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Priority is claimed to US provisional application 63/287,592, filed December 9,

5 2021, which is incorporated herein by reference.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH
This invention was made with government support under DE-SC0018409 and DE-
EE0008148 awarded by the US Department of Energy. The government has certain rights

10  in the invention.

FIELD OF THE INVENTION

The invention is directed to the aerobic depolymerization of lignin.

15 BACKGROUND
The valorization of lignin to valuable chemicals is a key area in moving to
renewable chemical feedstocks. One method to valorize lignin to vanillin and other small
aromatic monomers is an aerobic copper catalyzed alkaline reaction typically performed
in batch reactors with temperatures exceeding 160 °C and reaction times from 10 to 45
20  minutes (Bjgrsvik et al. 1999). The amount of vanillin and other aromatic monomers is
limited by a competition between monomer production and monomer degradation. Scale
up of current batch processes are further limited due to slow heat up times and poor
liquid-oxygen mixing during the reaction. To avoid the slow heat up times, some systems
employ flow reactors capable of rapidly heating and cooling lignin solutions. To address
25  the poor liquid-oxygen mixing, some systems employ a lignin stream saturated with
oxygen (Roberts et al. 2011). Unfortunately, the oxygen could be easily consumed during
the reaction. Other systems employ a structured bubble column to increase oxygen and
lignin mixing (Ardujo et al. 2009). However, the lack of independent control of the
oxygen Lhroughout the length of the reactor leads to rapid consumption of oxygen and
30 rapid monomer degradation.
Methods and systems of depolymerizing lignin that address at least some of the

deficiencies outlined above are needed.
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SUMMARY OF THE INVENTION

The invention is directed to methods and systems of depolymerizing lignin. The
methods and systems generate aromatic monomers from lignin faster and at higher yields
than conventional methods.

The methods comprise flowing an aqueous reaction medium comprising the lignin
and a base through a lumen of a channel at a temperature and for a time elfective o
depolymerize at least a portion of the lignin to aromatic monomers. The channel
preferably comprises an oxygen-permeable channel substrate comprising an inner surface
facing the lumen and an outer surface facing away from the lumen, wherein the outer
surface of the oxygen-permeable channel substrate is in contact with oxygen gas. Some
versions comprise flowing the reaction medium through the lumen of the channel in the
presence of an oxidation catalyst. Some versions comprise flowing an aqueous reaction
medium comprising the lignin, the base, and an oxidation catalyst through the lumen of
the channel at a temperature and for a time effective to depolymerize at least a portion of
the lignin to aromatic monomers.

In exemplary versions, the channel is fluoropolymer membrane tubing (e.g.,
polytetrafluoroethylene, fluorinated ethylene propylene, perfluoroalkoxy alkane, and 2,2-
bistrifluoromethyl-4,5-difluoro-1,3-dioxole/tetrafluoroethylene ~ copolymer)  running
through an oxygen-pressurized tube-in-shell reactor that is heated to a reaction
temperature ranging from about 200 °C to about 250° C with a furnace; the base is a
strong base such as NaOH; the oxidation catalyst is a copper salt such as CuSQs; and the
flowing is performed for a time within a range from 5 seconds to 500 seconds. The
methods and systems are capable of generating such aromatic monomers as vanillin,
syringaldehyde, p-hydroxybenzoic acid, vanillic acid, syringic acid, acetovanillone, and
acetosyringone in a total amount of at least 20% w/w of the lignin originally present in
the reaction medium. An exemplary system and aspects of an exemplary method are
shown in FIG. 1.

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

conjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS
FIG. 1. An exemplary membrane reactor (a) and reaction (b) of the present

invention.
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FIG. 2. Comparison of alkaline oxidation methods of depolymerizing lignin into
aromatic compounds. a) General schema of alkaline oxidation. b) Batch method of the
prior art and characteristics thereof. ¢) Flow oxidation of lignin in accordance with the
present invention using a permeable membrane flow reactor system and characteristics
thereof, including minimized aromatic monomer degradation.

FIG. 2: Exemplary Reaction time course of [low oxidation in accordance with the
present invention using different tubing with different surface area to volume ratios

FIG. 3: Time course of exemplary alkaline oxidation of lignin in accordance with
the present invention using different tubing materials (Teflon™ PFA and PTFE).

FIG. 4: Time course of exemplary alkaline oxidation of lignin in accordance with
the present invention using different inner diameters of tubing.

FIG. 5: Time course of exemplary alkaline oxidation of lignin in accordance with
the present invention using different loading of lignin.

FIG. 6: Time course of exemplary alkaline oxidation of lignin in accordance with
the present invention using different pressures of oxygen or nitrogen.

FIG. 7: Time course of exemplary alkaline oxidation of lignin in accordance with
the present invention using different temperatures.

FIG. 8: Time course of exemplary alkaline oxidation of lignin in accordance with
the present invention using different loading of copper.

FIGS. 9A and 9B. Depolymerization of lignin from a variety of different tree
sources prepared using a variety of different isolation methods. FIG. 9A. Reactivity of
CuAHP poplar lignin, GVL-extracted poplar lignin, glyoxylic acid-stabilized birch lignin,
CuAHP pine lignin, glyoxylic acid-stabilized pine lignin, and Kraft pine lignin using CuO
oxidations (Conditions A), CuSO4 batch oxidations (Conditions B), and CuSQO4 flow
oxidations (Conditions C). The different shading of the bars for the CuAHP poplar lignin
(Poplar CuAHP) and GVL-extracted poplar lignin (Poplar GVL) indicate relative yields
of, in order from bottom to top: vanillic acid, syringic acid, vanillin, syringaldehyde,
acetovanillone, acetosyringone, and p-hydroxybenzoic acid. The different shading of the
bars for the glyoxylic acid-stabilized birch lignin (Birch Glyox stabilized) indicate
relative yields of, in order from bottom to top: vanillic acid, syringic acid, vanillin,
syringaldehyde, acetovanillone, and acetosyringone. The different shading of the bars for
the CuAHP pine lignin (Pine CuAHP), glyoxylic acid-stabilized pine lignin (Pine Glyox
stabilized), and Kraft pine lignin (Pine Kraft) indicate relative yields of, in order from

bottom to top: vanillic acid, vanillin, and acetovanillone. FIG. 9B. depolymerization of
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various lignins using Conditions C: “CuAHP” is CuAHP poplar lignin. “Glyox
stabilized” is glyoxylic acid-stabilized birch lignin. “GVL™ is GVL-extracted poplar
lignin. “MA hydrotropic” is maleic acid hydrotropic-extracted lignin from birch. “CuAHP
Pine” is CuAHP pine lignin. “Kraft” is Kraft pine lignin. “Low Sulfur Kraft” is Lignin
obtained from a modified Kraft pulping method using low amounts of sulfides. “LS-Ca
Salt” is lignosulfonate calcium salt soltwood lignin. “Glyox Pine” is glyoxylic acid
stabilized pine lignin.

FIGS. 10A and 10B. Simple kinetic modelling of lignin depolymerization of the
invention using experimentally determined diffusion and reaction constants. Modeling of
the reaction shows that the reactivity of the lignin is improved by metering in the oxygen
using the permeable membrane, allowing for high yields.

FIGS. 11A-11V. Exemplary phenolic and benzoquinone monomers shown or

predicted to be produced with the methods of the invention.

DETAILED DESCRIPTION OF THE INVENTION

The term “channel” refers to a conduit capable of flowing liquid reaction medium
therethrough. The channel preferably has at least one input, at least one output, and an
enclosed lumen running the length between the at least one input and at least one output.
The channel can be unbranched or branched, can have one or multiple inputs, and can
have one or multiple outputs.

The channel comprises a channel substrate that defines the lumen of the channel.
The channel substrate can be composed of a single material or multiple different
materials. The channel substrate comprises an inner surface that faces — and defines — the
lumen through which the reaction medium flows.

At least a portion of the channel substrate comprises oxygen-permeable channel
substrate that is composed of a material substantially permeable to liquid but permeable
to oxygen. The oxygen-permeable channel substrate is preferably disposed along a given
length of the channel along the direction of flow. In some versions, the oxygen-permeable
channel substrate is disposed along the entire length of the channel along the direction of
flow. In some versions, the oxygen-permeable channel substrate spans the entire
circumference (for channels having a curvilinear (e.g., circular) cross section) or all sides
(for channels having a polygonal (e.g., triangular, square, rectangular) cross section) of
the channel. In some versions, the oxygen-permeable channel substrate spans only a

portion of the circumference (for channels having a curvilinear (e.g., circular) cross
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section) or fewer than all sides (for channels having a polygonal (e.g., triangular, square,
rectangular) cross section) of the channel.

The channel can take any of number of forms. In some versions, the channel takes
the form of tubing. The tubing can be entirely or partially composed of the oxygen-
permeable channel substrate, such as oxygen-permeable membrane that is formed in
tubular form. In some versions, the channel takes the form of etching in a substlantially
solid, nonpermeable substrate (e.g., a solid heating block) that is covered and sealed with
an oxygen-permeable membrane or other oxygen-permeable channel substrate. Other
forms are encompassed by the present invention.

The oxygen-permeable channel substrate, as outlined above, can comprise a
membrane. The membrane can be synthetic or non-synthetic. The membrane can be a
polymeric membrane. “Polymeric membrane” refers to a membrane composed of one or
more polymers. The polymeric membrane can be a fluoropolymer membrane.
“Fluoropolymer membrane” refers to a membrane comprising a fluoropolymer.

Fluoropolymers are fluorocarbon-based polymers with multiple carbon-fluorine
bonds. Exemplary fluoropolymers include polytetrafluoroethylene (PTFE), fluorinated
ethylene propylene (FEP), perfluoroalkoxy alkane (PFA), and 2,2-bistrifluoromethyl-4,5-
difluoro-1,3-dioxole/tetrafluoroethylene copolymer (AF). PTFE, FEP, PA, and AF are
sold under the brand names Teflon™, Teflon™ FEP, Teflon™ PFA (perfluoroalkoxy
alkane), and Teflon™ AF-1600 or Teflon™ AF-2400, respectively, by the Chemours
Company FC, LLC (Wilmington, DE). FEP is a copolymer of hexafluoropropylene and
tetrafluoroethylene. PFA is also known as perfluoroalkoxy polymer resins,
perfluoroalkoyl alkanes, and perfluoroalkoyl polymer resins. PFA is a copolymer of
tetrafluoroethylene (C2Fs) and perfluoroethers (CoF3OR!, where R is a perfluorinated
group such as trifluoromethyl (CFz)) (Giocobbe 1990). AF is an amorphous,
perfluorinated copolymer containing 2,2-bistrifluoromethyl-4,5-difluoro-1,3-dioxole and
tetrafluoroethylene  (Pinnau 1996). Other exemplary fluoropolymers include
polyvinylfluoride (PVF), polyvinylidene fluoride (PVDF), polychlorotrifluoroethylene
(PCTFE), polyethylenetetrafluoroethylene (ETFE), polyethylenechlorotrifluoroethylene
(ECTFE), perfluorinated elastomer (perfluoroelastomer) (FFPM/FFKM), vinylidene
fluoride-based copolymer fluoroelastomers (FPM/FKM), tetrafluoroethylene-propylene-
based fluoroelastomers (FEPM), perfluoropolyether (PFPE), perfluorosulfonic acid
(PFPE), and perfluoropolyoxetane.
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The polymeric membrane can comprise other polymers, such as cellulose acetate,
nitrocellulose, cellulose ester, polysulfone (PS), polyether sulfone (PES), polyacrilonitrile
(PAN), polyamide, polyimide, polyethylene (PE), polypropylene (PP), and
polyvinylchloride (PVC), among others.

“Aqueous reaction medium™ refers to a reaction medium containing water in an
amount of at least 70% v/v, such as at least 75% v/v, at least 80% v/v, at least 85% v/v, at
least 90% v/v, at least 95% v/v, or at least 99% v/v.

The lignin included in the reaction medium can comprise any form of lignin.
Lignin is a structurally complex heterogeneous aromatic biopolymer made of three
principal building blocks, p-hydroxyphenol (H), guaiacyl (G), and syringyl (S) units in
various combinations and amounts. The lignin in the reaction medium can include native
lignin or processed lignin. “Native lignin” refers to lignin that has not been processed
from its native, unaltered chemical state by any pretreatments except for mechanical
comminution (chopping, chipping, grinding, milling, etc.). “Processed lignin” is lignin
that has been chemically altered from its native state by one or more pretreatments other
than mechanical comminution. “Pretreatment” used in the context of treating native lignin
is a term well understood in the art that encompasses a number of treatments that change
the physical and/or chemical structure of lignocellulosic biomass for downstream
treatments, such as lignin depolymerization, cellulose hydrolysis, or other treatments. For
descriptions of various pretreatments, see Kumar et al. 2017 and Kumar et al. 2009.

Types of pretreatments include physical pretreatments, chemical pretreatments,
physicochemical pretreatments, and biological pretreatments. Physical pretreatments
include mechanical comminution (e.g., chipping, grinding, milling), microwave
irradiation, ultrasound sonication, pyrolysis, and pulsed-electric field treatment. Chemical
pretreatments include acid treatment (e.g., sulfuric acid treatment, dicarboxylic acid
treatment) alkali treatment, ozonolysis, organosolv 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 recalcitrance of lignocellulose) pretreatment, ammonia-
based pretreatment (e.g., ammonia fiber explosion (AFEX), ammonia recycle percolation
(ARP), soaking aqueous ammonia (SAA), CO: explosion, and oxidative pretreatment.
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
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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. Organosolv methods,
for example, typically employ temperatures above 140°C and elevated pressures.

In some versions of the invention, the lignin included in the reaction medium
comprises lignin previously treated with physical pretreatment. In some versions of the
invention, the lignin included in the reaction medium comprises lignin previously treated
with chemical pretreatment. In some versions of the invention, the lignin included in the
reaction medium comprises lignin previously treated with physicochemical pretreatment.
In some versions of the invention, the lignin included in the reaction medium comprises
lignin previously treated with biological pretreatment. In some versions of the invention,
the lignin included in the reaction medium comprises lignin previously treated with
mechanical comminution (e.g., chipping, grinding, milling). In some versions of the
invention, the lignin included in the reaction medium comprises lignin previously treated
with microwave irradiation. In some versions of the invention, the lignin included in the
reaction medium comprises lignin previously treated with ultrasound sonication. In some
versions of the invention, the lignin included in the reaction medium comprises lignin
previously treated with pyrolysis. In some versions of the invention, the lignin included in
the reaction medium comprises lignin previously treated with pulsed-electric field
treatment. In some versions of the invention, the lignin included in the reaction medium
comprises lignin previously treated with acid treatment (e.g., sulfuric acid treatment,
dicarboxylic acid treatment). In some versions of the invention, the lignin included in the
reaction medium comprises lignin previously treated with alkali treatment. In some
versions of the invention, the lignin included in the reaction medium comprises lignin
previously treated with ozonolysis. In some versions of the invention, the lignin included
in the reaction medium comprises lignin previously treated with organosolv treatment. In
some versions of the invention, the lignin included in the reaction medium comprises
lignin previously treated with ionic liquid treatment. In some versions of the invention,
the lignin included in the reaction medium comprises lignin previously treated with deep
eutectic solvent treatment. In some versions of the invention, the lignin included in the
reaction medium comprises lignin previously treated with natural deep eutectic solvent
treatment. In some versions of the invention, the lignin included in the reaction medium
comprises lignin previously treated with steam explosion. In some versions of the

invention, the lignin included in the reaction medium comprises lignin previously treated
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with liquid hot water treatment. In some versions of the invention, the lignin included in
the reaction medium comprises lignin previously treated with wet oxidation. In some
versions of the invention, the lignin included in the reaction medium comprises lignin
previously treated with SPORL (sulfite pretreatment to overcome recalcitrance of
lignocellulose) pretreatment. In some versions of the invention, the lignin included in the
reaction medium comprises lignin previously treated with ammonia-based pretreatment.
In some versions of the invention, the lignin included in the reaction medium comprises
lignin previously treated with ammonia fiber explosion (AFEX). In some versions of the
invention, the lignin included in the reaction medium comprises lignin previously treated
with ammonia recycle percolation (ARP). In some versions of the invention, the lignin
included in the reaction medium comprises lignin previously treated with soaking
aqueous ammonia (SAA) treatment. In some versions of the invention, the lignin included
in the reaction medium comprises lignin previously treated with CO» explosion. In some
versions of the invention, the lignin included in the reaction medium comprises lignin
previously treated with mild acidolysis treatment. In some versions of the invention, the
lignin included in the reaction medium comprises lignin previously treated with oxidative
pretreatment. In some versions of the invention, the lignin included in the reaction
medium comprises lignin previously treated with fungi treatment. In some versions of the
invention, the lignin included in the reaction medium comprises lignin previously treated
with brown-rot fungi treatment. In some versions of the invention, the lignin included in
the reaction medium comprises lignin previously treated with white-rot fungi treatment.
In some versions of the invention, the lignin included in the reaction medium comprises
lignin previously treated with soft-rot fungi treatment. In some versions of the invention,
the lignin included in the reaction medium comprises lignin previously treated with
bacterial treatment. In some versions of the invention, the lignin included in the reaction
medium comprises lignin previously treated with archaeal treatment. In some versions of
the invention, the lignin included in the reaction medium comprises lignin previously
treated with enzyme treatment. In some versions of the invention, the lignin included in
the reaction medium comprises lignin previously treated with peroxidase enzyme
treatment. In some versions of the invention, the lignin included in the reaction medium
comprises lignin previously treated with laccase enzyme treatment. In some versions, the
lignin included in the reaction medium comprises lignin pretreated with copper-catalyzed
alkaline hydrogen peroxide (Cu-AHP) pretreatment (“CuAHP lignin™) (see, e.g., US
2020/0332376 Al to Hegg et al.). In some versions, the lignin included in the reaction
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medium comprises lignin pretreated with aldehyde stabilizing groups and mild
hydrochloric acid pretreatment (“Glyoxylic acid stabilized lignin™) (see, e.g.,
US10906856B2 to Bertella et al.). In some versions, the lignin included in the reaction
medium comprises lignin pretreated with an oxidation of the benzyl alcohol or the
primary alcohol of the lignin (see, e.g., US8969534B2). In some versions of the invention,
the lignin included in the reaction medium comprises Kraft lignin. In some versions ol the
invention, the lignin included in the reaction medium comprises sulfonated lignin (e.g.,
sodium lignosulfonate lignin). In some versions, the lignin included in the reaction
medium comprises lignin pretreated with y-valerolactone (GVL) pretreatment (*“y-
valerolactone lignin™ or “GVL lignin”) (see, e.g., Gelosia et al. 2017, Fang et al. 2015, Le
and Ma et al. 2016, Le and Zaitseva et al. 2016, Luterbacher et al. 2014, Luterbacher et al.
2015, and Wu et al. 2016).

The lignin 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.

The lignin can be included in the reaction medium in an amount up to about 50%
w/w or more. In various versions, the lignin is included in the rection medium in an
amount of about 0.001% w/w, about 0.005% w/w, about 0.01% w/w, about 0.05% w/w,
about 0.1% w/w, about 0.5% w/w, about 1% w/w, about 5% w/w, about 10% w/w, about
15% wiw, 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 a value within a range between any two of the
foregoing values. Exemplary ranges include from about 0.05% w/w to about 5% w/w,
such as about 0.1% w/w to about 1% w/w. In some versions, the lignin is included in the
reaction medium in an amount of about 50% w/w or less, about 45% w/w or less, about
40% wiw or less, about 35% w/w or less, about 30% w/w or less, about 25% w/w or less,
about 20% w/w or less, about 15% w/w or less, about 10% w/w or less, or about 5% w/w
or less.

The base included in the reaction medium can be any base. In some versions, the
base included in the reaction medium is a strong base. Exemplary strong bases include
sodium hydroxide, lithium hydroxide, potassium hydroxide, rubidium hydroxide, cesium
hydroxide, calcium hydroxide, strontium hydroxide, and barium hydroxide. The base can
be included in the reaction medium in an amount from 0.1 M or less to 4 M or more. In

various versions, the base is included in the reaction medium in an amount of about 0.01
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M, about 0.05 M, about 0.1 M, to about 0.5 M, about 1 M, about 2 M, about 3 M, about 4
M, about 5 M or a value within a range between any two of the foregoing values. An
exemplary range is from about 1 M to about 4 M.

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
calalyst, a homogeneous catalyst, a helerogeneous catalyst, or any combination thereof.
See Kaur et al. 2013 for examples of metal-based catalysts and non-metal-based catalysts.
The catalyst may be present within the system in any number of configurations. In some
versions, the oxidation catalyst can be included in the reaction medium flowed through
channel. In some versions, the catalyst is immobilized on or to the channel, such as on or
to the inner surface of the channel substrate. In some versions, the catalyst forms a part of
the channel substrate itself.

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 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).

In some versions, the metal-based catalyst is provided in the form of a metal salt.
In some versions, the metal-based catalyst is provided in the form of a metal hydroxide.
In some versions, the metal-based catalyst is provided in the form of a metal oxide.
“Provided” in this context refers to the state of the catalyst when initially added to a
reaction medium. It is understood that most metal salts will form hydroxides in solution
with base. The metal in the salt, hydroxide, or oxide forms can be in any oxidation state.
Exemplary oxidation states include +2, +3, or +4 oxidation states. Exemplary metal salts

include manganese(Il) chloride (MnCl»), manganese(Il) sulfate (MnSOa4-H>0), iron(II)
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chloride (FeCl»), iron(Il) sulfate (FeSO4 H2Q0), cobalt(Il) chloride (CoCl,), cobalt(Il)
sulfate (CoSQO4-H>0), nickel(Il) chloride (NiCly), nickel(Il) sulfate (NiSO4 H20),
copper(Il) chloride (CuCl»), and copper(Il) sulfate (CuSO4 H->0O). Other oxidation states
of the metals and other anions are acceptable. Exemplary metal hydroxides include
manganese(Il) hydroxide (Mn{(OH)>), iron(Il) hydroxide (Fe(OH)2), cobalt(Il) hydroxide
(Co(OH)2), nickel(IT) hydroxide (Ni(OH)2), and copper(Il) hydroxide (Cu(OH)>). Other
oxidation states of the metals are acceptable. Exemplary metal oxides include
manganese(Il) oxide (MnQ), iron(Il) oxide (FeO), cobalt(Il) oxide (CoQO), nickel(Il)
oxide (NiO), and copper(Il) oxide (CuO). Other oxidation states of the metals are
acceptable.

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, FeCo-PANI-C, Co-Phen-C, Co0304, Fe>Os;, Mn»Oz or other manganese
oxides, Cu0O, 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), Fe2O3 on
silica, Al>O3, TiO», or other metal-oxide support, Co304 on silica, AloO3, 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, Au/Al,03, Au/C, Au/Pt bimetallic nanoparticles, gold nanoparticles
supported on Mg(OH)> nano sheets, Au/TiO» supported on ferritic stainless 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/Zn0O, Au/TiOz, microstructured Auw/Ni-fiber, nanocrystalline Ag and Au-Ag alloys
supported on titania, nanosized Au supported on 3-D ordered mesoporous MnO>,
Au/FeOyx, nanosized ruthenium particles decorated carbon nanofibers, Au/C, CeAlPO-5
molecular sieves, nanosized gold on SiO;, Au/SiO;, nano gold-mesoporous silica,
nanosized gold, Ag/SBA-15, bimetallic Au-Pd/MgQO, inverse Fe:O3/Au(111) model
catalysts, silica-supported Au-Cu alloy, gold nanoparticles supported on MgO, silica-
supported Au-CuOzx, Au/Al:O3, Au-Pd/C, Pd-Te supported catalysts, gold nanoparticles
supported on functionalized mesoporous silica, silica supported cobalt (II) salen complex,
gold nanowires, Cuzz[PMo12049]/Si02, gold nanoparticles deposited on cellulose,
metalloporphyrin bound to silica, hydrophobized palladium, supported gold catalysts,

Au/HMS catalysts, mobilized gold nanoparticles, mesoporous Co0304, mesoporous and
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Au/Co304, metal-organic framework supported gold nanoparticles, Pt/Al2O3, Au/TiOz,
Co(AcO)2/Mn(AcO), nickel substituted copper chromite spinels, gold catalysts, MCM-
48 molecular sieve modified with SnCly, CuO-impregnated mesoporous silica, Au-
CuO/Al>0s3, Pt/AL>Os, manganese-containing mesoporous MCM-41 and Al-MCM-41
molecular sieves, Au/C, gold immobilized mesoporous silica, nitrous oxide over MFI
zeolites, CoAPO-5 molecular sieves, Mn-containing MCM-41, Mn (Salen)/MCM-41,
nanostructured CuOx/CeQ2, nano-Au catalysts, heteropoly catalysts containing Ru(III)
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.

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

In some versions, the oxidation catalyst can comprise 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.

The oxidation catalyst can comprise a solid support. 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 materials.
The supports can be porous. The supports can be 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).

In some versions, the oxidation catalyst is embedded in the channel. In some
versions the oxidation catalyst is embedded by adsorption of the oxidation catalyst in or
to the channel substrate, such as to the inner surface of the channel substrate.

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. In various versions,
the porous cage has an average pore size of about 1 pm, about 10 um, about 50 um, about
100 pm, about 500 pm, about 1000 pum, about 2500 pm, about 5,000 um, or any range

between any two of the foregoing values. In preferred versions of the invention, the
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porous cage has an average pore size of from about 10 um to about 70 pm, such as from
about 20 pm to about 60 pm or from about 30 um to about 50 pm.

In some versions, the depolymerization is performed in the absence of an
oxidation catalyst. The depolymerization in such a case occurs through autoxidation by
exposure oxygen.

The oxidation catalyst can be included in the reaction medium in an amount up o
about 5 mM or more. In various versions, the oxidation catalyst is included in the reaction
medium in an amount of about 0.001 mM, about 0.005 mM, about 0.01 mM, about 0.05
mM, about 0.1 mM, about 0.5 mM, about 1 mM, about 2 mM, about 3 mM, about 4 mM,
about 5 mM, or a value within a range between any two of the foregoing values.
Exemplary ranges include from about 0.01 mM to about 1 mM, or about 0.05 mM to
about 0.5 mM. In some versions, the medium comprises the oxidation catalyst in an
amount less than about 2 mM, less than about 1.5 mM, less than about 1 mM, or less than
about 0.5 mM.

The reaction medium can be flowed through the channel at a temperature from
about 150 °C or less to about 250 °C or more. In various versions, the flowing is
conducted at a temperature of about 150 °C, about 155 °C, about 160 °C, about 165 °C,
about 170 °C, about 175 °C, about 180 °C, about 185 °C, about 190 °C, about 195 °C,
about 200 °C, about 205 °C, about 210 °C, about 215 °C, about 220 °C, about 225 °C,
about 230 °C, about 235 °C, about 240 °C, about 245 °C, about 250 °C, or a temperature
within a range between any two of the foregoing values. Exemplary ranges include from
about 200 °C to about 250 °C, about 205 °C to about 250 °C, about 200 °C to about 230
°C, about 205 °C to about 230 °C, about 200 °C to about 225 °C, about 205 °C to about
225 °C, about 200 °C to about 220 °C, about 205 °C to about 220 °C, about 200 °C to
about 215 °C, or about 205 °C to about 215 °C. The temperature can be applied by
positioning the channel within a furnace or other heating source.

The oxygen gas in contact with the oxygen-permeable channel substrate is present
at an oxygen partial pressure and therefore contacts the oxygen-permeable channel
substrate at an oxygen partial pressure. The oxygen partial pressure can be about 10 psig
or less to about 200 psig or more. In various versions, the oxygen partial pressure is about
10 psig, about 11 psig, about 12 psig, about 13 psig, about 14 psig, about 15 psig, about
16 psig, about 17 psig, about 18 psig, about 19 psig, about 20 psig, about 25 psig, about
30 psig, about 35 psig, about 40 psig, about 45 psig, about 50 psig, about 55 psig, about
60 psig, about 65 psig, about 70 psig, about 75 psig, about 80 psig, about 85 psig, about
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90 psig, about 95 psig, about 100 psig, about 105 psig, about 110 psig, about 115 psig,
about 120 psig, about 125 psig, about 130 psig, about 135 psig, about 140 psig, about 145
psig, about 150 psig, about 155 psig, about 160 psig, about 165 psig, about 170 psig,
about 175 psig, about 180 psig, about 185 psig, about 190 psig, about 195 psig, about 200
psig, or an oxygen partial pressure within a range between any two of the foregoing
values. In various versions, the oxygen partial pressure is at least about 10 psig, about 15
psig, about 16 psig, about 17 psig, about 18 psig, about 19 psig, about 20 psig, or about
25 psig, and/or up to about 30 psig, about 35 psig, about 40 psig, about 45 psig, about 50
psig, about 55 psig, about 60 psig, about 65 psig, about 70 psig, about 75 psig, about 80
psig, about 85 psig, about 90 psig, about 95 psig, about 100 psig, about 105 psig, about
110 psig, about 115 psig, about 120 psig, about 125 psig, about 130 psig, about 135 psig,
about 140 psig, about 145 psig, about 150 psig, about 155 psig, about 160 psig, about 165
psig, about 170 psig, about 175 psig, about 180 psig, about 185 psig, about 190 psig,
about 195 psig, or about 200 psig, or more. The oxygen partial pressures contacting the
oxygen-permeable channel substrate can be obtained by feeding the channel through a
pressure vessel containing an appropriate concentration of oxygen gas.

The oxygen gas in contact with the oxygen-permeable channel substrate can be
present in a mixture with other gases. Such other gases can include one or more inert
gases. Examples of other gases include nitrogen; carbon dioxide; one or more noble gases
such as helium (He), neon (Ne), argon (Ar), krypton (Kr), xenon (Xe), and radon (Rn); or
any combination thereof. In some versions, the oxygen gas in contact with the oxygen-
permeable channel substrate is provided in the form of air and is therefore present with
other gases present in air (nitrogen, argon, carbon dioxide, and others). In some versions,
the oxygen gas in contact with the oxygen-permeable channel substrate can be present in
a mixture of gases in an amount of about 6% v/v or less to about 100% v/v. Exemplary
amounts include about 6% v/v, about 10% v/v, about 15% v/v, about 20% v/v, about 25%
v/v, about 30% v/v, about 35% v/v, about 40% v/v, about 45% v/v, about 50% v/v, about
55% viv, about 60% v/v, about 65% v/v, about 70% v/v, about 75% v/v, about 80% v/v,
about 85% v/v, about 90% v/v, about 95% v/v, about 100% v/v, or an amount within a
range between any two of the foregoing values.

The reaction medium can be flowed for any time effective to depolymerize at least
a portion of the lignin to aromatic monomers. In some versions, the reaction medium is
flowed for a time from about 5 s or less to about 1000 s or more. In various versions, the

reaction medium is flowed for a time of about 5 s, about 10 s, about 20 s, about 30 s,
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about 40 s, about 50 s, about 60 s, about 70 s, about 80 s, about 90 s, about 100 s, about
110 s, about 120 s, about 130 s, about 140 s, about 150 s, about 160 s, about 170 s, about
180 s, about 190 s, about 200 s, about 210 s, about 220 s, about 230 s, about 240 s, about
250 s, about 260 s, about 270 s, about 280 s, about 290 s, about 300 s, about 310 s, about
320 s, about 330 s, about 340 s, about 350 s, about 360 s, about 370 s, about 380 s, about
390 s, about 400 s, about 410 s, about 420 s, about 430 s, about 440 s, about 450 s, about
460 s, about 470 s, about 480 s, about 490 s, about 500 s, about 510 s, about 520 s, about
530 s, about 540 s, about 550 s, about 560 s, about 570 s, about 580 s, about 590 s, about
600 s, about 610 s, about 620 s, about 630 s, about 640 s, about 650 s, about 660 s, about
670 s, about 680 s, about 690 s, about 700 s, about 810 s, about 820 s, about 830 s, about
840 s, about 850 s, about 860 s, about 870 s, about 880 s, about 890 s, about 900 s, about
910 s, about 920 s, about 930 s, about 940 s, about 950 s, about 960 s, about 970 s, about
980 s, about 990 s, about 1000 s, or a time within a range between any two of the
foregoing values. An exemplary range is from about 5 s to about 400 s. The reaction
medium can be flowed at any rate to achieve an appropriate residence time within the
channel under the specified conditions.

The aromatic monomers produced with the methods of the present invention can
comprise phenolic and/or benzoquinone monomers. “Phenolic monomers” refers to
compounds 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 comprise oxidized phenolic monomer

products. The phenolic monomer products can have the following structure:

O._R;

Rz R
OH

’

wherein Ry is selected from the group consisting of H, OH, and CHs, and each R: is
independently selected from the group consisting of H and OCH3s. The phenolic monomer
products can comprise phenolic monomer products 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. 11A-5V except for 2,6-
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dimethoxybenzoquinone. = Exemplary  aromatic  monomers include  vanillin,
syringaldehyde, p-hydroxybenzoic acid, vanillic acid, syringic acid, acetovanillone, and
acetosyringone, in addition to the other compounds shown in FIGS. 11A-5V.

The reaction medium can be flowed at least until the aromatic monomers reach a
particular yield or concentration. In various versions, the reaction medium is flowed at
least until the aromatic monomers (determined as total aromatic monomers) are produced
in an amount of at least about 1% w/w, at least about 5% w/w, at least about 10% w/w, at
least about 15% w/w, at least about 20% w/w, at least about 25% w/w, at least about 30%
w/w, or at least about 35% w/w of the lignin originally present in the reaction medium.

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

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.

As used herein, the singular forms “a,” “an,” and “the” include plural referents
unless the content clearly dictates otherwise.

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.

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 indicated as being
incorporated by reference. In case of conflict between the present disclosure and the
incorporated references, the present disclosure controls.

It is understood 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.
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EXAMPLES

Summary

A permeable polytetrafluoroethylene (PTFE) membrane flow reactor was
implemented in the alkaline aerobic depolymerization of lignin to increase monomer
production and limit the subsequent destruction of lignin-derived aromatics by controlling
the amount of oxygen (FIG. 1). The present flow-based methods offered control of
parameters to enable monomer production and disfavor subsequent monomer
degradation, such as precise reaction time control, rapid heating (e.g., to temperatures
>200 °C), and rapid cooling (e.g., back to room temperature). This process was designed
with an oxygen permeable PTFE membrane which allowed for a continual oxygen flux
throughout the length of the reactor, abating concerns about rapid oxygen consumption as
seen in other flow systems. The flow aerobic alkaline lignin depolymerization using a
permeable membrane reactor has achieved aromatic monomer yields higher than 35 wt%
using a source of CuAHP lignin (lignin pretreated with a copper-catalyzed alkaline
hydrogen peroxide (Cu-AHP) pretreatment, as described in US 2020/0332376 Al to
Hegg et al.) (based on the weight of the originally lignin added). The majority of the
aromatic monomers produced were vanillin, syringaldehyde, and p-hydroxybenzoic acid
with small amounts of vanillic acid, syringic acid, acetovanillone, and acetosyringone.
Results indicate scalability for a high yielding reaction for aerobic lignin

depolymerization into valuable chemical feedstocks.

Introduction

Lignin is a heterogeneous biopolymer contained within the structure of
lignocellulosic biomass in a wide variety of plant sources. Lignin is also the largest
source of renewable aromatic compounds (FIG. 2, panel (a)). Valorization and upgrading
of the lignin biopolymer are necessary steps to develop new chemical feedstocks and
reduce reliance on fossil fuels (Tuck et al. 2012, Langholtz et al. 2016).

The heterogenous lignin biopolymer is comprised of many different types of units
connected by both C—C and C-O bonds making full utilization or utilization of a large
portion of the lignin a difficult challenge. In addition, different lignocellulosic biomass
sources have diflerent aromatic monomers. Hardwoods such as poplar and birch contain

both S units (aromatics with two methoxy groups) as well as G units (aromatics with one
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methoxy group), while most softwoods only contain G units. Some biomass sources, such
as poplar, have ester linkages, like p-hydroxybenzoate, attached to the lignin polymer.

Extraction and isolation of lignin has been an additional challenge to the
valorization of lignin. Some common examples are the alkaline conditions used in
technical lignin such as Kraft, as well as mildly alkaline oxidative conditions used in the
CuAHP process and oxidative depolymerization. Lignin may also be isolated using acidic
conditions such as the lignin extracted using the lignosulfonate process or in mild
conditions using organic solvent such as the GVL process. However, extraction and
isolation of the lignin from cellulose and hemicellulose has been difficult, as lignin may
crosslink with itself in both the acidic and basic conditions commonly used to extract the
lignin from the rest of the lignocellulosic biomass, making valorization and
depolymerization of the lignin polymer more difficult. As such, Luterbacher and
coworkers developed a protection method using aldehydes which limited lignin
crosslinking allowing for high lignin utilization. One such aldehyde is glyoxylic acid
which creates a more aqueous soluble lignin.

Many methods to depolymerize lignin have been developed (FIG. 2, panel (b)).
Common strategies include reductive methods, oxidative methods, and redox neutral
methods. Oxidative methods commonly produce bifunctional aromatics which are
particularly attractive for use as bio-based polymers (Llevot et al. 2016, Xanthopoulou et
al. 2021, Bassett et al. 2020) and are promising feedstocks for microbial conversion due
to the increased solubility in water (Beckham et al. 2016, Perez et al. 2019). Many
methods have been developed with a two-stage oxidation followed by a depolymerization
to achieve high yields of aromatic bifunctional monomers (Cui et al. 2021, Bosque et al.
2017, Lancefield et al. 2015, Rafiee et al. 2019, Das et al. 2018). However, many of these
methods are not practical for large scale lignin depolymerizations due to the use of
stoichiometric or otherwise expensive reagents. While there have been some recent
developments in single-step oxidative catalytic fractionation methods, these methods are
typically better suited for oxidation and depolymerization of lignin from whole
lignocellulosic biomass (Luo et al. 2021, Du et al. 2021).

One strategy to process lignin into aromatics that has been prevalent for many
years are variations of aqueous alkaline oxidative depolymerization methods. These
methods have found wide usage in industrial conversion of waste lignin streams from
pulp and paper industries to vanillin, such as the lignoboost method developed by

Borregaard and Monsanto to produce vanillin from softwood lignosulfonates. Researchers
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have been able to isolate 5 of the aromatic products as pure compound. At one point,
these alkaline aerobic methods were used to synthesize nearly 60% of the world vanillin
supply (Hocking et al. 1997). While many variations of this reaction exist, typical
conditions for alkaline oxidative lignin cleavage employ lignin loadings of 0.5-20 wt% in
2 M NaOH heated to 160-300 °C for anywhere from 45 minutes to 2 hours (Bjgrsvik et
al. 1999). Typical oxidants used are nitrobenzene, CuO, oxygen, or a combination of a
copper salt and oxygen. Most methods that have been scaled to the hectogram scale use
aerobic conditions.

Anaerobic methods (e.g. nitrobenzene, CuO) typically access higher yields of
aromatics than aerobic methods. This has been attributed to a deleterious reaction with
oxygen in the aerobic methods (Fargues et al. 1996). This aerobic reactivity with the
aromatic monomers has been studied by Rodrigues and coworkers and is assumed to start
with oxidation of the phenol followed by a ring opening reaction to generate small
organic acids with many of the products unidentified. This reactivity has been shown to
be accelerated by consumption of the base during the reactions, the concentration of the
aromatics, and the oxygen pressure (Ardujo et al. 2009).

Some forms of stainless steel and Hastelloy steel have been shown to be
incompatible with the use of strong base at high temperatures. In some cases, there has
been signs of etching of the metal of the reactor over several cycles, and in one case there
was an industrial explosion attributed to the use of base in a stainless steel reactor.

To avoid the degradation of the aromatic monomers during the heat up and cool
down of a batch reactor, Tarabanko and coworkers designed a two-stage reactor that
worked with whole biomass or with isolated lignins. The [irst stage used a continuous
stirred-tank reactor (CSTR) to remove the lignin from the rest of the biomass or solubilize
the lignin. The products of the first stage were then pumped into a second CSTR that had
catalyst and high pressures of oxygen to convert the lignin to aromatics. This two-stage
procedure was able to achieve yields like that achieved in batch, but the degradation
reaction of the aromatics was not slowed down. Rodrigues and coworkers created a
structured bubble column flow reactor (Srihar et al. 2005, Ardujo et al. 2009). This
method similarly has not resulted in higher yields of aromatics than batch reactivity.
Using a structured bubble column reactor has allowed for Rodrigues and coworkers to
scale this up to nearly 40 L. Lercher and coworkers constructed a plug flow reactor

designed to rapidly heat and cool the reaction. However, rather than cofeeding the oxygen
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with the reaction solvent, the solution was saturated with oxygen prior to the reaction.
This unfortunately led to increased aerobic degradation of the aromatics due to the high
pressures of oxygen needed to saturate the solvent. To combat this, Lercher and
coworkers added boric acid to limit the autoxidation pathway which resulted in high yield
of oil, but this still produced a host of different products (Roberts et al. 2011).

We show below an exemplary new method to depolymerize lignin. The method
employs a tube-in-shell reactor with a permeable membrane, such as PTFE (which is
compatible with base and high temperatures), to control oxygen flow in a continuous,

aerobic lignin depolymerization reaction (FIG. 2, panel (c)).

Material and Methods
General Considerations

All reagents were used as received unless otherwise noted. NaOH pellets
(Certified ACS grade), Methanol (HPLC grade), and Acetonitrile (HPLC grade) were
purchased from Fischer Scientific. CuSO4'5H>0 (ACS Reagent grade), FeCls, Cu ICP
standards, 1,4-dimethoxybenzene, vanillin, vanillic acid, acetovanillone, syringaldehyde,
syringic acid, and acetosyringone were purchased from Sigma-Aldrich. Air (breathing
quality), nitrogen (industrial grade), and oxygen (industrial grade) cylinders were
obtained from Airgas. All aqueous solutions were made with Type 1, ultra-pure water.
The CuAHP 3030 Lignin sample was extracted by the following method from a sample of
NM-6 sapwood (Populus maximowiczii x P. nigra) obtained from the Great Lakes
Bioenergy Research Center in Madison, WI. The GVL extracted lignin was extracted by
the following method from a sample of NM-6 sapwood (Populus maximowiczii X P.
nigra) obtained from the Great Lakes Bioenergy Research Center in Madison, WL

The flow reactor was constructed from a 600 mL stainless steel Parr vessel,
which had been modified by tapping two 1/4 inch NPT taps in the bottom of the vessel.
The temperature was controlled by a Parr 4838 temperature controller with a K Type
thermocouple. A Hitachi L6200 Intelligent pump was fitted with PTFE tubing purchased
from Sigma-Aldrich (OD X ID X Length, 1/8" X 1.6 mm X 3007, 1/16” X 0.8 mm X
3007, 1/16” X 0.5 mm X 3007, 1/16” X 0.3 mm X 300”) or Teflon™ PFA tubing
(Chemours Company FC, LLC (Wilmington, DE)) purchased from McMaster Carr ( OD
X ID X Length 1/8” X 1.6 mm X 300”). The tube pressure was controlled using a dome

valve back pressure regulator that could be set using a given pressure of nitrogen.
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UHPLC/UV analysis on lignin-derived monomers and oligomers was obtained on
a Waters Acquity ultra-performance liquid chromatography (UPLC) unit equipped with a
diode array detector and a Waters Acquity UPLC BEH C18 (50 mm x 2.3 mm ID -1.7
micron particle size) at 35 °C. Solvent A was 0.1% formic acid type 1 water and solvent
B was HPLC grade acetonitrile with 0.1% formic acid (flow rate 1.75 mL/min). Monomer
yields were quantified by making a calibration curve with each of the commercially

available products using a 10 mM 1,4-dimethoxybenzene internal standard.

Lignin Depolymerization in Flow

In a typical reaction, a 250 mL stock solution of 0.5-1 wt% lignin (1.25-2.5 g) was
made with 2M NaOH. CuSO4°5H20 (0.054 g) was dissolved in 1 mL of Type 1 water and
added while agitating the stock solution. The stock solution was then sonicated to
dissolve the lignin. Meanwhile the flow reactor was set to the desired temperature (175-
210 °C) and flow rate (0.05 mL/min - 9.5mL/min) and allowed to come to temperature.
The Parr vessel shell was pressurized to the desired pressure (25-100 psig) with gas
(oxygen, nitrogen, or air). The back pressure regulator was set to 200 psig higher than
pressure in the Parr vessel shell. Once the temperature was equilibrated, the pump feed
was changed to pull from the lignin stock solution. The lignin solution was allowed to run
for 5 residence times before an aliquot was taken for sampling. A 0.5 mL aliquot taken
for sampling mixture was mixed with a 10 mM 1,4-dimethoxybenzene stock solution
used as an internal standard and then acidified to below pH 2 with HCIL The
depolymerized mixture was filtered (0.22-micron PTFE) prior to analysis by UPLC.

CuSO0y Lignin Oxidation in Batch

CuSO4 oxidations were carried out similar to other reports in the literature. In
brief, 50 mg of lignin was added into a small PTFE cup (Max volume of 25 mL) along
with CuSO4'5H20 (4 mg). Then 10 mL of 2 M NaOH solution made with Type 1 water
was added to the cups along with a stir bar (PTFE, length x Dia. 7 mm X 2 mm). Up to 8
cups were placed in a IL Parr vessel with 150 mL of water to assist in heat transfer. The
Parr vessel was sealed and pressurized with air to 365 psig. The reaction was heated to
175 °C using a tuned Parr 4838 temperature controller with a K type thermocouple. The
reaction time was started after turning on the temperature controller. Once the reaction
reached the desired time, the reactor was removed from the heater and placed in an ice

bath until the reactor had returned to room temperature. A 0.5 mL aliquot taken for
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sampling mixture was mixed with a 10 mM 1,4-dimethoxybenzene stock solution used as
an internal standard and then acidified to pH 2 with HCI. The depolymerized mixture was

filtered (0.22-micron PTFE) prior to analysis by UPLC.

CuQ Lignin Oxidation in Batch

CuO oxidations were carried out as in other reports in the literature. In brief, 50
mg of lignin was added into a small PTFE cup (Max volume of 25 mL) along with CuO
(300 mg). Then 10 mL of sparged 2 M NaOH aqueous solution made with Type 1 water
was added to the cups along with a stir bar (PTFE, length x Dia. 7 mm X 2 mm). Up to 8
cups were placed in a 1 L Parr vessel with 150 mL of water to assist in heat transfer. The
Parr vessel was sealed and pressurized with nitrogen while recycling 5 times to remove
advantageous oxygen before being pressurized to 365 psig. The reaction was heated to
180 °C using a tuned Parr 4838 temperature controller with a K type thermocouple. The
reaction time was started after turning on the temperature controller. The reaction was
allowed to proceed for 130 minutes before being removed from the heater and placed in
an ice bath until the reactor had returned to room temperature. A 0.5 mL aliquot taken for
sampling mixture was mixed with a 10 mM 1,4-dimethoxybenzene stock solution used as
an internal standard and then acidified to pH 2 with HCI. The depolymerized mixture was

filtered (0.22-micron PTFE) prior to analysis by UPLC.

Lignin Hydrogenolysis in Batch

In a typical reaction 50 mg of lignin and ruthenium on carbon (Swt/wt%, 25 mg),
was placed in a Hastelloy steel Parr vessel with a PTFE coated stir bar. Then 5 mL of
tetrahydrofuran solvent was added. The headspace was purged 3 times with hydrogen gas
(580 psig). The reactor was heated to 250 °C and held for 3 hours while stirring. The
reactor was cooled to room temperature and depressurized. Internal standard was added
(0.2 mL of n-decane) and then 1 mL was removed filtered (0.22 micron PTFE filter) prior

to analysis by gas chromatography.

Barrer Solubility Test

The flow reactor was set to the desired temperature (210 °C) and flow rate (0.05
mL/min-9.5mL/min) and allowed to come to temperature. The Parr vessel shell was
pressurized to the desired pressure (25-100 psig) with oxygen gas. The back pressure

regulator was set to 200 psi higher than pressure in the Parr vessel shell. Once the
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temperature was equilibrated, the pump feed was changed to pull from a solution of 2 M
NaOH. The solution was allowed to run for 5 residence times before the volume of gas
and liquid were measured exiting the reactor using an upside down graduated cylinder
submerged in a water bath which would fill up with oxygen. The reactor was set to a new

5  flow rate and the analysis was repeated.

Table 1. Single tube reactor materials.

Part Description Supplier Number of
components

HPLC pump

L-6200 Intelligent HPLC pump Hitachi 1

Reactor shell and Oxygen purge

600 mL Parr reactor with two 1/4 in. Male | Parr Instrument Company 1
NPT ports drilled in the bottom

Heater and temperature controller Parr Instrument Company 1
Glass body with 316 stainless steel McMaster-Carr 1
rotameter, 0-50cc/min, 1/8 FNPT

Stainless steel tbe fitting, union tee, 1/8 Swagelok 1
in. tube OD

Stainless steel back pressure regulator, Swagelok 1

FKM seat, 1/4 in. FNPT, 0.20 CV

Stainless steel instrumentation quick Swagelok 1

connect body, 0.08 Cv, 1/8 in. tube fitting

Stainless steel quarter turn instrument plug | Swagelok 1
valve, 1/8 in. Swagelok tube fitting, 0.10
Cv, black handle

Single scale pressure gauge with 304 Swagelok 1
stainless steel case, 1/8 NPT male center

back connection, 1-1/2" dial

Back pressure regulator set up

Back pressure regulator, dome valve Similar to ones from 1
Equilibar LLC
Stainless steel tube fitting, male Swagelok 1
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connector, 1/16 in. tube OD x 1/4 in. male

NPT

Stainless steel Swagelok tube fitting, male | Swagelok 1

elbow, 1/8 in. tube OD x 1/8 in. male NPT

Stainless steel tube fitting, male Swagelok 1
connector, 1/16 in. tube OD x 1/4 in. male

NPT

Stainless steel instrumentation quick Swagelok 1

connect body, 0.08 Cv, 1/8 in. tube fitting

Stainless steel quarter turn instrument plug | Swagelok 1
valve, 1/8 in. Swagelok tube fitting, 0.10
Cv, black handle

Stainless steel 1-piece 40G series 3-way Swagelok 1
ball valve, 0.15 Cv, 1/8 in. Swagelok tube
fitting,

Stainless steel Swagelok tube fitting, male | Swagelok 1
connector, 1/8 in. tube OD x 1/4 in. male

NPT

Single scale pressure gauge with 304 McMaster-Carr 1
stainless steel case, 1/8 NPT male center

back connection, 1-1/2" dial

Tube side reactor

Stainless Steel Tube Fitting, Bored- Swagelok 2
Through Male Connector, 1/8 in. Tube
OD x 1/4 in. Male NPT

Stainless steel tube fitting, bored-through | Swagelok 2

male connector, 1/16 in. tube OD x 1/4 in.

male NPT

Stainless steel 1/16 in. ferrule set Swagelok

Stainless steel 1/8 in. ferrule set Swagelok

Stainless steel tube fitting, reducing union, | Swagelok 1

1/8 in. x 1/16 in. tube OD

Stainless steel tube fitting, union, 1/8 in. Swagelok 1
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tube OD

Stainless steel tube fitting, union, 1/16 in. | Swagelok 1
tube OD

PTFE Tubing ID X OD X Length 0.058 Sigma Aldrich 1
in. X 1/8 in. X 50 feet

PTFE Tubing ID X OD X Length 0.031 Sigma Aldrich 1
in. X 1/16 in. X 50 feet

PTFE Tubing ID X OD X Length 0.019 Sigma Aldrich 1
in. X 1/16 in. X 50 feet

PTFE Tubing ID X OD X Length 0.010 Sigma Aldrich 1
in. X 1/16 in. X 50 feet

Results

The permeable membrane flow reactor was constructed as shown in FIG. 1, panel
(a), using a stainless-steel Parr shell with 20 feet of gas permeable membrane tubing
inside. The stainless-steel shell could be pressurized with oxygen gas, air, or an inert gas.
A gas purge system regulated by a back pressure regulator was constructed to maintain a
constant pressure of the chosen gas throughout the duration of the reaction. A HPLC
pump was used to pump in a liquid solution of lignin and copper catalyst. Upon exiting
the reactor, the feed was cooled to room temperature in a water bath. The pressure of the
liquid feed was controlled using a back pressure regulator with the pressure set to avoid
vaporization of the liquid feed. (Typically the back pressure regulator was set to 250 psig
to maintain a liquid stream.) PTFE tubing was throughout the reactor, and no stainless-
steel components were in contact with the harsh basic conditions, which have been known
to etch or otherwise damage steel at high temperatures.

We evaluated different types of inexpensive tubing which would be compatible
with strongly basic conditions, temperatures more than 160 °C, and moderate pressures
(<300 psig). Only PTFE and Teflon™-PFA membranes were compatible with the criteria.
Running a short time course of the aerobic lignin oxidation reaction showed that there
was not much difference between the Teflon™ PFA and Teflon™ PTFE (FIG. 3). PTFE
was chosen as it was easier and slightly more inexpensive (o source.

Different tube diameters of PTFE tubing were tested for the aerobic lignin

oxidation reaction (FIG.4, Tables 2-5). The time courses indicated that similar maximum
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monomer yields were achieved with tube diameters of 0.5 mm, 0.8 mm, and 1.6 mm, with
smaller tubes showing faster rates of reactivity (FIG. 4, Tables 2-4). For tubing that was
much smaller (0.3 mm), the maximum lignin monomer yields were not achieved with the
residence times achieved with our system (FIG. 4, Tables 4-5). Interestingly the phenol
oxidation rate, which consumes the aromatics, appears to not be oxygen-diffusion limited.
In order to maximize the amount of products produced, the larger 1.6 mm tubing was

used for the rest of this study.

Table 2. Aerobic lignin oxidation with 1.6 mm ID tubing.

Major Phenolic Products wt%

Res.  Vanilic Synngic Vanillin ~ Syringaldehyde  Acetovanillone  Acetosyringone  pHBA

Time  acid acid

©)

0 0 0 0.1 0.2 0 0 1.7
97 1.1 1.9 3.8 10.2 0.8 1.7 3.6
123 1.2 22 5.1 13.2 1.1 23 3.6
185 1.5 3.0 7.3 16.4 1.5 3.2 3.5
231 1.7 3.1 7.9 17.1 1.5 2.9 3.6
264 1.8 2.7 7.9 16.7 1.4 2.1 3.6
308 2.0 23 8.2 16.7 1.3 1.6 3.7
370 2.1 1.1 7.7 13.5 0.9 04 35

Table 3. Aerobic lignin oxidation with 0.8 mm ID tubing.

Major Phenolic Products wt%

Res. Vanillic Syringic Vanillin Syringaldehyde Acetovanillone Acetosyringone ~ pHBA

Time acid acid

©)

0 0.4 0.3 0.4 0.2 0 0 2.7
31 0.9 1.6 35 6.6 0.7 1.1 4.2
46 1.2 2.2 5.6 11.7 0.9 1.2 4.0
63 1.4 2.6 6.8 14.2 1.0 2.2 3.7
80 1.7 2.6 7.9 16.0 1.1 21 39
108 1.8 1.6 7.7 15.5 1.1 1.3 3.6
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147 1.8 0.7 7.7 13.9 0.4 05 35
184 1.6 04 7.3 11.1 0.2 0.3 3.6

Table 4. Aerobic lignin oxidation with 0.5 mm ID tubing.
Major Phenolic Products wt%
Res.  Vanillic Syringic Vanillin Syringaldehyde Acetovanillone  Acetosyringone  pHBA

Time acid acid

®)

0 0.4 0.2 0.3 0.2 0 0 2.1
36 1.5 2.6 7.3 15.0 1.1 2.1 3.7
48 1.7 1.4 1.4 14.6 1.1 1.2 3.7
57 1.7 0.9 7.3 13.9 1.0 0.8 35
71 1.6 0.5 7.5 12.5 0.8 04 3.7
95 1.6 0.4 8.1 11.8 0.4 03 4.0
143 1.1 0 6.6 6.1 0.3 0.3 3.5
238 0.6 0 43 1.4 0.3 0.3 29

Table 5. Aerobic lignin oxidation with 0.3 mm ID tubing.
Major Phenolic Products wt%
Res.  Vanillic Syringic Vanillin Syringaldehyde Acetovanillone Acetosyringone  pHBA

Time acid acid

®)

0 0.4 0.2 0.3 0.2 0 0 1.8
22 1.4 1.8 6.1 11.2 0.9 14 35
26 1.6 0.7 7.0 12.1 0.9 0.8 3.6
37 1.6 0.7 7.0 12.1 0.9 0.8 3.6
52 1.8 0.5 8.1 13.6 1.0 0.9 4.1
86 1.6 0.4 8.6 11.5 0.9 0.6 4.4
129 1.1 0 7.1 6.5 0.6 03 38
258 0.8 0 4.6 2.0 0.4 02 3.0

Increasing the CuAHP Poplar lignin concentration from 0.5 wt% to 1.5 wt%

showed that the reactions achieved similar maximum yields (FIG. 5). The rate of the
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production of the aromatics showed a possible saturation-type behavior for the lignin with
very little difference in rates across these three concentrations.

Increasing the oxygen pressure on the shell-side of the reactor increases the
reaction rate resulting in faster production of aromatics with very similar maximum yields
of aromatics (38 wt%) (FIG. 6, Tables 6-8). Running at 75 psig or higher, the fast
reaclivity made very precise process control necessary Lo avoid the rapid degradation ol
the aromatics. For the rest of the study, 50 psig was be used to give additional time course
information. Running the reaction with an inert gas resulted in yields of less than 10 wt%
of aromatics that included p-hydroxybenzoic acid more than any other aromatic, as p-
Hydroxybenzoic acid can be cleaved from lignin solely by hydrolysis of the p-
hydroxybenzoate linkages appended to the lignin backbone (FIG. 6, Table 9). Small
amounts of other aromatics were observed as well using nitrogen alone. This may be due
to dissolved oxygen from the air in the solvent (see Table 9. Interestingly, once the

aromatics were generated, they remained stable for residence times of more than 400 s.

Table 6. Acrobic lignin oxidation at 75 psig Oa.

Major Phenolic Products wt%

Res.  Vanillic Syringic Vanillin Syringaldehyde Acetovanillone Acetosyringone  pHBA

Time acid acid

Q)

0 0 0 0.3 0.2 0 0 1.5
98 1.3 2.4 5.4 13.2 1.1 23 37
123 1.4 2.8 6.7 15.0 1.2 2.8 3.6
143 1.6 2.8 7.3 16.0 1.4 2.8 3.7
168 2.0 2.6 8.7 18.3 1.5 2.2 4.0
205 1.9 1.7 7.9 15.6 1.2 1.1 3.6
264 1.8 0.6 7.3 10.5 0.7 0 35
370 1.4 0.4 6.4 6.8 0.6 0 33

Table 7. Base Conditions: Flow aerobic alkaline lignin depolymerization using 1.6 mm
ID PTFE tubing®

Major Phenolic Products wt%

Res.  Vanilic Syrngic Vanilin Syringaldehyde Acetovanillone Acetosyringone  pHBAP
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Time  add acid

)

0 0 0 0.1 0.2 0 0 1.7
97 1.1 1.9 3.8 10.2 0.8 1.7 3.6
123 1.2 22 5.1 132 1.1 2.3 3.6
185 1.5 3.0 7.3 16.4 L5 3.2 3.5
231 1.7 3.1 7.9 17.1 1.5 2.9 3.6
264 1.8 2.7 7.9 16.7 1.4 2.1 3.6
308 2.0 23 8.2 16.7 1.3 1.6 3.7
370 2.1 1.1 7.7 13.5 0.9 0.4 3.5

Table 8. Aerobic lignin oxidation at 30 psig Oa.
Major Phenolic Products wt%
Res.  Vanillic Syrngic Vanillin Syringaldehyde Acetovanillone  Acetosyringone  pHBA

Time acid acid

®)

0 0 0 0.3 0.1 0 0 1.4
97 0.9 1.6 25 7.2 0.6 1.3 3.5
123 1.1 1.8 34 9.8 0.9 1.7 3.6
205 1.3 2.6 6.2 15.2 14 32 3.8
264 1.3 2.8 6.8 16.1 1.5 35 3.6
308 1.4 3.0 7.1 16.1 1.5 35 3.6
370 1.6 3.3 7.6 16.6 1.6 33 3.6
411 2.0 2.0 8.3 14.6 1.4 3.8 3.8

Table 9. Aerobic lignin oxidation at 50 psig Na.
Major Phenolic Products wt%
Res.  Vanillic Syringic Vanillin Syringaldehyde Acetovanillone Acetosyringone  pHBA

Time acid acid

®)

0 0 0 0.3 0.1 0 0 1.3
97 0.8 1.4 1.0 1.9 0.4 0.7 3.6
123 0.8 1.4 1.0 1.7 0.5 09 35
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205 0.9 1.4 1.0 1.8 0.5 1.0 3.6
411 0.9 1.4 1.1 1.9 0.6 1.0 3.6

Decreasing yields were observed with decreasing temperature (FIG. 7, Tables 10-
12), potentially due to ineffective cleavage of one of the linkages in lignin at lower
temperatures. Lowering the temperatures to temperatures the same as those used for batch
5  CuSO04 oxidation (175 °C) gave comparable maximum yields (30.5 wt% for flow and
28.8 wt% for batch) (FIG. 7, Table 12). However, the yield was achieved much quicker
even when accounting for the heat up in the batch reaction (230 s for flow and more than
900 s accounting for heat up time for batch). The phenol oxidation reaction in the reactor
does seem to be temperature dependent (FIG. 7).
10
Table 10. Aerobic lignin oxidation at 200 °C.
Major Phenolic Products wt%
Res.  Vanillic Syringic Vanillin Syringaldehyde Acetovanillone  Acetosyringone  pHBA

Time acid acid

®)

0 0.4 0.3 0.3 0.2 0 0 2.3
123 1.1 21 4.3 11.4 1.0 2.1 3.7
185 1.4 2.8 6.6 15.7 1.3 3.1 3.8
231 1.6 3.0 7.2 16.4 1.4 3.1 3.8
264 1.8 2.7 7.4 16.4 1.3 24 3.8
308 1.9 2.5 7.7 16.7 1.3 1.9 39
369 2.0 1.1 7.3 14.8 1.1 0.9 3.7
410 2.0 0.8 6.9 12.8 0.9 04 3.6

Table 11. Aerobic lignin oxidation at 190 °C.

Major Phenolic Products wt%

Res.  Vanillic Syringic  Vanillin ~ Syringaldehyde ~Acetovanillone  Acetosyringone  pHBA

Time acid acid

®)

0 0.4 0.3 0.3 0.2 0 0 04
123 1.1 1.9 3.8 9.6 0.8 1.8 3.8
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185 1.3 2.4 5.6 13.4 1.1 2.5 3.8
231 1.4 29 6.9 15.7 1.3 3.0 3.6
264 1.5 29 7.1 154 1.3 2.8 35
308 1.6 2.8 7.2 15.5 1.3 2.7 3.5
369 1.8 2.0 7.4 15.1 1.3 1.7 35
410 1.9 1.4 7.4 14.1 1.2 11.6 3.5

Table 12. Aerobic lignin oxidation at 175 °C.
Major Phenolic Products wt%

Res.  Vanillic Syringic Vanillin Syringaldehyde Acetovanillone  Acetosyringone  pHBA

Time acid acid

®)

0 0.4 0.3 0.3 0.2 0 0 2.4
123 0.8 1.4 2.8 5.4 0.6 1.1 3.6
185 1.1 2.0 4.3 9.2 0.9 1.8 3.6
231 1.4 2.7 6.0 12.9 1.1 24 4.0
264 1.3 2.5 5.8 12.2 1.1 22 3.7
308 1.4 2.6 6.1 12.4 1.1 2.2 3.6
369 1.5 24 6.5 12.7 1.1 2.0 3.5
410 1.6 2.1 6.5 12.3 1.1 1.8 34

Higher yields of aromatics were achieved by increasing the copper concentration
from 0.8 mM to 1.6 mM (FIG. 8). Higher concentrations of copper salts were not possible
in the conditions tested due to the insolubility of these copper species in sodium
hydroxide. The reaction proceeded without the addition of a copper catalyst, but lower
yields were achieved under these conditions. In addition to the rate of monomer
production from lignin, the phenol oxidation reaction appeared to increase with increasing
copper loading, resulting in increased consumption of the aromatics (FIG. 8). Using
aldehyde model compounds (vanillin and syringaldehyde), phenol oxidation proceeded
without oxidation of the aldehyde to carboxylic acid unless a copper catalyst was added.

To compare the reactivity in the flow reactor to batch reactivity or stoichiometric
copper activity, lignins from a variety of different tree sources (birch, poplar, and pine)

and using a variety of different isolation methods CuAHP method, Kraft, Lignosulfonate
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Calcium salt, and Glyoxylic acid aldehyde-protected lignin (Bertella et al. 2022) were
tested FIGS. 9A and 9B). All lignin sources and species had similar reaction profiles.
However, the phenol oxidation reaction was much slower in pine lignin due to the lower
amount of electron-rich phenols. The CuAHP Poplar achieved yields of 38 wt% in flow
and 29 wt% in batch and 37 wt% with super-stoichiometric CuO. Using GVL lignin
resulted in 27 wi% in flow, 22 wi% in batch and 25 wi% in Super stoichiometric CuQO.
Results with the glyoxylic acid protected birch lignin resulted in 33 wt% yields for the
flow oxidation and 21 wt% yield in batch and 31 wt% with super-stoichiometric CuQ.
The lower yields observed is likely due to the lack of easily removed p-hydroxybenzoate
linkages in birch woods. CuAHP pine lignin resulted in 16 wt% yield of aromatic
monomers in flow, 5 wt% aromatics in batch, and 9 wt% aromatics using super-
stoichiometric metal salts. Glyoxylic acid protected pine lignin resulted in yields of 16
wt% for the flow oxidation, 10 wt% in the batch reactor and 11 for the super-
stoichiometric CuO. Soft-wood Kraft lignin resulted in 10 wt% yield in flow, 6 wt% in

batch and 11 wt% using super-stoichiometric metal salts.

Each of these lignin samples represented a different amount of the total lignin
extracted based on Klason lignin content from the original biomass. For the hardwood
samples, CuAHP was able to extract 35 wi% of the lignin, GVL was able to extract 28
w% of the lignin, and glyoxylic acid was able to extract 78 wt% based on lignin. For the
softwood samples CuAHP was able to extract 15 wt% of the lignin and glyoxylic acid
was able to extract 76 wt% of the lignin. An accurate extraction yield could not be
determined for the Kraft sample. For the Glyoxylic acid protected birch and pine samples
direct comparison of this method to reductive methods could be done. Results showed
that 71.1 g aromatics X kg™! biomass or 397 umol g! biomass could be valorized using
this method and 52.5 g aromatics X kg™! biomass or 282 umol g™ could be achieved using
hydrogenolysis of birch lignin. Using glyoxylic acid protected pine lignin 40.0 g
aromatics X kg'! biomass or 255 pmol g biomass could be achieved using the flow
method and 20.2 g aromatics X kg™ biomass or 121 pmol g biomass could be achieved
using hydrogenolysis.

Simple kinetic modelling was performed using experimentally determined
diffusion and reaction constants (FIGS. 10A and 10B). The diffusion rate and oxygen
saturation rate were found experimentally to be 4 barrer and 0.2 mM respectively. The

phenol oxidation mechanism was found experimentally. This was put into a simple model

32



WO 2023/244264 PCT/US2022/052348

10

15

20

25

using the equations in Eq. 1. The k3 was floated to match the data, as was the maximum
amount of converted lignin. The fit showed good agreement with experimental results and
indicated that there is a sharp increase in the amount of soluble oxygen once all the easily

convertible lignin was consumed.

d 02 a
[dr] t = kl([oz]sat,aq - [02]aq> ~ (kellignin] + k; [Ar])[0;)aq
dlliani
% - '—kz[llgnln][oz]aq
dlar] =k [lignin}[0;]4q — k3 [Ar][0:] 4,
dr (Eq. 1)

Using the permeable reactor enabled the ability to shut down the phenol oxidation
of the electron rich products, which has limited the maximum yield achieved in other
instances of alkaline aerobic lignin depolymerizations. The permeable membrane limits
the diffusion of oxygen (which is shown by the zero-order reactivity of lignin), the
temperature-independent reactivity, and the dependence on the inner diameter ol the tube
on the reactivity of the lignin. Using a simple kinetic model with experimentally
determined constants further confirmed that the improved reactivity could be attributed to
the lack of phenol oxidation. It is therefore likely that the use of super-stoichiometric
metal oxides such as CuO can serve as an oxidant to depolymerize lignin but are not
potent enough to oxidize the phenol and cause loss of the products.

The usage of permeable membrane reactors such as the reactor exemplified herein
open up the potential for higher yielding and less expensive processing of lignin
compared to batch systems currently in operation. The additional control of the reaction
has resulted in improvements like increased pressure and increased loading. The use of
parallel tube reactors in the same shell could be used to achieve much greater amounts of
aromatics produced from lignin in a continuous manner. In addition, the lower pressures
used (50 psig operating pressure for flow compared to 375 psig starting pressure for
batch) would make processing lignin much safer and allow for less expensive reactors to
be built to process lignin. Finally, because all the wetted materials are made from PTFE,
the material incompatibility with hot alkaline conditions at pressure is no longer a

concern, potentially saving substantial reactor costs.
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CLAIMS

We claim:

1. A method of depolymerizing lignin, the method comprising flowing an aqueous reaction
medium comprising the lignin and a base through a lumen of a channel at a temperature and for
a time effective to depolymerize at least a portion of the lignin to aromatic monomers, wherein
the channel comprises an oxygen-permeable channel substrate comprising an inner surface
facing the lumen and an outer surface facing away from the lumen, and wherein the outer

surface of the oxygen-permeable channel substrate is in contact with oxygen gas.

2. The method of claim 1, wherein the oxygen-permeable channel substrate comprises a
membrane.
3. The method of any prior claim, wherein the oxygen-permeable channel substrate

comprises a polymeric membrane.

4. The method of any prior claim, wherein the oxygen-permeable channel substrate

comprises a fluoropolymer membrane.

5. The method of any prior claim, wherein the oxygen-permeable channel substrate
comprises any one or more of polytetrafluoroethylene, fluorinated ethylene propylene,

perfluoroalkoxy alkane, and 2,2-bistrifluoromethyl-4,5-difluoro- 1,3-dioxole/tetrafluoroethylene

copolymer.
6. The method of any prior claim, wherein the channel is in the form of one or more tubes.
7. The method of any prior claim, wherein the medium comprises the lignin in an amount

of 25% w/w or less.

8. The method of any prior claim, wherein the base comprises one or more of sodium
hydroxide, lithium hydroxide, potassium hydroxide, rubidium hydroxide, cesium hydroxide,

calcium hydroxide, strontium hydroxide, and barium hydroxide.

9. The method of any prior claim, wherein the medium comprises the base in an amount

from 0.1 M to 4 M.
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10. The method of any prior claim, wherein the reaction medium is flowed through the

lumen of the channel in the presence of an oxidation catalyst.

L1. The method of claim 10, wherein the oxidation catalyst comprises a metal-based catalyst.

12. The method of any one of claims 10-11, wherein the oxidation catalyst comprises one or

more of a metal salt and a metal hydroxide.

13. The method of any one of claims 10-12, wherein the oxidation catalyst comprises one or

more of copper, iron, cobalt, nickel, and manganese.

14. The method of any one of claims 10-13, wherein the reaction medium comprises the
oxidation catalyst and the oxidation catalyst is flowed through the lumen of the channel as part

of the reaction medium.

15. The method of any one of claims 10-14, wherein the reaction medium comprises the

oxidation catalyst in an amount less than 2 mM.

16. The method of any prior claim, wherein the temperature is within a range from 150 °C to
250°C.
17. The method of any prior claim, wherein the temperature is within a range from 200 °C to
250 °C.
18. The method of any prior claim, wherein the oxygen gas is at a partial pressure of at least
10 psig.
19. The method of any prior claim, wherein the time is within a range from 5 seconds to

1,000 seconds.

20. The method of any prior claim, wherein the aromatic monomers comprise one or more of
vanillin, syringaldehyde, p-hydroxybenzoic acid, vanillic acid, syringic acid, acetovanillone, and

acetosyringone.
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21. The method of any prior claim, wherein the flowing the reaction medium is conducted at
least until the aromatic monomers are produced in an amount of at least 20% w/w of the lignin

originally present in the reaction medium.

22. The method of claim 1, wherein:

the oxygen-permeable channel substrate comprises a polytetrafluoroethylene or
perfluoroalkoxy alkane membrane;

the channel is in the form of one or more tubes;

the medium comprises the lignin in an amount of 25% w/w or less;

the base comprises one or more of sodium hydroxide, lithium hydroxide, potassium
hydroxide, rubidium hydroxide, cesium hydroxide, calcium hydroxide, strontium hydroxide, and
barium hydroxide;

the medium comprises the base in an amount from 0.1 M to 4 M;

the reaction medium is flowed through the lumen of the channel in the presence of an
oxidation catalyst comprising one or more of copper, iron, cobalt, nickel, and manganese;

the reaction medium comprises the oxidation catalyst and the oxidation catalyst is flowed
through the lumen of the channel as part of the reaction medium;

the reaction medium comprises the oxidation catalyst in an amount less than 2 mM;

the temperature is within a range from 200 °C to 250 °C;

the oxygen gas is at a partial pressure of at least 10 psig;

the time is within a range from 5 seconds to 1,000 seconds;

the aromatic monomers comprise one or more of vanillin, syringaldehyde, p-
hydroxybenzoic acid, vanillic acid, syringic acid, acetovanillone, and acetosyringone; and

the flowing the reaction medium is conducted at least until the aromatic monomers are
produced in an amount of at least 20% w/w of the lignin originally present in the reaction

medium.
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