in an amount
from about 5% w/w to about 90% w/w of the lignocellulosic
biomass.

23. The method of claim 1 any one of claim 1, wherein the
lignin is in the form of raw lignocellulosic biomass.

24. The method of claim 1 any one of claim 1, wherein the
lignin is in the form of lignocellulosic biomass that has not
been treated with any one or more of chemical pretreatment
and physicochemical pretreatment.

25. The method of claim 1 any one of claim 1, wherein the
reacting is conducted for a time from about 4 hours to about
16 hours.

26. The method of claim 1 any one of claim 1, wherein the
reacting is conducted for a time sufficient to produce a
phenolic or benzoquinone monomer.

27. The method of claim 1, wherein the reacting is
conducted for a time sufficient to produce a phenolic mono-
mer comprising a benzylic carbonyl.

28. The method of claim 1, wherein the reacting is
conducted for a time sufficient to produce p-hydroxybenzoic
acid, vanillin, syringaldehyde, vanillic acid, and/or syringic
acid.

29. The method of claim 1, further comprising after the
reacting, separating a carbohydrate residue produced during
the reacting from the solvent.

30. The method of claim, further comprising after the
reacting, isolating a phenolic monomer produced during the
reacting from the solvent.

31. A method of depolymerizing lignin, the method com-
prising reacting in a liquid solvent the lignin and an oxida-
tion catalyst with the solvent being in contact with gas
comprising O, gas, wherein:

the solvent comprises an aprotic solvent selected from the

group consisting of acetone, acetonitrile, and a combi-
nation thereof in an amount of at least about 90% v/v
the solvent is devoid of protic solvent or comprises protic
solvent in an amount less than about 10% v/v;
the oxidation catalyst is a heterogeneous catalyst com-
prises a metal selected from the group consisting of
Mn, Fe, Co, Ni, V and Cu;

the oxidation catalyst is contained within the solvent

within a porous cage;

the gas comprises O, gas in an amount from about 1% v/v

to about 10% v/v;

the O, gas is present at a partial pressure from about 1 to

about 3 bar;

the reacting is conducted at a temperature from about

100° C. to about 240° C.; and

the lignin is in the form of lignocellulosic biomass that has

not been treated with chemical pretreatment and has not
been treated with physicochemical pretreatment.
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