Volume 1
Number 7
October 2023
Pages 1569-1898

Sustainability

rsc.li/rscsus
A ALK i F

- [ ¢~

Y

e PERSPECTIVE
ROYAL SOClETY Mahdi M. Abu-Omar and Peter C. Ford

“ OF CHEMISTRY The lignin challenge in catalytic conversion of biomass
solids to chemicals and fuels



#® ROYAL SOCIETY
PPN OF CHEMISTRY

RSC
Sustainability

View Article Online
View Journal | View Issue,

PERSPECTIVE

The lignin challenge in catalytic conversion of

{") Check for updates‘
biomass solids to chemicals and fuels

Cite this: RSC Sustainability, 2023, 1,
1686
Mahdi M. Abu-Omar* and Peter C. Ford (& *

Presented here is an overview of progress in one approach to reducing greenhouse gas emission, namely
substituting photosynthesis generated, woody biomass for fossil carbon as feedstock in the production of
chemicals and liquid fuels. Particular emphasis is given to one of the most difficult aspects of biomass
conversion, namely dealing with lignin, which is the second largest component (after cellulose) of woody
materials. Lignin is largely composed of aromatic monomers linked (and cross-linked) in various bonding
modes. As such it presents particular challenges for disassembling. However, it also represents an

important opportunity for producing both liquid fuels for transportation and monomers with valuable
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Accepted 16th July 2023 properties as carbon-neutral precursors for various chemical applications including the synthesis of new

polymers. Many examples of the approaches to these challenges are drawn from the authors’ own
DOI: 10.1039/d35u00117b research. While we have attempted to present a broader viewpoint, this Perspective is not intended as

rsc.li/rscsus a comprehensive review of the extensive research from other laboratories worldwide.

Sustainability spotlight

Global climate change is an existential challenge to human health correlated with the excessive generation of greenhouse gases by modern society. Multiple
strategies to addressing this threat are essential. In this perspective, we address issues and opportunities arising from one such approach, the conversion of
lignocellulose to liquid fuels and to higher value chemicals such as polymers.
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Introduction

This perspective discusses a key challenge of sustainability
chemistry, the utilization of non-food biomass for the produc-
tion of organic chemicals and liquid fuels. Successful, efficient
and economic methods for converting renewable biomass
solids to chemicals and liquid fuels would reduce society's
dependence on non-renewable fossil carbon resources while
easing the atmospheric carbon dioxide burden. The topic is
obviously not new; humankind has been utilizing biomass as
a fuel for heating, cooking and lighting since the discovery of
fire. However, conversion of lignocellulose, which is the most
abundant form of renewable biomass carbon, to the liquid fuels
and chemicals that are linchpins of modern economies is
a complex technical problem.

When the Abu-Omar* and Ford® research groups indepen-
dently initiated studies in biomass conversion about 15 years
ago, we and many others were very aware of the growing threat
of the atmospheric greenhouse gas (GHG) concentrations that
inexorably continue to increase. For example, carbon dioxide,
the most important GHG, has increased from an average
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atmospheric concentration of ~383 ppm in 2007 to 419 ppm in
late 2022, a 9% increase in just 15 years.® It has been estimated
that such CO, increases since the pre-industrial revolution era
(est. 280 ppm) leads to a trapping of ~3.2 extra Watts per m” of
solar energy (average) over the surface of the Earth.* Corre-
spondingly, seven of the hottest years in history have been
recorded in the last decade with 2021 being the 7th consecutive
year (2015-2021) having a global temperature more than 1 °C
above pre-industrial levels, according to the World Meteoro-
logical Organization.® Concerns have been raised that further
temperature rises will push the climate past a critical tipping
point.® Moreover, a number of extreme weather episodes in
recent years has been attributed to global warming. With
growing awareness of accelerating climate change and the
accompanying social disruptions, sustainability gains a new
sense of urgency. While no one action, or even one type of
action, will ameliorate this existential crisis, multiple collective
responses by many can make a difference.

Energy production via the combustion of fossilized carbon
(coal, natural gas and petroleum) for transportation, electricity
production, industrial activities and residences is the origin of
the largest fraction of anthropologic GHG emissions. Solar,
wind and other, less conventional, carbon-neutral methods
have begun to decrease the GHG impact of electricity generation
in the United States over the past decade,” and it is obvious that,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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as the carbon-neutral electricity sector grows, other end-use
applications will benefit.

The transportation sector directly contributes more than
a quarter of the CO, emissions in the United States” and likely
contributes a comparable percentage to anthropologic GHG
emissions elsewhere. Currently, there are ~1.4 billion 4-
wheeled vehicles in use worldwide powered by internal
combustion engines (ICEs) using liquid hydrocarbon fuels.®
Governmental programs in a number of countries encourage
and provide incentives for purchasing of electric vehicles (EVs),
and 13% of worldwide new car sales in 2022 were EVs and plug-
in hybrid electric vehicles (PHEVSs).” To cite an example more
local for the authors, the State of California in 2022 adopted
rules banning the sale of new strictly gasoline and diesel pow-
ered automobiles and light trucks as of 2035.'° This follows the
earlier passages of similar bans by New York State and by the
United Kingdom and Germany in 2021. Because of such devel-
opments, and assuming the politicians have the courage to
maintain these programs, there will be a major increase in the
role of EVs in the marketplace. Nonetheless, there will be
a continuing major need for liquid hydrocarbon fuels for many
decades simply to fuel the ICE powered vehicles now in use and
those ICEs and PHEVs that will undoubtedly be added to the
world's fleet during the next generation.

Other major contributors to GHG emissions are aviation and
international shipping. Current estimates place commercial,
private and military aviation as contributing >2% of the
worldwide CO, emissions."* Presently, there are no viable
alternatives to liquid hydrocarbon aviation fuels given the
inherent energy storage density needed to power the fleet of
airplanes currently flying. Aviation is a growing industry that is
difficult to decarbonize, so lignocellulose conversion to jet fuel
can have a major impact on this particularly CO, polluting
industry. Thus, there is a huge, continuing need to develop
renewable, carbon-neutral alternatives to supply this and other
transportation sectors.

A very important question is whether liquid hydrocarbon
fuels can be produced by sustainable methods that minimize
further conversion of fossil-carbon to carbon dioxide. One
potential approach would be to obtain such fuels from ligno-
cellulosic biomass, which has stored chemical potential derived
from solar energy passively collected over a distributed area and
converted to reduced carbon from atmospheric CO, by photo-
synthesis. Bioethanol and bio-diesel are currently used in
transportation; however, both of these are relatively minor
contributors and are largely derived from food crops (ethanol
from corn in the USA and from sugarcane in Brazil; biodiesel
from soy beans). Second generation bioethanol from lignocel-
lulose has received significant financial investment but has
been plagued by a number of challenges that left it economi-
cally not viable without subsidies and legislative mandates.
Electrochemical CO, reduction for production of liquid fuels
and other chemicals is another approach gaining considerable
attention. However, such processes are energy intensive and the
electrochemical potential might be better used for direct
applications such as residential environmental control (cooling
and heating) and industrial processes like green ammonia

© 2023 The Author(s). Published by the Royal Society of Chemistry
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production. Of course, there would be little environmental value
unless the sources of that electrochemical energy were renew-
able or at least carbon-neutral.

In this perspective, we offer an overview of research in our
laboratories and some related studies focused on using non-
food biomass feedstocks for liquid transportation fuels as well
as the chemicals and materials necessary for modern society.
We are not attempting a comprehensive review but note that
growing awareness of fossil fuel related climate change has led
to rapidly expanding research into utilizing biomass in this
manner.'>**

Conversion of lignocellulose

The major non-food component of biomass is lignocellulose,
a matrix of the carbohydrates cellulose (40-60%, depending
upon the source) and hemicellulose/xylan (10-30%) plus the
irregularly-coupled, aromatic polymer lignin (20-35%) (Fig. 1).**
These are the three most plentiful biopolymers in nature and
are products of photosynthetic carbon dioxide reduction.
Cellulose is the crystalline polymer of glucose, while hemi-
cellulose is a heterogeneous polymer of C5 and C6 sugars such
as xylose and mannose. Lignin is a heterogeneous macromol-
ecule largely formed from the three aromatic monomers con-
iferyl alcohol (G), sinapyl alcohol (S) and coumaryl alcohol (H)
linked by various phenyl ether bonds as well as some much
more recalcitrant carbon-carbon cross-linkages (Fig. 2).'
Major sources of lignocellulose are woody solids and grasses,
and very substantial quantities are available as agricultural and
forestry wastes.

Lignocellulose is the most abundant source of renewable
carbon on the planet, thus, is an obvious target for catalytic
conversion to liquid transportation fuels and/or platform
industrial chemicals. However, it is important to remember that
the composition of lignocellulose is variable and is a function of
the source from which it is derived.*®

Current biorefineries largely utilize the polysaccharide
components of lignocellulose feedstocks. Ethanol remains by
far the most prominent product from such refineries owing to
the built-in market defined by USA federal law dictating ethanol
content in automobile gasoline. However, there has been
considerable progress*** toward developing effective proce-
dures for converting carbohydrates to platform chemicals such
as furfural and 5-hydroxymethylfurfural and their derivatives
(e.g., Fig. 3). These products can be transformed further to
useful chemicals and fuels. For example, Bohre et al. have
described the catalytic technology for upgrading furfurals into
longer chain hydrocarbons for uses as drop-in fuels.** However,
substantial amounts of lignin are generated as by-products of
the cellulose and hemi-cellulose utilization, and in many bio-
refineries, this component is burned. Clearly, greater bio-
refinery economic efficiency would be one major benefit of
developing methodologies for the valorization of lignin to
higher value products.??¢

Of interest would be procedures for the disassembly of lignin
to aromatic monomers that may serve as drop-in feedstocks for
current industrial processes. However, lignin is also a potential
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Fig. 1 Lignocellulose components. This illustration was adapted from ref. 16.
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Fig. 2 Top: A representative structure of lignin, the red circles indi-
cating various ether linkages between aromatic monomer units.
(Figure adapted from ref. 18) Bottom: Structures of the monomers
coumaryl alcohol (H), coniferyl alcohol (G) and sinapyl alcohol (S).

starting point for the synthesis of products not easily accessed
from petroleum. For example, one can easily envision the
synthesis of new polymeric materials from lignin-derived
monomers, a topic that will be addressed below. Key issues
that need addressing are how to separate lignin from the
lignocellulose matrix without modifying it into a less tractable
material, how to disassemble this biopolymer into monomeric
units and, lastly, how to channel those monomers into products
that enhance the economic viability of biorefineries.””

1688 | RSC Sustainability, 2023, 1, 1686-1703

Radically different approaches are needed to effect facile
conversion of lignocellulose solids to liquid fuels and to other
chemical precursors without forming intractable and valueless
side products such as tars and chars. Petroleum refineries are
remarkably efficient at utilizing all components of the oil
feedstock. Biorefineries need to develop comparable specificity
and energetic efficiency to give economically sustainable
product streams.

Petroleum feedstocks have high thermal stability and low
functionality and can be depolymerized and fractionated by
high temperature procedures. Petrochemical syntheses often
involve adding functionality to saturated hydrocarbon struc-
tures to increase value. Lignocellulose, in contrast, is highly
functionalized with nearly every framework carbon atom
oxidized in some manner. Its major components have low
thermal stability and little volatility. In general, functionality
needs to be removed to give liquid fuels, and many, if not most,
biomass derived chemicals. Different catalysts and mechanistic
insights are necessary for lower temperature depolymerization
of biopolymers and selective deoxygenation of the resulting
fragments.>® Fig. 4 illustrates the conceptually different
approaches needed for a chemical economy drawing upon
lignocellulose rather than petroleum.?® Technology that better
exploits these renewable feedstocks promises to spawn entire
new industries.

The differences between lignocellulose and petroleum feed-
stocks as chemical precursors, however, should not be simply
viewed as problematic. Instead, the extensive functionality of
biomass components also offers new opportunities and poten-
tial access to small molecule synthons that otherwise may be
difficult to prepare vig traditional petrochemistry. Once the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Steps leading to furfural and derivatives from a hemi-cellulose component of lignocellulose.?®
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Fig.4 Fundamental differences in the conversion of petroleum- and biomass-based feedstocks. (Figure from ref. 28, Copyright 2014 American

Chemical Society).

technology has been established and the economic incentives
are sufficient, industry will adapt to the need to focus on
renewable resources. History has taught us that the failure to
respond to societal shifts will doom the recalcitrant.

Catalytic lignin disassembly

The Ford group's initial interest in lignocellulose conversion
largely focused on the lignin component. The -cellulose
component has long been utilized in paper manufacture, and as
noted above, methods were being developed for using the
carbohydrate components as renewable feedstocks for the
synthesis of new platform chemicals and for 2nd-generation
ethanol production from lignocellulose. However, the lignin
component is often devalued by simply burning as a low-grade
heat source. Given that it is the second-most abundant
biopolymer on Earth and by far the largest natural source of
aromatic compounds, burning lignin represents a wasted
opportunity. Although lignins can be converted by pyrolysis to
bio-o0ils,* these are low-quality fuels, since their high oxygen
content makes them immiscible with petroleum-derived fuels,
although new techniques for upgrading such bio-oils are under
study.*® More efficient extraction of value from this renewable
resource is essential for economically successful utilization of
lignocellulose.

In these contexts, Macala et al. initiated a study of porous
metal oxides (PMOs) prepared by calcining copper doped
Mg?"AI** (3/1) hydrotalcites as catalysts for the disassembly of
lignins.®* Similar transition metal doped PMOs had proved to be
effective solid base catalysts for the transesterification of

© 2023 The Author(s). Published by the Royal Society of Chemistry

triglycerides with methanol to form fatty acid methyl esters as
biodiesel fuels®® and for sequestering CO,.** Thus, it was
hypothesized that, in super-critical methanol (sc-MeOH), these
solid bases would catalyze solvolysis of the lignin aromatic ether
linkages. These early studies were done in mini-autoclaves such
as illustrated in Fig. 5 owing to the high pressures from heating
methanol to the super-critical state. The catalysts were Cul0-
PMO or Cu20-PMO (prepared by replacing 10% or 20% of the
Mg?", respectively, with Cu® in the hydrotalcite before calcining).
This one-pot system was used to investigate the reactions of
a model substrate, 2,3-dihydrobenzofuran (DHBF),** then of
organosolv poplar lignin (OPL).*® Similar Cu doped PMO's have
since found applications in other catalytic processes®**

Fig. 5 Photograph of 10 mL mini-reactors built from Swagelok
junctions. (Figure from ref. 27, Copyright 2015 American Chemical
Society).
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including the Guerbet condensation of ethanol to higher
alcohols.?

The Cu-doped PMOs proved to be very effective catalysts, but
not in the solvolysis context originally envisioned. Macala et al.>*
showed that with DHBF, the principal pathway in sc-MeOH at
300 °C involved hydrogenolysis (not solvolysis) of the alkyl
carbon-oxygen bond of the cyclic ether to give (initially) 2-ethyl
phenol (Scheme 1). However, under these conditions, this
initial product proved quite susceptible to subsequent ring
hydrogenation and methylation to give the cyclohexanol prod-
ucts. Some hydrodeoxygenation (HDO) to give hydrocarbons
was also observed, but this pathway was relatively minor.

Mg-Al mixed oxides and those doped with Cu are catalysts
for alcohol reforming®*® and for the water gas shift reaction®
(eqn (1) and (2)), so these reactions are the likely sources of the
hydrogen equivalents needed for the transformations illus-
trated in Scheme 1. This conclusion gained further support
from gas chromatographic analysis of gases formed during
catalytic runs. The principal component proved to be H,, with
lesser amounts of CO and CO, plus traces of methane.*" No gas
was formed in the absence of the catalyst. Thus, the methanol
can be effectively viewed as a “liquid syngas” under these
reaction conditions, and reforming gives the hydrogen neces-
sary for the desired hydrogenolysis as well as for the less desired
hydrogenations.

CH;OH = 2H, + CO (1)
CO + H,0 2 H, + CO, )

Barta et al.'® extended this system by demonstrating that
OPL, which had been extracted from poplar wood shavings
using hot, acidic methanol, is very effectively disassembled into
monomeric and dimeric fragments without the formation of
chars. However, a key complication was the multitude of
products that resulted, in part due to the side reactions also
observed above with the DHBF model substrate. Thus, while
solvolysis of the aromatic ether linkages undoubtedly plays
a role, hydrogenolysis of these bonds is apparently the key
pathway in depolymerizing OPL, itself undoubtedly already
a mixture of different species.*® Subsequent reactions under
these conditions, ring hydrogenation and methylation as well as
HDO, contributed to the complexity of the product mixtures.
Notably, cleaner mixtures were later obtained by Barta et al.** for
lignin extracted from candlenut nutshell and disassembled
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Scheme 1 Products from the Cu20-PMO-catalysed reaction of DHBF
in sc-MeOH at 300 °C. The yields after 13 h are indicated in
parentheses.®
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using a similar reaction scheme, but at a lower, non-critical,
reaction temperature. Subsequently, Hensen and coworkers*
studied soda lignin valorization with a similar CuMgAIlO, cata-
lyst in super critical ethanol (sc-EtOH), which was the source of
reducing equivalents but which also served as an alkylating
agent to cap reactive hydroxyl groups.

The same catalysts in sc-MeOH were also shown by Matson
et al.*® to convert various samples of wood sawdust cleanly into
organic liquids, again with the formation of very little or no char
or other solid residues. With intact lignocellulose as the
substrate, the organic liquids obtained could be separated into
two fractions. The lighter products were C, to C4 alkyl alcohols
and ethers derived largely from the carbohydrate component
while the heavier components were largely Co-C;, substituted
cyclohexyl alcohols and ethers originating from the lignin.
Reaction of cellulose alone under analogous conditions gave
a mixture of C, to Cg products like those seen from intact
lignocellulose solids.*® Analysis of the gas phase again indicated
a mixture of H,, CO, CO, and traces of methane. Thus, the Cu-
doped PMO catalyst combined with sc-MeOH proved to be
capable of breaking down complex biomass derived substrates
to markedly deoxygenated monomeric units with increased
hydrogen content.

An important question is: How can a solid such as Cu20-
PMO catalyze reactions with a solid substrate (lignocellulose)
and do so effectively? It is here that the sc-MeOH likely plays
a major role in partially solubilizing lignin and carbohydrate
fragments for further reaction with the catalyst surface. Matson
et al. speculated that unsaturated intermediates, formed by
dehydration under the hydrothermal conditions,*® undergo
catalytic hydrogenation more rapidly than do the competing
condensation and re-polymerization reactions that would lead
to tars and chars. Control reactions with intact lignocellulose
solids, with cellulose solids or with OPL in the same medium,
but without the catalyst, led to substantial char formation in
each case.

Although the Cu-PMO/sc-MeOH system performs the rela-
tively clean disassembly of OPL and of lignocellulose in one-pot
processes, the multiplicity of products decreases the net value,
although such a mixture may serve as a liquid fuel. In order to
improve/optimize selectivity, subsequent studies of the Cu-
PMO/sc-MeOH system involved exploring different reaction
conditions (temperature, solvent, other additives, different
substrates, etc.). In these investigations, various small molecule
model compounds and OPL were utilized as the
substrates.*®***® For example, much better selectivity toward
aromatic products resulted with this catalytic system when
dimethyl carbonate (DMC) was added to the MeOH as a co-
solvent/co-reactant.**** These observations were rationalized on
the premise that the phenolic fragments formed by hydro-
genolysis of the phenyl ethers are a major culprit in the prolif-
eration of products owing to subsequent reactions catalyzed by
the Cu-doped PMOs. The DMC alkylates these phenolic inter-
mediates in situ to give analogous anisole derivatives (Scheme 2)
that were shown to be much less susceptible to hydrogenation
or ring methylation than the analogous phenols.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Hydrogenolysis of 2-phenoxy-1-phenylethan-1-ol and
subsequent reactions of major products catalyzed by Cu20PMO in
MeOH/DMC co-solvent at 300 °C. (Numbers represent the approxi-
mate rate constants for various steps in h™Y). (Figure from ref. 45,
Copyright 2016 American Chemical Society.)

Scheme 2 illustrates the reactivity of 2-phenoxy-1-
phenylethan-1-ol (PPE), which is a model for the reactivity of
a -O-4 phenyl ether bond, the most common inter-unit linkage
in lignin. The scheme summarizes the rates of different steps
based on the temporal evolution of PPE and of the hydro-
genolysis products as catalyzed by Cu20PMO in the MeOH/DMC
co-solvent at 300 °C. The B-O-4 bond was cleaved with 98%
conversion within 1 h. Although some of the expected 1-phe-
nylethanol was observed in the early stage, this intermediate
underwent rapid HDO to ethylbenzene (76-92% yield). The
lesser product propylbenzene (6-10%) was attributed to B-
carbon methylation of 1-phenylethanol followed by HDO.*
Anisole (74% yield after 2 h) was formed as the result of o-
methylation of the initial phenol product. After 3 h, aromatic
products represented ~91% of the theoretical yield, much
higher than would have been seen in sc-MeOH alone. The
aliphatic products formed were mostly cyclohexanols; the
remainder were cyclohexanes. Material balance for each time
point was ~100%.

Notably, when OPL was used as the substrate under the same
conditions in the DMC/MeOH cosolvent system, the range of
products was much narrower than found when the reaction was
run in sc-MeOH alone.” The two major monomeric products
were dimethoxy-propyl benzene (DMPB) and trimethoxy-propyl-
benzene (TMPB), although quantitative yields were not deter-
mined (Fig. 6).

DMPB TMPB

Fig. 6 Principal products from the reductive disassembly of OPL in
DMC/MeOH at 300 °C.*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The lignin-first strategy

Extracting the lignin as OPL duplicates to some degree the
separation of the (currently) higher value carbohydrates from
lignocellulose feedstocks in current industrial processes. It is
now well recognized that conventional delignification
methods like the soda, Kraft and steam explosion processes
give lignins with additional interunit carbon-carbon bonds
that are challenging to disassemble to monomers.*”** The
milder organosolv extraction using alcohol with dilute
acid'®**"° gives lignin closer to the native material but still may
lead to some structural modifications.”® The OPL obtained
thus by extraction from poplar wood can be further valorized
by hydrogenation to monomeric lignols. However, the orga-
nosolv extraction steps do require the expenditure of solvents,
time and energy, although using formaldehyde or diols as
extractants has been demonstrated to improve lignin yields
significantly.>>->¢

An alternative lignin-first strategy involves the use of
heterogeneous transition metal catalysts in methanol or
ethanol to enable the selective conversion of lignin to phenolic
monomers starting from the intact lignocellulosic
biomass.*"*® This procedure has also been termed reductive
catalytic fractionation (RCF). Typically, RCF reactions are run
with noble metals such as Pd, Pt, Rh, or Ru supported on
activated carbon in the presence or absence of H, (3-4 MPa) at
200-250 °C with alcohol : biomass ratio (by mass) of at least
20:1 for a period of hours. After reaction, the alcohol solvent
contains methoxy phenols, some dimers and trimers origi-
nating from the native lignin in the biomass substrate as well
as some small solubilized components of xylan. The remain-
ing solid is composed of catalyst and the delignified carbo-
hydrate fraction, cellulose and hemicellulose/xylan as
illustrated in Fig. 7.°® The monomeric phenols composition of
the liquid phase accounts in many cases for approximately
50% of the carbon of the starting lignin content in the biomass
substrate (see below). Lignin is freed from the lignocellulose
matrix by partial solvolysis followed by HDO to monomers,*>
thus avoiding the cross-linking and recondensation pathways
of lignin fragments that plague conventional extraction
methods. Notably, an analogy can be drawn to the mechanism
proposed for the total reductive dissolution of woody solids by
the CuPMOs in sc-MeOH discussed above.”® In the latter case,
char formation was avoided by the reductive capture of reac-
tive intermediates, but the difference is that the carbohydrates
were also solubilized giving a less desirable mixture of
products.

Development of the RCF approach points to viable bio-
refinery strategies where greater valorization of the lignin
components would be achieved.®® One advantage is the
resulting preservation of the aromaticity since the resulting
monolignols are phenols. The cellulose is delignified and
remains intact as a solid, which allows its separation and
subsequent utilization as a feedstock for production of
ethanol, other liquid fuels and/or chemicals. Drawbacks of the
lignin-first strategy include the required large solvent to
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Fig. 7 Selective depolymerization and HDO (hydrodeoxygenation) of lignin first from wood biomass to give a lignin-derived phenolic platform
and a delignified carbohydrate solid residue, a process subsequently referred to in the literature as reductive catalytic fractionation (RCF).

(Figure from ref. 58.)

biomass ratio, the need to separate catalyst from the solid
cellulose residue (more on this below), the use of hydrogen or
the solvent alcohol to generate hydrogen equivalents through
reforming (similar to that described above for the CuPMO
catalyst), and the high pressures (5-7 MPa) at the operating
temperature.

Fig. 8 compares the efficiency of a lignin-first approach to
ones where other extraction methods were first used to sepa-
rate the lignins from the high-S poplar lignocellulose prior to
hydrogenolysis of the extractant to give monomers.>® In dry,
high-S poplar wood, lignin is a 22% (by wt) component, so
a 10 g sample of that material contains 2.2 g of intact lignin.
The extraction pathways examined included: refluxing with
acidic methanol for 14 days (OPL), reacting with acidic form-
aldehyde in dioxane at 95 °C for 3.5 h (FPL), and extracting by
heating in a formic acid/acetic acid mixture (FA/AA) or aqueous

FPL lignin
(2.75g)

OPL lignin (0.54 g)

FA/AA lignin
(0.8g)

Intact lignin
(2.2g)

Fig. 8

hydrochloric or sulfuric acid. The FPL, OPL and FA/AA
methods gave the larger yields of extracted lignin, and these
extracts were then subjected to RCF in MeOH under H, (36 bar)
using Pd-Zn/C catalyst at 225 °C. The effective transformation
to the monomeric lignols would be the extraction efficiency
times the monomer yield from the RCF. Of these procedures,
the FPL/RCF pathway gave nearly 3 times the yield found for
the OPL/RCF pathway, owing to the more efficient FPL extrac-
tion. However, direct RCF of high-S poplar sawdust itself under
analogous catalytic conditions gave a significantly higher
overall yield of monomers (61% of the initial 22% lignin).*®
Furthermore, direct lignin-first procedure requires shorter
overall processing times and less solvent and other reagents,
thus is a greener process.

The ratio of mono versus dimethoxy phenol products
depends on the starting lignocellulose substrate, since these

Illustration of organosolv lignin made from 10 g high-S poplar biomass and the further conversion of different types of lignin into

monomers. (Figure from ref. 50, Copyright 2022 American Chemical Society).
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Fig.9 Changing the catalyst or conditions affects the functionality and oxygen content in the product phenols (figure based on results from ref.

57, 58 and 64-67).

reflect the S and G lignin composition (Fig. 2). For example,
poplar (a hardwood) gives a dimethoxy : monomethoxy ratio of
~2:1 while pine (a soft wood) gives exclusively monomethoxy
phenol products. As illustrated by Fig. 9,°**%*%" the function-
alities remaining on the phenolic products depends on the
catalyst and reaction conditions. For example, catalysis by Pd/C
gives the propyl alcohol side chain while Ru/C and Pd/Zn/C give
the propyl group.®* Reactions under limiting hydrogen avail-
ability afford an alkenyl chain in the product such as iso-
eugenol. As will be demonstrated, such diversity enables the
construction of different polymers. In addition, certain
phenolic products from lignin are high value flavoring and
fragrance compounds such as isoeugenol and dihydroeugenol,
while exhaustive HDO upon further processing can afford C9
hydrocarbon fuels such as propylbenzene and propylcyclohex-
ane (see below).*®

Two drawbacks mentioned above, catalyst separation from
the cellulose co-product and solvent usage, have been
addressed. In batch reactions, the catalyst has been placed in
a cage which allows it to remain separate from the solid
biomass reactant and the solid cellulose co-product.®* Obvi-
ously, as discussed previously for the sc-MeOH CuPMO system,
a solid catalyst does not react with a solid biomass substrate. In
RCF the alcohol solvent dissolves the lignin but not the cellu-
lose, and the solubilized lignin substrate (polymeric and olig-
omeric) reacts with the catalyst. Therefore, as long as the solvent
passes through the catalyst cage, the reaction ensues with
comparable efficiency to the mixed slurry of lignocelluslose and
catalyst. Another approach, which helps also with the large
solvent demand and provides safer operating condition, is to
run RCF as a plug flow through serial reactors (Fig. 10).*>”7* The
hot solvent passes first through the packed biomass to extract
lignin; subsequently the lignin solution passes through
a packed catalyst bed to depolymerize lignin to phenols. A
chemistry technology startup Spero Renewables LLC (formerly
Spero Energy Inc.) has developed SPERLU (Selective Process for
Efficient Removal of Lignin and Upgrading), a process in which
the solvent can be recycled and the catalyst regenerated.”
Nevertheless, process intensification continues to be a chal-
lenge because of the low density of biomass and the require-
ment of excess solvent (8-10x the mass of lignocellulose) even

© 2023 The Author(s). Published by the Royal Society of Chemistry

with solvent recycling regimes. Furthermore, slow reactions
necessitate long residence times complicating processing of
plug flow reactors.

Nickel, which is much more Earth-abundant than the plat-
inum metals, has also been demonstrated as a catalyst for
depolymerization of lignins in methanol.’”*® In one example
from Abu-Omar group, Ni on activated carbon converted lignin
in miscanthus into aromatic phenols with a maximum yield of
68% based on the starting lignin.* The recovered carbohydrates
of miscanthus were treated with iron chloride to produce
furfural and levulinic acid, useful platform chemicals. Thus, all
three major biomass components (lignin, cellulose and hemi-
cellulose) were effectively valorized into high value chemicals
with 98% mass balance (Fig. 11).

Table 1 presents a summary of the products obtained from
various feedstocks.

Mechanistic aspects of the RCF
reaction

The solvent in RCF plays two important roles. It solubilizes
native lignin from the biomass without degrading the carbo-
hydrates. As a result, the solubilized lignin can come in contact
with the heterogeneous catalyst and undergo C-O bond
cleavage and HDO. The second role of the alcohol solvent is
preventing condensation of native lignin to form recalcitrant
C-C linkages. One of the eminent reactions that lignin mole-
cules undergo is formation of benzylic carbonium ion under
acidic conditions, which give rise to condensation reactions
with aromatic moieties in lignin and C-C bond formation. A
solvent such as MeOH can scavenge carbonium ion and act as
a protecting group reducing condensation reactions and as
a result increase the yields of monomeric phenols from lignin
under RCF. The methoxy protecting groups have been detected
by 2D NMR spectroscopy and they are akin to protecting group
strategy in producing organosolv lignin that is amenable to
further upgrading by catalysis. The roles of the solvent in RCF
are illustrated in Fig. 12.7>7*

Mechanistic features of the synergy between Pd and Zn in the
Pd/Zn/C catalyst was investigated by the Abu-Omar group
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products separated from the catalyst. (b) Plug-flow reactor system with solvent recovery and recycling as in the SPERLU process. (Figure is
provided by Mr Sean Prager of Spero Renewables LLC.)
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Fig. 12 The role of the alcohol solvent in RCF. (a) Dissolution of lignin. (b) Protection group chemistry as observed by 2D HSQC NMR. (c) Self
condensation reaction of lignin resulting from benzylic carbonium ion formation under acidic conditions. (Figure based on results reported in ref.

72 and 73)

through studying lignin model compounds.”™ Spectroscopic
data coupled with reactivity studies on lignin model
compounds suggested the crucial role Zn ions play in removal
of the alcohol group on the y-carbon of B-O-4-ether linkages.
The proposed mechanism is shown in Fig. 13. In this same
study several Lewis acids were investigated in combination with
Pd for lignin fractionation and conversion from wild type as well
as high S poplar wood. Zinc salts were the most successful and
did not show dependence on the choice of anion used to
introduce the zinc into the catalyst system.

Reactions of the lignin monomers

A key issue is how to utilize such monomers once they have
been isolated. One approach is hydrodeoxygenation (HDO) to
a narrowly defined hydrocarbon stream useful as a feedstock for
the synthesis of aliphatic and aromatic chemicals or as drop-in
biofuels compatible with current ICEs. Most such HDO proce-
dures require high temperatures and pressures (H,),”>”® so

ot

oy

more subtle methodologies are desirable. An example is the
report by Li et al®® describing the hydroprocessing of dihy-
droeugenol (DHE) using a physical mixture of two catalysts,
ruthenium on carbon (Ru/C) and calcined niobium pentoxide
(Nb,Os). As a model, DHE includes the methoxy, hydroxy, and
a propyl groups characteristic of the lignin monomers present
in bio-oils. These two catalysts worked synergistically under
relatively mild conditions (6 bar H,, T = 250 °C in aqueous
media with small quantities of added MeOH) to convert DHE in
high yields to propyl cyclohexane (e.g., eqn (3)), which has
potential applications as a drop-in liquid fuel. Both propyl
benzene and 4-propylcyclohexyl-1-ol were seen as intermediates
in this transformation. The synergism of the dual catalyst
system is evident from the observations that, with Nb,Os cata-
lyst alone, the product was principally 4-propylcatechol while
with the Ru/C catalyst alone the product was largely 4-
propylcyclohexyl-1-ol. Notably, the Nb,Os calcination tempera-
ture had a major influence on that catalyst's activity, owing to
the decrease in acidic sites when calcined at T > 450 °C.®

©
+ ,L’ﬂ

Z’L

,

(OH Pd/C, H, /@)\/
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OH
/ojij)\/
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Fig. 13 Proposed mechanism for the role of Zn and its synergy with Pd in lignin depolymerization and HDO. (Figure from ref. 74.)
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Li et al.®® also subjected a simulated bio-oil consisting of
a roughly equal mixture of the common monolignols DHE,
isoeugenol and 4-allylsyringol to HDO using the same dual
catalyst system. The products after 100% conversion (eqn (4))
were the C9 hydrocarbons propyl-cyclohexane (76%) and propyl-
benzene (24%). A 100% yield of the former could be achieved
with an extended reaction time. Thus, this HDO catalysis system
offers a viable strategy for funneling multiple monolignols from
lignin disassembly into a much simpler mixture of C9 alkanes
more compatible with fuel applications. Furthermore, given
that cyclohexane dehydrogenation to benzene is known tech-
nology,” this mixture could also provide an entry into BTX-type
chemistry based on renewable feedstocks.

The lignin monomers will be even more valuable if one can
take advantage of their oxygenated forms, for example, by
forming functional polymers based on monolignols or other
lignin fragments.*>”** In this context, Zhou et al.”® synthesized
epoxy nanocomposites based on DHE by following the sequence

4-allylsyringol

View Article Online
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100%

conversion (4)

76% 24%

outlined in eqn (5) to prepare the epoxide precursors. The DHE
was first converted to propylcatechol (DHEO) by HBr hydrolysis
of the methoxy group. It should be noted that methoxy group
deprotection on the phenol ring can be accomplished now
under greener conditions with Nb,Os catalyst in water (vide
infra). Reaction of the DHEO with epichlorohydrin gave
a mixture of the di-epoxy monomer and the benzodioxane
byproduct, the latter accounting for ~5% of the total. Reaction
of this mixture with an amine hardener such as diethylene-
triammine (DETA) gave a thermoset polymer, which when
mixed with a nanoclay gave a high-performance epoxy
nanocomposite.

In an extension of the above study, Liu et al.> extracted 4-
propyl-2,6-dimethoxyphenol (DMPP) from poplar biomass that
had been genetically modified to afford high-sinapyl (high-S)
lignin. The DMPP was then converted to propyl-pyrogallol
(DMPPO) in a reaction catalyzed by calcined Nb,Os in water.
Under optimized conditions, this reaction was nearly quanti-
tative (96% yield), the other product being the monomethoxy
species. Since the Nb,Os catalyst could be reused several times
before significant deactivation, then reactivated by calcining
again, methoxy group hydrolysis/deprotection in this manner is
greener than using HBr as noted in eqn (5). The resulting
DMPPO mixture underwent quantitative reaction with epichlo-
rohydrin (Scheme 3) to give largely the novel tri-epoxide of
DMPPO plus the benzodioxane monoepoxide analogue. This

OH
OH OH o o
OCHj OH Cl 0 fe)
HBr ?/\ ~ + )
—_— —_—
A
DHE DHEO Epoxy monomer Benzodioxane
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Scheme 3 Formation of thermoset polymer precursors from biomass derived DMPP. (Figure from ref. 50).

epoxy mixture in turn, underwent reaction with DETA (1:1
stoichiometric epoxy: NH ratio) to give, after curing, a ther-
moset polymer.

The promise of using lignin derived phenols as monomers in
preparation of thermoset polymers is to have a renewable
substitute to bisphenol A (BPA). However, the formation of
benzodioxane as a result of the epoxide functional groups being
in close proximity (ortho-) to each other leads to materials with
lower T, (glass transitions temperature) and storage modulus
than thermoset materials made with BPA. Zhao et al. investi-
gated the effect of cross-linking density on bio-based epoxy
network by modifying DHE through o-demethylation and
phenol-formaldehyde reactions.** The cured thermoset poly-
mers were evaluated using rubber elasticity theory from
dynamic mechanical analysis (DMA) and thermogravimetric
analysis (TGA). The monomer with oligomeric DHE and all
oxygens on the aromatic rings are hydroxyl/phenolic groups -
OH exhibited the most significant improvements with cross-
linking density of 9.77 mol dm™* and T, = 139 °C (Fig. 14).

OH
%CI O Cure
demethylatlon
OH

H MeO OMe
\K O O ePOXIde _cure
DHE
HO
epoxlde cure
OH
{ 2 OMe;

demethylation

In a similar vein, polyphenols were generated by combining
lignin and carbohydrate derived monomers. For example,
lignin based 4-methylcatechol is reacted with furfural
(produced from xylose) or 5-hydroxymethylfurfural (HMF,
produced from glucose) to prepare a novel bisphenol-furan
polyphenol (Fig. 15).%" The structures of the resulting poly-
phenol are ideal for generating reactive epoxide precursors that
are cured to an epoxy polymer networks. These thermoset
polymers display excellent mechanical and thermal properties

lignin ) [ﬂ
B )

Sugars ~R Polymer

Fig. 15 Thermoset polymers based on biobased polyphenols made
from the reaction of lignin-based phenols with carbohydrate derived
furans.

Polymer 1
Ty =40°C, E3 = 159 MPa

Polymer 2
Tg=70°C, E'sp = 551 MPa

Polymer 3
Ty=84°C, E'30 = 1441 MPa

Pr n \ /K(OH _epoxide  cure Polymer 4
S/%ﬁ Tg=139°C, E = 1703 MPa
2
Pr n

Fig. 14 Modification of lignin monomeric phenol to improve the thermal and mechanical properties of the resulting thermoset polymers.

(Figure based on results reported in ref. 84).
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with T, = 110 °C and glassy modulus of 10 GPa. This study
illustrates the viability of making highly bio-based epoxy ther-
moset, moldable polymers, from wood.

More recently the alkenyl functionality on the propyl chain of
lignin products such as isoeugenol has been utilized through
the olefin metathesis reaction to create bisphenol akin to BPA,
where the phenol groups are on opposite sides of the mole-
cule.?® These bisphenols before and after hydrogenation of the
linking double bond were used with different organic diacids
such as succinic acid, a bio-based monomer made through
fermentation of glucose, to synthesize bio-polyesters. The glass
transition temperature can be tuned to match that of
petroleum-based polyesters such as PET (T, = 80 °C) by using
mixtures of lignin-based bisphenols to obtain a T, = 83 °C. In
addition to being thermally tunable, these renewable polyesters
can be 100% bio-based, for example, when succinic acid is used.
With the newly emerging interest in circularity and upcycling of
polymers, these bio polyesters can be chemically upcycled
through cross-linking with lignin-based epoxide in the presence
of an organic base to afford a bio-based thermoset polymer
(Fig. 16).*” The mechanical properties showed storage moduli in
the range of 5-19 MPa and tensile stress of up to 68 MPa. The
use of polyester as a crosslinker for epoxy thermoset polymers is
an interesting mechanism that remains largely under utilized,
and it has the potential to expand the library of bio-based
thermoset materials.

These studies and a number of others point to the feasibility
of using such lignin-based fragments as precursors of various
biomass-based polymers. However, true sustainability will
depend on demonstrating that production of such materials will
be economically viable and has a carbon footprint significantly
less than that for other polymer sources.*® Another key factor that
would be demonstrating that any new biomass-derived polymers
have superior physical or chemical properties, such as recycla-
bility or bio-degradability. The resulting added value would
provide an economic incentive for the necessary capital invest-
ment by society to make the transition to such materials.

Future directions

While lignin-first may prove an effective strategy for utilization
of virgin lignocellulose, it is not applicable to the lignin residues

Olefin
metathesis
2 —_—

OH J
N OMe 0

MeO

H, MeO

isoeugenol WV, ) 2
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Bio-polyester

Bio-based thermoset

Fig. 16 Synthesis of bio-polyester from isoeugenol via olefin
metathesis and chemical upcycling of the polyester with lignin-based
bis-phenol epoxide to thermoset polymer. (Figure based on results
from ref. 86 and 87).
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from paper manufacturing where processes are optimized to
maximize cellulose yield. The different approaches used
industrially to separate lignin from the cellulose lead to
considerable structural modification. For example, the
commonly used Kraft processing generates over 50 million tons
of lignin world-wide by reacting wood chips with sodium
hydroxide and sodium sulfide at high temperature.** The
resulting technical lignin has a high sulfur content and mark-
edly increased crosslinking via C-C bonds. Dealing with such
crosslinking certainly adds to the challenge of utilizing this
feedstock, and while there have been advances addressing this
challenge,”®*® sulfur removal would also appear necessary
before successful chemical valorization.

Biomass is widely distributed, and transportation costs will
limit the range over which forest or agricultural lignocellulose
feedstock can be economically collected and transported to
a centralized location. Therefore, processing of such
geographically dispersed feedstocks would best be accom-
plished at moderate-sized, integrated biorefineries located in
the regions where lignocellulose wastes or crops are generated.
The impact would be a redistribution of industrial activity that
could have major socio-economic consequences, including
redistribution of wealth to rural communities, assuming that
this is coupled to sound environmental management.

Ongoing studies are focused on characterizing and opti-
mizing new catalytic processes that can be based on biomass
feedstocks for the production of fuels and to chemical precur-
sors for industrial products. For example, several recent reports
have described studies to convert biomass to aviation fuels.*>**
There is also increasing emphasis on elucidating key mecha-
nistic issues and on evaluating how the reaction variables
control the yields and selectivity in product streams. Addition-
ally, new tools such as machine learning and artificial intelli-
gence will no doubt play a larger role in developing new
catalysts and perhaps by discerning pathways to give higher
values products.”

Successful development of economically viable processes
has the potential for reducing the atmospheric CO, burden
without compromising food supplies. Implementing these
developments to prepare chemicals and fuels present serious
challenges, but also some real opportunities. One should be
able to build new materials from biomass derived substrates
having key functional advantages, including biodegradability.
However, the task of scaling up from interesting, perhaps even
precedent-shattering discoveries in the laboratory to
economically-viable industrial operations is a daunting one®***
that will require considerable engineering skill and
perseverance.

These and related issues need to be the subjects of detailed
techno-economic analysis to assess the viability of the new
processes and products that are resulting from the already high,
and increasing, research activity in biomass conversion.
Important parameters that must eventually be included in such
evaluations are environmental and societal damages that will
result from continuing along our current path dependent on the
energy and chemicals obtained from fossilized carbon.
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This perspective has attempted to provide an overview of
some current studies and progress in the conversion of biomass
to chemicals and fuels that may alleviate some of modern
societies dependence on petroleum and other fossil carbons.
We have provided examples from our own laboratories and have
in no way attempted to provide a comprehensive review of the
very extensive research activities in other laboratories around
the world. One should not view these activities in a competitive
light, but in terms of the growing recognition that the problems
of climate change and related environmental damage is truly
existential and threatens modern civilization.

We conclude with the comment that problems that some-
times appear insurmountable often present incredible oppor-
tunities. However, some words of caution are appropriate. The
authors firmly believe that biomass conversion, specifically of
lignocellulose biomass, can make a substantial contribution to
reducing GHG emissions as part of the transition to a more
sustainable world. However, it is clear that this is only one
solution. Furthermore, we must be committed to an environ-
mentally just society. The production of fuels and chemicals
from biomass must be balanced against the nutritional needs of
the populace and the need for open natural space where other
species are not challenged with extinction. The 21st century is
the century of renewable energy, but let's bring about this
inevitable transition with grace and justice and with respect for
all of nature, including ourselves.
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