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Ligninis an abundant source of renewable aromatics that haslong been

targeted for valorization. Traditionally, the inherent heterogeneity
and reactivity of lignin has relegated it to direct combustion, but its
higher energy density compared with polysaccharides makes it an ideal
candidate for biofuel production. This Review critically assesses lignin’s
potential as a substrate for sustainable aviation fuel blendstocks. Lignin
can generate the necessary cyclic compounds for a fully renewable,
sustainable aviation fuel whenintegrated with current paraffinic blends

and can meet the current demand 2.5 times over. Using an energy-centric
analysis, we show that lignin conversion technologies have the near-term
potential to match the enthalpicyields of existing commercial sustainable
aviation fuel production processes. Key factors influencing the viability of
technologies for converting lignin to sustainable aviation fuel include lignin
structure, delignification extent, depolymerization performance, and the

development of stable and tunable deoxygenation catalysts.

The aviation industry accounted for 2.5% of global CO, emissions
in 2018 (ref. 1). With growing demand for air travel, emissions from
this industry could increase by more than 300% compared with 2005
levels by 2050 unless drastic measures towards decarbonization are
implemented”. The US Federal Aviation Administration asserts that
sustainable aviation fuels (SAFs) are the only viable means of achiev-
ing net-zero aviation emissions by 2050 (ref. 3), requiring an annual
production of nearly 35 billion gallons for the United States alone.
Aviation fuel is composed of four components: n-alkanes (15-25%),
iso-alkanes (20-55%), cyclo-alkanes (20-45%) and aromatics (4-25%),
requiring SAFs to have a similar chemical composition to meet strict
thermal, mechanical and operational standards*”. For the next decade,
industrial SAF productionis expected tofocus onalcohol and lipid con-
version, primarily yielding n-alkanes and iso-alkanes via alcohol-to-jet
(AT)) and hydroprocessed esters and fatty acids (HEFA) processes®.
While these methodologies have been successful at producing linear

and branched alkanes, complementary technologies are needed to
meet increasing demand for SAF and supply the necessary aromatic
and cyclo-alkane fractions. Aromatics in particular are essential for a
100% drop-in SAF, as demonstrated in arecent flight by Virgin Atlantic’.
This requirement stems from the need for material compatibility and
specificfuel dielectric constants, both of which require a certainlevel
of aromatics for safe aviation operation®,9.

Ligninis an aromatic heteropolymer found in plant cell walls and
isthe most abundant source of renewable aromatic carbonin nature.
Long studied for its use as a feedstock for biofuels, lignin is currently
gaining renewed interest as a potential feedstock for SAF production to
produce cyclo-alkanes and aromatics" . North America has been pro-
jectedtobeabletoproducel.1billiondrytonnesof biomass annually by
2040 (ref.30), constituting approximately 270 million tonnes of lignin
(assuming an average lignin content of 25%). This lignin alone would
contain enough carbon to generate 50 billion gallons of SAF (enough
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to satisfy current US domestic demand by approximately 2.5-fold)’.
Thus, lignin offers amajor opportunity to pivot awaste feedstock into
avaluable supplement to SAF production using emerging biorefinery
technologies'**,

The primary motivation for using lignin as a substrate for
SAF blendstock production is due to its aromatic structure. Aside
from being directly amenable to the production of aromatics and
cyclo-alkanes, lignin also exhibits a higher energy density compared
with cellulose and hemicellulose in plant biomass, primarily attributed
to possessing a lower oxygen content'***, Structurally, lignin consists
ofanetwork of phenolic subunitsinterlinked viaC-O and C-Cbonds,
whichresult fromradical coupling between three primary monolignols
during plant biosynthesis: p-coumaryl, coniferyl and sinapyl alcohol*.
Notably, other, non-traditional monolignols canalso beincorporated
intolignininsome plants, further adding to theinherent complexity of
the polymer*. The high degree of heterogeneity associated with lignin
isattributed to the diversity of lignin building blocks and the chemical
bondsresulting from polymerization, making subsequent upgrading
to single compounds challenging. However, the complex structure of
lignin mirrors the heterogeneous composition of many fuels, thereby
underscoring the potential for innovative solutionsin lignin valoriza-
tionto fuels. Specifically, recent advances in extraction, depolymeriza-
tion and hydrotreating technologies for lignin have begun to enable
the high-yield generation of SAF-range hydrocarbons" %, Accordingly,
lignin now presents a promising, near-term opportunity to contribute
towards meeting global SAF production goals.

Herein we evaluate state-of-the-art lignin conversion technolo-
gies and their potential to generate SAF blendstocks. First, we review
conventional SAF production pathways, focusing on their associated
chemistries, mass balances and combustion enthalpy balances, with
theintent to assess prospective lignin-to-SAF conversion pathways via
aself-consistent framework. Subsequently, we discuss the native struc-
ture of lignin, specifically to understand the effect of lignin structure
on resulting energy density. Depolymerization techniques are then
reviewed, emphasizing reductive technologies yielding SAF-range
monomers at high yields. We also explore catalytic methods for oxy-
genremoval from lignin bio-oils, underlining the complexities posed
by actual feedstocks. Lastly, we compare lignin-to-SAF conversion
technologies with conventional SAF production methods, identifying
key areas forimprovement.

Analytical framework for SAF production
technologies
Asof2024, eight pathways certified by ASTM International exist for the
generation of SAF from renewable sources*, as well as an annex within
ASTM D1655 that allows for renewable co-processing with petroleum
feedstocks at concentrations <5% (ref. 44). These annexes comprise
technologiesincluding Fischer-Tropsch, hydroprocessed fermented
sugars to synthetic iso-paraffins, catalytic hydrothermolysis, HEFA and
ATJ*®. Of these methodologies, the predominant industrial pathways
currently used are ATJ and HEFA, which will be the focus of discussion
here. The chemical reaction pathways, mass balances and combustion
enthalpy balances for AT) and HEFA are shown in Fig. 1. Enthalpy bal-
ances were calculated using a lower heating value (LHV) basis due to
itsrelevance in combustion®.

Ethanol-to-jet fuel technology (ETJ), a prominent example of an
AT]J technology, traditionally begins with astarch (or sugar) feedstock,
which is saccharified and fermented to generate ethanol*® (Fig. 1a).
Following dehydration, the resulting ethylene is oligomerized into
long-chain alkenes. Post-oligomerization, hydrogenation and isomeri-
zationyield amixture of iso-alkanes and n-alkanes. AsshowninFig. 1b,c,
ETJhasajet-range mass yield of approximately 18% and a combustion
enthalpy retention of 50%, with the discrepancy between the mass
and enthalpy balances primarily resulting from stoichiometric CO,
loss during fermentation. This CO, production provides an attractive

opportunity for carbon sequestration and power-to-liquid technolo-
gies. In addition, while ETJ] has been extensively studied at scale,
interest exists in consolidating this process into a single step using
acid-metal catalysts*®.

Meanwhile, HEFA uses triglycerides, which are first deoxygen-
ated/decarboxylated to generate a mixture of n-alkanes (Fig. 1d).
Subsequent isomerization lowers the freezing point of the mixture,
enhancing blend compatibility with conventional fuels*. The HEFA
process features asuperior mass balance (48%) compared with ETJ due
to the lesser structural change required to generate alkane products
fromtriglycerides compared with ethanol, but both processes exhibit
comparable enthalpicyields (Fig. 1e,f). Deoxygenation/decarboxyla-
tionreactions introduce the only major non-combustible mass losses,
producing minor quantities of CO, and water during the conversion
of the fatty acid functionality on each hydrocarbon chain, while the
removal of the glycerol functionality typically results in the formation
of light hydrocarbons.

The mass and energy balance framework illustrated in Fig. 1 can
bebroadly applied to new SAF production pathways, including lignin
conversion to SAF, when initially determining their viability by pro-
viding a basic, self-consistent method for comparison. This type of
analysis provides insights only into the relevant chemical changes for
a given system and does not factor in requisite processing steps (for
example, separations).

Benefits and requirements for alignin-derived
SAF

To produce abio-based jet fuel comprisingall four classes of necessary
compounds, complementary technologies are needed to supplement
the iso-alkane-rich or n-alkane-rich SAF blendstocks accessible via
AT), HEFA, Fischer-Tropsch and other ASTM International annexes.
Virentis pursuing this commercially; they aimto supply asynthesized
aromatic kerosene derived from plant sugars for blending with exist-
ing SAFs’. Briefly, they use a process that converts sugars and other
oxygenates via aqueous phase processing followed by subsequent
condensation to form hydrocarbon mixtures rich in aromatic com-
ponents®’. Given the aromatic structure and natural abundance of
lignin, the process has the potential to supply large volumes of cyclic,
jet-range molecules for use in SAF. The generation of both aromatic
and cyclo-alkane blends from lignin has been demonstrated at the
laboratory scale' >, Some blends were subjected to property test-
ing and prediction® and exhibited promising properties for imple-
mentation in SAF. First, lignin-derived cyclic molecules improve seal
swelling characteristics, one of the primary barriers preventing the
implementation of a100% SAF*. Second, both cyclo-alkanes and
aromatics exhibit higher densities than iso-alkanes and n-alkanes,
potentially increasing SAF densities to within required specifications
after blending. Third, lignin-derived aromatics have the potential to
complement the dielectric constant and density ratios of paraffinic
compounds, which are key for capacitance-based aircraft fuel gauging
systems**, Finally, preliminary analysis of lignin-derived aromatics has
illustrated advantageous sooting properties®*. Sooting or non-volatile
particulate matter emissions are carcinogenic and could be akey con-
tributor to the radiative forcing of aviation via contrails®*. These items
combined suggest that lignin-derived SAF blend components could
be optimal for a fully synthetic, bio-based SAF.

Lignin-derived SAF blendstocks share many similarities with fuels
undergoing qualification. For example, integrated hydropyrolysis and
hydroconversion from Shell can convert a variety of lignocellulosic
waste residuesinto cyclo-alkane blends’. Meanwhile, the synthesized
aromatic kerosene produced by Virent, as previously discussed, is
rich in monoaromatic compounds®. These similarities could aid the
commercialization of lignin-to-SAF technologies by accelerating
their qualification by ASTM International®. Lignin valorization tech-
nology also offers the flexibility of generating non-cyclic molecules.
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literature***’, while component LHVs were extracted from the GREET database'*°

when available or otherwise calculated via a modified Dulong formula®™' (except
for SAF blendstocks, which have been reported by Boehm et al.”*°). The details for
the mass and enthalpy balance calculations are provided in Supplementary Note
land Supplementary Tables 1-3. LPG, liquefied petroleum gas.

Well-studied reactions used by the petroleum industry such as cata-
lytic ring opening could expand the available products from lignin to
include both iso-alkanes and n-alkanes, unlocking the potential for a
100% lignin-sourced SAF>*,

Lignin upgrading to fuels has also been a subject of interest for
industrial implementation. Traditionally, wholly thermochemi-
cal processes targeting biofuels have focused on the conversion of
whole biomass viamethods such as pyrolysis, followed by subsequent

Nature Materials | Volume 23 | December 2024 | 1622-1638

1624


http://www.nature.com/naturematerials

Review article

https://doi.org/10.1038/s41563-024-02024-6

deoxygenation. This has been pursued by multiple companies™’.
Pyrolytic processes typically dealkylate formed lignin monomers
extensively during depolymerization, generating large volumes of
benzene-toluene-xylene (BTX). This transformation necessitates sub-
sequent alkylation to produce molecules with jet-range volatilities”. As
aresult, interest has recently been renewed inlignin conversion to fuels
using alternative processes. For example, one process is currently being
targeted in which lignin is acetylated and esterified with fatty acids,
thereby greatly improving its solubility in organic solvents including
light gas oil, potentially enabling co-processing with substrates such as
petroleum or fatty acids'®****®', Efforts are also underway to produce
liquid lignin streams conducive to deoxygenation/upgrading, such as
one process wherein a crude lignin oil is produced using alcohol/acid
mixtures, which formalkylated sugarsinsitu, subsequently solvating
formed lignin oligomers®>“,

The effect of lignin chemistry on SAF production

Ligninis synthesized in plantaviathe radical polymerization of monol-
ignols, mainly p-coumaryl, coniferyl and sinapyl alcohols (Fig. 2). These
alcoholsare generated from phenylalanine (and tyrosine in grasses)®*
via the phenylpropanoid pathway, leading to p-hydroxyphenyl (H-),
guaiacyl (G-) and syringyl (S-) unitsin lignin*’. Lignin biosynthesis forms
aheterogeneous polymer, featuring a variety of C-0 and C-C bonds.
The main inter-unit linkages consist predominantly of 3-O-4 ether,
phenylcoumaran (§-5), resinol (B-f), spirodienone (-1), dibenzodi-
oxocin (5-5) and 4-0-5 ether bonds™ (Fig. 2). Depending on biomass
source and growth conditions, the ratio of these inter-unit linkages
and total quantity of lignin present can vary substantially*** (Table 1).

Other monolignols

Inaddition to the three primary building blocks, numerous other mon-
olignols generated from various intermediaries of the phenylpropanoid
pathway and other biosynthetic routes increase the complexity of
ligninand introduce increased diversity across biomasses*. This often
takes the form of other functionalities, including both esters (Fig. 2)
and occasionally plant-specific amides (for example, hydroxycinna-
mides in tobacco)*"*>°, These esters can sometimes be incorporated
into the lignin backbone itself (for example, ferulate groups), or can
be appended to gamma hydroxyl positions along the lignin chain (for
example, p-coumarate, ferulate and p-hydroxybenzoate groups)*.

Native lignins

While lignin chemistry is widely variable, notable similarities exist in
lignins generated by related plant species, namely those of hardwoods,
softwoods and grasses*' (Fig. 2a—c). As shown in Table 1, these lignin
types (as well as designer lignins) show notable structural differences
thataffect their LHVs and bond contents. Softwood (for example, pine,
spruce and so on) lignins typically contain no S-units and exhibit lower
B-0-4 contents than other biomasses®**®, This leads to elevated LHVs
duetotheirlower oxygen contents relative to other lignins. Softwood
feedstocks generally exhibit higher overall lignin contents than hard-
woods and grasses®’.

Meanwhile, hardwoods (for example, poplar, birch and so on)
typically contain higher 3-O-4 contents than softwoods (and corre-
spondingly lower energy densities), mainly due to the lower probability
of radical C-C coupling arising from the presence of S-units during
lignification®*. Some hardwoods (for example, poplar, willow, aspen
and palm) also contain p-hydroxybenzoate units appended onto the
lignin polymer viagamma acetylation”.

Finally, herbaceous lignins (for example, corn stover, switch-
grass and so on) differ in that they incorporate ferulates into their
structure and can exhibit p-coumarates and ferulates appended to
gamma positions along the polymer*”°, They also typically contain
similar ether contents to hardwoods, while having lower lignin con-
tents compared with woody biomasses®. Accordingly, herbaceous

plants tend to yield less lignin and possess lower energy densities
on adry biomass basis®.

Designer lignins

Aside from common lignins, substantial efforts have been made
towards generating ‘designer’ lignins, which are engineered to possess
advantageous properties for depolymerization and upgrading*-"’%,
These lignins can be created by either incorporating existing lignins
into new biomass species or generating modified lignin structures with
beneficial characteristics. For example, studies have demonstrated
the successful incorporation of both singular H- and S- monolignols
into the lignin backbone”, While H-lignin (Fig. 2a) offers an elevated
LHV relative to native lignins, it concurrently leads to an increase in
C-Cinterlinkages™. Conversely, S-lignin (Fig. 2b), produced via the
overexpression of ferulate 5-hydroxylase in poplar, features an ~-90%
B-0-4 interlinkage content””*.

Other lignintypesincorporating unique monolignols are also being
targeted due to their process-advantaged properties. For example,
caffeyl lignin (C-lignin) (Fig. 2d) is generated when caffeyl alcohol is
employed during lignification (resulting from decreased methylation
within the phenylpropanoid pathway)*. This form of lignin exhibits a
benzodioxane backbone with a high ether content’”’. It is unique due
toits reduced oxygen and increased LHV when compared with other
ether-richlignins, primarily because of the absence of methoxy groups
and the inclusion of aryl oxygens at the alpha position. While C-lignin
exists naturally in some plant seed coats and cactus species*’®, har-
nessing its full potential viaincorporationin energy cropsis crucial for
C-lignin to find utility in large-scale SAF production. Another notable
example is zip-lignin (Fig. 2e), created by integrating coniferyl and
sinapyl ferulates into the lignin polymer backbone, which introduces
labile ester groupsinto theligninbackbone that, when cleaved, produce
smaller lignin fragments’®. Overall, engineered plant species could play
apivotalrole as next-generation energy crops to produce SAF, wherein
plants could be specifically created for processing to jet-range products.

Targeted lignin depolymerization toyield
jet-range products

Lignin extraction

The transformation of lignin into aviation-range molecules depends
heavily on extraction and depolymerization technologies. Conven-
tional biorefineries, which aim to maximize high-quality carbohydrates,
typically deploy acidic or basic extraction conditions at elevated tem-
peratures. Under these conditions, lignin can undergo deleterious
reactions wherein cleaved 3-O-4 linkages form unstable intermediates,
resulting in the formation of recalcitrant C-C bonds'**®. For instance,
the Kraft, lignosulfonate and soda-lime processes (which use basic
extraction conditions) produce degraded technical lignins with 3-O-4
contents of less than 20%, whereas native lignin contains 3-O-4 con-
tents between 45 and 85% (ref. 33; Table 1). Such bond profiles neces-
sitate aggressive upgrading methodologies, often yielding products
too volatile for aviation fuel and demanding further upgrading (for
example, alkylation)".

By contrast, alternative methods have been reported that yield
native-like lignins without appreciable structural degradation. Mild
lignin extraction conditions with organic solvents, dilute acid solvents
and dilute alkali solvents are capable of extracting lignin with similar
B-O-4 interlinkage contents to native lignins'®**”°. Unfortunately,
a trade-off typically exists wherein mild conditions are ineffective
at achieving a high extent of lignin extraction'®”’. Short residence
times (for example, flow-through extraction) enable the generation of
native-like lignins at a higher extent of extraction due to their ability
to access harsher environments compared with batch methods™ .
Furthermore, ‘lignin-first’ strategies address this challenge by sta-
bilizing reactive intermediates, thereby allowing for efficient lign
in extraction without unwanted C-C coupling reactions'**~’,
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Table 1] Lignin energy content

Cellulose SAF Softwood Hardwood Herbaceous H-lignin S-lignin C-lignin Zip-lignin

Lignin content (wt%) NA NA 21-29 18-25 15-24 - -
Aromatic subunits (%)

H- NA NA 0-5 0-5 0-5 95 (] NA NM

G- NA NA 95-100 25-50 40-75 2 NA 36-37

S- NA NA 0] 45-75 20-60 3 97 NA 63-64

C- NA NA NA NA NA NA NA ~100 NA
Interlinkage contents (%)

B-Ether (B-O-4) NA NA 45-60 60-80 74-84 49 87 ~100 83-90

Phenylcoumaran ((3-5) NA NA 9-12 3-1 5-1 31 0 NA 3-6

Resinol/tetrahydrofuran (3-B)° NA NA 2-6 3-12 1-7 19 NA 7-1

Dibenzodioxocin (5-5/B3-0-4) NA NA 5-12 ~3 ~3 1 NM NA NM

Biphenyl ether (4-O-5) NA NA 1-2 1-2 1-2 NM NM NA NM

Spirodienone (3-1) NA NA 1-9 1-7 1-2 0 3 NA NM
Common side/end groups

Cinnamyl alcohol (% alkyl) NA NA ~10 -5 ~5 n 1 NM -5

Arylglycerol (% alkyl) NA NA NM NM NM 24 NM NM NM

p-Coumarate (% gamma-O) NA NA NA NA 10-18 NA NA NA NA

p-Hydroxybenzoate (% gamma-0)® NA NA NA 0-10 NA NM 5 NA 10

Ferulate (% gamma-O)° NA NA NA NA 0-5 NA NA NA 3-12

Tricin (% lignin)® NA NA NA NA 0-3 NA NA NA NA

Acetate (% gamma-O) NA NA NA 0-50 0-70 NM NM NM NM
Elemental compositions (wt%)

C 44.4 84.7 63.1-65.2 59.7-62.7 60.7-63.5 65.9 59.5 65.8 60.7-61.5

H 6.2 15.3 5.9-6.0 5.9-6.0 ~5.8 6.0 6.1 49 5.9-6.0

O 49.3 <0.5 29.0-30.8 31.4-34.3 30.6-33.5 281 34.4 29.2 32.6-33.3
Lower heating value (MJkg™) 16.4 43.9 25.4-26.2 23.7-25.0 24.0-25.4 26.7 237 25.6 24.2-24.5

Elucidation of the elemental compositions and energy densities of different types of lignin, cellulose and SAF™° derived from stoichiometric elemental compositions and a modified form of
the Dulong formula™'. The abundance and structural breakdown of lignins by biomass source were compiled using the available literature'0*#697074757276152-159_ Ca|cuylation details can be found
in Supplementary Note 2 and Supplementary Tables 4-6. NA, not applicable; NM, not measured. *The formation of resinol versus tetrahydrofuran B-f interlinkages depends substantially on

the degree of lignin acetylation®. ?

commelinid monocots®.

Finally, the other common methodology for extracting native-like
lignins is via biological processing'®”’. Enzymatic treatments generally
target sugars in biomass, which subsequently yield lignin-rich solid
residues for upgrading that have only been exposed to mild, biocom-
patible conditions”%*5¢,

Regardless of extraction methodology, the consensus s that suc-
cessful lignin upgrading hinges on targeting aryl ether bonds (C-0)
during depolymerization, in part due to their lower bond dissociation
energies (49-72 kcal mol™) relative to C-C bonds (101-118 kcal mol ™).
This allows depolymerization strategies to retain much of the inherent
structure of lignin while also yielding low-molecular-weight com-
pounds after depolymerization. Accordingly, the studies examined
hereinwill focus on processes targeting native-like lignins while achiev-
ing high extents of extraction.

Oxidative depolymerization

Oxidative depolymerization isacommon method used to depolymerize
lignin via targeted cleavage of aryl ether bonds'>*®, While displaying a
near-theoretical depolymerization performance for C-Obond cleav-
age, oxidative methods primarily yield highly oxygenated monomeric
products like phenyl alkanoic acids (C,-Cy), which, after hydrotreat-
ment, do not align with the desired jet range (Cs—C,¢)"°. Hence, oxida-
tive strategies are generally more suitable for commodity chemical

p-Hydroxybenzoates are found only in specific biomass lignins,

such as poplar, willow, aspen and palm“"’°. °Ferulate and tricin incorporation is unique to

generation or as precursors for bioconversion®® rather than as fuel
precursors, and will not be the focus herein.

Reductive depolymerization

Reductive catalytic fractionation (RCF) offers a promising method for
both extracting and depolymerizing native lignin, while also preventing
lignin condensation. RCF extracts and breaks down native ligninthrough
solvolysis and hydrogenolysis, while concurrently stabilizing reactive
intermediates using redox-active catalysts and reductants'®>****% This
process produces asuite of products, including phenolic monomers,
C-Clinked dimers/oligomers and a carbohydrate-rich solid pulp®. The
depolymerization mechanism, whether solvolytic or catalytic, depends
on several factors including temperature, pH, solvent and catalyst™.
Typical RCF conditions are not effective at cleaving C-C linkages and
thereby depend on inter-unit ether bonds to determine maximum
aromatic monomer yields. Accordingly, these methods resultin the
creation of H-, G- or S-type monomers with C,—C; side chains, which
arelargely determined by aryl ether linkage abundance and end-group
content (for example, gamma-acetylated lignins).

Stabilization chemistries with reductive depolymerization
Beyond integrated extraction and depolymerization obtained via
RCF, both aldehydes and diols have been used to protect reactive
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Fig.3|Lignin extraction/depolymerization strategies. Combustion energy
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to thesquare of the lignin ether bond content®>*', Each point represents an
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based on ether content (Table 1); and solid grey lines represent the average of the
reported literature values. LHVs were calculated using the reported monomeric
compositions along with the modified Dulong formula™'. Lignin monomer yields
were extracted from the relevant literature’”?0%-929498-100162-164 Cajcylation details
canbe found in Supplementary Note 3 and Supplementary Table 7.

intermediates formed during fractionation. When compared with
direct RCF, the sequential isolation of ‘protected’ lignin followed by
reductive depolymerization tends to generate higher enthalpicyields,
primarily due to improved monomer yields. Lan et al. introduced
external aldehydestoreact with «,y-diolsinlignin side chains, thereby
forming acetals and avoiding the formation of benzyl carbocations
during acid extraction’. Alternatively, the created benzyl carboca-
tion via acidolysis can be stabilized using alcohol nucleophiles at the
a-position*®. For example, Luo et al. demonstrated Ca—-OH protection
viamethylation during extraction followed by hydrogenolysis to enable
elevated monomeryields”. Deuss et al. also suggested the protection
of the C, aldehydes derived from benzyl carbocations with external
diols to form stable cyclic acetals®™.

Experimental versus theoretical combustion energy retention
To link lignin biosynthesis to depolymerization, Fig. 3 shows both the
theoreticaland documented monomer energy retention values during
the depolymerization of various lignins. Inall cases, the experimental
enthalpicyields are lower than theoretical; however, the extent of this
disparity depends on feedstock. Contrasting the reductive depolym-
erization of different feedstocks underidentical conditions is essential
to understand the structural differences leading to these discrepan-
cies. Several studies have investigated the influence of feedstock on
lignin monomer yield under consistent RCF conditions. Typically,
monomer yields follow the sequence hardwood > herbaceous bio-
mass > softwood” . Lower B-0-4 contents for softwood lignins relative
to hardwoods explain these decreased monomer yields'. However,
herbaceous lignins, though exhibiting ether contents similar to hard-
woods, produce considerably lower yields. One potential reason for
this discrepancy is the higher quantity of lignin-carbohydrate linkages
in grasses, which may hinder delignification®.

Aside from traditional lignin structures, multiple alternative
lignins are also found both naturally and via genetic modification
that exhibit promising combustion enthalpy retention trends. As an
example, S-lignin, with its 97% S-units and an 87% 3-O-4 content, has a
theoretical enthalpicyield of 73%. Lan and co-workers used modified,
high-S poplar for hydrogenolysis, achieving ~57% experimental com-
bustionenergy retention (atamonomer mass yield of 53 wt%)°. Moreo-
ver, C-lignin exhibits a theoretical enthalpicyield of nearly100% due to
its benzodioxane structure. Consistently, hydrogenolysis of C-lignin
achieved high experimental jet-range monomer enthalpy retentions
(84-91%)77°"%%, Unfortunately, while available naturally in vanilla seed

coats and other select biomasses, C-lignin is not the primary ligninin
most plant species*?’®. Owing to its beneficial depolymerization behav-
iour and high energy content, genetically modifying high-yield plants
toincorporate C-lignin could greatly improve yields of aviation-range
hydrocarbons from lignin. Theoretical analyses (Fig. 3) further sug-
gest the potential of zip-lignin to achieve high combustion energy
retentions due toitsincorporated ester linkages. However, studies are
stillneeded on the reductive catalytic depolymerization of zip-lignin.

Other aspects affecting reductive depolymerization

Aside from biomass feedstock, monomer (and combustion energy)
yields are also dependent upon a variety of other factors including
reactor configuration. To date, the large majority of studies use batch
reactors due to their high resulting monomer yields and close cata-
lyst-biomass proximity*. However, to circumvent limitations asso-
ciated with batch processing, including catalyst and pulp recovery,
flow-through RCF has also been examined’*'°°. While flow-through RCF
offers several advantages over batch processing, it has downsides such
as high solvent consumption dueto high required space velocities. This
downside has the potential to be addressed via reactor engineering
(for example, effluent recycling, as has been recently demonstrated
by multiple groups)'*',

Another interesting concept is the elimination of external
hydrogen using hydrogen donors. These can be in the form of either
a solvent or sugars from biomass (for example, hemicellulose).
Techno-economic analysis and life cycle assessment reveal thatin situ
hydrogen donors along with low vapour pressure solvents could reduce
the capital cost and environmental impacts of RCF'**, Furthermore,
this process provides an opportunity to derive a higher amount of
combustion energy in fuels from bio-derived sources; however, this
would be at the expense of lower carbon yields due to CO, evolution.
To this end, several groups have examined RCF processes without the
use of exogenous hydrogen'® 1%,

Deoxygenation/upgrading of lignin-derived
bio-oils

Depolymerized lignin bio-oils, with their high oxygen content (-25 wt%)
compared with aviation fuels (<0.5 wt%), necessitate deoxygenation
before use in SAF®. This is achieved via hydrodeoxygenation (HDO),
where hydrogen combined with a heterogeneous catalyst acts to
cleave aryl C-O bonds. Numerous works have focused on catalytic
chemistries capable of deoxygenating aromatic compounds derived
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a, Amechanisticillustration of the DDO and IDO pathways as targets to yield
aromatic and saturated products. b-d, The influence of temperature and
pressure as thermodynamic handles to influence reaction selectivity towards
ring saturation (S,,) for benzene (b), anisole (c) and phenol (d). The examined
equilibrium is represented above each contour, with hydrogen omitted for
visual clarity. Thermodynamic data were generated using the RGIBBS reactor
modelin Aspen Plus v.12.1 (AspenTech) assuming ideal phase behaviour,
stoichiometric hydrogen and thermodynamic data from the default databases

(Supplementary Table 8). e,f, The effect of metal (M; e) and support (f)
interactions for the catalytic HDO of typical lignin-derived model compounds
using available literature data'*"*>'2>12¢12_Studies utilizing phenol as a substrate
aredenoted inblue, anisole in purple and guaiacolin red. g, The role of metal-
acid bifunctionality for HDO catalysts®'?"1?#1%_All assumptions used in the
kinetic analyses and the plotted selectivity values are in Supplementary Note 4
and Supplementary Tables 9-11. Lines in e-g are included only for visual clarity.
H-ZSM-5, H-form Zeolite Socony Mobil-5.

from lignin'®~'", Two primary deoxygenation pathways for aromatic
oxygenates are believed to exist (asillustrated in Fig. 4a): direct deoxy-
genation (DDO) and indirect deoxygenation (IDO)"*"*. The primary
deoxygenation pathway used is largely contingent on both catalyst
type and operating conditions.

Thermodynamic handles for HDO selectivity
The conditions selected for HDO can heavily influence reaction
selectivity. Specifically, ring hydrogenation is sensitive to process

pressure and temperature, influencing the ability of a catalyst to func-
tion viaDDO or IDO. For instance, phenol hydrogenation is typically
favoured at high pressures (>20 bar) and low temperatures (<250 °C),
asshowninFig.4b-d. This preferenceis due to the exothermic nature
(58-70 k) mol™ H,) of aromatic hydrogenation'. These condi-
tions limit the catalyst’s capacity to hydrogenate phenolics,
thereby forcing a higher degree of DDO, as demonstrated by Tan
et al. for anisole HDO". Accordingly, temperature and pressure
can be manipulated to favour either pathway, thereby affecting
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the composition of the resultant products based on the conditions
applied.

The nature of aromatic molecules also affects equilibrium.
Previous works have shown that increasing the number of side chains
and the number of carbon atoms on each side chain decreases the equi-
librium driving force towards ring saturation". As seenin Fig. 4b-d, the
presence of oxygen-containing functional groups can also influence
thermodynamic equilibrium, wherein hydrogenationisless favoured
for phenol and anisole compared with benzene. However, uncertain-
tiesinherent to equilibrium calculation methods canlead to disparate
results depending on the thermodynamic databases used.

Designing HDO catalysts

Thermodynamics is not the sole consideration for tuning product
distributions, as even currentindustrial hydrogenation reactions are
typically carried out at elevated temperatures (>300 °C) to overcome
kinetic limitations'. The other major factor determining product
selectivity is catalyst design. As a result, a myriad of studies exist on
optimizing catalysts for the deoxygenation of lignin-derived model
compounds (for example, phenol, anisole and guaiacol)"*'?. Three
primary areas are emphasized in studies focused on reactivity and
selectivity: the impact of metallic sites, the role of catalyst supports
and interactions between metal and acid sites, or between metal and
metal sites (Fig. 4e-g).

Supported metal catalysts using inertsilica/carbon supports have
beenwidely studied for the HDO of aromatic model compounds'®®™",
Theidentity of the metal highly influences the degree of deoxygenation
interms of both activity and selectivity. A previous study demonstrated
the following phenol deoxygenation activity trend over aninactive SiO,
support: Ru>Co > Ni > Rh > Pd > Pt (ref. 122). The oxophilicity of the
metal was a major indicator of whether deoxygenation (for example,
Ru, Coor Ni) or hydrogenation (for example, Pt, Pd or Rh) was favoured.
This canbe attributed to C-O bond elongation due to the formation of
metal-oxygen bonds?*'?, Similar trends have been reported for the
deoxygenation of guaiacol over Pd, Ru or Ni on carbon'’, where the
deoxygenation activity of the catalysts was also found to be positively
correlated withthe increased affinity of the metals to bind with oxygen.

In addition to metal characteristics, the selection of supports
containing oxophilic sites can also have a substantial effect on deoxy-
genation activity. The oxophilicity of the catalyst support plays a vital
roleindeterminingboththe dispersion of metal sites and the ability of
reactantstoadsorb. Various oxophilic metal oxides with strong Lewis
acidity have been applied for HDO'*'>"' Previous studies investigat-
ing the oxophilicity of catalyst supports found that the selectivity of
deoxygenated products derived from the HDO of phenol and anisole
correlates with oxophilicity for Pd-doped supports: Nb,O; > TiO, >
Zr0,>Si0, > CeO, (refs.123,126). Diffuse reflectance infrared Fourier
transform spectroscopy demonstrated that oxophilicity could be used
tooptimize bothadsorption of reactants and desorption of products.
This effect is pronounced for the removal of hydroxyl groups as the
removal of methoxy functionalities is facile due in part to their lower
bond dissociation energy'?,130.

Theinteractionbetween metal and support canalso play akeyrole
in determining catalyst activity; however, it has a more pronounced
impact on the DDO pathway than the IDO pathway. This can be attrib-
uted to the site requirements for DDO including an incorporated
metal, proximal oxygen vacancy and reducible support to optimize the
adsorption of the substrate, activation of the C-O bond and desorption
ofthe product from the catalyst surface. Thisimpactis readily apparent
fromresults comparing metals on benign silicasupports versus acidic
supports. For example, Teles et al. showed that switching from asilica
to aNb,O;support for Pd-doped catalysts increased the selectivity of
deoxygenated products drastically for the HDO of phenol'”. Another
study demonstrated a subtle difference between Pt on H-formbetazeo-
lite (H-BEA) and Pt/SiO, for the catalytic conversion of anisole, in which

demethylation was mainly catalysed by the Pt metal centre regardless
of the support®. A similar result has also been reported for the HDO
of guaiacol, in which a subtle difference was also observed between
Pt/H-BEA and Pt/SiO,, indicating that metal-supportinteractions may
not be functional group agnostic'.

In addition to metal-support interactions, metal-metal interac-
tionsin bimetallic catalysts can enhance reactivity and selectivity dur-
ing HDO™"'**, Catalytic synergy in these systemsis typically attributed
togeometric and electronic modifications thatimprove performance
beyond what is achievable with monometallic counterparts™*. Metal
dopants in bimetallic catalysts can alter metal-metal bond lengths,
surface bond lengths and surface bond angles', all of which critically
influence adsorbate binding and reactivity. Additionally, stabilizing
effects have been observed in bimetallic systems, wherein the incor-
poration of metal promoters can sometimes improve catalyst stability
by preventing sintering of the active centres and/or by reducing car-
bondeposition**"*, Despite these advantages, selecting appropriate
metal species and determining optimal ratios for bimetallic catalysts
remaindifficult. Moreover, achieving a detailed understanding of the
active sites is challenging due to the structural complexity inherent
tothese systems.

Reactivity discrepancies between models and real
feedstocks

While model compounds for lignin have been extensively studied to
gain mechanistic insight into HDO, it is equally important to under-
stand the catalyst and process performance associated with real
lignin-derived bio-oils. These performance effects can be seen par-
tiallyin model studies in which primary, binary and ternary mixtures of
compoundsare used for HDO. Teles et al. used a series of supported Pd
catalysts for the deoxygenation of binary phenolic mixtures to reveal
that hydroxyl groups selectively adsorb on the catalysts relative to
methyl ethers'. This resulted in far higher rates of deoxygenation
for phenol and cresol relative to anisole, thereby affecting product
selectivity at kinetically limited conditions. This highlights the impor-
tance of examining competitive adsorption in studies using complex
feedstocks, as disparities in reactivity can result from differences in
functional group steric and electronic effects. Aside from adsorption
effects, increased catalyst deactivation can also result in reactive dif-
ferences between model compounds and lignin substrates. Figure 5
depicts the three primary deactivation modes for catalysts reported
in the literature: site blockage, loss and modification™.

Active site blockage

Active site blockage is one of the primary causes of catalyst deactiva-
tion during biomass upgrading. It results when components of the
reaction mixture (for example, carbon (coke), salts, heteroatoms and
so on) deposit on the catalyst surface, thereby limiting substrate
accessibility. For example, Cordero-Lanzacetal. reported the primary
pathways attributed to the deactivation of a Pt-Pd bimetallic catalyst
for the HDO of black poplar-derived fast pyrolysis oil. One pathway
involved the recombination of oxygenated compounds (forexample,
phenol, guaiacol) and the condensation of post-HDO alkyl aromatics
(for example, propylbenzene) into polynuclear aromatic hydrocar-
bons, common coke precursors™®. In general, the presence of metal
centres diminishes coke formation, which can be attributed to their
ability to oxidize coke at low temperatures and promote hydrogen
spillover, which reverses the influence of hydrogen abstraction on
coke formation™’,140.

Active site loss

Active site loss isanother common mode of catalyst deactivation. The
mechanism for this mode of deactivationis dependent upon the nature
of the active site (for example, metallic, acidic) and the thermody-
namicdriving force (for example, applied potential, temperature and
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soon). One example of active site loss is leaching, wherein the active
materialis dissolved in the reactant solution. For example, Shafaghat
etal.noticed theaqueous HDO efficiency of abimetallic Fe/Ni catalyst
towards phenolics decreased with repeated use. This deactivation
was accompanied by a decrease in catalyst metal loading, suggesting
catalyst leaching as a potential culprit™’.

Active site modification

Finally, active site modification is typically attributed to changing the
oxidation state of the catalyst active site through oxidative or reduc-
tive means or by interaction with impurities in the feed. Kumaret al.
demonstrated that surface oxidation of Mo,C by oxygen treatment
could drastically influence the HDO of anisole, where the introduc-
tion of oxygen progressively shifted the product selectivity from
cyclohexane to phenol'** Conversely, Prasomsri et al. demonstrated
that the reduction of molybdenum oxide (Mo®* to Mo**) drastically
reduces its HDO activity towards lignin-derived aromatic model
compounds™?.

Overall, while thermodynamics and kinetics involving model
systems can provide fundamental mechanistic insights into both
the energetic favorability and rates of chemical phenomena, other
complexities associated with processing real feedstocks also warrant
consideration. Both active site competitionand catalyst deactivation
have been thoroughly examined for the HDO of model substrates. How-
ever, theseissues are compounded when working with complex feeds
involving mixtures of monomers and oligomers, multiple functional

groups and various heteroatomicimpurities. Accordingly, while model
systems provide unique fundamental insights, it is essential to apply
realistic feedstocks whentesting the applicability of catalytic systems
under real-world settings.

Benefits of lignin-first substrates to generate SAF
blendstocks

Duetothe difficulties associated with real lignin feedstocks, fewer stud-
ies focus on the deoxygenation of realistic substrates compared with
models. These works generally use technical lignins or pyrolysis oils,
both of which have degraded lignin structures with higher concentra-
tions of C-C interlinkages than native lignins'®'**, This, in turn, limits
the attainableyield of jet-range products during depolymerization and
HDO. For example, Yang et al. published a series of works examining
the production of SAF from an alkaline-extracted corn stover ligninin
which they fully deoxygenated the substrate, yielding a variety of alkane
products using a mixture of Ru/AlLO, and H-form faujasite (H-FAU)>**%,
Unfortunately, the lignin used contained a high quantity of C-Cinter-
linkages as shown by nuclear magnetic resonance, thereby limiting
the attainable yield of jet-range products. This was further evidenced
by high concentrations of bicyclo-alkanes and tricyclo-alkanes in the
productoil, limiting potential blend ratios with aviation fuels. Similar
challenges associated with C-C-bonded lignins have resulted in other
works employing technical lignins for HDO'***?, necessitating the
development of catalytic processes for the efficient, selective conver-
sion of C-C-bonded lignins.
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value for hardwood lignins as described in Table 1. Other feeds, intermediates
and products were taken directly from either Stone et al.” or the GREET
database'’, or calculated via the modified Dulong formula®™'. Details of the mass/
enthalpy balance calculations are in Supplementary Note 1and Supplementary
Tables1,12and13.

Conversely, when lignin is extracted under stabilized condi-
tions, the potential yield of jet-range products is improved without
the need for catalytic functionalities enabling C-Cbond cleavage. This
has been investigated by multiple groups wherein a depolymerized
lignin oil generated via RCF is deoxygenated, enabling elevated yields of
aviation-range products™'®*** The current state of the art concerning
jet-rangeyields fromlignin was demonstrated by Stone et al., whereina
continuous, trickle-bed reactor containing aMo,C catalyst was used to
deoxygenate neat poplar RCF oil, achieving a34% enthalpicyield towards
jet-range products onanin plantalignin basis®. A detailed combustion
enthalpy flow throughout the process is presented in Fig. 6, wherein the
publishedresult (Fig. 6a) iscompared with atheoretical process (Fig. 6b)
in which complete delignification and mass closure are achieved. The
experimental result demonstrates alower-than-theoretical yield primar-
ily duetoincomplete delignification. The RCF conditions used achieved
oil yields of only ~70% due to the use of a methanol solvent, which was
unable to achieve complete lignin extraction',

Accordingly, the process could be substantially improved via the
use of different solvent systems, such as alcohol/water mixtures, which
generally achieve a higher extent of delignification than alcohols alone
duetoimproved polarity and Lewis acidity'*’. Aside from delignification,
other various masslosses occur throughout the process, likely duetoa
combination of normal transfer losses, light product volatilization and
coke formation. Ifimproved, the process has the potential to retain 48%
oftheinput combustion energy contained within thelignininplanta, a
comparable valueto those of both ETJ and HEFA at 50% and 52%, respec-
tively (Fig.1). The process could also be improved by either feedstock
modification or the incorporation of C-C cleavage chemistries (for
example, hydrocracking) to minimize the generated heavy fraction.

Conclusions and outlook

Aconceptual framework for alignin-to-SAF biorefinery that uses reduc-
tive depolymerization followed by deoxygenation and distillation is
illustrated in Fig. 7 along with several important research directions
and process opportunities. These can be categorized as follows: feed-
stock modifications, enhancements tolignin fractionation, improved
hydrotreating catalysts and utilization of process by-products. Beyond
these categorizations, overall process and catalyst stability should

always be a consideration for biorefinery design, as robust processes
are extremely important in determining the viability of a system for
industrial implementation.

Feedstock choice and preparation

Choice offeedstockis essential for the optimization of alignin-oriented
biorefinery aiming to produce SAF blendstocks. To maximize jet-range
product yields, easily processable feedstocks should be targeted over
energy-dense C-C-coupled lignins, which require the development of
selective C-C cleavage technologies. C-lignin is particularly interest-
ing due to its depolymerizability and energy density. The integration
of C-lignin into high-yield biomasses will be essential to enabling this
approach and warrants further investigation. In addition to lignin-first
processing strategies, alternative extraction approaches, such as those
using enzymatic hydrolysis with mild pretreatment or no pretreatment,
altogether have the potential to generate extracted lignins with native-like
characteristics for depolymerization to SAF-range compounds®*'*¢,

Extraction/depolymerization

When working with intact biomass, a major bottleneck limiting fuel
yields fromligninisincomplete delignification. Hence, ifthe goal is to
conduct lignin-first biorefining, engineering extraction processes to
achieve complete delignification are essential to improve SAF yields.
Extraction processes should also use solvents that enable low operat-
ing pressures since the high-pressure reaction conditions required for
conventional RCF generally inhibit its industrial implementation'*.
The implementation of non-volatile solvents for RCF will also require
new separation strategies, as the generated products will no longer
be extractable by distillation alone. Furthermore, solvent hold-up in
biomass is amajor concern for these systems, as drying will be inef-
fective. The use of bio-derived hydrogen donors is also promising as
they provide a potential avenue to lower process hydrogen demand
while increasing the quantity of bio-derived combustion energy in
the resulting fuel.

Deoxygenation
The prospect for any industrially scalable technology liesin robust HDO
catalysts capable of decreasing the high oxygen content of bio-oils.
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This includes the capability to achieve high levels of deoxygenation
(<0.5wt% oxygen), varying levels of hydrogenation selectivity to enable
botharomatic and cyclo-alkane generation and the ability to withstand
the numerous complexities of real biomass streams without catalyst
degradation. Promising catalyst candidates will require careful evalu-
ation using these criteria prior to industrial implementation.

Product utilization

The deoxygenation of lignin monomers typically resultsinaconsider-
able amount of methane formation due to aryl demethoxylation®"*"
This by-product could be either used as process fuel orimplemented
into the process via cracking to generate the hydrogen necessary for
HDO. This would further increase the fraction of lignin-derived combus-
tionenergy incorporated into the resulting fuel. Aside from fuel gas, the
generated kerosene products have the potential for further upgrading.
The heavy products have the potential to be cracked to form further
jet-range products, thereby increasing potential processyields. Cyclic
products also have the potential to be ring-opened and isomerized
to produce the other required fractions of aviation fuel (iso-alkanes
and n-alkanes), potentially not only supplanting cyclic hydrocarbons
but generating a100% lignin-derived substitute for conventional jet
fuel.Inasimilar vein, the combination of feedstocks for co-processing
has the potential to eliminate process operations by combining the
deoxygenation of lignin with other compounds such as fatty acids,
potentially generating a100% SAF.

Catalyst and process lifetime

The future of a lignin-to-SAF process hinges on the development of
robust catalysts and processes for industrial applications. While sub-
stantial progress hasbeen made in understanding catalyst deactivation
through model systemsin depolymerizationand HDO contexts, akey
challenge remains in understanding the changes in catalytic active sites
under complex, real-world feed streams'***°, Innovations in process
design, including incorporating steps to remove salts and heavy car-
bonaceous compounds, could be used to extend catalyst service life.
Furthermore, a deeper understanding of deactivation phenomena
under operando conditions will enable the rational design of robust
catalysts. Concurrently, the development of catalyst regeneration
techniques, including coke reduction/oxidation, acid washing and
active site regeneration, could extend overall catalyst lifetimes to

meet industrial workflows. Moving forward, collaboration between
the research community and industry to bridge the gap between
micro-level fundamental insights and macro-level practical implica-
tions will beinstrumental in designing systems that enable viable pro-
cess lifetimes under real-world conditions.

Concluding remarks

The ability to achieve a carbon-neutral aviation sector by 2050 will be
undeniably challenging. However, lignin could be a major contribu-
tor to fuelling the next generation of aircrafts, as it has considerable
potential as a sustainable replacement for fossil-derived aviation fuels.
Inall,aconcerted pushtowards lignin valorization could considerably
contribute to ambitious net-zero aviation sector goals by enabling
high-volume SAF production from anabundant, underutilized, renew-
able carbon source.
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