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Green foundation

1. What advances in green chemistry have been discussed?

This review highlights recent advances in catalytic lignin valorization into cyclic 

hydrocarbons for sustainable aviation fuels (SAFs), emphasizing green chemistry 

principles such as renewable feedstocks, selective and energy-efficient catalysis, and 

replacement of fossil-derived hydrogen and solvents.

2. What makes the area of study of significant wider interest?

Converting lignin into jet fuels addresses two global challenges: aviation 

decarbonization and biomass waste valorization. As the most abundant renewable 

aromatic biopolymer, lignin enables renewable, drop-in fuels compatible with existing 

infrastructure, offering both industrial and environmental benefits.

3. What will the future of this field hold, and how will the insight in your review 

help shape green chemistry science?

The future hinges on bridging molecular and performance gaps between lignin-derived 

hydrocarbons and conventional jet fuels. Fully lignin-based fuels lack ASTM approval; 

this review outlines green strategies—in situ hydrogen generation, mild oxygen 

removal, and fuel pre-screening—that advance 100% renewable, drop-in SAFs.
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Abstract

Sustainable aviation fuel (SAF) derived from lignocellulosic biomass represents a 

critical pathway to decarbonizing the aviation sector. As the only abundant, naturally 

aromatic biopolymer, lignin offers unique potential for producing cyclic hydrocarbons 

compatible with conventional jet fuels. This review critically examines recent advances 

in lignin valorization strategies, focusing on two key stages: (i) the depolymerization 

of lignin into phenolic-rich bio-oils, and (ii) the selective hydrodeoxygenation (HDO) 

of these intermediates into cycloalkanes and arenes. Emphasis is placed on catalytic 

design, reaction engineering, and solvent systems that improve product selectivity and 

mitigate harsh HDO conditions. The conversion of lignin typically begins with the 

production of bio-oil containing phenolic monomers and dimers, which is then followed 

by HDO to convert these precursors into cycloalkanes primarily. This review examines 

and compares various methods for producing lignin bio-oil for jet fuel applications. It 

then explores strategies to improve the selectivity of cycloalkanes or arenes during the 

HDO process, highlighting effective approaches to mitigate the challenging reaction 

conditions associated with HDO. The review further analyzes the structural and 

physicochemical differences between lignin-derived hydrocarbons and certified jet 

fuels, underscoring the remaining challenges in achieving full compatibility, such as 

energy density, volatility, and combustion properties. In addition, this review assesses 

the environmental impacts and economic viability of producing cycloalkane-rich SAFs 

from lignin. Despite significant progress, the synthesis of a 100% lignin-based SAF 

blend remains unachieved, highlighting the need for an integrated framework that 

couples molecular-level fuel design with comprehensive performance metrics. This 

roadmap is essential to guide future research and industrial-scale implementation of 

lignin-based SAF.
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1. Introduction

Decarbonizing aviation is a critical challenge, and sustainable aviation fuels (SAF) 

derived from biomass has emerged as a promising solution. 1 Unlike renewable 

electricity, biofuels offer the advantage of carbon sequestration during feedstock 

growth: the CO2 released when SAF is burned is partially offset by the CO2 absorbed 

during photosynthesis. Lifecycle analyses indicate that SAF can cut greenhouse gas 

emissions (GHG) by roughly 50% up to >90% compared to fossil jet fuel, depending 

on feedstock and production pathway. 2-4 International Energy Agency (IEA) projects 

that bio-jet fuel could reach about 3.5% of global aviation demand by 2028 under 

accelerated adoption scenarios, reflecting growing interest in scaling SAF production.

Currently, all commercially used SAF/bio-jet fuel is produced from oleochemical 

feedstocks, such as fats, oils, greases (FOGs), or vegetable oils (e.g. soybean, canola) 

via the hydroprocessed esters and fatty acid (HEFA) pathway. HEFA-SAF is already 

approved by the American Society for Testing and Materials (ASTM) for blending up 

to 50% with conventional jet fuel. 5-7 However, relying on edible oils for fuel poses 

sustainability and scalability concerns. It creates competition with food supply and 

offers only moderate carbon reductions once indirect emissions (from fertilizer use, 

diesel farming equipment, land-use change, etc.) are accounted for. 8, 9 Indeed, life cycle 

emission reductions for HEFA SAF are often in the range of only ~50–65% versus 

petroleum jet. 10 There are also practical limits to waste-oil availability. In the U.S., 

non-food lipid feedstock could support at most about 1.7 billion gallons per year of 

HEFA fuel–insufficient for long-term demand. 11 Therefore, more sustainable and 

abundant feedstocks such as lignocellulosic biomass (agricultural residues, forestry 

byproducts, energy crops) are being explored to supplement or replace lipid-based 

feedstocks. 12-14 

Lignin, a major component of lignocellulose, is a particularly attractive feedstock 

for SAF. Lignin is a three-dimensional aromatic polymer comprising p-hydroxyphenyl 

(H), guaiacol (G), and syringyl (S) phenolic units linked by ether and C–C bonds. 15-17 

It is the second most abundant natural polymer in wood (making up ~15–40% of dry 
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wood) and the largest renewable reservoir of aromatic rings on Earth. 18 Huge quantities 

of lignin are generated as a low-value byproduct in the pulp & paper and bioethanol 

industries (on the order of 50–70 million tons annually worldwide), yet over 98% of it 

is simply burned for process heat rather than upgraded into products. 19, 20 This 

underutilized aromatic resource could be redirected as feedstock for jet fuel production. 

Lignin chemical structure (rich in aromatic rings) is well suited for producing the cyclic 

hydrocarbons (both aromatics and cycloalkanes) that are essential components of jet 

fuel. 21 In contrast to fatty-acid-based fuels that yield mostly linear alkanes in the diesel 

range, lignin can directly generate monocyclic, bicyclic, and tricyclic hydrocarbon 

molecules in the jet fuel boiling range with minimal additional carbon-chain building. 

This gives confidence in lignin’s potential as a feedstock to produce “drop-in” jet fuel 

blendstocks with the required cyclic structures. 21, 22 

Cyclic hydrocarbons are indispensable components of traditional jet fuel, with 

cycloalkanes and aromatics comprising 32.9% and 21.2% of commercial aviation fuel 

Jet-A, respectively. Conventional jet fuel contains 8-25% v/v aromatic compounds to 

ensure O-ring swelling capabilities, preventing fuel leakages. 23 Cycloalkanes have 

lower H/C ratios, higher densities, and lower heat release per unit mass than n/iso-

alkanes, while exhibiting higher H/C ratios and lower densities than aromatic 

compounds. 24 Lignin-derived, cycloalkane-rich hydrocarbons, which inherently 

comprise a mixture of in-situ-generated mono- and dicyclic cycloalkanes alongside a 

small fraction of n/iso-alkanes, show strong potential as fully synthetic jet fuels (FSJF). 

This composition directly results in a superior property profile, including enhanced 

density, volumetric energy content, low-temperature fluidity, and reduced soot 

emissions, while preserving the necessary O-ring swelling capability, as detailed in 

Section 4. 21, 25, 26 Currently, both one-step and two-step catalytic conversion pathways 

have garnered significant attention. However, the two-step approach is favored for FSJF 

synthesis, as it not only minimizes the risk of catalyst deactivation but also alleviates 

the severity of conditions typically associated with the HDO process. 22 Compared to 

oleochemical feedstocks, lignin-derived hydrocarbons fall more naturally within the jet 

fuel range, while those from vegetable oils are generally closer to the diesel range. 27 
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The catalytic conversion process for lignin is more straightforward than that for 

oleochemical feedstocks, which require additional steps such as hydrocracking, 

isomerization, and cyclization, alongside HDO. 22, 25, 28, 29 Lignin, therefore, represents 

a promising feedstock for directly producing alkanes with desirable cyclic and isomeric 

structures that meet the chemical criteria for jet fuel applications. 3 

Despite the promise of lignin as a feedstock for SAF, the path from lignin to jet 

fuel remains a complex challenge. While numerous studies have focused on individual 

steps of lignin conversion, such as lignin-derived oil extraction 30-32, oil upgrading 23, 

33-35, and sustainability and technoeconomic assessments 36, comprehensive reviews 

addressing the full lignin-to-jet-fuel pathway are limited 16. Each step in this process 

must be carefully optimized, as catalyst types and reaction conditions vary significantly 

depending on whether the goal is SAF production or high-value chemical synthesis.

This review seeks to address this gap by presenting a comprehensive overview of 

current lignin conversion pathways and catalytic technologies for SAF production. 

Particular attention is given to the properties of lignin-derived oils produced via lignin-

first biorefining or depolymerization of isolated lignin. These properties, determined by 

feedstock, conversion configuration, and catalyst selection, greatly influence the 

severity of subsequent HDO and the chemical structure of the final hydrocarbon 

products. The review begins by comparing pathways for producing lignin bio-oils and 

identifying optimal catalytic configurations for their extraction. It then focuses on 

advanced HDO strategies tailored to the specific requirements of SAF applications. As 

summarized in Fig. 1, upgrading lignin typically requires more hydrogen than 

oleochemical feedstocks, necessitating the use of high-intensity hydrogen during the 

valorization processes. 5 To address this, the review emphasizes conversion strategies 

that minimize fossil energy input and operate under milder conditions. Finally, it is 

important to note that lignin-derived jet fuels have not yet received ASTM certification, 

highlighting the need for continued research and comprehensive evaluation of recent 

advancements in this area. 
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Fig 1 The effective hydrogen-to-carbon ratio ‘staircase’ for different feedstocks, 

reproduced from ref. 5 with permission from John Wiley & Sons, copyright 2019.
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2. Bio-oil from Lignin for Jet Fuel Production

2.1 Extracting Lignin-derived Oil from Lignocellulose

The majority of commercially produced lignin today is a by-product of the pulp 

and paper industry, where the primary aim is to remove lignin to obtain cellulosic 

materials used for paper, packaging, or as chemical feedstocks for products such as 

cellulose acetates and nitrates. 37 The harsh pulping conditions promote the formation 

of stable C–C bonds, making lignin more recalcitrant and limiting the yield of 

monomers and low-molecular-weight oligomers. 38, 39 To address this, the “lignin-first” 

strategy has been proposed, focusing on obtaining a more reactive form of lignin. This 

biorefinery strategy seeks to maximize the value of biomass’s lignin and polysaccharide 

components by selectively depolymerizing lignin while preserving and utilizing the 

cellulose and hemicellulose fractions. 39, 40 

2.1.1 Reductive Catalytic Fractionation (RCF) of Lignocellulose

Reductive catalytic fractionation (RCF) is a promising lignin-first strategy that 

enables the extraction of native lignin from biomass while preserving β–O–4 linkages 

and simultaneously depolymerizing it into bio-oil enriched with functionalized 

phenolic monomers and dimers.  41 The extent of lignin depolymerization and the 

composition of the resulting bio-oil are significantly influenced by process parameters 

such as biomass feedstock, reaction temperature, solvent composition, and catalyst type. 

36, 42 Heterogeneous bifunctional catalysts, such as Pd/C, Pd/CNx, Ni/C, and Ru/Al2O3, 

are particularly effective in cleaving β–O–4 linkages and selectively hydrolyzing 

carbon-hydroxyl bonds, thereby facilitating the formation of low-molecular-weight 

phenolics. 41, 43 Additionally, a reductive environment prevents the repolymerization of 

unstable intermediates by hydrogenating reactive C=C side chains. 44 This not only 

stabilizes the lignin-derived bio-oil but also ensures a high overall oil yield (~90 wt%) 

in a single step, with significant monomer and dimer content. 45, 46 The size of the metal 
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particles in bifunctional metal catalysts significantly influences the selectivity for 

aliphatic –OH groups on monomers. 47 Metal nanoclusters and single atoms are 

effective in removing residual aliphatic hydroxyl groups from monomers, thereby 

improving the stability of lignin-derived bio-oil. 47 

The theoretical maximum lignin monomer yield is roughly proportional to the 

square of the relative content of cleavable inter-unit ether bonds, with C–C bonds 

typically remaining unbroken during RCF. A linear correlation has been established 

between the β–O–4 content in lignocellulose and the theoretical maximum monomer 

yield. 48 Feedstock origin plays a pivotal role in product distribution, as hardwood 

substrates preferentially generate the formation of propyl-substituted syringol (Pr-S), 

along with some guaiacol (Pr-G), whereas softwood substrates mainly yield Pr-G. 49 In 

contrast, grasses primarily produce monomers derived from p-coumaric and ferulic acid 

units. Moreover, hardwoods tend to generate more dimers than softwoods and grasses, 

with grasses yielding the least. 50, 51 A high oligomer yield, typically associated with a 

low monomer yield in RCF products, is characterized by oligomers with relatively low 

molecular weight (Mw) and a high content of hydroxyl groups. 49 

Polar protic organic solvents are commonly employed to dissolve lignin under 

reductive subcritical conditions. 52 The yields of monomers and dimers, as well as the 

delignification efficiency, exhibit a linear relationship with solvent polarity, as 

quantified by the Reichardt polarity parameter (E𝑁
𝑇 ). 42, 53 Highly polar solvents exhibit 

superior penetration into the lignocellulosic matrix, thereby enhancing delignification 

and non-catalytic extraction. 42 Arts et al. partially recycled lignin-derived oil with 

methanol to maintain a high monomer yield by using a mixed solvent containing 

methanol, methyl acetate, water, acetic acid, and crude lignin oil, also promoting 

hemicellulose co-extraction.36 They used extended reaction times, elevated 

temperatures, and increased hydrogen pressure to further enhance monomer yield and 

selectivity. 36, 42 However, excessively high polarity can lead to considerable 

carbohydrate loss due to solubilization. To address this, lignin-first delignification 

efficiency (LFDE) was introduced to optimize process efficiency, ranking solvents 

based on their delignification and carbohydrate retention capabilities. Methanol and 
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ethylene glycol were identified as high-performing solvents, yielding approximately 50 

wt% monomers and 12 wt% dimers under optimized conditions. 53 Additionally, acidic 

conditions are more favorable for the production of monomers and dimers, as well as 

for sugar retention, compared to basic conditions. 54 

Fig. 2 illustrates the typical chemical composition of RCF oil derived from pine 

refinement, as reported by Thi et al. 55 The dominant monomer was 4-propanol guaiacol, 

with a yield of 34.03 wt% of monomers. Dimers (15.79 wt%) and trimeric oligomers 

(7.26 wt%) primarily consist of various G units connected through C–C interunit 

linkages, including β–5, β–1, β–β, and 5–5. Only trace amounts of β–O–4 and 4–O–5 

linkages were observed in these RCF lignin oils. 55 The presence of trimers results in a 

distribution of excessively long carbon chains in crude oil; however, partial removal of 

trimers can be achieved through washing with non-polar solvents. 55

Fig 2 The composition of monomers, dimers, and trimers in the RCF oil, along with 

their corresponding main chemical formulations, adapted from ref. 55 with permission 

from the Royal Society of Chemistry, copyright 2022.

Trimers
(7.26wt%)

Dimers
(15.79wt%)

Monomers
(34.03wt%)

RCF oil
MeOH, 30 bar H2

235°C, Pd/C, 3h
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2.1.2 Hydrogen-Free and Self-Supplied Reductive Pathways

RCF typically requires high-pressure H2 and high temperatures (above 200 °C), 

challenging its scale-up. 56 Due to the significant capital costs for handling organic 

solvents (e.g., methanol) and H2 gas, a hydrogen-free RCF approach could potentially 

reduce costs by 24%. 57 Deep Eutectic Solvents (DES) have been shown to delignify 

biomass without additional hydrogen. 58, 59 Although ethylene glycol can act as a 

hydrogen source following depolymerization of lignin over Ru/C, as highlighted by Li 

et al., the high proportion of choline chloride to ethylene glycol has been shown to limit 

the hydrogen-donating ability of ethylene glycol because of excessively strong 

hydrogen bond acceptor-donor interactions between choline chloride and ethylene 

glycol. 48 Moreover, scaling up DES-based systems remains challenging due to a 

limited understanding of their fundamental reaction mechanisms. 60 

Other studies have demonstrated that certain biomass substrates can produce in-

situ H2 through hydrogenolysis and aqueous-phase reforming, thereby eliminating the 

need for external hydrogen sources. 61 This procedure is commonly referred to as the 

self-hydrogen-supplied catalytic fractionation (SCF) process. Zhou et al. successfully 

fractionated birch sawdust in an aqueous solution over a Pt/NiAl2O4 catalyst without 

the addition of a hydrogen source (Fig. 3a). 62 After a 24-hour reaction at 140 °C, the 

phenolic monomer yield reached 46.6 wt%, with propyl(ethyl) end-chained guaiacol 

and syringol as the main products. Additionally, 90% of the cellulose was retained in 

the pulp. As shown in Fig. 3b, hemicellulose served as the primary hydrogen source, 

undergoing hydrolysis to xylose, dehydrogenation, and cleavage processes to generate 

CO intermediates. The water-gas shift reaction (WGS) over the Pt/NiAl2O4 catalyst 

then produced H2 and CO2. Li et al. provided insights into the catalytic conversion 

mechanism over Pt/NiAl2O4, unveiling that the presence of oxygen vacancies (OV) on 

NiAl2O4 facilitated the reduction of PtOx to metallic Pt. 63 This promoted methanol 

dehydrogenation and enabled the subsequent WGS through a redox mechanism (Fig. 

3c). Notably, this mechanism differed from the conventional γ-Al2O3 support, where 

the WGS proceeded via an associative mechanism (Fig. 3c). 63
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Fig 3 (a) Production of lignocellulose-derived hydrogen via catalytic fractionation 
(SCF), reproduced from ref. 62 with permission from the American Chemical Society, 
copyright 2023. (b) Hemicellulose serves as a hydrogen source under hydrothermal 
conditions during SCF, adapted from ref. 62 with permission from the American 
Chemical Society, copyright 2023. (c) Catalytic mechanism for in-situ hydrogen 
production over Pt/NiAl2O4 and Pt/γ-Al2O3, reproduced from ref. 63 with permission 
from the American Chemical Society, copyright 2019.
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2.1.3 Oxidative Catalytic Fractionation (OCF) of Lignocellulose

Oxidative catalytic fractionation (OCF) of biomass to produce lignin has been less 

investigated, despite certain advantages such as the use of mild reaction conditions (60–

180 °C and 0.2–0.3 MPa O2, vs. 160–450 °C and 1–10 MPa H2), plus the use of “green” 

solvents (H2O vs. organic) and cheap reagents. 64 Generally, OCF catalytic systems are 

still in the early stages of development. The OCF process with alkali typically initiates 

by cleaving ether bonds in lignin and activating Cα–Cβ to form Cα=Cβ through 

dehydration. 65 To become less reliant on alkali, a better catalyst will be required. 65, 66 

In more recent work, a two-step approach was used to enhance monomer yield during 

the OCF of wood sawdust. 67 Luo et al. 68 fractionated poplar biomass over a 

heterogeneous Co-N-C catalyst in non-alkaline organic solution (acetone) under 190 °C 

and 35 bar air atmosphere (6% O2 in N2). This process yielded 15 wt% of phenolic 

products comprising aldehydes (vanillin and syringaldehyde) and carboxylic acids (p-

hydroxybenzoic acid, vanillic acid, and syringic acid), along with 56 wt% yields of 

dimers, trimers, and oligomers in the liquid stream. 

Lignin-first biorefining provides notable advantages for producing high-quality 

lignin bio-oils, particularly by generating monomeric and dimeric precursors suitable 

for jet fuel synthesis, enabling complete lignocellulosic valorization, and 

accommodating flexible, renewable hydrogen sources. Despite substantial progress in 

developing RCF strategies, most RCF processes remain confined to the laboratory scale 

due to challenges related to hydrogen gas supply and handling of organic solvents, 

although recent studies indicate the potential for significant cost and carbon footprint 

reductions. 36 While OCF offers greener reaction conditions compared to reductive 

approaches, its limited monomer yield and the prevalence of over-oxidized products 

could introduce complexities in downstream deoxygenation processes.

2.2 Extracting Lignin-derived Oil from Isolated Lignin

The most isolated lignin from technical lignin is obtained through sulfur and 

sulfur-free processes based on commercial pulping technologies, such as Kraft, Sulfite, 
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Soda, and Organosolv. 69, 70 The lignoboost and lignoforce processes precipitate black 

liquor derived from the Kraft process, with refineries such as West Fraser Timber 

producing about 10,500 tons of technical lignin annually. 71 The lignosulphonates 

derived and marketed by companies such as Borregaard are more reactive but already 

sell for a higher price and are unlikely to be used as a biofuel feedstock. 72 

Nonetheless, the widespread availability of industrial lignin has prompted 

researchers to explore its potential as a feedstock for various applications. As suggested 

by Rinaldi et al. 70, Equation 1 can estimate the maximum yield of a monomer. 

Assessing the possibility of using lignin as a feedstock is beneficial. 

Y=(n―2)𝑃2+2𝑃
n × 100                                           (1)

The parameter Y denotes the cumulative yield of individual monoaromatic 

compounds, while n represents the number of monomers present within the polymeric 

chain. P refers to the fraction of cleavable bonds. 70 

Fig. 4a demonstrates a positive correlation between the P-value and monomer 

yield. However, most downstream technical lignins (P-values below 0.2) are unsuitable 

as feedstock for fuel production. Genetically engineered lignins, on the other hand, 

show significant promise for high monomer yields. Yet, for jet fuel, focusing solely on 

monomers is insufficient, as a lack of dimers may prevent the final product from 

meeting the required length of the carbon chain. According to Phongpreecha et al. 73, 

with a 50% β–O–4 content, the cleavage of all β–O–4 linkages yields approximately 10% 

tetramers, 17% trimers, 25% dimers, 27% monomers, and 21% other oligomers. Fig. 

4b further highlights the disadvantages of downstream technical lignin compared to 

native lignin. While hardwoods excel in monomer yield, they also theoretically produce 

higher yields of both dimers and trimers. Although technical lignin is theoretically 

unsuitable as a jet fuel feedstock, its availability has led many researchers to investigate 

it as a subject of study. Generally, in such cases, it is not sufficient to only consider C–

O–C bond cleavage; the cleavage of the Csp2–Csp3 bond must also be taken into 

account.
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Fig 4 (a) Graph illustrating Equation (1) for various P values, adapted from ref. 70 with 
permission from John Wiley and Sons, copyright 2016. (b) Predicted yield distributions 
for monomers, dimers, and oligomers from the cleavage of β–O–4 in a population 
model of lignin polymers of n = 100 over a range of β–O–4 contents. Figure adapted 
from ref. 73 with permission from the Royal Society of Chemistry, copyright 2017; data 
sourced from refs. 74-75.
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2.2.1 Lignin Oil Derived via Pyrolysis

Lignin pyrolysis generally proceeds through three stages: dehydration (< 120 °C), 

active pyrolysis (200–450 °C), and passive pyrolysis (> 450 °C) (Fig. 5). 76 During the 

active pyrolysis stage, thermal energy breaks down interunit linkages within lignin, 

resulting in the formation of oxygen-containing monomers, dimers, and oligomers. The 

type of lignocellulosic feedstock plays a crucial role in product distribution. For 

instance, lignin derived from corn stover (a representative herbaceous biomass) yielded 

the highest phenolic monomer content (16.26% C based on lignin), followed by red oak 

(hardwood, 8.61% C) and loblolly pine (softwood, 9.51% C), highlighting the structural 

influence of different lignin sources on pyrolysis efficiency and selectivity. 77 Lower 

temperatures favor dimer formation, while higher temperatures increase the production 

of monomers and oligomers. 78 Above 525 °C, oligomers undergo secondary cracking 

into dimers, while temperatures above 550 °C promote the formation of fused aromatics 

and polycyclic hydrocarbons from phenols. 78, 79 

The complexities of lignin pyrolysis mechanisms stem from its intricate structure. 

80, 81 Typically, the cleavage of β–O–4 linkages is driven by unimolecular 

decomposition, hydrogen radical abstraction, hydrogen bond-induced homolysis, or the 

pyrolysis-products-assisted hydrogen transfer (AHT) mechanism. 80 The concerted 

pericyclic cleavage is considered to be dominant for β–O–4 linkages compared to 

homolytic cleavage. 82 The cleavage of interunit β–1 and β–5 linkages primarily occurs 

through Cα–O and Cα–Cβ homolytic reaction. 76 The cleavage of the 5–5’ linkage, 

characterized by high bond dissociation energy (BDE), typically initiates with 

demethylation, followed by the dehydrogenation of the edge groups. 83, 84 During the 

passive pyrolysis stage, propanoid side-chains and oxygen-containing functional 

groups undergo degradation and transformation, resulting in simpler aromatic volatiles 

and a few gas products (e.g., CO2, CO, H2, and CH4) or undergo polymerization and 

settle to form coke. 76 

Under optimized fast pyrolysis conditions, lignin can yield approximately 45 wt% 

liquid, 35 wt% char, and 16 wt% gas, with phenols and dimers reaching up to 52% and 
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42% in the liquid fraction, respectively. 78 The abundance of oxygen-containing 

functional groups in lignin holds the potential to influence the pyrolysis rate, reactivity, 

and distribution of pyrolysis products. 76, 85, 86 Phenolic hydroxyl groups emerge as the 

predominant functional groups, acting as electron-donating groups that diminish the 

stability of lignin and promote the repolymerization reaction of lignin fragments, 

ultimately leading to charring. 76 Consequently, several studies have emerged that aim 

to pretreat lignin to alleviate the adverse effects of phenolic hydroxyl groups on 

pyrolysis. Li et al. 87 pretreated softwood kraft lignin (SKL) by masking phenolic 

hydroxyl groups with propylene oxide before pyrolysis. The study revealed high 

selectivity (~94%) toward the oxypropylation of phenolic hydroxyl groups, thereby 

enhancing the hydrogen-to-carbon ratio of SKL and increasing the relative content of 

low-oxygen aromatic compounds. More importantly, on a lignin basis, the yield of 

pyrolysis oil increased from 37.1% to 44.3%, while the char yield decreased from 47.2% 

to 36.9% after masking the phenolic hydroxyl groups. 87 Methoxy stands out as another 

prevalent oxygen-containing functional group within the lignin structure, and its 

specific location has a discernible impact on the pyrolysis mechanism. 76, 88 The 

presence of the methoxy group can lower the BDE of the C–O bond, thereby increasing 

the reactivity of the C–O hemolytic reaction. 76 However, research on other oxygen-

containing functional groups is relatively limited. 81 

Catalytic fast pyrolysis, a commonly used method for converting lignin into bio-

oil, can be classified into in-situ and ex-situ. 89 Compared to non-catalytic pyrolysis, 

catalyst-assisted pyrolysis can lower the decomposition temperature, accelerate the 

reaction rate, and improve the selectivity for oxygen-free monoaromatic hydrocarbons 

in the pyrolysis oil. At the laboratory level, ex-situ catalytic fast pyrolysis is typically 

conducted using a simplified configuration in which the biomass and catalyst are 

arranged in separate layers within the same fixed-bed reactor. 90 In contrast, practical-

scale ex-situ catalytic fast pyrolysis employs two physically separated reactors: one 

dedicated to biomass pyrolysis and the other to catalytic vapor upgrading, enabling 

continuous operation. The resulting pyrolysis vapors are subsequently condensed into 

liquid products that spontaneously separate into an aqueous and an organic phase. 91 
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The cost of in-situ catalytic pyrolysis mainly arises from catalyst deactivation and 

continuous regeneration. 91 Conversely, the considerable cost for the ex-situ 

configuration stems from the capital investment for the two separate reactor systems. 

Based on an economic analysis, Li et al. 92 found that the minimum fuel selling prices 

(MFSPs) of the in-situ and ex-situ configurations were comparable. This quantitative 

comparison suggests that the higher operating cost resulting from catalyst replacement 

in the in-situ process is offset by the greater capital investment required for the ex-situ 

configuration. Catalysts for pyrolysis include inorganic salts (e.g., alkali metals), metal 

oxides (e.g., Al2O3, CaO, Fe2O3, and ZnO), zeolites, and biochar. 93 ZSM-5 zeolite is 

well-known for its highly active conversion of lignin pyrolysis intermediates and 

increased yield of aromatic hydrocarbons due to strong Brønsted acidity, a unique 

porous structure with tubular micropores of moderate size (~5.5 Å diameter), and wider 

spherical intersections (~10 Å diameter). 94 Additionally, zeolites are remarkably 

tunable for pyrolysis. Pan et al. 95 noted that zeolites with a low Si/Al ratio are beneficial 

for enhancing the selectivity of monocyclic aromatics in guaiacol pyrolysis, attributed 

to the bidentate coordination of hydroxyl groups in the guaiacol intermediate (catechol) 

with acidic sites of high intensity. 

In summary, lignin pyrolysis is promising for producing bio-oil rich in monomers 

and dimers. At temperatures above 550 °C, fused dimers can also be obtained. Future 

research should prioritize understanding the roles of specific oxygenated groups, 

particularly phenolic and methoxy functionalities, in char formation and reactivity, to 

optimize yield and minimize coke formation.
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Fig 5 Schematic summary of the lignin pyrolysis process, reproduced from ref. 76 with 

permission from Elsevier, copyright 2022.

2.2.2 Lignin Oil Derived via Liquefaction

2.2.2.1 Hydrothermal liquefaction (HTL) of isolated lignin

Hydrothermal liquefaction (HTL) has been extensively investigated in both batch 

and continuous configurations. While batch systems are predominantly employed at the 

laboratory scale for mechanistic and parameter optimization studies, practical-scale 

HTL processes are typically designed for continuous operation to ensure process 

stability and scalability. 96, 97 HTL is a thermochemical depolymerization technique 

conducted in aqueous media at elevated temperatures (200–400 °C) and pressures 

(100–350 bar), typically without the need for external hydrogen input. 98 It facilitates 

the cleavage of C–C and C–O–C bonds through hydrolysis, alkylation, 

demethoxylation, and condensation reactions, generating phenolic-rich biocrude, 

biochar, water-soluble compounds, and light gases such as CO2, CO, and CH4. 99, 100 

During the HTL process, water acts as both a solvent and catalyst, providing access to 
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ionic reaction conditions and reducing the hydrophobic properties of biomass. The HTL 

process is more attractive under subcritical (250–350 °C) or supercritical conditions 

(390–450 °C), where the dielectric constant (ɛ) of water declines and the ionic product 

(pKw) increases considerably. 101 This will release more H3O+ and OH- ions, promoting 

hydrolysis or elimination of interunit linkages in lignin and producing phenolics and 

alkyl-phenolics. 102, 103 The deprotonation of hydroxyl groups in phenolics and other 

aromatic subunits of lignin alters the electronic structure, enhancing the solubility of 

lignin in water, destabilizing linkages, and facilitating bond cleavage and 

depolymerization, even at neutral subcritical hydrothermal conditions, which are 

dominated by ionic chemistry. 104, 105 However, compared to subcritical conditions, 

supercritical conditions are likely to result in a substantial increase in char and gaseous 

product formation, despite the potential for a higher degree of depolymerization. 103, 106 

HTL can operate in batch or continuous flow reactors, with the latter requiring 

careful consideration of lignin solubility to prevent solid deposition and blockage under 

high pressure. 107, 108 The catalysts for HTL of lignin include homogeneous basic/acidic 

catalysts, heterogeneous alkaline earth metals, transition metals, and zeolites. 109 

Zeolites typically facilitate the cleavage of the C–C bond, while transition metal 

catalysts enable in-situ hydrogen production, the removal of heteroatoms, and an 

increase in the H/C elemental ratio of bio-oils. 109 Certain zeolites (e.g., HY) exhibit 

increased depolymerization efficacy for condensed lignin and highly selective cleavage 

of the Csp2–Csp3 bond under HTL conditions. 110 Kong et al. 111 screened different 

commercial zeolite catalysts for the destruction of technical lignin in water, conducted 

under atmospheric argon conditions at 300 °C. Therein, Hβ(30) zeolite exhibited the 

best catalytic cleavage of the C–C bond due to its abundant Brønsted acid sites (0.54 

mmol NH3 g-1) and high specific surface area (621.1 m2 g-1). Under an inert atmosphere, 

the protonated hydroxyl group on the aromatic ring was activated over Brønsted acid 

sites and formed an oxonium ion first; then, the proton was transferred to the adjacent 

aromatic ring and formed an activated carbocation; a neighboring Csp2–Csp3 bond 

scission occurred (Fig. 6b). The alkylation of Cα to generate alkylphenol carbocation 

would undergo another scission of the Csp2–Csp3 bond, producing another phenol and 
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an aldehyde (ketone) carbocation by adding a H2O molecule and forming the 

corresponding aldehyde (ketone) by donating the proton back to the Brønsted acid site 

of Hβ (30) zeolite. 111 

Despite its advantages, HTL often yields modest monomer content, especially from 

technical lignin. 110, 111 Nevertheless, its ability to operate without fossil-derived 

hydrogen and in a green solvent system positions HTL as a promising route for the 

sustainable valorization of lignin. Future efforts should focus on lowering operating 

temperatures, enhancing monomer yields, and developing robust catalysts tailored for 

aqueous-phase depolymerization.

2.2.2.2 Reductive catalytic depolymerization (RCD) of isolated lignin

Reductive catalytic depolymerization (RCD) involves the processing of isolated 

lignin in an organic solvent (or its aqueous mixture) with a hydrogen source over a 

heterogeneous catalyst. 112 Similar to the methods employed in an RCF biorefinery, 

alcohols with small molecules as solvents are favored owing to their effective lignin 

solvolysis capabilities. 112 Sahayaraj et al. 113 showed the superior performance of 

ethanol compared to methanol in the solvolysis of corn stover lignin under a hydrogen 

atmosphere. This superiority was evidenced by a substantial increase in monomer yield 

and a concurrent decrease in coke formation. At elevated temperatures, effective 

cleavage of lignin linkages occurred, facilitated by the solvolytic effect, resulting in a 

reduction of the lignin Mw from approximately 5000 Da to below 2500 Da. However, 

when subjected to thermal conditions without the presence of a catalyst, monomer 

yields diminish, and char formation becomes inevitable due to the condensation and 

repolymerization of reactive intermediates. Sahayaraj et al. 114 also systematically 

explored catalysts for the depolymerization of organosolv lignin in an ethanol solution. 

Their investigation unveiled that the application of Pd/C at 250 °C and 30 bar H2, 

coupled with solvolytic deconstruction, resulted in a significant elevation of volatile 

content to 83 wt%, concurrently reducing fixed and non-volatile carbon components. 

The acidic functionalities on bifunctional catalysts can facilitate both lignin interunit–
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unit cleavage and promote the recondensation and solid catalyst coking processes. 115, 

116 

The cleavage of β-O-4 linkages usually begins with the dehydroxylation of the 

Cα–OH bond, forming a radical intermediate (Fig. 6d). This process significantly 

reduces the Cβ–O BDE from 274.0 kJ mol-1 to 66.9 kJ mol-1, facilitating its cleavage 

into styrene, phenols, and ethers using H2 and an alcohol solvent. 117 In hydrogenolysis 

systems, the reaction is more likely initiated by the dehydrogenation of the Cα–OH 

group to form a Cα=O intermediate and predominantly yields acetophenone as one the 

main product. 118 Nevertheless, β–O–4 models lacking Cα–OH or those possessing the 

intact β–O–4 skeleton without phenolic hydroxyl and methoxy groups are less 

susceptible to reductive cleavage. 42 In some cases of condensed lignin, particularly 

technical lignin, C–C bond cleavage is essential to augment the degree of 

depolymerization. As demonstrated in the report of Kong et al. 111, the cleavage of inter 

C–C linkages in conjunction with the disruption of C-O bonds of condensed lignin can 

yield additional monomers ranging from 7% to 10%. The cleavage of C–C bonds 

generally occurs at acidic sites of catalysts, commonly zeolites 119, whereas 

conventional Ru/C and Pt/C have a limitation on the cleavage of C–C. 120 However, if 

acidic C–C scission is poorly controlled, it may lead to undesirable condensation 

reactions. 121 Kong et al. proposed a two-step method to depolymerize Kraft lignin (Fig. 

6a). 122 This process involved the alcoholysis of C–O–C bonds in isopropanol (2-PrOH) 

without a catalyst, followed by the addition of a commercial MCM-41 zeolite for C–C 

cleavage in the same pot. Complete alcoholysis yielded an 8.9% monomer and a 12.9% 

dimer, and subsequent selective cleavage of C–C linkages over MCM-41 zeolite 

produced an additional 4.0% monomer and 6.2% dimer under optimized conditions. 

MCM-41 with 2-PrOH under an inert atmosphere selectively supported the 

hydrogenolysis of the α-5’ bond of bisphenol F (Fig. 6c), but not the 5-5’ bond of 4,4’-

biphenol and the β–1’ bond of 4,4’-(ethane-1,2-diyl) bis(2-methoxyphenol). Shuai et 

al. 120 also documented a comparable selective cleavage mechanism. 

Currently, most reports on RCD focus on the cleavage of the β–O–4 bond, with 

limited research on C–C bond cleavage, especially the 5–5 and β–5 bonds, due to their 
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high dissociation energies. 123 Aromatics connected by C–C linkages without vicinal 

phenolic hydroxyl groups on the ring are highly challenging to cleave over zeolites or 

traditional metallic catalysts (e.g., CoMo/Al2O3 and MoS2) because they lack acceptors 

for protons donated by Brønsted acids 111 or electrons. 120 However, Dong et al. 124 

reported that using NbOPO4 as a catalyst carrier might address these challenges. Both 

benzene rings of biphenyl were initially adsorbed onto Ru/NbOPO4 in parallel, leading 

to their protonation and the formation of intermediate carbocations. Hydrogenation of 

one benzene ring of biphenyl occurred rapidly in the presence of hydrogen, yielding 

phenylcyclohexane adsorbed on the catalyst via its phenyl group, thereby shifting from 

Csp2–Csp2 to Csp2–Csp3 in the 5–5 linkage. 125 Subsequently, 5–5 linkages were easily 

disrupted, and the resulting volatile products readily desorbed from the catalyst surface. 

Alcohol solvents can substitute the external hydrogen gas supply, as they 

concurrently function as an in-situ hydrogen source. However, using a pure alcohol 

solvent is prone to depletion and promotes side reactions over the catalyst during RCD. 

122 An organic-water mixed or pure water solvent emerges as a more environmentally 

appealing alternative. Feng et al. 115 clarified that, in an inert atmosphere, the 

depolymerization efficiency of lignin with the Ni-Al/MCM-41 catalyst in ethanol 

(EtOH) surpassed that achieved with water and methanol. Matsagar et al. 126 employed 

formic acid as a hydrogen source to deconstruct alkali lignin over Rh/C in various 

EtOH/H2O co-solvents. Herein, the co-solvent exhibited an excellent depolymerization 

effect, attributed to its superior solvolytic effect on lignin. Isolated lignin features 

methoxy groups in aromatic units, and aliphatic hydroxyl groups can serve as sources 

for in-situ hydrogen generation. 127, 128 Li et al. 128 have demonstrated the potential of 

self-generated hydrogen by depolymerizing four types of lignin/lignin oil (from birch, 

poplar, camphor, and beech) without external hydrogen over Pt/NiAl2O4 in water, under 

conditions of 250 °C and 2 MPa N2. The mass and molar yields of 4-alkylphenols were 

observed to be beyond 9.9% (relative to the lignin feed) and 43.9% (among all detected 

monomeric products), respectively. Without an external hydrogen supply, the Cγ–OH 

and CαH–OH in lignin would initially generate hydrogen via dehydrogenation and 

decarbonylation. Subsequently, the in-situ hydrogen would initiate the reductive 
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depolymerization of lignin via β–O–4 bond cleavage and the hydrogenolysis of 

methoxy groups in the aromatic structure for in-situ methanol generation. Methanol 

produced in-situ will accelerate the process because more hydrogen is generated 

through aqueous phase reforming (APR) over metal-loaded catalysts. 128 With no 

additional hydrogen sources, this strategy is promising, and many other catalytic 

schemes are also being designed. 129, 130

Fig 6 (a) Scheme depicts two steps of lignin depolymerization aimed at enhancing the yield of 
monomers. (b) Interunit C–C linkage cleavage in aqueous solution over Hβ (30), reproduced 
from ref. 111 with permission from the American Chemical Society, copyright 2023, and (c) 
isopropanol (2-PrOH) solution over MCM-41, reproduced from ref. 122 with permission from 
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John Wiley and Sons, copyright 2024. (d) Interunit β–O–4 linkage cleavage of a model dimer 
in reductive depolymerization over a NiMo sulfide catalyst in methanol under 1.0 MPa H2 and 
180 °C, reproduced from ref. 117 with permission from the Royal Society of Chemistry, 
copyright 2016. (e) Oxidative depolymerization over CuCl salt in aqueous NaOH under 1 atm 
and 30 °C, reproduced from ref. 131 with permission from the Royal Society of Chemistry, 
copyright 2021.

2.2.2.3 Oxidative catalytic depolymerization (OCD) of isolated lignin

Oxidative depolymerization (OCD), a process with significant potential, can 

advantageously undergo mild conditions. This intricate configuration involves catalysts 

such as MoO3/Al2O3 132, Ni0.75Co0.75@CsPMo 133, Cs3H2PMOV2O40 134, co-catalysts 

like ligands for metal salts 131, solvents such as H2O 132, alcohol 135 and alcohol-H2O 

133, and oxidants like O2 
136, H2O2 

132 and air. 131 The OCD can produce phenols, 

aldehydes, ketones, and aromatic acids, depending on the feedstocks and their 

configuration. Hardwood-derived monomers, characterized by high yields, typically 

exhibit a pronounced selectivity for syringaldehyde, while softwood-derived monomers 

tend to favor vanillin. 131, 137 Although yielding relatively low amounts, herbaceous 

plant-derived monomers also show a significant presence of syringic acid. 131, 137 The 

catalytic depolymerization occurs on Cγ–OH or Cα–OH in the β–O–4 structure of lignin 

macromolecules, resulting in the formation of aromatic aldehydes or aromatic acids. 138 

However, the cleavage of C–C bonds on the alkyl side chains to depolymerize lignin 

has some limitations, including poor selectivity and low product yields, due to the 

instability of the generated phenolic hydroxy group under oxidative conditions. 139

OCD can be performed in an acidic 140, neutral 133, or basic 131 environment. 

Alkaline aerobic oxidation is one of the most studied strategies, and typical conditions 

include temperatures of 130–190 °C, reaction times of 10–180 min, O2 partial pressures 

of 2–5 bar, and 2 M aqueous NaOH, typically targeting vanillin production. 66 Hu et al. 

131 developed a streamlined oxidative conversion system utilizing CuCl salt as a catalyst, 

enabling efficient lignin depolymerization in NaOH solution without complex ligands 

at 160 °C under 5 bar of air. This approach achieved monomer yields ranging from 22 

wt% to 38.6 wt%. Based on the model dimer investigation, the base-catalyzed cleavage 
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of Cβ–H in the β–O–4 or β–1 linkage to form an enolate after dehydrogenation of Cα–

OH was the rate-limiting step in deconstruction. Subsequently, the enolate underwent 

oxidation to generate a peroxide intermediate via a copper-catalyzed single-electron 

transfer (SET), followed by cleavage into oxygen-centered radicals over copper (Fig. 

6e). This radical could rapidly undergo C–C fragmentation, forming a benzaldehyde 

radical and an ester, or benzaldehyde. The benzaldehyde radical was ultimately 

oxidized into benzoic acid, while the ester was easily converted to the final products, 

phenol and small molecules of carboxylic acid, through hydrolysis in alkaline 

conditions. The cleavage location of the β–O–4 bond is Cα–Cβ rather than Cβ–O, despite 

the lower BDE of Cβ–O (81.09 kcal mol-1 vs. 69.20 kcal mol-1), because the formation of 

radicals decreased the BDE of Cα–Cβ from 81.09 kcal mol-1 to 9.92 kcal mol-1. This 

finding aligns with the majority of reaction systems reported in other studies. 141-143 

However, this mechanism differs from the electrochemical oxidation and base WO3-

catalyzed systems reported by Waura-Angkura 144 and Liang 145, in which Cα–OH 

oxidation precedes Cβ–O bond cleavage, typically leading to the formation of phenols 

and aldehydes. The location of C–C and C–O cleavage, a crucial aspect of the research, 

affects the selectivity of the product during depolymerization. Based on the exploration 

of model dimers, it is well-known that functional groups on the aromatic rings and 

aliphatic side chains of dimers significantly impact the effectiveness of 

depolymerization. Similar to reductive depolymerization, a strong electron-donating 

group on the aromatic ring of lignin is more likely to promote the oxidative cleavage of 

inter C–C linkage. 131 For example, the depolymerization efficiency of oxygen ether 

bonds without hydroxyl groups in the side chain is probably not as smooth as that of 

C–C bonds containing benzyl hydroxyl groups in the CuCl2/PBOZ oxidative system. 

146

The configuration of solvent and oxidant is also essential. It is well known that the 

solvent (e.g., alcohol-water as co-solvent) has a hydrogen bonding force (δH) with the 

hydroxyl groups (phenolic or alkyl hydroxyl), facilitating Cα–Cβ cleavage because of 

deprotonation, and suppressing the lignin fragment recombination. 132 Liang et al. 145 

used tert-butyl hydrogen peroxide (TBHP) as the oxidant to base-depolymerize lignin 
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over nano WO3 particulate, yielding 80.4 wt% of liquid oil from Organosolv lignin with 

91.6 wt% monomeric selectivity. Herein, TBHP, as a green oxidant superior to 

traditional H2O2 and O2, could react with NaOH and abstract the hydrogen atom to 

produce a tertiary butyl peroxy anion, then transfer an oxygen atom to nano WO3 to 

form a metal peroxide species, facilitating the oxidative conversion of Cα–OH to ketone, 

prone to suffer a breakage to give guaiacol and p-methoxy acetophenone. 
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2.3 Comparison of Different Lignin-Derived Oils

Fast pyrolysis of lignocellulose has been commercialized by companies like Ensyn 

and Biomass Technology Group (BTG) BV, with over 50 large-scale pyrolysis facilities 

worldwide147, with the Empyro plant in the Netherlands capable of converting 

approximately 40,000 tons of dry lignocellulosic biomass annually to produce 25,000 

tons of biocrude. 107 This biocrude, consisting of pyrolytic lignin and sugar, has a 

relatively hydrophilic nature, low pH of around 3.0, a water content of around 22.5–

42.9 wt%, and elevated oxygen content of approximately 40 wt%, resulting in a low 

Higher Heating Value (HHV) ranging from 14 to 24 MJ kg-1. 148-150 Reactive species 

contribute to the limited thermal and storage stability, commonly referred to as aging. 

149 The viscosity of fast pyrolysis biocrude can reach roughly 20.67 cSt (at 40 °C) 147, 

with hardwood-derived oil generally exhibiting lower viscosity than softwood. 151 

Catalytic pyrolysis can reduce the oxygen content (from 36.5 wt% to 16.5 wt%) and 

increase the pH value (from 2.66 to 3.00). 147 However, the catalyst’s effect tends to 

increase the water content in the oil while having a less significant impact on the Mw 

of the bio-oil. 152, 153 The biocrude oil obtained from the HTL method exhibits a lower 

oxygen content (10–30 wt%), offering superior characteristics such as increased 

stability, improved miscibility, lower acidity, and higher calorific value. 147, 148, 154 HTL 

reduces the energy input required for dewatering and drying, making it compatible with 

wet biomass conversion and achieving a positive energy balance that pyrolysis and 

gasification cannot. 155, 156 However, the high degree of oxygen removal achieved by 

both catalytic pyrolysis and HTL comes at the expense of biocrude yield, as part of the 

carbon is diverted into other product streams, with light gases and coke dominating in 

catalytic pyrolysis and a considerable portion entering the aqueous phase in HTL. 157, 

158 Although pyrolysis and HTL have demonstrated success at bench or pilot scales, 

they face challenges for industrial applications, including the necessity for specialized 

reactor and separator designs and substantial capital investments. 156, 158  

Biocrude derived from isolated lignin tends to exhibit more favorable properties 

than those produced directly from raw biomass. For instance, lignin-derived pyrolysis 
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oils have a lower O/C molar ratio (0.15–0.44 vs. 0.26–0.53) 159-161 and average MW 

(214–379 g mol-1 vs. 650–750 g mol-1) than lignocellulose-derived oil. 149, 162 The 

application of the advanced RCD process further improves the oil quality, maintaining 

a similar average MW (154–474 g mol-1) 163, a lower water content (0.3–0.7 wt%) 164, 

and a lower O/C molar ratio (0.06–0.09) (Fig. 7a). When using lignocellulose as the 

starting feedstock, a lignin-first biorefining strategy is highly advantageous. As 

reported by Cao et al. 56 and Jang et al.165, oil produced from lignin-first biorefinery, 

comprising 50-60% phenolic species, shows an average MW of approximately 250 g 

mol-1 and a lower water content of 0.4–0.6 wt%. Additionally, its optimal elemental 

composition, characterized by an O/C molar ratio of 0.3–0.4 and an H/C ratio of 1.3–

1.4 (Fig. 7a), renders it suitable for the downstream HDO process.

The feedstock and the conversion process influence the composition and 

concentration of phenolic compounds in lignin-derived oil. These properties are critical, 

as they dictate the oil’s suitability as a SAF precursor and govern the severity of the 

subsequent HDO process. Softwood lignin typically yields guaiacyl-type monomers, 

hardwood lignin gives syringyl-type monomers, and herbaceous biomass-derived 

monomers often contain ester and carboxyl groups. 165 In addition to monomers, the oil 

also contains dimers and oligomers, though their quantification remains challenging 

and is rarely reported. 166 For SAF synthesis, using a mixture of monomers and dimers 

is advantageous, as monomers contribute shorter carbon chains while dimers provide 

longer chains, together spanning the crbon number range required for jet fuel and 

offering a greater diversity of isomeric structures. 3 As summarized in Table 1, 

phenolics from pyrolysis and HTL of isolated lignin generally feature short or absent 

aliphatic side chains.  For instance, syringol accounts for 4.0 wt% and 3.8 wt% of the 

bio-oil from lignin pyrolysis and catalytic pyrolysis, respectively. 153 HTL-derived 

lignin oil is primarily composed of phenol, guaiacol, vanillin, and 4-vinylphenol. 167 

Biocrude from RCF and RCD contains C2–C5 aliphatic side chains and saturated 

groups, which enhance the stability of phenolic intermediates and facilitate their 

conversion into jet fuel-range alkanes. This is exemplified in pine RCF oil, where 4-

propanolguaiacol dominates the monomers and 5–5/β–1 structures prevail among 
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dimers. 55 In contrast, the mild conditions of OCF/OCD introduce carboxyl/ester groups, 

impacting the efficiency and cost of subsequent HDO. 168, 169 Therefore, biocrude 

derived from RCF or RCD holds a distinct advantage. To understand this advantage at 

a molecular level, the oxygen-containing functional groups in the biocrude from the 

RCF and RCD is assessed in this section. As shown in Fig. 7b-c, the abundant Ph–OH 

and Ar–OMe groups will compete for adsorption on the catalyst surface, which may 

consequently increase the propensity for coke formation during HDO. 170, 171 To 

suppress coke formation, future strategies should therefore focus on the rational design 

of both catalysts and HDO reaction conditions. 172, 173
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Table 1 Yield and composition of phenolic compounds in lignin-derived oils

Feedstock Catalyst Method Yield of oil 
(basis)

Concentration of 
phenolics (basis) Key phenolic compounds Ref.

Hydrolysis lignin 
(Aspen) / Fast pyrolysis 61 wt% 

(lignin)
Total phenolics 12.5 

wt% (oil)

4-methoxy-3-(methoxymethyl)-phenol 
(1.5 wt%), guaiacol (1.7 wt%), syringol 

(4.0 wt%), oil basis
153

Hydrolysis lignin
(Aspen) Zeolite Fast catalytic 

pyrolysis
56 wt% 
(lignin)

Total phenolics 14.6 
wt% (oil)

methyleugenol (2.7 wt%), syringol (3.7 
wt%), 4-methoxy-3-(methoxymethyl)-

phenol (2.0 wt%), oil basis
153

Poplar CuO/CeO2 RCF / Monomers 31.4 wt% 
(lignin)

dihydrosinapyl alcohol (10.4 wt%), 
dihydroeugenol (6 wt%), 

propylsyringol (4.7 wt%), lignin basis
174

Wheat straw CuO/MgAlO3 RCF / Monomers 10.3 wt% 
(lignin)

methyl 3-(4-hydroxyphenyl) 
propanoate (6.8 wt%), methyl 3-(4-

hydroxy-3-methoxyphenyl) propanoate 
(3.5 wt%), lignin basis

175

Pine Ru/C RCF 42.5 wt% 
(lignin)

Monomers 13.0 wt% 
(lignin)

propyl-guaiacol (5.0 wt%), propenyl-
guaiacol (3.8 wt%), propanol-

guaiacol/vanillin (3.9 wt%), lignin basis
165

Poplar Ru/C RCF 65.1 wt%, 
(lignin)

Monomers 32.6 wt% 
(lignin)

propyl-guaiacol (9.8 wt%), propyl-
syringol (8.1 wt%), lignin basis

165

Corn stover Ru/C RCF 81 wt% 
(lignin)

Monomers 32.1 wt% 
(lignin)

methyl-dihydrocoumarate (11 wt%), 
methyl-dihydroferulate (9 wt%), lignin 

basis
165

Birch Ni/AC RCF 18.9 wt% 
(biomass)

Monomers 46.5 wt%, 
dimers 49.0 wt% 

(lignin)

4-propyl syringol (16.2 wt%), 4-propyl 
guaiacol (13.9 wt%), lignin basis

176
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Pine Pd/C RCF 21-22 wt% 
(biomass)

Monomers 34.0 wt%, 
dimers 15.8 wt%, 

trimers 7.3 wt% (oil)

4-propanolguaiacol (29.0 wt%), β-5 γ-
OH (2.8 wt%), oil basis

55

Birch Ru/C RCF /
Monomers 41.4 wt%, 

dimers 4.87 wt% 
(lignin)

4-propyl guaiacol (10.9 wt%), 4-propyl 
syringol (23.5 wt%), β-5 (3.5 wt%), 

lignin basis
177

Birch CuMnCeO2 OCF /
Monomers 60 wt%, 

dimers 25 wt%, trimers 
9 wt% (oil)

vanillin (6.1 wt%), syringaldehyde (8.2 
wt%), vanillic acid (7.6 wt%), lignin 

basis
168

Hydrolysing 
lignin (Poplar) / OCD 77.6 wt% 

(lignin)
Monomers 19.3  wt% 

(lignin)

4-methylguaiacol (1.0 wt%), 
acetovanillone (1.5 wt%), eugenol (0.8 

wt%), lignin basis
169

Enzymatic lignin 
(Corncob) NiMg/HAP HTL / Monomers 5.3 wt% 

(lignin)
phenol (3.2 wt%), guaiacol (1.5 wt%), 

lignin basis
178

Poplar lignin / HTL 67.0 wt % 
(lignin)

Monomers 11.6 wt% 
(lignin)

phenols (2.9 wt%), guaiacols (2.3 
wt%), vanillins (2.1 wt%), lignin basis

167

Pine lignin / HTL 66.8 wt % 
(lignin)

Monomers 7.2 wt% 
(lignin)

guaiacols (2.5 wt%), vanillins (2.2 
wt%), lignin basis

167

Grass lignin / HTL 78.6 wt % 
(lignin)

Monomers 14.3 wt% 
(lignin)

4-vinylphenol (9.4 wt%), phenol (1.3 
wt%), lignin basis

167

Kraft lignin 
(Eucalyptus) Ni/C RCD / Monomers 4.2 wt% 

(lignin)

homosyringic acid (0.87 wt%), syringol 
(0.44 wt%), propylguaiacol (0.43 wt%), 

lignin basis
179

Kraft-LignoBoost 
“BioPiva 100” 

(Pine)
Ni/C RCD / Monomers 2.2 wt% 

(lignin)
propylguaiacol (0.64 wt%), 

ethylguaiacol (0.36 wt%), lignin basis
179

Kraft lignin 
(Pine) Pt/C RCD / Monomers 5.1 wt% 

(lignin)
propylguaiacol (2.7 wt%), 

ethylguaiacol (0.7 wt%), lignin basis
179

Soda lignin 
(Wheat straw) Ni/C RCD / Monomers 4.9 wt% 

(lignin)
ethylguaiacol (0.68 wt%), 

acetosyringone (0.56 wt%), 
179
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homosyringic acid (0.53 wt%), lignin 
basis

Soda lignin 
(Birch) Ru/C RCD 70 wt% 

(lignin)

Monomers 44 wt%, 
dimers 27 wt%, trimers 

16wt% (oil)

syringol (1.9 wt%), 4-methylsyringol 
(1.5 wt%), oil basis

112
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Fig 7 (a) The molar elemental composition (dry basis) of various bio-oils, with data 
compiled from ref. 3 with permission from Elsevier, copyright 2022; ref. 159 with 
permission from American Chemical Society, copyright 2013; refs. 160-161 with 
permission from MDPI, copyright 2019 and 2024; ref. 180 with permission from 
American Chemical Society, copyright 2016; refs. 181-182 with permission from Elsevier, 
copyright 2022 and 2015; refs. 183-184 with permission from the American Chemical 
Society, copyright 2023 and 2017; ref. 185 with permission from Elsevier, copyright 
2020; ref. 186 with permission from the Royal Society of Chemistry, copyright 2014; 
ref. 187 with permission from MDPI, copyright 2020; ref. 188 with permission from the 
American Chemical Society, copyright 2017; ref. 189 with permission from MDPI, 
copyright 2025. B-1 is lignocellulose fast pyrolysis oil; B-2 is lignocellulose catalytic 
pyrolysis oil; B-3 is lignocellulose HTL oil; L-1 is lignin fast pyrolysis oil; L-2 is lignin 
catalytic pyrolysis oil; L-3 is lignin HTL oil; L-4 is lignin catalytic depolymerization 
oil. Abundance of oxygen-containing functional groups in lignin-derived oils produced 
via (b) RCF of pine, calculated from identified monomers, dimers, and trimers, with 
data compiled from ref. 55 with permission from the Royal Society of Chemistry, 
copyright 2022, and (c) RCD of Kraft lignin, quantified based on measured monomers 
only (insets illustrate the concentrations of predominant monomers), with data 
compiled from ref. 190 with permission from Elsevier, copyright 2023.
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3. Upgrading Lignin-Derived Oil to Hydrocarbons

The oxygen in lignin-derived oil exists as oxygen-containing functional groups, 

which are highly undesirable due to their low chemical stability, increased acidity, low 

calorific value, corrosion of metallurgy, and poor compatibility with standard 

infrastructure materials. 191, 192 The highly reactive oxygen-containing groups can 

induce polymerization between molecules, resulting in the formation of gums, acids, 

and other impurities during storage. The upgrading methods include emulsification, 

solvent addition, hydrotreatment, and catalytic cracking. 33 The most widely adopted 

and well-established method for upgrading bio-oil is catalytic HDO, a process that 

effectively removes oxygenated compounds from bio-oil, thereby enhancing its quality 

and improving its compatibility with existing refinery infrastructure. This process 

includes hydrogenation, dehydration, deoxygenation, demethoxylation, demethylation, 

and cracking. 193 It aims to eliminate the oxygenates from bio-oil and retain the carbon 

number of the bio-oil. 193 The oxygenates typically exist in Caryl–O–Calkyl, Calkyl–O, 

Caryl–OCH3, Caryl–OH, and C=O in the lignin-derived oil. 

3.1 Overview of the Hydrodeoxygenation (HDO) process

Research on the HDO process often starts with model oxygenates to elucidate the 

catalytic cleavage pathways of oxygen-containing groups. As shown in Table 2, model 

monomers, such as phenol, guaiacol, vanillin, and eugenol, are commonly used due to 

their simplicity and ease of tracking. 194, 195 However, research on model dimers is 

relatively limited, with a focus on 4-benzyloxyphenol, diphenyl ether, 2,2’-bisphenol, 

and biphenyl. 195-198 Fig. 8 presents the potential HDO conversion pathways of typical 

monomers and dimers. The HDO behavior of these phenols is intricately linked to their 

quantities and distribution of oxygenated groups. 23 Monomers with complex 

oxygenated group distribution (e.g., vanillin) will form a steric effect, hindering their 

complete deoxygenation. 199 Dimers exhibit greater sensitivity to temperature than 

monomers, and an excessively high reaction temperature can result in the loss of dimers 

in the ungraded product. 3 Additionally, the characteristics of the catalyst impact the 
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conversion of dimers. Reduced Brønsted acidic sites on a catalyst (e.g., NiMo/γ-

alumina) can promote higher yields of dicyclic alkanes by facilitating moderate 

dehydrogenation pathways towards dibenzofuran. 196 Numerous essential HDO 

mechanisms for various model compounds have been comprehensively documented in 

multiple articles. 23, 200, 201 

Fig 8 Proposed HDO pathways of typical monomers and dimers, including (a) guaiacol, 
adapted from ref. 200 with permission from Royal Society of Chemistry, copyright 2020; 
(b) eugenol, adapted from ref. 202 with permission from Royal Society of Chemistry, 
copyright 2015; (c) m-cresol, adapted from ref. 200 with permission from the Royal 
Society of Chemistry, copyright 2020; (d) vanillin, adapted from ref. 203-204 with 
permission from Elsevier, copyright 2022 and 2016, respectively; (e) 2-
phenethylphenylether; and (f) 2,2’-biphenol, adapted from ref. 196 with permission from 
the Royal Society of Chemistry, copyright 2020.
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Table 2 Recent reports of HDO of lignin-derived model compounds

Catalyst Condition
Model 

compound

Conversion 

rate
Yield Selectivity Ref.

Fe10Ni1/h-BN 

(10 %)
3 MPa H2, 300 °C, 120 min, decalin Guaiacol >98 %

Cycloalkane 

(15.9%)

Cycloalkane 

(98.4 %)
205

Ni1/β-Mo2C 4 MPa H2, 260 °C, 2 h, n-undecane
Dihydroeuge

nol
100% Alkane (100%)

Propyl-

cyclohexane 

(100%)

206

Pt/γ-Al2O3 4 MPa H2, 320 °C, 6h, decalin Guaiacol 100%
Hydrocarbons 

(25%)
- 207

Pt/NbxAl2O3 4 MPa H2, 320 °C, 6h, decalin Guaiacol 100%
Hydrocarbons 

(25%)
- 207

Ni13%/HZ-

5(25)
5 MPa H2, 160 °C, 2 h, n-undecane

Benzyloxybe

nzen
100%

Methylcyclohe

xan 

(88.9%mol)

- 208

Ni15%/HZ-

5(25)
5 MPa H2, 160 °C, 2 h, n-undecane

Oxydibenzen

e
100%

Cyclohexane 

(79.9%mol)
- 208

Ni/Nb2O5-H 20 bar H2, 240 °C, 1 h, decane Anisole 46.7%

Benzene 

(4.1%), 

Cyclohexane 

Deoxygenated 

products (81.6%)
209
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(34%), 

Methoxycyclo

hexane (5.1%)

Pt0.4/CsPW-H2 3 MPa H2,150 °C, 4 h, dodecane

4-

Propylguaiac

ol

95%
Propylcyclohe

xane (92.3%)

Propylcyclohexane 

(94%)
210

Co/NC-T-1:4
3 MPa H2, 300 °C, LHSVa 12h−1, H2/oil 

volume ratio 500:1
Eugenol 100% -

Propylcyclohexane 

(98.4%)
211

Ni-Cu/SiO2
1 atm H2, 350  °C, H2/m-cresol 50, TOSb 

30 min
m-Cresol 95.2%

Aromatics 

(90.4%)
Toluene (71.9%) 212

Mo (20 

wt%)/nano γ-

Al2O3

12 bar H2, 623 K, WHSV−1c 0.333 gcat×h/g4-

methylanisole

4-

Methylanisol

e

98%
Toluene 

(41.3%)
Toluene (44%) 213

Fe2P
0.1 MPa H2, 200°C, H2/anisole 50, WHSV 

4.7 h−1
Anisole 100% - Arene (96.7%) 214

a LHSV=liquid hourly space velocity
b TOS=time on stream 
c WHSV=weight hourly space velocity
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3.2 Strategies for Enhancing Selectivity during Hydrodeoxygenation (HDO)

The transformation of aromatic oxygenates into cycloalkanes, a vital objective of 

the hydrogenation-deoxygenation (HYD) procedure, is significant. This transformation 

begins with the hydrogenation of the benzene ring, followed by the hydrogenolysis of 

the Calkyl–OAr linkages, representing the rate-limiting step in the HDO process—the 

saturation of the aromatic ring aids in diminishing the strength of the Caryl–O bond. 194 

HDO can alternatively occur through a direct route (DDO), where the initial step 

involves cleaving the Caryl–O bond, followed by saturating the benzene ring via 

hydrogenation. This process typically results in the formation of aromatic hydrocarbons. 

23 

Enhancing the selectivity of HDO products (cycloalkanes or arenes) is a complex 

process that often begins with adjusting reaction parameters or precisely designing 

catalysts. Achieving high selectivity for cycloalkane can result from performing HDO 

under high H2 pressure at a low temperature. Conversely, low H2 pressure with high 

temperature favors arenes. The design of the catalyst plays a crucial role in determining 

product selectivity, with parameter adjustment as a subsequent optimization approach. 

Therefore, the following discussion will delve into the intricate details of achieving 

high selectivity in HDO through catalyst design. 

3.2.1 Strategies of Enhancing Selectivity for Cycloalkanes

3.2.1.1 Synergistic effect between acidic and metal sites

The selectivity toward cycloalkanes is highly sensitive to the precise tuning of 

acidic and metallic sites in bifunctional catalysts. This regulation, which optimizes total 

acidity and strategically modulates the distribution and strength of acidic sites, 

represents a crucial technical aspect of the process. Such modifications can be achieved 

through the selection of acidic supports, incorporation of organic or inorganic acids, 

acid treatment, or the introduction of oxophilic metals. 215-217 The acid modification and 
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introduction of oxophilic metals offer advantages with more stable acidic sites and 

synergistic effects from metal sites. Phosphotungstic acid (PW) modifying Ru/C 

exhibited a higher selectivity for cyclohexane than Ru/C-Al2O3 during HDO guaiacol 

due to more acid sites over Ru/C-PW (11.58 μmol·g-1). 195 Modifying Ni/NbOx with 

Co increased the proportion of Brønsted acids because the decreased amount of Ni and 

Co cations results in fewer Lewis acid sites, which can accelerate the cleavage of the 

Calkyl–OH linkages of intermediates. 218 Excessive acidic sites achieve a higher 

conversion rate at the initial stage of the reaction. However, they exacerbate coke 

formation, eventually covering active sites and diminishing HDO activity as the 

reaction proceeds. 219 A desired catalyst must have both Brønsted and Lewis acidic sites. 

Brønsted acid sites facilitate the conversion of cyclohexanol intermediates to 

cycloalkanes, and they also adsorb oxygen atoms from phenolics, followed by 

supplying protons to weaken Caryl–OH bonds. 35 Higher Brønsted acid sites usually have 

higher dehydration activity. 220 Lewis acid plays an auxiliary role in the HDO process. 

35 To illustrate, the Ni-Mo catalyst resulted in the highest proportion of weak Lewis 

acidic sites compared to the NiMo/SiO2 catalyst, which facilitated a lower activation 

energy for HDO and mitigated coke formation. 221 Many reports emphasize 

rationalizing the ratio of Brønsted/Lewis acid sites. Chen et al. 216 used 4-trifuoromethyl 

salicylic acid (TFMSA) to modify Ru/γ-Al2O3 and achieved an increased ratio of 

Brønsted/Lewis acid, which resulted in a 95.32% selectivity of cyclohexane from HDO 

of phenol. Given that the dehydration of cyclohexanol to cyclohexene was a rate-

limiting step, the carboxyl group (–COOH) on the TFMSA remarkably promoted 

cleavage of Calkyl–O linkage due to the reduction of breaking barrier energy varying 

from 1.74 eV to 1.42 eV compared to the clean Ru (101) (Fig. 9a). 216 In contrast, the 

Ni2Al1-re460 material prepared by Jiao et al. lacks Brønsted acid sites but has an 

abundance of Lewis acid sites. 222 It achieves nearly 100% conversion of phenolic 

compounds with high selectivity for cyclic alkanes. Too strong or weak acidity is 

unpreferred. 35, 219, 223 Li et al. 221 pointed out that the NiMo/SiO2 with more weak acidic 

sites than CoMo/SiO2 and NiW/SiO2 revealed the highest selectivity for cycloalkanes. 

Wu et al. 223 used FeOx to modify Ni3Al3Ox and achieved the desired medium acidic 
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strength for a high conversion and cycloalkane selectivity. Although excessive FeOx 

increased the density of strong acidic sites and maintained cyclohexane selectivity, it 

exhibited a low guaiacol conversion rate (20.35%). Duan et al. 220 found that 

Pd/P2O5/SiO2 with higher Brønsted acid sites had a low HDO activity due to weak 

Brønsted acid strength.

Acidic sites are not a single factor; metal sites are also essential. Generally, small 

metal particles with rich reduced metallic species enhance HDO activity and selectivity. 

222 However, larger metallic particles with terrace sites favor the HYD and 

hydrogenolysis (HYG) pathway, while smaller particles with edges and corner sites 

favor the DDO pathway. 224, 225 As reported, more ring hydrogenation and subsequent 

ring-opening products were formed over larger-sized Ru/TiO2 catalysts, due to 

aromatics being more favorable for adsorption on well-coordinated Ru terrace sites via 

an upright configuration. 226 In contrast, smaller-sized Ru/TiO2 catalysts are preferred 

for arenes production because of adsorptions of aromatic adsorbates via upright 

configuration on under-coordinated Ru sites. 226 Mortensen et al. 227 summarized that 

Ni particles smaller than 9-10 nm are favorable for deoxygenation, while those larger 

than 10 nm are more favorable for hydrogenation. Yan et al. 225 pointed out that high 

Ni loading (15.7 wt% Ni/Beta; dNi=9.2 nm) can form a Ni cluster with the (100), (110), 

and (111) surfaces, which favors cycloalkane production due to the reduction of the 

activation energy of H2 dissociation at low temperature (230 °C). Numerous documents 

also attribute high selectivity to the proximity between the two types of active sites. 200 

However, the intimacy does not imply “the closer, the better”. 200 As emphasized by Ju 

et al. 228, the distance between acid and metal sites at the nanoscale (Pt dispersed on the 

Al2O3 part of the Al2O3-ZSM-5 mixture) could form an optimal selectivity for 

cycloalkane compared to a closer scale. 

Overall, regulating acidity/metal sites and their distances aims to achieve a 

satisfactory synergistic effect for hydrogenation and deoxygenation. These three factors 

interact, whereby acidic sites on the support can control the size and distribution of 

metal particles, thereby collectively determining the relative distance between them. 

However, the porous structure of the support also needs consideration, as microscopic 
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pores can limit the diffusion of reactants and their accessibility to active sites. He et 

al.229 proposed to confine the sub-nanometric Ru metal clusters in MWW-type zeolite 

(Ru@HMCM-22-IN) to achieve proximity between Ru metal clusters and Brønsted 

acid sites in zeolite constraints. Fig. 9b depicts product selectivity during the HDO of 

guaiacol. The structure of Ru@HMCM-22-IN endows a higher HDO activity and 

cycloalkane selectivity compared to siliceous analog catalysts (Ru@ITQ-1-IN). The 

strong interrelation between these sites prevents metal particles from sintering and 

leaching off after multiple uses. 230 

3.2.1.2 Using oxophilic metal as a promoter of a bifunctional catalyst

Careful consideration must be given to the oxophilicity of reducible metals to 

achieve high selectivity for cycloalkanes. Metals with low oxophilicity, such as Pd, Pt, 

Ni, and Rh, cannot directly cleave the C–O bond but exhibit significant activity in 

saturating aromatic rings. In contrast, highly oxophilic metals like W, Al, Nb, and Zr 

strongly interact with abstracted oxygen yet struggle to release oxygen even in the 

presence of H2. Metals with moderate oxophilicity, such as Ru, Fe, Co, and Mo, can 

effectively abstract oxygen from phenolics and readily eliminate it with the assistance 

of H2. 

A potential strategy for achieving selective cycloalkanes involves combining 

metals with high/moderate and low oxophilicity to form bifunctional catalysts, such as 

Mo-Ni, Fe-Ni, Co-Ni, W-Ru, Pt-Al, and W-Pt, as reported in the literature 218, 221, 223, 

231-234. Hsu et al. 235 reported that for the HDO of p-cresol, the order of cycloalkane 

selectivity is Ni-W > Ni-Mo > Ni-Fe, which is positively associated with oxophilicity 

of secondary metal. However, Yan et al. reported a different order of cycloalkane 

formation rates from guaiacol HDO: Ni-Fe > Ni-Mo > Ni-W. 236 This suggests that 

doping W may alter the structure of Ni particles, leading to decreased HDO activity. 236 

Therefore, in the process of catalyst design, it is essential to comprehensively evaluate 

the synergistic effect between the two types of metals. 

Reducible oxophilic metals, acting as host metal promoters, can modulate the 
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surface electronic environment, activate the hydrogen spillover effect, tune the 

geometric impact of reactants, and create defects over the catalyst. The electrons can 

transfer from highly oxophilic metals towards hydrogenation metals, which can localize 

the charge distribution of the catalyst, decreasing the ΔGH* adsorption to nearly zero, 

thereby facilitating the hydrogenation performance and activation of the oxygenated 

groups. 218, 237 Oxophilic metal affects the geometric configuration of substrates over 

catalysts based on the electronic effect. For instance, phenols can be adsorbed on the 

Fe(110) surface in parallel by the benzene ring, subsequently distorting the C–O bond, 

which supports the DDO pathway. 238 The parallel configuration significantly 

contributes to the hydrogenation of aromatic rings after removing oxygen. 236 Guo et 

al.206 elucidated that β-Mo2C features a selective tendency to yield arenes because 

intermediates favor a vertical configuration on the β-Mo2C surface, a state that requires 

lower free energy. Conversely, on Ni1/β-Mo2C, intermediates tend to be adsorbed 

horizontally due to the low energy needed, producing cycloalkanes instead. 206 The 

hydrogen spillover occurring on the reducible oxophilic metal provides additional sites 

for the hydrogenolysis of C-O bonds and the hydrogenation of substrates. 239 

Moreover, the hydrogen spillover effect between oxophilic and noble metals 

influences the selectivity of HDO products. As reported by Wang et al. 240, the hydrogen 

spillover effect became more severe when Pt was loaded onto TiO2 as nanoparticles 

rather than as single atoms. A weaker hydrogen spillover effect is preferable for 

promoting demethoxylation while suppressing benzene ring hydrogenation and Caryl–

OH bond cleavage. In contrast, severe hydrogen spillover tends to drive deep HDO 

reactions. The hydrogen spillover effect is related to the crystal phase of the oxophilic 

metal. Hydrogen spillover promoted the HYD over rutile TiO2 mixed with Ru/TiO2, 

and cycloalkane selectivity was more pronounced than anatase TiO2 mixed with 

Ru/TiO2. 241 However, Han et al. 242 attributed the negative effect of excessive Ni on 

selectivity to the hydrogen spillover occurring on the Ni-Fe alloy, hindering 

intermediate-cyclohexanol adsorption (Fig. 9c). 

The presence of defects such as OV originating from oxophilic metal oxides is 

particularly advantageous. This is because it enhances the cleavage of C–O bonds and 
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synergistically interacts with hydrogenation metals. OV (strength of M-O bond) is one 

of the defects of oxophilic metal oxides and serves as a Lewis acidic site. OV defects 

can be constructed by hydrothermal, template, sol-gel, solid-phase, and coprecipitation 

methods. 243 Unlike conventional surface-driven mechanisms, deoxygenation over OV 

behavior occurs through a reverse Mars-van Krevelen mechanism. The oxygen atom is 

removed from the phenolics upon adsorption at the vacancy sites under mild conditions, 

and the vacancies are then regenerated with H2 to produce water (Fig. 10). 244 Low 

HDO activity was observed in oxygenated solvents because the strong oxophilicity of 

the metal could cause competitive adsorption between oxygen-containing solvents and 

reactants 245. Zhang et al. 231 reported that surface OV from oxophilic Mo0 species in the 

Ni-Mo alloy could improve the C–O cleavage of cyclohexanol. Nevertheless, an 

improved deoxygenation effect of cyclohexanol does not necessarily coincide with a 

higher quantity of OV (OII/OT ratio) (Fig. 9d). The excessive adsorption of cyclohexanol 

and the destruction of the adsorptive dissociation ability of H2 on the hydrogenation 

metallic sites resulted in the severe trapping of cyclohexanol on the catalyst surface and 

inhibited its conversion. 242, 246 According to Sun et al. 233, no significant HDO activity 

over pure WO3-x with OV under an H2 atmosphere because of the difficulty in releasing 

the adsorbed oxygen without the metal for hydrogenation. The selectivity for 

methylcyclohexane surged to 82.9% with the increased presence of Pt0 species within 

Pt-WO3-x. 
233 The dissociated hydrogen atoms would move to the Pt-WO3-x interface 

through the hydrogen spillover effect, and electrons produced from hydrogen atoms 

reduced W6+ to W5+ to form the more active OV sites. 233 Wang et al. 247 further explored 

the effect of the distance between the metallic sites and OV on HDO activity. Ni escaped 

from NiMoO4 through low-temperature hydrogen reduction and was reduced to its 

metallic state, destroying the NiMoO4 structure. These reduced Ni aggregated together 

and were located in the neighborhood of the OV of Mo oxide, which preferred to form 

a Ni-vacancy interface. The methylcyclohexane selectivity over Ni clusters near the OV 

(Ni/MoO3-OV-N) was superior to that away from OV (Ni/MoO3-OV-F) and on OV 

(Ni/MoO3-OV-O). It can be explained that the H2 dissociation capacity of Ni/MoO3 is 

more robust than that of MoO3. The energy barrier of Calkyl–O cleavage on the 
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Ni/MoO3-OV-N was 0.19 eV, obviously lower than 0.88 eV on Ni/MoO3-OV-F and 0.22 

eV on MoO3-OV-O. 

In summary, increasing total acidity, enhancing the strength of medium and weak 

acids, and rationalizing the Brønsted/Lewis acid ratio improve the selectivity for 

cycloalkanes. Larger-sized metal particles are more advantageous for producing 

cycloalkanes due to the flat adsorption configuration of aromatics over the catalyst. The 

proximity between acidic and metal sites aids in the accessibility of intermediates to 

active sites, promoting the C–O bond cleavage of intermediates. Combining metals 

with high/moderate oxophilicity and metals with high/moderate hydrogenation activity 

into bifunctional catalysts facilitates optimizing the catalyst surface electronic 

environment and the geometric configuration of reactants on the catalyst surface. This 

combination can activate the hydrogen spillover effect and introduce OV defects on the 

catalyst surface. These regulatory measures are prospective for precisely controlling the 

selectivity of cycloalkanes. 

Fig 9 Enhancing the synergistic effect between metallic and acidic sites to increase 
cycloalkane selectivity. (a) Carboxyl group modification to increase the Brønsted 
acid/Lewis acid over Ru/γ-Al2O3, adapted from ref. 216 with permission from Elsevier, 
copyright 2022. (b) Achieving proximity between Ru metal clusters and Brønsted acid 
sites over Ru@HMCM-22-IN, adapted from ref. 229 with permission from the American 
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Chemical Society, copyright 2022. (c) Optimization of Ni/Fe ratio of bimetallic catalyst, 
adapted from ref. 242 with permission from Elsevier, copyright 2019. (d) Tuning of OV 
(OII/OT ratio) over Ni-Mo catalyst for enhancing hydrogenolysis of cycloalkanol, 
adapted from ref. 231 with permission from the American Chemical Society, copyright 
2021.

Fig 10 Deoxygenation pathway of phenol on oxygen vacancies (OV) based on the 

reverse Mars-van Krevelen mechanism.  
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3.2.2 Strategies of Enhancing Selectivity for Arenes

The means of selectively controlling arenes are similar to those for cycloalkanes. 

A high Lewis acid density can enhance the selectivity of arenes. 248 This is attributed to 

the enriched Lewis acid sites, as these electron-positive centers can favorably adsorb 

the electron-negative Ar–OCH3 and Caryl–O linkages. 249 It has been reported that the 

arene yield and phenolic compound conversion exhibit a linear relationship with 

changes in Lewis acid density (Fig. 11a). 250 

As discussed, highly oxophilic metals can decrease the energy barrier for direct C–

O bond cleavage while the barrier for hydrogenation increases. 251 Combining 

highly/moderately oxophilic metals with moderate hydrogenation metals is advisable, 

as it can decrease the zero-valent hydrogenation metal species and diminish 

hydrogenation activity. For example, RuFe/Nb2O5 could obtain a mass yield of 8.2% 

(relative to the lignin oil) with a selectivity of 63.4% ethylbenzene when catalytically 

deoxygenating birch lignin oil under 250  °C and 4 bar H2. 252 The cleavage site of the 

Caryl-O bond originated from the Fe2+-OV-Nb4+ interfacial structure, and the high 

selectivity towards aromatics was attributed to the direct DDO route facilitated by the 

synergistic effect of Ru and interfacial NbOx species. Shao et al. 121 investigated the 

mechanism of DDO over Nb2O5 through calculations of the dissociation energies. The 

energy required to cleave C–O bonds in pristine phenol was 5.76 eV, and it reduced to 

4.41, 5.18, 5.09, and 5.29 eV for adsorbed phenoxide on Nb2O5, ZrO2, Al2O3, and TiO2, 

respectively. Nb2O5 achieves the most considerable energy reduction (Δ = 1.35 eV) 

among these four catalysts and facilitates C–O cleavage. Once the Caryl–O bonds were 

cleaved and arenes formed, they were weakly adsorbed. They could desorb from the 

Nb2O5 surface readily and leave the reaction system rapidly, resulting in an overall 

unusual selectivity towards the production of aromatics. ZrO2 exhibits strong 

adsorption of arenes, making it more selective for naphthenes. The adsorption ability 

of Al2O3 is weaker than that of ZrO2, so the product contains both naphthene and 

naphthenic oxides. TiO2 has the weakest adsorption and the least promotion effect on 

Caryl-O bond dissociation, so the deoxygenation effect is the worst. 
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Oxophilic metals further influence the adsorption configuration of reactants. 

Adjusting the proportion of oxophilic metals can achieve a vertical or tilted adsorption 

configuration, thereby enhancing selectivity towards aromatic hydrocarbons. Wang et 

al. 253 used MnOx to modify the surface of Cu particles, facilitating the generation of 

OV on the catalyst. It was found that the arenes selectivity obtained on 4Cu/8Mn4AlOx 

was increased to more than six times that on 4Cu/4Al2O3. With the Mn/Cu molar ratio 

increased, MnOx tended to cover Cu particles, and an intense interaction formed 

between them, inhibiting the planar adsorption of aromatic rings over Cu particles. 253 

Instead, a tilted adsorption configuration prevailed on the surface of MnOx-modified 

Cu particles. Consequently, the abundant OV on MnOx effectively adsorbed oxygen 

atoms from anisole, facilitating the production of arenes, which could then be readily 

released from the catalyst, thereby avoiding further hydrogenation (Fig. 11b).

In summary, increasing Lewis acid/oxophilic sites or coupling strong oxophilic 

metals with moderately active hydrogenation metals enhances the direct deoxygenation 

of phenolic compounds while diminishing hydrogenation activity. Similarly, 

constructing OV defects promotes the formation of aromatic compounds. By adjusting 

the type and amount of oxophilic metals, high-efficiency C–O bond cleavage activity 

can be achieved while maintaining low hydrogenation activity through a non-flat 

adsorption configuration.

Fig 11 Strategies for increasing selectivity for arenes. (a) Increasing the Lewis acid 
density over Ru/HZSM-5, adapted from ref. 250 with permission from Elsevier, 
copyright 2022. (b) Tuning the adsorption configurations of oxygenate molecules over 
Cu/MnAlOx, reproduced from ref. 253 with permission from Elsevier, copyright 2023.
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3.3 Green and Mild Strategies for Hydrodeoxygenation (HDO)

Removing oxygen from lignin-derived oil under mild conditions (low temperature 

and low hydrogen pressure) is a promising but still challenging prospect. The reason is 

that the high BDE required to break the Caryl–O bond (~468 kJ·mol-1) and cleavage of 

the C–O bond is regarded as the rate-determining step of the HDO process. High 

hydrogen pressure ensured higher hydrogen solubility in the bio-oil and a closer 

proximity to the catalyst surface, enabling the HDO of phenolic compounds. 

As mentioned above, adding hydrogen donors instead of an external hydrogen 

supply is currently a promising strategy to avoid relying on a high-density hydrogen 

gas input. Zhang et al. 254 compared the effects of an in-situ hydrogen source (formic 

acid) and external hydrogen supply on the deoxygenation of lignin-derived pyrolysis 

oil in supercritical EtOH. Formic acid, acting as a hydrogen donor, facilitates the HDO 

process without requiring external hydrogen gas input at low temperatures. Moreover, 

HDO with the in-situ hydrogen source could generate more aromatics and hydrocarbons 

than an external hydrogen gas supply over a Ru/C catalyst under the same conditions. 

Except for formic acid, methanol, ethylene glycol, glycerol, sorbitol, and glucose, 

which can also produce in-situ hydrogen through catalytic transfer hydrogenation (CTH) 

and APR routes. Methanol is more sustainable because it can be created from renewable 

resources such as biomass-derived polyols, sugars, glycerol, or through the 

demethoxylation of lignin. 255 However, these processes were also accompanied by side 

reactions with CO2 and CO formation, which weakened the hydrogen-donating ability 

and HDO performance.256 Producing in-situ hydrogen from inorganic compounds (such 

as aluminum water) may solve this problem. 257 

An effective hydrogen carrier also has the potential to substitute for high-

pressurized hydrogen, facilitating the transfer of H2 from the gas phase to the liquid 

phase and thereby enhancing the HDO reaction in the liquid phase. As illustrated in 

Fig. 12, Liu et al. 258 employed a low redox potential polyoxometallate acid, 

H4SiW12O40 (SiW12), as the hydrogen buffer and carrier. It can quickly transfer 

hydrogen gas from the gas-liquid interphase into the bulk solution via reversible 
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hydrogen extraction and then release hydrogen as an active species, H*, on the Pt/C 

surface. The properties of the SiW12-Pt/C system enabled the HDO to proceed under 

extremely low hydrogen pressure (<1 atm) and simultaneously at a low reaction 

temperature (<100 °C). The SiW12-associated proton is crucial in significantly 

decreasing the activation energy (Ea) of the C–O bond breaking in an aqueous solution 

(Fig. 12). With the super acidic SiW12, the partially hydrogenated phenol can be easily 

protonated to form an oxonium ion by combining with the hydronium ion H3O+ in water. 

Next, the dehydration of the protonated substrate occurs to yield a carbocation 

intermediate and water with a smaller activation energy of 97.5 kJ·mol-1. This proton-

involved mechanism is more energetically favorable. 

Fig 12 Proposed reaction pathway of SiW12 as a hydrogen buffer over a Pt/C catalyst, 
and energy profiles of possible C–O bond breaking pathways in phenol and 
cyclohexanol HDO on a Pt (111) surface with the assistance of SiW12, adapted from 
ref. 258 with permission from Springer Nature, copyright 2020.

3.4 Hydrodeoxygenation (HDO) of Authentic Lignin-Derived Oil

The HDO of real lignin-derived oil is more complex than that of model compounds. 

As shown in Table 3, several novel catalysts have demonstrated high conversion rates 

and selectivity for cycloalkanes during the HDO of lignin-derived oil. The HDO bio-

oil products typically consisted of monocyclic, bicyclic, and tricyclic cycloalkanes, 

along with paraffins and aromatics formed from the monomers, dimers, and trimers of 

lignin oil. The small quantity of paraffins is likely a result of ring-opening reactions of 

cycloalkanes at acidic catalytic sites. 

For instance, Wang et al. 247 used a Ni-MoO3 catalyst to upgrade lignin-derived oil 

at 260 °C and 4 MPa H2 for 20 hours in n-hexane. The deoxygenation degree reached 

Gas phase
H2 (≤1 atm), Temperature ＜100℃

Pt/C

H2
（SiW12)4-

H+ +（SiW12)5-

H+ +（SiW12)5-
（SiW12)4- + H*-Pt/C

H-Pt/C

Gas-liquid
interphase 
layer

Liquid phase

ΔEa = 97.5 KJ·mol-1

ΔEa = 83.6 KJ·mol-1

Diffusion

Diffusion
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99%, with a remarkable overall carbon yield of 69.4% for naphthenes, including various 

di-cycloalkanes. The resulting naphthene products primarily fell within the jet fuel 

range (C6–C18). Compared to model compounds, catalysts in real lignin bio-oil are 

more susceptible to deactivation due to phenomena such as coking, sintering, and site 

poisoning. 193 This deactivation typically manifests as blockage, loss, or modification 

of the catalyst’s active sites, which is directly influenced by the feedstock’s 

characteristics, features of the catalysts, and the HDO reaction conditions. 16 

Understanding the deactivation behavior of catalysts is beneficial for subsequent 

catalyst modification, but there are currently limited reports focusing on this aspect.

Nonpolar organic solvents, such as hexane and decalin, are preferred for the HDO 

of lignin-derived oils because they mitigate mass transfer limitations and reduce 

catalyst deactivation, thereby enhancing overall process efficiency. Additionally, 

nonpolar solvents enhance the adsorption of the substrate’s aromatic ring structure on 

the catalyst surface in a parallel orientation, which promotes cycloalkane formation. 259 

While water can also serve as a solvent under certain conditions, it typically demands 

more stringent catalyst requirements. In this context, H2 dissociates into H atoms and 

forms hydronium ions with water, followed by H transfer to reactants via an H-shuttling 

mechanism. Verma et al. 260 reported that non-acidic Ru/C, with 7.4% metallic Ru0 

domains and a proportion of partially reduced Ruδ+ sites, facilitated enhanced solvation 

stabilization of adsorbates, promoting the hydrogenolysis of adsorbed Ar–OH species. 

Water, as a solvent, offers significant environmental benefits by reducing dependence 

on fossil fuels; however, this comes with the challenge of maintaining a continuous 

supply of pure hydrogen, which is essential for the hydrogenation process. Sridharan et 

al. 261 employed a two-step continuous method to upgrade pyrolysis oil from Kraft 

lignin, eliminating the need for organic solvents. The first step is performed under 

350 °C and 200 bar H2 over a sulfide CoMo/Al2O3 catalyst for stabilization, followed 

by the second step under 400 °C and 80  bar H2 over a sulfide NiMo/Al2O3 catalyst for 

deep HDO. After two-step catalytic upgrading, the oxygen content of the final product 

was reduced to about 0.5 wt%. The main components of the upgraded oil have a median 

boiling point between 200 and 250 °C, which tails at about 450 °C. The most detected 
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products were cyclohexanes, benzenes, and naphthalenes; their report did not mention 

di-cycloalkanes. It can be explained that the interunit C–C linkages in lignin were 

cleaved during pyrolysis, producing rich phenolic monomers. 

It is worth noting that arenes, due to their unfavorable combustion characteristics, 

are typically limited to a maximum of 25% in jet fuels. 25, 262 Notably, aromatic 

structures promoting greater volume swelling do not favor combustion reactivity and 

soot inhibition, necessitating a trade-off between these properties. 23 Preliminary data 

suggest that small and lightly substituted C8–C9 aromatics in jet fuel have minimal 

impact on soot formation while providing seal swelling for backward compatibility. 25 

Li et al. reported that RuFe/Nb2O5 exhibited a high selectivity (63.4%) for ethylbenzene 

from birch lignin oil.252 Therefore, producing aromatic components as a jet fuel fraction 

from lignin-derived oil is also feasible.
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Table 3 Recent reports on deoxygenation of authentic lignin-derived oil 

Catalyst Feedstock Condition Product evaluation Ref.

Ru-NbOPO4 Pyrolysis oil from cornstalk
170 °C, 5 MPa H2, 10 h, 

hexane
88.2% yield of hydrocarbons 263

Ni1Mo3N/C Pyrolysis oil from rice husks
260 °C, 1 MPa H2, 4h, 

octane
88.4% hydrocarbons with 22.9% cyclohexane 264

RuMoOx/AC-1-

350 

Lignin oil from cornstalk 

residues hydrogenolysis

280 °C, 30 bar H2, 5 h, 

decalin

56.9% hydrocarbons consisting of cyclohexane and 

alkylated cyclohexane
197

Ni2P-Al2O3(H)71 RCF lignin oil from poplar
250 °C, 5 MPa H2, 15 h, 

n-hexane
98.0% selectivity of alkanes 265

RuCoW0.03/NC Lignin pyrolysis oil
300 °C, 2 MPa H2, 6 h, 

n-dodecane

19.1% selectivity of aromatic hydrocarbons and 

79.3% selectivity of cycloalkanes
266

Ru-HY-60-MI Lignin oil
220 °C, 1 MPa H2, 1 h-1 

WHSV

15.3 wt% cyclohexane, 62.4 wt% 

alkylcyclohexanes, 11.1 wt% dimers
219

Ni2Al1-re460 
Enzymatic hydrolysis lignin 

(EHL)

320 °C, 2 MPa H2, 6 h, 

cyclohexane

128.5 mg gEHL
-1 cycloalkanes with 100% EHL 

conversion
222

Pt0.4/CsPW-H2 RCF of eucalyptus sawdust 150 °C, 2 MPa H2, 24 h
32.7 wt% alkanes based on lignin derivatives with 

23.3 wt% propylcyclohexan
210
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4. Fuel Properties and Compatibility Challenges

Lignin-derived fuels offer promising potential as SAF candidates owing to their 

hydrocarbon frameworks, which resemble those of conventional Jet-A (Table 4). 

Nevertheless, aligning their physicochemical properties with ASTM D7566 standards 

and ensuring seamless compatibility with existing aviation infrastructure presents 

ongoing challenges. 

Notably, lignin-derived fuels often exhibit high concentrations of multi-

cycloparaffins, which are uncommon in conventional jet fuels. 267 268 This skewed 

carbon distribution toward heavier fractions results in elevated low-temperature 

viscosities and freezing points, often exceeding ASTM specification limits. 23, 268 

Despite their presence in Jet-A at around 17 wt%, high levels of bicyclic alkanes in 

lignin-derived fuels may lead to increased surface tension, diminished ignition 

performance, and uncertainty in autoignition behavior due to conformational diversity. 

268, 269 In contrast, low levels of n-/iso-paraffins and aromatics, commonly found in 

lignin-based SAFs, offer both benefits and drawbacks. While they help satisfy seal 

swelling requirements without the need for aromatic blending 21, they also compromise 

ignition quality and limit the blend ratio with Jet-A to around 50% by volume. 270 These 

compatibility issues are central to current SAF certification constraints.

Notably, the molecular structure of cycloalkanes, particularly with respect to 

branching, geometric isomerism, and ring size, has a significant influence on key jet 

fuel properties. 23, 271, 272 As shown in Table 5, alkylated cycloalkanes derived from 

lignin can achieve high specific energy, energy density, and enthalpy savings, making 

them promising targets for surrogate jet fuel formulations. 23, 271-273 Notably, 

cycloalkane-rich alkanes possess both a higher smoke point and comparable seal-

swelling capability (e.g., 40.8 Vol%) relative to conventional jet fuel. 21 Accordingly, 

precise control of molecular architecture during catalytic conversion is crucial for 

achieving a balance between performance and compatibility.
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To systematically evaluate these attributes, a two-tier prescreening protocol (Tier 

α and Tier β) has been developed, aligning with ASTM guidelines (Fig. 13). Tier α 

focuses on predicting combustor-relevant properties from composition and distillation 

using minimal fuel quantities, while Tier β verifies these predictions through 

experimental testing. If specific metrics exceed specification limits, the molecular 

contributors must be identified and adjusted via catalyst or process engineering. 274, 275 

Unfortunately, comprehensive evaluations of this nature remain scarce and warrant 

further investigation. 

Recent evaluations of neat lignin-derived cycloalkane fuels (LCF) revealed an 

abundance of light hydrocarbons (C7–C8), contributing to flash points below the 

ASTM limit (Fig. 14). 276 Furthermore, although the predominance of cycloalkane 

species results in suboptimal combustion-related metrics compared to conventional jet 

fuel, these predictions still broadly fall within the specification limits defined by ASTM 

D7566. The β-tier evaluation of the 10/90 vol% blend of unfractionated LCF and Jet-A 

(POSF 10325) reveals that the presence of high concentrations of heavy cycloalkane 

compounds in the LCF results in elevated low-temperature viscosity and a higher 

freezing point. 21 On the other hand, the reduced aromatic content in the blend 

contributes to improved combustion characteristics, including lower soot formation 

tendency and cleaner burning behavior. Overall, neat LCF exhibits intrinsic limitations, 

mainly due to imbalances in hydrocarbon distribution, as excessive amounts of light or 

heavy components can affect the flash point and cold-flow properties, and to a 

deficiency in n-/iso-alkanes, which are crucial for ignition quality and fuel 

compatibility. Thus, controlling the carbon atom distribution within the liquid product 

is vital for achieving aviation-grade performance. Meanwhile, aromatic hydrocarbon-

based lignin fuels may serve as alternatives to the aromatic fraction in Jet A. Their Tier 

α predictions are also shown in Fig. 14, where the performance range of conventional 

aromatics is shaded in purple. 3 277 Although several properties of these lignin-derived 

aromatics lie outside ASTM specification limit, they offer advantageous features such 

as lower surface tension, freezing point, and flash point, along with a higher heat of 

combustion, suggesting their promise in targeted blending strategies.
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While conversion pathways undoubtedly influence final fuel characteristics, 

current data remain insufficient for broad generalizations. Moreover, although 

feedstock type has long been viewed as a key determinant of fuel quality, recent studies 

by Stone et al. suggest minimal differences between hardwood- and softwood-derived 

fuels, supporting the flexible use of mixed feedstocks to accommodate seasonal 

variation. 277
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Table 4 Chemical composition (wt%) of Jet-A and reported lignin derived jet fuel

Chemicals
Jet-

A278

Report1
21

Report22

68

Report32

76

Report4
3

Report52

66

n-Paraffin 20.97 8.3 3.89 0.2 -

iso-Paraffin 30.58 2.44 2.02 5
2.1

-

Monocycloparaff

in
20.12 33.16 14.42 60.2 79.3

Dicycloparaffin 34.17 31.95 - -

Tricycloparaffin
4.3

12.41 21.12 -

5.5a

-

Aromatic 24.05 2.45 - 13.1 87.5b 19.1

Olefins 0 - - - - -
aAmount of total cycloalkanes
bAmount of cycloaromatics (5.5 wt%), diaromatics (1.1%) and alkybenzes (80.5 wt%)
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Table 5 The desired molecules towards different properties
Property Favorable compounds Ref.

Density and Viscosity

Alkylcyclohexane with more 

than 6 carbons, 1,3-

diisopropylcyclohexane, cis-

decalin

272

Energy density and 

enthalpy savings

mono-cycloalkanes containing 

ring structures with 8, 9, or 10 

carbon atoms

271

Derived Cetane Number 

(DCN)
Cycloheptane 272

Swelling
cis-1,2-dimethylcyclooctane, 

cis-decalin
279

Soot tendency
n-butylcyclohexane, 

dimethylcyclooctane
280

Flash point n-butylcyclohexane 281
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Fig 13 Profile of evaluation of a novel synthetic SAF by a two-tier prescreening.

H

H

H

H

Chemcial components of conventional jet fuel (Jet-A)

Main chemical components of lignin-based bio-jet fuel/SAF

Prescreening & Pre-
Qualification Testing

Tier α testing
• Analysis of compositional 

and distillation properties.
• Predict critical properties 

of jet fuel that influence 
combustor operability.

Tier β testing
Tier β eliminates concerns 
on the predictive aspects of 
Tier α and measures 
properties directly.

Comparative analysis 
with conventional jet 
fuel (e.g., Jet-A) and 
ASTM specification
limits.

Formal ASTM 
D4054 Evaluation

Optimize the conditions and 
catalysts for conversion.
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Fig 14 Prescreening of neat lignin-derived cycloalkane fuels (LCF), lignin-derived 
aromatic fuels, and LCF 10/90 vol% blends with Jet-A, compiled from ref. 3 with 
permission from Elsevier, copyright 2022; ref. 276 with permission from Elsevier, 
copyright 2024; and ref. 277 with permission from Elsevier, copyright 2025.
Tier α prediction of full distillate of neat LCF and aromatic fuels, Tier β measurement 
of LCF blended with Jet A, except for DCN and lower heating value (LHV). Dashed 
lines represent 95% confidence intervals. Red vertical lines denote ASTM specification 
limits; red-shaded zones highlight out-of-spec regions. Green-shaded areas represent 
the typical range for conventional Jet-A fuels, while the purple-shaded zones indicate 
the property range for conventional aromatic fractions in jet fuel.

Page 60 of 80Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
no

ve
m

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 8

. 0
1.

 2
02

6 
10

:5
1:

51
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5GC04813C

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5gc04813c


60

5. Life-Cycle and Techno-Economic Analysis

A robust assessment of industrial feasibility requires integrating environmental 

and techno-economic assessments. Given its broad global availability, lignocellulosic 

biomass is widely regarded as a promising and scalable feedstock for SAF production. 

282, 283 Moriarty et al. 13 quantified that woody biomass availability in U.S. port regions 

far exceeds that of crop residues and waste oils. Techno-economic assessments further 

indicate that regional woody biomass enables the lowest minimum fuel selling price 

(MFSP), typically $0.5–2.5 gallon of gasoline equivalent (GGE)-1, achieving cost parity 

with petroleum jet fuel when the feedstock price remains below $88 dry ton-1. However, 

the specific capital investment per GGE remains higher than for used cooking oil 

pathways, reflecting a less mature investment ecosystem for lignocellulosic 

biorefineries. Conversion technology is one of the key factors determining the overall 

techno-economic and environmental performance of biomass-to-fuel pathways. As 

discussed above, reductive “lignin-first” fractionation and RCD, in combination with 

HDO, appear to be promising pathways for producing structurally compatible 

cycloalkane SAFs. Yet, comprehensive assessments of the entire process are still 

limited. Bartling et al. 284 reported that a hydrogen-free RCF system exhibited a lower 

global warming potential (GWP) than methanol-based systems and was slightly higher 

than ethanol-based ones, due to the additional energy demand for in-situ hydrogen 

generation. Hydrogen-free yielded an MSP of $1.34 kg-1 for RCF oil. However, a high 

recycling rate for the RCF reaction solvent not only markedly reduces fuel and energy 

consumption but also diminishes the process’s sensitivity to woody residue feedstock 

prices. These combined effects result in reducing the lowest minimum selling price 

(MSP) from €2261 t-1 to below €1000 t-1 and the GWP from 4.42 to 0.71 kg CO2 kg-1 

(excluding biogenic carbon uptake), the latter being lower than those of fossil-derived 

phenol (2.79) and benzene (1.86). 36 For standalone HDO processes targeting 

cycloalkane production, the overall efficiency is highly dependent on hydrogen 

consumption. The integration of in-situ hydrogen generation can effectively mitigate 

carbon emissions; however, careful consideration must be given to catalyst preparation 
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and the life-cycle impacts of hydrogen donors on the global GWP. 285 Consistent with 

the conclusions of Bagnato et al.286, who reported an MFSP of $0.79 kg-1 and 

emphasized that HDO-only SAF pathways are only marginally viable without co-

product valorization, lignin-to-fuel routes more broadly also suffer from negative or 

near-zero profit margins, aligning with the techno-economic assessment summarized 

by Wong et al. 283.

The deep integration of lignin valorization with pulp and paper mills enables the 

utilization of existing infrastructure and centralized energy systems to upgrade black 

liquor into cycloalkanes for SAF. 287 Weyand et al. 288 demonstrated that integrating 

black liquor upgrading within pulp mills achieves a 72–89% GWP reduction depending 

on the allocation method, surpassing the EU RED II limit (65%), at €1.66 L-1, which 

could reach market parity under carbon prices of around €500 t-1 CO2-eq. Similar 

synergistic benefits were analyzed by Witthayolankowit et al. 289, who evaluated an 

integrated concept coupling cellulose-to-Lyocell conversion with lignin-to-SAF 

upgrading from beetle-infested spruce, which offered clear environmental advantages 

over conventional cotton fiber production. Similarly, Qian et al.290 investigated an 

integrated biorefinery that combines the poplar-based RCF-HDO pathway with 

pyrolysis of carbohydrate residues. The integration significantly enhances system-wide 

carbon utilization, resulting in substantial environmental benefits. The life-cycle 

assessment indicated that the overall GHG emissions are 44–79% lower than those of 

fossil-based fuel pathways, while the composite environmental impact index is 

significantly lower than that of conventional lignocellulosic ethanol routes. The process 

achieved an MFSP of approximately $1,065 t-1, and the co-production of high-value 

furan compounds provided by-product credits that reduce the MFSP of the cycloalkane 

fuel by 20–30%, thereby improving both the economic viability and the environmental 

performance of the integrated configuration. Klein et al. 291 conducted a multi-criteria 

optimization that jointly considers economic, environmental, and market/commercial 

factors to identify the most competitive configuration of lignocellulosic valorization. 

Poplar-based biorefineries generally outperform those utilizing corn stover, primarily 

due to their higher carbon efficiency and more favorable process integration. In an 
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integrated configuration coupling cellulose-derived ethanol production with lignin 

valorization, the catalytic conversion of lignin to cycloalkanes markedly improved 

carbon utilization, achieving 52.5% for poplar compared with 37% for lignin 

combustion. However, this pathway exhibited a slightly higher GWP due to the use of 

fossil-derived methanol as the reaction solvent. Economically, the optimized poplar 

system achieved a threshold internal rate of return (IRR) of approximately 10%, as 

reported from Klein et al. 291. Considering that D3 Renewable Identification Number 

(RIN) credit prices historically exceeded $0.80 gal-1 for nearly 88% of the observed 

period, this result suggests that the poplar-based route could be commercially viable 

under realistic market conditions. 

The flexibility of the integrated biorefinery framework for SAF production is 

manifested in its enhanced resource efficiency, which significantly lowers process fuel 

and energy consumption. The integrated utilization of woody biomass enables the 

amortization of feedstock costs via high-value co-products, while the use of waste 

lignin as an internal feedstock stream further reduces exposure to feedstock price 

volatility. The conversion pathways like RCF/RCD-HDO are encouraged for SAF 

production in this review. These processes are inherently hydrogen-intensive. The 

adoption of green hydrogen, combined with ongoing advances in process energy 

efficiency, is therefore critical to achieving substantial lifecycle emission reductions. 

Further progress is also needed to address key engineering challenges, including 

enhancing catalyst stability and optimizing wastewater treatment, to ensure long-term 

commercial viability.

6. Conclusions and Outlook

Lignin, with its rich aromatic structure, particularly from hardwood sources, holds 

great potential as a feedstock for producing “drop-in” SAFs. Through the extraction of 

bio-oil from lignin or lignocellulose followed by HDO, lignin-derived hydrocarbons 

can be obtained with molecular features and oxygen contents close to those required 

for aviation fuels.
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(1) “Lignin-first” biorefining of lignocellulose effectively produces high-quality 

bio-oil with favorable element ratios and Mw values. Inherent functional groups in 

lignocellulose can act as an internal hydrogen source, highlighting its potential for 

decarbonization. HTL of lignin can break interunit C–C linkages in an inert atmosphere 

over zeolites, while pyrolysis and catalytic depolymerization yield higher quantities of 

phenolic monomer and dimers. RCD, operating at lower temperatures with reduced 

reliance on hydrogen and alcohol, shows promising potential for large-scale 

applications. 

(2) Factors such as the surface electron environment, defects, geometric 

arrangement of reactants on the catalyst surface, and distances between metals and 

acidic sites collectively influence product selectivity during HDO. Generally, 

increasing the Brønsted/Lewis acid ratio promotes cycloalkane production, while 

enhancing Lewis acid/oxophilic sites facilitates the formation of arenes. Larger metal 

particles foster the HYD pathway, whereas smaller particles favor the direct DDO 

pathway. Medium to strong oxophilic metals combined with highly active 

hydrogenation metals enhance cycloalkane production, whereas strong oxophilic 

metals paired with less active hydrogenation metals promote aromatics formation. 

(3) HDO conditions are generally harsh, relying on external hydrogen sources and 

high energy input. Although some reports have suggested that hydrogen donors or 

buffers can alleviate the severity of the HDO of phenolic compounds, this remains a 

challenge, especially when aiming for realistic oil under mild conditions.

(4) Synthesizing 100% SAF poses greater challenges than blending fossil jet fuel 

components. Hydrocarbons derived from lignin share similarities in molecular 

composition with conventional aviation fuels, indicating potential to meet jet fuel 

performance and operational standards. Preliminary prescreening data suggest that 

certain properties of neat lignin-derived cycloalkane fuels may be suboptimal, 

particularly in terms of flash point, low-temperature viscosity, and DCN. These 

limitations highlight the need for further fractionation to remove undesirable 

components that negatively impact performance.

(5) Lignin-to-cycloalkane SAF routes can deliver GHG reductions and 
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competitive economics when integrated with broader biorefinery systems and 

supported by co-product valorization. Future improvements in hydrogen management, 

solvent cycles, and reactor-catalyst integration will further enhance carbon efficiency 

and industrial scalability.

The molecular formulation of bio-oil defines the basic carbon skeleton of liquid 

fuel. Consequently, evaluating lignin-derived oil extends beyond measuring monomer 

yield, Mw, and elemental distribution. A thorough molecular formulation of evaluation, 

covering composition, ratios, and structural characteristics, is necessary. Several 

studies have suggested specific molecules desirable for jet fuel, emphasizing the 

importance of future catalytic conversion processes that selectively target beneficial 

molecules. Alternatively, additional upgrading processes such as alkylation and 

dimerization may become necessary, presenting new challenges for industrialization 

and decarbonization efforts. While numerous studies have explored the potential of 

novel catalysts in producing aviation fuels by refining bio-oils, the majority have 

predominantly concentrated on characterizing hydrocarbons, with limited reports on 

conducting α and β tier prescreening. Indeed, a disparity exists between synthetic 

hydrocarbons and “drop-in” aviation fuel. Conducting two-tier prescreening to evaluate 

the suitability of hydrocarbons in aviation engines is critical. Moreover, the results from 

prescreening tests offer essential insights into formulating 100% sustainable aviation 

fuels at a molecular level.
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