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Abstract: Lignin valorization for fuels and value-added products is essential to enhance the profitability and sustainability
of biorefineries. Due to the complex and heterogeneous structure of lignin, technical barriers hinder the implementation of
economic lignin utilization. Here, we summarize the major challenges facing lignin valorization processes. Different
pretreatment methods, especially emerging combinatorial pretreatment approaches for isolating and tailoring lignin are
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introduced. To overcome the heterogeneity of lignin structure and improve lignin processability, advances in fractionation
approaches including organosolv extraction, membrane technology, and gradient precipitation are analyzed and presented.
Furthermore, progress in lignin valorization by thermochemical and biological conversion coupling with pretreatment and
fractionation are systematically reviewed. Finally, we discuss advanced strategies and perspectives for future research
involving biomass pretreatment, lignin fractionation and conversion processes.

Keywords: lignin, biorefineries, fractionation, thermochemical conversion, bioconversion, process engineering
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Fig. 1 Schematic diagram of lignin structure*?*".
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Fig. 2 Biomass pretreatment resulting in solid lignin and subsequent processest?-?32¢1,
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Table 1 Lignin fractionation methods and characteristics
Fr%:(teltc;]r:;tslon Principles Advantages Disadvantages Applications  References
Successive According to different solubility Remove Complicated Suitable for solid [56-57]
organic of lignin in various organic polysaccharides, process, difficult lignin, generally
solvents solvents, lignins with different  improve lignin purity recycling of organic applied in
extraction molecular weight and structure solvents laboratory analysis
are fractionated sequentially
Membrane Based on lignin molecular weight Remove Traditional polymer Suitable for lignin [56,58]
technology monosaccharides, membrane shows in liquid, mature in
oligosaccharides, and poor resistance to  industry
inorganic salts, acid and/or alkaline
increase lignin and is likely to be
concentration polluted
Sequential Lignin with different molecular  Obtain solid lignins ~ Co-precipitation Applied for lignin [44,59]

precipitation  weight and functional groups with narrowly reduces the obtained
could be precipitated stepwise by distributed molecular lignin purity
changing pH or compositions of weights and tunable

solution structure

in alkaline or
organic solvents
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Table 2 Thermochemical conversion of lignin

Methods Principles Reaction conditions Catalysts Major products References
Pyrolysis Break C-O and C-C Generally conduct Zeolite, molecular sieve,  Pyrolysis oil (phenols, [24,76,83]
bonds of lignin to under nitrogen supported metal catalyst ketones, aldehydes,
generate bio-oil and atmosphere organic acids), gas
by-products including (CO, CO,, gaseous
gas and coke at hydrocarbons), coke
400-800 °C in the
absence of oxygen
Gasification ~ Convert lignin to React in the Zeolite, nickel-based Syngas, char, tar [84-85]
small-molecule presence of catalysts, CaO
combustible gas using  medium
air, inert gas or
supercritical water as
medium at 500-900 °C
Hydrogenation Generally at Use catalyst and Nickel-based catalysts, Small-molecule [76,86-87]
reduction 100-400 °C, 0.1-5 MPa, solvent such as platinum-group metals, hydrocarbon fuels, jet
lignin is reduced by water, methanol, monometallic catalysts, fuel
hydrogen in the presence ethanol transition metal
of catalyst to obtain phosphides, bimetallic
depolymerized lignin, catalysts, bifunctional
small-molecule catalysts
hydrocarbon fuels and
other value-added
chemicals
Oxidation Generally at 0-250 °C,  Relatively mild Organometallic Aldehydes (i.e., [76,88]

0.1-1 MPa, oxidative
cracking reaction occurs
in the presence of
catalyst, oxidant and
lignin to produce
aromatic compounds

reaction conditions,
use catalyst,
oxidant (i.e., Oy,
H,0,, metal oxide,
nitrobenzene), and
solvent (i.e., water,
alcohols)

compounds, metal
complexes, metal salt and
metal oxide system,
metal/molecular sieve,
TEMPO-based
organocatalytic system,
photocatalytic oxidation,
electrocatalytic oxidation

vanillin,
syringaldehyde),
ketones, alcohols,
carboxylic acids

SRR R R Wik, KRS
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32 =t

AT E ST A B, TIERR . %k
000 PR oA A S A T A A 2O
EBHIE o A T AR
T T A B IR T AR UK . Wb e
FERR, LR IR AR AR
245t T L G TR, AR A,
BEAh ST WS I 2 BB 3 T
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Fig. 4 Thermochemical and biological conversion of lignin: processes and products.
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