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Abstract: Driven by the excessive consumption of fossil resources and environmental pollution
concerns, a large amount of biorefinery research efforts have been made for converting lignocellulosic
biomass into fuels and chemicals. Recently, a strategy termed “lignin-first,” which allows for realizing
high-yield and high-selectivity aromatic monomers, is regarded as one of the best prospective strate-
gies. This review summarizes recent research advances in lignin-first biorefinery, starting from the
raw lignocellulose through lignin-first processing and moving to downstream processing pathways
for intermediate compounds. In particular, for the core purpose of producing liquid fuels, the corre-
sponding downstream processing strategies are discussed in detail. These are based on the structural
properties of the intermediates derived from lignin-first biorefinery, including the catalytic conversion
of lignin and its derivatives (aqueous phase system and pyrolysis system) and the cascade utilization
of carbohydrate residues (fermentation, pyrolysis, and hydrothermal liquefaction). We conclude with
current problems and potential solutions, as well as future perspectives on lignin-first biorefinery,
which may provide the basis and reference for the efficient utilization of lignocellulosic biomass.

Keywords: lignocellulosic biomass; lignin-first biorefinery; lignin and its derivatives; carbohydrate;
fuels and chemicals

1. Introduction

Given the limited fossil-energy reserve on the planet and concerns over anthropogenic
climate change, seeking alternative renewable resources has become widely recognized [1].
Lignocellulosic biomass is a renewable and non-food organic material that is considered
to be a good alternative carbon source [2]. Lignocellulosic biomass is composed of three
constitutive components: cellulose, hemicellulose, and lignin [3,4], which harbors great
potential for the sustainable production of fuels and chemicals [5]. However, unlocking
this potential requires innovative biorefining methods that can overcome the complexity of
the wood fiber structure and allow the three main components to take full advantage of
their value [6].

Conventional biorefineries have been geared towards optimal carbohydrate valoriza-
tion. Due to the harsh reaction conditions, native lignin is prone to undergoing condensa-
tion reactions to form the industry lignin that is chemically stubborn and inappropriate for
further conversion in downstream processes [7,8]. This lignin is always treated as waste
and then just burned for heat [9]. As lignin has a natural aromatic ring structure, it is
increasingly being recognized that it is foolish to ignore its potential value [10,11]. With
the worldwide emphasis on sustainable development and the rise of the biomass chemical
industry, making full use of lignocellulose—especially the efficient catalytic conversion of
lignin—has attracted the extensive attention of scientists [12]. Researchers are pursuing
more comprehensive strategies for biomass utilization, and much of the motivation is
driven by techno-economic analyses and life cycle assessments, which indicate that lignin
valorization is able to improve the economic benefits and environmental benefits of overall
biorefinery [13,14].
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A new strategy has emerged in recent decades named “lignin-first,” in which the
subsequent availability of the lignin fraction, together with the carbohydrate preservation,
is considered upfront when dealing with biomass raw materials [15]. Abu-Omar and
colleagues define “lignin-first” as an active stabilization approach that liberates lignin from
the natural lignocellulose biomass and prevents condensation reactions through either
catalysis or protection-group chemistry [16]. The lignin-first strategy is considered to be
one of the most well-studied prospective strategies, which allows for the realization of a
high selectivity and high yield of phenolic monomers [17].

So far, several methods have been reported. The corresponding chemical-reactions
mechanism is illustrated in Figure 1. The most common method comprises solvent-based
lignin extraction from lignocellulosic biomass feedstock in the presence of a metal catalyst
under a reductive atmosphere. The most typical metal catalysts contain Pt, Pd, Rh, Ru, and
Ni on activated C or Al,O3 supports [18,19]. This method is termed “reductive catalytic
fractionation,” and is less time-consuming and has a high lignin conversion rate. Lignin
derivatives obtained through catalytic depolymerization are present in the liquid phase,
thus facilitating direct hydrodeoxygenation for the production of value-added hydrocarbon
fuels and chemicals [20]. This approach mitigates the issue of lignin degradation, which is
frequently encountered during traditional lignin-isolation techniques [21]. Moreover, the
other active stabilization methods during biomass fractionation comprise the appropriate
use of protection-group chemistry. Alcohols have been used in lignocellulosic biomass
fractionation for nearly a century. However, it is only in recent years that certain advantages
of their use in the lignin extraction process have become clear. During lignin extraction,
benzylic carbocation ion intermediates can be intercepted by an alcohol that acts as an
external nucleophilic reagent to produce ethers [22]. Additionally, reactive intermediates
may be protected as acetals by using small molecules such as aldehydes and ethylene
glycol. Thus, chemically stabilized lignin is extracted and enables further depolymerization
and transformation [23,24]. This method physically separates the biomass-fractionation
and lignin-depolymerization operations and is therefore more flexible and has better
controllability. Nevertheless, the addition of small-molecule protection reagents may
lead to adverse environmental impacts, which consequently need to be considered in a
comprehensive manner.

In recent years, with the establishment and improvement of lignin-first biorefinery,
the research hotspots in this direction will gradually shift towards downstream processing
strategies which efficiently integrate the utilization of lignin-degradation products and
carbohydrate residues. Novel catalytic methodologies have been pursed for a long time to
achieve better valorization of lignin and its derivatives for the production of hydrocarbon
fuels and chemicals [25-27]. In addition, cascade processes have been carried out for the
valorization of carbohydrate residues. Notable examples include the direct conversion
of carbohydrates to mixed alcohols, followed by upgrading to fuel-range alkanes [28];
treatment with FeCl; to obtain furfural, 5-hydroxymethylfurfural, and levulinic acid si-
multaneously [29]; and saccharification and fermentation to produce bio-ethanol [30]. The
efficient separation of the delignified pulp and the solid catalyst mixture has been consid-
ered to be a critical challenge. Therefore, a rational design of multifunctional catalysts for
the direct catalytic upgrading of solid-residue mixtures (carbohydrate and catalyst) is a
potentially viable solution.
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Figure 1. The chemical-reaction mechanism of lignin-first biorefinery using solvolysis and the

catalytic stabilization of reactive intermediates to stable products or protection-group chemistry and

subsequent upgrading.

As is shown in Table 1, several notable reviews have summarized the recent advances
in lignin-first biorefinery. However, most of these reviews focused on the lignin fractions
unilaterally, and the fate of the carbohydrates has rarely been considered to date. Thus, this
review provides a detailed overview of recent research advances in lignin-first biorefinery,
highlighting the effects of catalyst, solvent, and reactor configurations and functional group
protection reagents on lignin monomer and carbohydrate yields. Subsequently, we classify
intermediate products in detail and summarize high-value utilization strategies for all
lignocellulose components, respectively, including the catalytic conversion pathways of
lignin fractions in the aqueous phase and pyrolysis systems, as well as the applications
of different technology pathways in the conversion of carbohydrate residues such as
fermentation, pyrolysis, and hydrothermal liquefaction.
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Table 1. Summary of notable works previously published that are relevant to lignin-first biorefinery.

Year

Key Focus

Reference

2017

Fractionation methods that implement active stabilization
mechanisms; techno-economic considerations.

[17]

2019

Elementary reductive catalytic fractionation steps; recent
innovations such as flow-through operation and synergy
with feedstock engineering.

[31]

2020

The kinetics of lignin and polysaccharide depolymerization;
the strategies for chemical functionalization.

2020

Chronological overview of the development of the
“lignin-first” approach with the inclusion of reductive
catalytic depolymerization of all lignocellulosic
components.

2020

Downstream processing strategies of lignin monomers;
methods of separation of aromatic monomers from
lignin-first biorefinery.

2020

The fundamental catalytic reactions relevant to lignin-first
biorefinery approach; the further transformations of
lignin-derived monolignols and phenolics into value-added
products.

[34]

2021

A set of guidelines for analyzing critical data from
lignin-first approaches, including feedstock preparation and
characterization, reactor design, catalyst efficiency, mass
balances, and product yields.

Newest

The effects of catalyst, solvent, reactor configurations and
functional group protection reagents on intermediate
products; downstream processing strategies for lignin as
well as carbohydrate fractions.

In order to improve the overall efficiency of the resource use of biomass, novel routes
for all components derived from lignocellulosic-biomass hierarchical utilization are pro-
posed based on lignin-first strategies (Figure 2), which provide new ideas for the efficient
conversion of lignocellulosic biomass into fuels and chemicals. Furthermore, we discuss
associated technical challenges and future directions of lignin-first biorefinery.
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Figure 2. Complete conversion of all lignocellulose components yielding fuels and chemicals based

on the lignin-first strategy.
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2. Overview of Lignin-First Biorefinery

Conventional lignocellulosic-biomass-utilization strategies have difficulty in avoiding
the undesirable condensation of reactive intermediates during biomass deconstruction,
which poses fundamental challenges for commercial applications. Lignin-first biorefinery
inhibits the condensation of reactive intermediates either by selectively catalyzing the
conversion of these intermediates to stable derivatives or by avoiding their formation
by functionalizing natural structures or intermediates [32]. This strategy has attracted
wide attention from researchers since it was proposed. In the past few years, the global
biomass-conversion community has continuously published new studies in this area. This
section introduces the research progress made by domestic and foreign research groups in
this sphere in detail, and also analyzes the existing problems and solutions for this strategy.

2.1. Reductive Catalytic Fractionation (RCF)

One of the most effective strategies is the direct hydrogenolysis of native lignin in
lignocellulosic biomass; that is, a stable, low-Mw lignin oil (phenolic monomers, dimers,
and small oligomers) can be obtained through tandem lignin depolymerization and stabi-
lization [17]. This methodology is now termed reductive catalytic fractionation (RCF) [35],
also known as catalytic upstream biorefining (CUB) or early-stage catalytic conversion of
lignin (ECCL) via H-transfer reactions for the process using 2-PrOH as an H-donor [36,37].
We have introduced the recent progress on RCF and discussed the influences of catalysts,
solvents, and reactor configurations in terms of yield of phenolic monomers, degree of
delignification, and retention of carbohydrate pulps. In Table 2, selected reaction systems
that achieve high-monomer yields are generalized.

Table 2. Reductive catalytic fractionation of biomass feedstock.

Feedstock Catalyst Solvent Monomer Yield Sugar Retention Year Ref

Miscanthus Ni/C Methanol 68 wt% 86 wt% 2016 [38]

Corn Ni/C Methanol 24.5 wt% 76 Wt 2016 [39]
Stover

Flax Shive Ru/C Ethanol 9.5 wt% Glucan 67.2 wt% 2020 [40]

Spruce Ru/C Ethanol 30 wt% Glucan 84.4 wt% 2022 [41]

o Glucan 73.4 wt%
Bamboo Pd/C Methanol 32.2 wt% Xylan 57.4 wt% 2019 [42]
o Glucan 82.5 wt%
Eucalyptus Pd/C Methanol 49.8 wt% Xylan 67.8 wt% 2020 [29]
Methanol/ o o

Poplar Pd/C H,0 (7:3) 43.5 wt% 66.7 wt% 2016 [43]

Zn/Pd/C Methanol 54 wt% 79 wt% 2015 [44]

Ru/C Methanol 51.5% (C-Yield) 81% (C-Yield) 2015 [35]

Pd/C Methanol 49.3% (C-Yield) 89% (C-Yield) 2015 [45]

Pd/C Water 43.8 wt% 55 wt% 2016 [46]

. Ethanol/ o . o
Birch Pd/C H,0 (1:1) 36% (C-Yield) 84.4 wt% 2016 [47]
Ni/Al,O32  Methanol 36 wt% 84.9 wt% 2017 [30]
Pd/C+H3PO, Methanol/ o o
b H,0 (7:3) 37 wt% 56 wt% 2017 [48]

3 Ni/Al,Oj3 pellets in catalyst cage. ® Reaction operated in a flow-through reactor.

2.1.1. Role of the Catalyst Used

A general understanding of the RCF processes has been established through mechanis-
tic studies, which can be summarized in three basic steps: lignin extraction, which entirely
depends on the solvent; solvolytic depolymerization and catalytic hydrogenolysis; and
stabilization, which is controlled by a heterogeneous, redox-active catalyst [31]. Since the
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hydrogenolysis of C-O bonds is metal-dependent, the type and yield of products can be
controlled by selecting an appropriate metal [18]. Heterogeneous metals have been shown
to catalyze lignin depolymerization efficiently, including Pt, Pd, Rh, and Ru, as well as Ni,
which is abundant on Earth [19,38,45,49].

Sels and colleagues presented the RCF of birch with a Ru/C catalyst, in which the
lignin fraction was degraded to a propyl-substituted phenol compound with a monomer
yield of 52%. Cellulose retention reached 95%, while hemicellulose retention was only
47% among the carbohydrates, which were converted into C2-C6 sugar polyol products
in the subsequent hydrolysis reaction [35]. Furthermore, Pd/C and Ru/C catalysts were
compared under identical conditions. As expected, the lignin product yields were similar
for the two catalysts. However, the chemical structures of the products were quite different,
and the Pd/C catalyst had a higher selectivity for lignin monomers rich in hydroxyl groups
and a higher retention of carbohydrate residues [45].

Luo et al. have shown that Pd/Zn synergistic catalysis is relevant to lignin conversion
in terms of the cleavage of 3-O-4 linkages and the follow-up hydrodeoxygenation [50].
Furthermore, when different types of biomass feedstocks were treated with Zn/Pd/C, the
native lignin was converted into two main products: dihydroeugenol and 2,6-dimethoxy-
4-propylphenol, with lignin monomer yields ranging from 40% to 54% [44]. Further
mechanistic studies revealed a synergistic effect between Pd/C and Zn'; it was proposed
that the addition of Zn'! can activate and promote the removal of C.,-OH from the 3-O-4
bond [51].

From the perspective of industrial applications, the development of low-cost and
highly available catalysts is imperative. Song et al. presented a selective hydrogenolysis of
natural lignin fractions from birch wood to dihydroeugenol, 2,6-dimethoxy-4-propylphenol,
and a small amount of propenyl-substituted phenols using a Ni/C catalyst [52]. Interest-
ingly, the Fe-doped bimetallic catalyst showed stronger hydroxyl removal when compared
to the Ni/C catalyst, and the monomer product distribution changed from PG-OH and
PS-OH to PG and PS [53]. Li et al. developed a new Ni-W,C/AC bimetallic catalyst and
found that there was a synergistic effect between the Ni and W,C, which could significantly
promote the formation of lignin-derived monomers. Carbohydrates were further converted
into ethylene glycol and other diol products. This catalyst can be widely used in birch,
poplar, pine, beech, and other raw materials [54].

2.1.2. Influence of Solvents

In the process of the direct catalytic treatment of lignocellulosic biomass, solvent
decomposition can cut the lignin—carbohydrate complex (LCC) between lignin and hemi-
cellulose, realizing lignin stripping from the biomass substrates. Subsequently, the 3-O-4
linkage bond in the lignin structure is broken under solvent decomposition. Soluble
lignin fragments are then generated, which make further contact with the catalyst surface
and complete the subsequent activation of the (3-O-4 linkage bond into a single-molecule
compound. Solvents play an important role in the delignification of biomass and lignin
depolymerization, affecting the yield of aromatic monomers as well as the retention of
carbohydrate pulps [55,56].

Sels et al. investigated the effects of different solvents on the RCF of birch wood. It was
found that the higher the polarity of the solvent, the higher the degree of delignification.
This was because highly polar solvents can better complete the dissolution of the wood
fiber structure and make the solvents more accessible to lignin; among them, methanol and
ethylene glycol showed the highest efficiencies for delignification. From the distribution
of lignin degradation products in a Pd/C catalytic system, with the increase of solvent
polarity, the monomers and dimers of degradation products increased, while the oligomer
products significantly decreased, indicating that highly polar solvents can also accelerate
the degradation of the lignin oligomer into monomers and dimers [46]. A techno—economic
analysis of the RCF process using different solvents was carried out by Beckham et al.,
who replaced the solvent in the methanol-case with ethylene glycol. Due to the lower
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vapor pressure of ethylene glycol, the overall reactor pressure was reduced substantially.
Generally, lower pressure during RCF results in lower capital costs. On the other hand,
ethylene glycol has a higher cost and higher energy consumption for solvent recovery than
methanol. Overall, on the basis of supporting the sale of bioethanol at USD 2.50 per gallon
of gasoline equivalent, the methanol case has a higher MSP-monomer fraction at USD 3.63
per kg, while the ethylene glycol case has a lower MSP-monomer fraction at USD 3.07 per
kg [14].

Sels and colleagues further investigated the effects of different alcohol/water-mixing
solvent systems on the RCEF, and their results showed that the addition of moderate amounts
of water significantly enhanced the extraction efficiency of lignin. However, too much
water resulted in a lower degree of delignification [43]. Chen et al. also confirmed the
positive effect of adding water on the yield of lignin monomers [57]. It should be noted that,
if pure water is used as the medium while the lignin fraction is efficiently separated and
degraded, the carbohydrate fraction also undergoes hydrolysis reactions and almost all of
the hemicellulose and about 20% of the cellulose are removed [46]. Similar solvent-polarity
effects can also be observed in other catalytic systems. When water replaced methanol
as the solvent in the case of the Ru/C system, not only did the yield of phenol monomer
decrease from 52% to 25%, but the carbohydrate fraction was also degraded into soluble
polyols [35]. A plausible explanation for this is the autoionization of water into H* acid ions
under high temperature conditions, which can catalyze the hydrolysis of carbohydrate [58].
In addition, the redeposition of dissolved lignin on the surface of lignocellulosic fibers
should be considered when water is used as the solvent [59]. Above all, a pure water
system may not be suitable for the current direct catalytic reduction process of biomass
feedstocks.

2.1.3. Flow-Through Reactors

The new strategy of reductive catalytic fractionation has been proposed to depolymer-
ize and stabilize lignin by mixing metal catalysts and biomass; however, this usually results
in the catalyst not being recovered. Thus, flow-through systems for lignin-first biorefinery
were developed (Figure 3). In 2017, two research teams introduced flow-through reactors
for the RCF process, in which the biomass and catalyst were separated by filling into
two different beds. The solvent was passed through the heated biomass bed to extract
and partially depolymerize the lignin polymer. Then a liquid mixture of dissolved lignin
fragments flowed through the catalyst bed for further depolymerization and stabilization
of active intermediates [48,60].

Stabilized oil

M Catalyst
Bed

Biomass
Bed

Solvent I
Figure 3. The evolution of reactor configurations for reductive catalytic fractionation.

However, flow-through systems also have certain limitations. For example, they
require harsh reaction conditions in order to realize efficient delignification and stabilization,
which significantly increases reactor costs [14]. Generally, the solvent consumption is high,
because this design may increase the time taken by solvent-extracted lignin fragments to
reach the catalyst bed, and partial lignin may undergo an irreversible condensation reaction,
resulting in a decrease in the final phenolic-monomer yield and selectivity. Therefore,
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kinetic issues such as adequate mass transfer between active lignin fragments and the
catalyst need to be considered [48,60-62].

Beckham and colleagues demonstrated that the lignin oil obtained from the flow-
through system could be stored for a long time without compromising subsequent hy-
drogenolysis activity, but the unusually high ratio of solvent to biomass made it difficult to
implement on an industrial scale [63]. In 2021, the team found that solvent usage exhibits a
significant effect on the GWP; with the methanol solvent loading reducing from a 9 L/dry
kg biomass to a 4 L/dry kg biomass, the GWP reduces from 0.079 kg CO,-eq/kg to a
—1.078 kg CO,-eq/kg lignin fraction [14]. On this basis, a multiple flow-reduction catalytic
fractionation strategy has been proposed, which successfully reduced the solvent-biomass
ratio to 1.9 L/kg with no significant decline of lignin oil quality found in the case of catalyst
overload. This strategy greatly reduces the energy demand and operation cost of solvent
recovery, which has a good development prospect [64].

2.2. Stabilization Strategies

Given that the effective extraction of lignin with a high purity and less-condensed
structure from lignocellulosic biomass is crucial for lignin valorization, various biomass-
fractionation technologies have been developed [65]. Extraction with supercritical fluid
using CO; in a supercritical condition is generally applied, which can enhance the acces-
sibility of biomass and reduce the pretreatment temperature [66]. Moreover, organosolv
pretreatment is considered one of the most promising methods for biomass fractionation.
The organic media can realize a higher lignin extraction efficiency thanks to its higher lignin
solubility when compared to water [67]. In Table 3, selected extraction systems which
achieve high-lignin isolated yields are generalized.

Table 3. Solvent- or co-solvent-assisted lignin extraction from biomass feedstock.

Feedstock Conditions Organic Media Isolated Lignin @ Year Ref
165 °C Methanol
Hemp Hurds . H)SO4 aqueous 75 wt% 2014 [68]
20 min .
solution
180 °C Ethanol
Switchgrass . H,SO4 aqueous 60.5 wt% 2012 [69]
60 min .
solution
Methanol
160 °C H)SO4 aqueous o
Poplar 30 min solution 64 wt% 2018 [70]
Formaldehyde
Methanol
170°C H50, aqueous 50 wt% 2021 [71]
30 min solution
Walnut Formaldehyde
1-butanol
120 °C o
150 min H,S0, aqueous 85 wt% 2021 [72]
solution
85°C Formaldehyde
. 1,4-dioxane 116 wt% 2019 [73]
180 min . .
. Hydrochloric acid
Birch Propionaldehvd
95 °C ropionaldehyde
210 min 1,4-dioxane 89 wt% 2019 [73]
Hydrochloric acid

2 Lignin isolated yields are calculated based on the theoretical amount of lignin in feedstock.

The theoretical maximum yield of lignin depolymerization to monomers is approxi-
mately the square of the cleavable interunit ether bond (3-O-4) content [6]. Therefore, the
retention of the reactive 3-O-4 bond is one of the means to realize lignin valorization [21].
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Alcohols can act as external nucleophiles to capture benzyl carbocation intermediates and
form ether at the x-position of the 3-O-4 bond, which further inhibits the condensation
reaction [22,32]. Lancefield et al. found that most of the 3-O-4 bonds were retained in
bioethanol- and biobutanol-extracted lignin [74]. Zhu et al. found that higher yields of
monomers were obtained by the depolymerization of benzyl alcohol after microwave-
assisted methylation, which meant that etherification improved the reactivity of the 3-O-4
bond [75]. Deuss and colleagues reported the semi-continuous extraction of high 3-O-
4 content lignin with butanol in a flow-through system, thereby reducing the difficulty
of further catalytic depolymerization [72]. However, when compared to reductive cat-
alytic fractionation, the alcohol-etherification approach usually produces a lower yield
of phenolic monomers owing to inefficient lignin extraction and incomplete intermediate
capture [32].

In 2015, Barta and colleagues proposed the addition of ethylene glycol as a functional
group protector to produce a stable G/S-C2-glycol acetal (1,3-dioxolane) structure through
its combination with the acidolysis reaction intermediate, thus improving the yield of
aromatic monomers [23,76]. On this basis, De Santi et al. used the green solvent dimethyl
carbonate (DMC) to replace 1, 4-dioxane and toluene; meanwhile, sulfuric acid was used to
replace the expensive iron (III) trifluoromethanesulfonate (Fe(OTf)3). The monomer yield
reached 9 wt% when pine was used as raw material [77].

In 2016, Luterbacher and colleagues reported the addition of formaldehyde to organic
solvent processing to avoid repolymerization during lignin extraction. This method takes
advantage of the functional group protection of formaldehyde: formaldehyde reacts with
«-OH and y-OH on the side-chain of lignin to form a stable 1, 3-dioxane structure through
acylation, which inhibits the formation of benzyl carbocation. At the same time, the
electron-rich positions on the aromatic ring (usually the positions ortho or para to methoxyl
groups) are easily replaced with protonated-formaldehyde electrophilic aromatics to form
a hydroxyl methyl group, which further blocks the polycondensation reaction site [24].
Recently, the team demonstrated that the extracted lignin was able to achieve steady-state,
continuous depolymerization with a Ni/C catalyst in a flow-through system, in which the
yield of 45% monophenol was achieved and maintained for 125 h [78].

In 2018, Abu-Omar and colleagues used a solvent mixture of methanol and dilute
sulfuric acid with a small amount of formaldehyde to extract lignin. Over 68% of the lignin
in poplar was extracted and depolymerized by the Ni/C catalyst, resulting in three major
phenolic monomers: isoeugenol, 4-propenyl eugenol, and guaiacol, with a total yield of
63% [70]. This extraction method is also applicable to walnut-shell biomass. Compared
to ethanol, methanol—as a stronger nucleophilic reagent—is more effective in protecting
carbocation intermediates [71].

In summary, the method of using alcohols or aldehydes to stabilize lignin inter-
mediates is basically compatible with the established organic solvent pulping method.
Compared to the RCF process, its biggest advantage is that it can separate the biomass
fractionation from the subsequent depolymerization step so that the two steps can be
optimized independently and the depolymerization is more flexible. Therefore, only the
solvent and reaction conditions need to be adjusted [32].

3. Downstream Value-Added Terminal Products

Several reviews have summed up recent research progress on lignin-first strategies.
However, most of them were only concerned with the catalytic system design and reaction
mechanism studies. There was little discussion on the downstream-integrated utiliza-
tion strategies of lignin degradation products and carbohydrate residues from lignin-first
biorefinery [16,18]. In order to improve the overall benefits of lignin-first biorefinery, it is
necessary to develop technological pathways for the comprehensive, efficient use of these
compounds to produce liquid fuels and chemicals, which is crucial for the further develop-
ment of lignin-first biorefinery in the future. Recent research results relevant to biomass
valorization for the production of biofuels and chemicals are summarized in Table 4. The
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main strategies through hydrothermal liquefaction, pyrolysis, and fermentation are exam-

ined and further discussed.

Table 4. Comparison of different technology pathways.

Pathways Description Feedstock Conditions Key Products Ref
2-methoxy-4- oPt/C 400 °C .
propylphenol oH-ZSM-5 350 °C Phenol~60% 791
3-(4- RuFe/Nb205 0,
hydroxyphenyl)propanol 250 °C Ethylbenzene~78.5% [25]
T Mo,C C9-C12~56%
, RCE lignin oil 350-375 °C C14-C20~11.9% [80]
T}E{ reaction of o Iv oak lieni Pd/C 4-n-propyl syringol 81]
Hydrothermal h 1omass md TEANOSOIV oak gnin 180 °C / guaiacol~25%
liquefaction ogcompressg. olr Birch lienin Ru/Nb,O5 C7-C9 hydrocarbons~ 182]
su :[ / superclrltlc:? gn 250 °C 35.5%
water or solvent.
FeCls Furfural~55%
Carbohydrates 200 °C Levulinic acid~76% 0]
Microcrystalline eTungstosilicic acid o
cellulose eRu/C210°C ©5-C6 alkane~60% [83]
Microalgae 330 °C Bio-0il~45.7% [84]
Organosolv poplar HZSM-5 Aromatic hydrocarbons [85]
The light, small lignin 600 °C ~3.57%
molecules are Enzymatic hydrolysis Nb,Os Aromatic hydrocarbons 7]
) converted to oily ) lignin ) 650 °C ~11.2%
Pyrolysis products through Microcrystalline 500 °C Hydrocarbons~6.5% [86]
homogeneous cellulose S hod b
reactions in the gas . HZSM-5 Aromatic hydrocarbons
ohase. & Nannochloropsis sp. 400 °C ~48.60% (32.7 MJ /kg) [87]
Microalgae 600 °C Bio-0il~21.9% [84]
;ﬁ;ﬂirxf{:&z Ethanol~73% of the
RCF pulp GSE16-T18-HAA1 * e [30]
. theoretical yield
yeast suspension
eCommercial
enzyn@})e solution Ethanol~83% of the
Cellic® CTec2 .
Organosolv beech pulp maximum [88]
The heterogeneous eSaccharomyces . .
. . .. . theoretical yield
biochemical cerevisiae strain
process which is Ethanol Red®
Fermentation catalyzed by eCommercial
enzymes. Cellulase
Jute eBeta-glucosidase Ethanol~77.73% [89]
enzymes
eSaccharomyces
cerevisiae JRC6
. OEndogluFanase Ethanol~87.6% of the
Microalgae o3-glucosidase . . [90]
theoretical yield
e Amylases

* A genetically modified yeast strain, which has been engineered for fermentation of both C6 and C5 sugars into

bio-ethanol in non-detoxified lignocellulose hydrolysates.

3.1. Lignin and Its Derivatives

Lignin-first biorefinery achieves the separation of lignin fractions through the solvent-
depolymerization method. Recently, with the continuous establishment and improvement
of various new catalytic systems, the research hotspots in this area will be gradually shifted
to the downstream conversion process, including the efficient conversion of lignin and
its derivatives. In this section, lignin degradation products are classified into two types
according to their structural characteristics. One type includes fragmented small molecules
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obtained from the RCF process, while the other type is retained as macromolecules with
modified functional groups. Both of these types are good feedstocks for the production
of liquid fuels and valuable chemicals. In the following sections, the specific catalytic
conversion pathways of the above components will be discussed in detail (Figure 4), and
the key breakthrough directions for subsequent research will be foreseen.

Hemicellulose

Reductive catalytic Stabilization
fractionation strategies
Monomers
Dimers
Oligomers
Phenolic platform compounds Chemically stabilised lignin

“two-step” Aqueous

Hydrodeoxygenation reduction

conversion

“one-pot”

» Fuels & chemicals <«

Figure 4. The subsequent conversion pathways of different lignin degradation products derived from
lignin-first biorefinery.

3.1.1. Phenolic Platform Compounds

A typical RCF process extracts lignin from biomass by solvation and simultaneous
catalytic depolymerization, after which an oxygenated, aromatic oil consisting of about
50 wt% phenolic monomer and about 50 wt% C-C-linked dimer and larger oligomers is
obtained [91]. Lignin degradation products can be separated into different components for
further use or can be used whole for added value.

Phenolic monomer platform compounds obtained from lignin-first biorefinery retain
the unique methoxyphenol structural unit of lignin, and these platform compounds can be
obtained by the selective breaking of C-O and C-C bonds to obtain bulk chemicals with
simpler structures, such as phenol and monocyclic aromatic hydrocarbons [12,25,92]. Ver-
boekend et al. pioneered the development of a two-step catalytic conversion system for the
highly selective conversion of alkyl phenolic compounds to phenols and olefins through
a molecular sieve catalyst [93]. Obviously, one-step conversion from a lignin-derived
monomer to phenol is much more efficient and better-suited for industrial production com-
pared to the two-step process. Zhang et al. catalyzed demethoxylation and dealkylation
reactions simultaneously through a physical mixture of Pt/C and HZSM-5 with phenol
yields of up to 60% [79]. Our previous studies have shown that a physical mixture of Nb,Os
and Ru/C can realize the complete deoxygenation of complex phenol-monomer platform
mixtures (dihydroeugenol, isoeugenol, and 4-allyl-2,6-dimethoxyphenol) to propyl cy-
clohexane and propyl benzene [94]. Li et al. combined dehydrodecarbonylation and
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hydrodeoxygenation reactions with a FeOx-modified Ru/Nb;,Os catalyst and selectively
converted 4-n-propanol-based phenolic compounds into ethylbenzene (Figure 5) [25]. Con-
sidering the high cost of precious metals in industrial applications, the study on cheap
transition metals (Cu, Fe, Co, and Ni) has become a hotspot. At present, Cu/y-Al,O3,
Fe/S5i0;, Co;@NC-(SBA), and Ni/SiO, catalysts have been proven to have positive effects
on the hydrodeoxygenation [95-98].

Wood
residues
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Figure 5. Procedure for the production of ethylbenzene from the lignin fraction of wood residues [25].

The complete deoxygenation of RCF oil will produce a mixture rich in alkylated aro-
matic hydrocarbons, which have great potential to produce bio-jet fuel [99]. Rinaldi and
colleagues presented a new approach using a Ni/Nb,Os catalyst for the hydrodeoxygena-
tion of RCF oil. Despite obtaining products with O/C and H/C ratios of 0.006 and 1.8,
respectively, recycling tests of the catalyst showed that it was severely deactivated after the
first run. This proves that the condensation reaction of oligomers will also occur in RCF oil
under reducing conditions, and coking will lead to catalyst deactivation [100]. Cao et al.
successfully converted RCF oil from a lignin-first biorefinery process into liquid fuel. Firstly,
the lignin in poplar was degraded preferentially using commercial Raney nickel to obtain
RCEF oil, followed by the catalytic upgrading of the lignin to aliphatic or aromatic com-
pounds using phosphorus-modified Ni/SiO; catalysts. Notably, the selectivity of the final
products to aromatic or aliphatic hydrocarbons can be simply modulated by the hydrogen
pressure and temperature. The lignin degradation products were completely converted
into saturated alkanes at 300 °C and 5 MPa Hj, while the aromatic, hydrocarbon-dominated
liquid fuels were obtained at 350 °C and 0.5 MPa H;. In addition, since the HDO reaction
requires a large amount of hydrogen, it is also proposed to use unconverted cellulose as a
source of hydrogen, making the strategy of producing high-energy-density fuels through
lignin-first degradation process more reasonable [101]. L. Stone et al. successfully achieved
the production of sustainable aviation fuel (SAF)-range aromatics through the hydrodeoxy-
genation of poplar RCF oil in a flow-through reactor with an aromatic selectivity of up to
87.5%, due to the selectivity of the Mo,C catalyst to cleave C-O bonds while maintaining
the integrity of the C-C bond of the lignin substrates [80].
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3.1.2. Chemically Stabilized Lignin

During lignin extraction, benzyl carbocation intermediates can be stabilized by ether-
ification and acetal functionalization, which can inhibit undesirable condensations [32].
Since lignin’s 3-ether bonds are partially conserved, chemically stabilized lignin can be
further selectively depolymerized into monomers through chemo-catalytic methods. More
importantly, the resulting monomer yield is much higher than that of conventional in-
dustrial lignin [24]. Obviously, the depolymerization products can be further converted
into hydrocarbons by the hydrodeoxygenation strategies of phenolic platform compounds
described in the upper section. In addition, powerful catalysts should be developed to
produce liquid fuels and chemicals directly from lignin [102], which is mainly focused on
aqueous phase systems and pyrolysis systems in recent studies [103].

There are two main types of lignin-aqueous-reduction conversion processes. One is
based on a two-step reaction (“two-step method”) where depolymerization is performed
and followed by de-functionalization or functional group modification to obtain the target
products [20,104-108]. The other is based on a one-step reaction (“one-pot method”) where
the target products are obtained by direct conversion [109-113]. Regarding the aspect of
product yield, the “two-step method” is expected to achieve 30-50% carbon efficiency;
however, the direct conversion of lignin to fully deoxygenated hydrocarbon products by
the “one-pot method” is generally only a 10-30 wt% yield [53,112,114-116]. The “two-
step method” has better controllability for the distribution of target products and is more
flexible. The “one-pot method” increases the complexity of the entire reaction system. and
the matching of catalyst and intermediate product interactions at different stages needs
to be considered during the conversion process, thus increasing the difficulty of effective
regulation. However, this method can directly obtain the target hydrocarbon mixture in the
same batch of reaction, and the operation process is simpler and more convenient.

In addition, pyrolysis is a simple and rapid pathway to decomposing lignin into
smaller fragments [117-120]. Catalytic fast pyrolysis (CFP) is the most efficient method
to produce low-carbon aromatics and has attracted great interest from scholars [121,122].
Zeolite catalysts are commonly used in the catalytic pyrolysis of lignin, and can produce
hydrocarbons suitable for gasoline blending [123,124]. It is generally believed that this
type of catalyst plays two main roles in lignin pyrolysis. One is that its acidic sites can
promote the depolymerization and deoxygenation of lignin to form the target hydrocarbon
products, and the other is that it has the appropriate pore size to improve the selectivity of
the target products through the shape-selective effect. However, the current problems of
zeolite catalysts are mainly its low yield of liquid products and the rapid carbon deposition
and deactivation of catalysts. The acid-active site can be adjusted by introducing metal
loading or changing the pore structure and distribution, so as to delay the deactivation
of catalyst [119,120,125]. However, zeolite catalysts have poor hydrothermal stability. For
example, the Si-O-Si bond structure of a HY molecular sieve is easily dissolved under
water vapor, leading to the loss of the catalyst [126]. Therefore, the introduction of novel
catalysts that are resistant to carbon deposition and that have hydrothermal stability is of
crucial importance for the lignin catalytic pyrolysis system. In recent years, metal oxide
catalysts have also been used in CFP systems to optimize the pyrolysis product distribution.
Hernando et al. studied the effect of ZrO, doped with zeolite molecular sieves on the
concentration and distribution of Brensted and Lewis acids. It was found that the modified
catalyst reduced secondary reactions and promoted the conversion of preliminary pyrolysis
products [127]. Moreover, our previous studies have demonstrated that a Nb,Os catalyst
was effective in promoting the removal of oxygenated functional groups from lignin and
inhibiting the formation of polycyclic aromatic hydrocarbons [27].
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3.2. Carbohydrate

Although the lignin-first strategy was proposed with the primary goal of realizing
lignin valorization, this pretreatment method will inevitably have irreversible impacts on
the structure and downstream transformation of cellulose and hemicellulose [36]. Currently,
most studies on lignin-first biorefinery still focus on the isolation and conversion of lignin
components, and the fate of carbohydrate derivatives has been rarely explored [16,128].
However, as the lignin-first strategy moves toward industrial applications, the fate of these
secondary products will become increasingly important in order to achieve all components’
hierarchical utilization and improve the overall resource-utilization efficiency of biomass.
In fact, the basic units of carbohydrate residues (cellulose and hemicellulose) are C5 and
C6 sugars, which are relatively simple in structure and can be converted into liquid fuels
and platform chemicals through biochemical, pyrolysis, and hydrothermal liquefaction
processes [44].

3.2.1. Fermentation

Most commonly, carbohydrates can be hydrolyzed and fermented to produce fuel
ethanol, which is a comparatively cleaner fuel with high octane and fuel-extension prop-
erties. Recently, an increasing number of countries are using an ethanol-petrol blend as
transportation fuel to reduce the environmental pollution caused by vehicle emissions [129].

Enzymatic saccharification is a heterogeneous biochemical process in which carbohy-
drate hydrolysis is catalyzed by enzymes [130]. In general, cellulose hydrolysis is governed
by many factors, such as cellulose accessibility, crystallinity index, lignin and hemicellulose
content, and inhibitors. Therefore, the efficiency of enzymatic hydrolysis depends on the
combined action of several related factors [131]. The lignin-first strategy is able to achieve a
high degree of delignification, which greatly increases the accessibility to enzymatic hy-
drolysis and breaks the recalcitrance of biomass [24,132-134]. Generally, the delignification
degree can be effectively improved by appropriately extending the pretreatment time and
increasing the pretreatment temperature. Noteworthy, the higher the cellulose content
in the carbohydrate residue, the more conducive it will be to the subsequent enzymatic
hydrolysis [46,135]. Inevitably, the crystal structure and fiber morphology of the solid
residues after lignin-first pretreatment may also be affected to some extent, and the loose
structure is more conducive to the binding of enzymes to cellulose [135]. There are obvious
differences in the morphology of carbohydrate residues obtained by different pretreatment
methods (Figure 6). The surface of organosolv pulps is fibrous and porous, while the CUB
pulps present a more compact surface [36].

However, the feasibility of implementing this technology pathway varies for differ-
ent lignin-first strategies. Zhang et al. found that the residual catalyst could inhibit the
downstream enzymatic hydrolysis and fermentation of carbohydrates from the reduction
catalytic fractionation process [136]. To solve the problem of difficulty in catalyst recovery,
one option is to use ferromagnetic catalysts, such as Ni/C or RANEY®Ni catalysts, which
can be magnetically separated from the carbohydrate pulp after the reaction and have good
reusability [36,52,137]. Using a sieve for the separation is also a viable means [42,132]. In ad-
dition, a smart reactor design can avoid the above problem by using a microporous catalyst
cage or flow-through reactors. These can achieve physical isolation of biomass feedstock
and catalyst, effectively promoting catalyst recovery and clean pulp production [30,47,60].
Sels and colleagues successfully performed multiple catalyst-recovery experiments and
simultaneous saccharification fermentation of highly delignified pulp (93% glucose and
83% xylose retention) with ethanol yields of up to 73% by using a catalyst cage [30].
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Organosolv Pulps CUB Pulps

Figure 6. FESEM images of organosolv pulps and CUP pulps: (a,b) were obtained at 160, (c,d) at 180,
(e,f) at 200, and (g/h) at 220 °C [36].

3.2.2. Pyrolysis

Rapid pyrolysis is one of the direct liquefaction technologies of biomass and has been
favored by many researchers due to its advantages of rapid and high-volume processing
of biomass feedstocks with high oil yields [138,139]. However, crude bio-oil has a high
water content, low calorific value, high acidity, and high viscosity, amongst other charac-
teristics, which limits its application in automotive or aerospace power machinery [140].
In order to improve the quality of bio-oil and even to produce liquid hydrocarbons di-
rectly from lignocellulosic biomass, many catalytic-assisted pyrolysis processes have been
investigated [141,142]. Generally speaking, it is easier to convert and utilize the lighter
components of crude bio-oil, which are mainly derived from cellulose and hemicellulose,
while the hydrodeoxygenation of monophenols or phenolic oligomers derived from lignin
fraction is much more difficult [143,144]. The lignin-first strategy puts the conversion
of the lignin fraction upstream when processing biomass feedstock, which provides a
novel solution to the current dilemma of difficult bio-oil refining. Meanwhile, the carbo-
hydrate residues can be further converted to liquid fuels and chemicals through pyrolysis
technology.

Theoretically, the lignin-first biorefinery process mainly converts the lignin fraction
to oil while preserving most of the carbohydrate fraction as a solid. Parsell et al. found
that the rapid pyrolysis behavior of carbohydrate residues after lignin-first pretreatment is
closer to that of pure cellulose, which yields a similar product distribution. This is in sharp
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contrast to the highly complex mixtures obtained after rapid pyrolysis of raw biomass [44].
Indeed, the morphological structure and crystallinity of the carbohydrate residues derived
from lignin-first biorefinery differ from that of the original holocellulose, which may largely
affect their downstream applications. Limited studies have found that the lignin-first
pretreatment may lead to partial breakage of cellulose chains, which can aggravate the
production of pyrolytic char to a certain extent. It is worth noting that the catalyst used in
upstream treatment will affect the pyrolysis behavior of holocellulose. When compared
to Ru/C holocellulose, the char yield from RANEY®Ni holocellulose was higher, which
indicates that the RANEY®Ni catalyst breaks cellulose chains more severely during the
related RCF process [145].

The main chemical reactions involved in the catalytic pyrolysis of cellulose include
deoxygenation, cleavage, aromatization, ketonization, aldol condensation, hydrogenation,
and reforming [146,147]. Currently, catalysts commonly used in cellulose-catalytic pyrolysis
studies include alkali metals, alkaline earth metals, metal oxides, zeolite molecular sieves,
etc. [148,149]. The reaction path can be selectively optimized to improve the quality of
pyrolysis products by adjusting the structural properties of the catalysts and changing the
reaction conditions. In addition, the participation of hydrogen gas has many advantages
when compared to the inert atmosphere. On one hand, reducing hydrogen gas generates
hydrogen radicals, which react with volatile fractions released from biomass. In the
presence of a catalyst, the reaction is more likely to remove oxygen in the form of H,O,
CO, and CO;, in order to produce hydrocarbons. On the other hand, the hydrogen radicals
generated in the reaction can stabilize the active intermediates and avoid the polymerization
reaction, thus alleviating the coking deactivation of the catalyst [150]. Li et al. investigated
the reaction mechanism during hydropyrolysis of cellulose (Figure 7), and the introduction
of hydrogen gas promoted the degree of thermal decomposition of cellulose and increased
the H/C ratio of the liquid products at 3 MPa of H; from 1.4 to 1.9 [86]. Due to the
complexity of hemicellulose and its cross-linking with other biomass components, it is
extremely challenging to obtain natural hemicellulose from biomass. This has led to most of
the relevant pyrolysis studies revolving around model compounds [151,152]. Hemicellulose
is another abundant polysaccharide in biomass, which can be expected to have a similar
pyrolytic reaction mechanism to cellulose [153]. However, the pyrolysis temperature of
hemicellulose is usually lower than that of cellulose [154]. Under the same conditions,
the yield of aromatic hydrocarbons obtained from hemicellulose by the catalytic pyrolysis
over HZSM-5 is lower than that of cellulose, and the relatively high temperature is more
conducive to the formation of aromatic hydrocarbons [155].

3.2.3. Hydrothermal Liquefaction

Hydrothermal liquefaction is another direct-liquefaction technology of biomass, which
generally refers to the reaction of biomass in hot-compressed or sub-/supercritical water or
solvent to obtain bio-crude oil. Generally, the reaction temperature of hydrothermal lique-
faction is in the range of 250-450 °C and the pressure is between 5-20 MPa. The biomass
feedstock does not require baking and can be directly used in the reaction [156]. When
compared to the pyrolysis, the low operating temperature, high efficiency, and low tar
yield of hydrothermal liquefaction has prompted researchers to focus on its process [157].
The product distribution obtained from biomass liquefaction mainly depends on the lignin
content in the biomass feedstock. Generally speaking, the higher the lignin content in the
raw material, the lower the conversion rate and oil yield will be. This is due to the fact
that a higher lignin content is prone to more severe condensation and repolymerization
reactions [158]. However, the lignin-first strategy can effectively avoid the problem of un-
desirable condensation between components that exist in a one-pot conversion of biomass
through cascade utilization. As a result, the difficulty of reaction regulation is greatly
reduced. While a high yield of lignin monomer is achieved, the carbohydrate residues are
also easier to convert into platform chemicals and liquid fuels by liquid phase catalysis.
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Figure 7. Possible reaction mechanisms involved in the formation of various products during the fast
pyrolysis of cellulose [86].

During the lignin-first pretreatment process, carbohydrates are retained as solid
residues after the removal of the lignin fraction, which can be subsequently converted
into platform chemicals (hydroxymethyl furfural, levulinic acid, formic acid, etc.) using
earth-abundant Lewis acid catalysts such as FeCls. In this process, the whole components
of biomass are effectively utilized, and 55% of the total available biomass is converted into
high-value-added products [38]. Catalyst recovery is a challenge in the RCF process of
lignocellulosic biomass. Based on this, Guo et al. designed an acid-free reaction system
consisting of THF and concentrated seawater, in which solid residues rich in (hemi)cellulose
can be converted into 5-hydroxymethylfurfural and furfural. Moreover, the effective separa-
tion of the Pd/C catalyst can be achieved easily [159]. Sun et al. designed a catalytic strategy
in which lignocellulose biomass was fully converted. At the core of the strategy was the
flexible use of the copper-doped, porous, non-noble metal-oxide catalyst (Cu20-PMO) in
two distinct steps. First, the lignin fraction was decomposed into monomeric platform
compounds (mainly aromatic alcohols) in a mild methanol system while the cellulose and
hemicellulose components existed in the form of solid residues. Next, the unreacted ligno-
cellulose residues could be easily separated from the liquid phase and directly converted
to aliphatic alcohol platform compounds in the supercritical methanol system. Thereby,
the catalyst could be readily recycled. The complex mixtures of aliphatic alcohols could be
further converted to liquid fuels via fatty-chain elongation and hydrodeoxygenation [28].

The direct catalytic conversion of carbohydrates to aviation fuels is a huge challenge.
Once directly hydrodeoxygenated, they can only produce short-chain alkanes [83,160]. New
C-C bonds must be established between the depolymerization intermediates to produce
aviation fuels with suitable carbon numbers. Existing studies on the topic are usually
focused on converting sugars into platform chemicals with active functional groups, such
as 5-hydroxymethylfurfural (5-HMF), furfural (HMF), angelica lactone (AL), levulinic
acid (LA), and y-valerolactone (GVL), etc. [161-163]. Various platform chemicals undergo
carbon chain growth through aldol-condensation, hydroxyalkylation/alkylation (HAA),
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pinacolic coupling, oligomerization reaction, self-coupling reaction, etc., and are finally
converted into aviation liquid fuels along with hydrodeoxygenation (HDO), ring opening,
and a series of other reactions (Figure 8) [162,164,165].
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Figure 8. Production of aviation fuels from carbohydrate-derived furanic intermediates via hydrox-
yalkylation/alkylation (HAA) and hydrodeoxygenation (HDO) reactions [162].

4. Summary and Prospect

In this mini-review, a comprehensive overview of lignin-first strategies that are capable
of breaking native lignin into high-yield phenolic monomers is first presented. The core of
this strategy is to inhibit the irreversible polycondensation reaction of lignin components
s0 as to obtain more value from lignin. Currently, most research is focused on stabilization
chemistry, catalyst-materials development, or the catalytic process, and the fate of carbohy-
drates has been little explored to date. However, before industrialization, it is necessary
to establish complete, hierarchical utilization routes for all components of biomass. As
was described in detail in Section 3, this review discusses the downstream conversion
pathways of both lignin degradation products and carbohydrate residues to produce fuels
and chemicals.

In recent years, although multiple achievements have been realized in lignin-first
biorefinery, from the point of scaled applications there are still many challenges. Subse-
quent research needs to make breakthroughs in the following directions: (i) Aspplicability
of biomass feedstock. To solve this problem, more widely applicable reaction systems
need to be developed; (ii) In the selection of solvents, the yield of lignin monomers and
carbohydrates should be considered comprehensively, and the cost of solvent recovery
should also be measured; (iii) Catalyst cost and reusability. On one hand, it is necessary
to develop new reaction systems based on non-precious metals or trace precious metals
to replace the current noble-metal heterogeneous catalysts. On the other hand, effective
removal of catalysts from pulp to improve catalyst recyclability is essential to move towards
a true upgrade effort. In addition, it is important to develop carriers with high thermal
and oxidative stability, such as SiC, which can be regenerated simply by calcination [99],
and (iv) The design of the lignin-first strategy should be considered from a more macro
perspective, through a life-cycle assessment (LCA), and a techno—economic analysis (TEA)
of the overall utilization process ought to be carried out.

Lignin has presented a significant challenge for both academia and industry due to
its stubborn and complex structure. A series of innovative achievements in the lignin-first
sphere have made access to liquid fuels and value-added chemicals from lignin easier. In
fact, our team has been working on building new systems to convert lignin into hydrocarbon
fuels. Moreover, future research focus will gradually shift to seeking creative methods for all
lignocellulosic components, as well as a diversification of product portfolio. With increasing
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national requirements for energy conservation and emission reduction, it is imperative to
improve the sustainability of the process. More importantly, industrial implementation
of the lignin-first strategy needs to be economically viable to compete with conventional
refineries. Therefore, optimizing the overall process to produce fuels and chemicals in a
more economical and environmentally friendly way will undoubtedly become a future
research hotspot in this sphere. Through close multidisciplinary cooperation and the efforts
of both academia and industry, the successful development of a lignin-first biorefinery
will provide exciting prospects for the new directions of biomass liquefaction, which will
produce fuels and valuable chemicals in a more sustainable way.

Author Contributions: Conceptualization, Z.L. and Q.Q.; investigation, Q.Q. and H.S.; resources,
Q.Q., H.S. and Q.W,; data curation, Q.Q. and Q.W.; writing—original draft preparation, Z.L. and Q.Q.;
writing—review and editing, Z.L., Q.Q. and H.S.; supervision, Z.L. and K.W.; project administration,
Z.L. and ].Z.; funding acquisition, Z.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the National Key Technologies Research and Development
Program of China, No. 2018YFB1501405.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Pacala, S.; Socolow, R. Stabilization wedges: Solving the climate problem for the next 50 years with current technologies. Science
2004, 305, 968-972. [CrossRef] [PubMed]

2. Patel, M.; Kumar, A. Production of renewable diesel through the hydroprocessing of lignocellulosic biomass-derived bio-oil: A
review. Renew. Sustain. Energy Rev. 2016, 58, 1293-1307. [CrossRef]

3. Cherubini, F. The biorefinery concept: Using biomass instead of oil for producing energy and chemicals. Energy Convers. Manag.
2010, 51, 1412-1421. [CrossRef]

4. Cherubini, F; Stremman, A H. Chemicals from lignocellulosic biomass: Opportunities, perspectives, and potential of biorefinery
systems. Biofuels Bioprod. Biorefin. 2011, 5, 548-561. [CrossRef]

5. Tuck, C.O,; Pérez, E.; Horvath, L.T,; Sheldon, R.A.; Poliakoff, M. Valorization of biomass: Deriving more value from waste. Science
2012, 337, 695-699. [CrossRef] [PubMed]

6.  Galkin, M.V,; Samec, ].S. Lignin Valorization through Catalytic Lignocellulose Fractionation: A Fundamental Platform for the
Future Biorefinery. ChemSusChem 2016, 9, 1544-1558. [CrossRef] [PubMed]

7. Ragauskas, A.].; Beckham, G.T.; Biddy, M.J.; Chandra, R.; Chen, F,; Davis, M.E; Davison, B.H.; Dixon, R.A.; Gilna, P; Keller, M.;
et al. Lignin valorization: Improving lignin processing in the biorefinery. Science 2014, 344, 1246843. [CrossRef] [PubMed]

8.  Constant, S.; Wienk, H.L.J; Frissen, A.E.; Peinder, P.d.; Boelens, R.; van Es, D.S.; Grisel, R.J.H.; Weckhuysen, B.M.; Huijgen, W.J.].;
Gosselink, R.J.A.; et al. New insights into the structure and composition of technical lignins: A comparative characterisation
study. Green Chem. 2016, 18, 2651-2665. [CrossRef]

9.  Mosier, N.; Wyman, C.; Dale, B.; Elander, R.; Lee, Y.Y.; Holtzapple, M.; Ladisch, M. Features of promising technologies for
pretreatment of lignocellulosic biomass. Bioresour. Technol. 2005, 96, 673-686. [CrossRef]

10. Wang, M.; Dewil, R.; Maniatis, K.; Wheeldon, J.; Tan, T.; Baeyens, J.; Fang, Y. Biomass-derived aviation fuels: Challenges and
perspective. Prog. Energy Combust. Sci. 2019, 74, 31-49. [CrossRef]

11.  Shen, X.; Xin, Y.; Liu, H.; Han, B. Product-oriented Direct Cleavage of Chemical Linkages in Lignin. ChemSusChem 2020, 13,
4367-4381. [CrossRef] [PubMed]

12. Liao, Y.; Koelewijn, S.-F.; Van den Bossche, G.; Van Aelst, ].; Van den Bosch, S.; Renders, T.; Navare, K.; Nicolai, T.; Van Aelst,
K.; Maesen, M. A sustainable wood biorefinery for low-carbon footprint chemicals production. Science 2020, 367, 1385-1390.
[CrossRef] [PubMed]

13.  Alonso, D.M.; Hakim, S.H.; Zhou, S.; Won, W.; Hosseinaei, O.; Tao, J.; Garcia-Negron, V.; Motagamwala, A.H.; Mellmer, M.A ;
Huang, K. Increasing the revenue from lignocellulosic biomass: Maximizing feedstock utilization. Sci. Adv. 2017, 3, e1603301.
[CrossRef] [PubMed]

14. Bartling, A.; Stone, M.L.; Hanes, R.J.; Bhatt, A.; Zhang, Y.; Biddy, M.].; Davis, R.; Kruger, ].S.; Thornburg, N.E.; Luterbacher, J.; et al.
Techno-economic analysis and life cycle assessment of a biorefinery utilizing reductive catalytic fractionation. Energy Environ. Sci.
2021, 14, 4147-4168. [CrossRef]

15. Koranyi, T.I; Fridrich, B.; Pineda, A.; Barta, K. Development of ‘Lignin-First” Approaches for the Valorization of Lignocellulosic
Biomass. Molecules 2020, 25, 2815. [CrossRef]

16. Abu-Omar, M.M,; Barta, K.; Beckham, G.T.; Luterbacher, J.S.; Ralph, J.; Rinaldi, R.; Romén-Leshkov, Y.; Samec, ].5.M.; Sels, B.E,;

Wang, E. Guidelines for performing lignin-first biorefining. Energy Environ. Sci. 2021, 14, 262-292. [CrossRef]


http://doi.org/10.1126/science.1100103
http://www.ncbi.nlm.nih.gov/pubmed/15310891
http://doi.org/10.1016/j.rser.2015.12.146
http://doi.org/10.1016/j.enconman.2010.01.015
http://doi.org/10.1002/bbb.297
http://doi.org/10.1126/science.1218930
http://www.ncbi.nlm.nih.gov/pubmed/22879509
http://doi.org/10.1002/cssc.201600237
http://www.ncbi.nlm.nih.gov/pubmed/27273230
http://doi.org/10.1126/science.1246843
http://www.ncbi.nlm.nih.gov/pubmed/24833396
http://doi.org/10.1039/C5GC03043A
http://doi.org/10.1016/j.biortech.2004.06.025
http://doi.org/10.1016/j.pecs.2019.04.004
http://doi.org/10.1002/cssc.202001025
http://www.ncbi.nlm.nih.gov/pubmed/32449257
http://doi.org/10.1126/science.aau1567
http://www.ncbi.nlm.nih.gov/pubmed/32054697
http://doi.org/10.1126/sciadv.1603301
http://www.ncbi.nlm.nih.gov/pubmed/28560350
http://doi.org/10.1039/D1EE01642C
http://doi.org/10.3390/molecules25122815
http://doi.org/10.1039/D0EE02870C

Energies 2023, 16, 125 20 of 25

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Renders, T.; Van den Bosch, S.; Koelewijn, S.F; Schutyser, W.; Sels, B.E. Lignin-first biomass fractionation: The advent of active
stabilisation strategies. Energy Environ. Sci. 2017, 10, 1551-1557. [CrossRef]

Sun, Z.; Fridrich, B.; de Santi, A.; Elangovan, S.; Barta, K. Bright Side of Lignin Depolymerization: Toward New Platform
Chemicals. Chem. Rev. 2018, 118, 614-678. [CrossRef]

Kenny, ] K.; Brandner, D.G.; Neefe, S.R.; Michener, W.E.; Roman-Leshkov, Y.; Beckham, G.T.; Medlin, ].W. Catalyst choice impacts
aromatic monomer yields and selectivity in hydrogen-free reductive catalytic fractionation. React. Chem. Eng. 2022, 7, 2527-2533.
[CrossRef]

Yan, N.; Zhao, C.; Dyson, PJ.; Wang, C.; Liu, L.T.; Kou, Y. Selective degradation of wood lignin over noble-metal catalysts in a
two-step process. ChemSusChem 2008, 1, 626-629. [CrossRef]

Schutyser, W.; Renders, T.; Van den Bosch, S.; Koelewijn, S.F.; Beckham, G.T.; Sels, B.F. Chemicals from lignin: An interplay of
lignocellulose fractionation, depolymerisation, and upgrading. Chem. Soc. Rev. 2018, 47, 852-908. [CrossRef] [PubMed]

Kaiho, A.; Kogo, M.; Sakai, R.; Saito, K.; Watanabe, T. In situ trapping of enol intermediates with alcohol during acid-catalysed
de-polymerisation of lignin in a nonpolar solvent. Green Chem. 2015, 17, 2780-2783. [CrossRef]

Deuss, PJ.; Scott, M.; Tran, F.; Westwood, N.J.; de Vries, J.G.; Barta, K. Aromatic monomers by in situ conversion of reactive
intermediates in the acid-catalyzed depolymerization of lignin. J. Am. Chem. Soc. 2015, 137, 7456-7467. [CrossRef] [PubMed]
Shuai, L.; Amiri, M.T.; Questell-Santiago, Y.M.; Héroguel, F; Li, Y.; Kim, H.; Meilan, R.; Chapple, C.; Ralph, J.; Luterbacher, ].S.
Formaldehyde stabilization facilitates lignin monomer production during biomass depolymerization. Science 2016, 354, 329-333.
[CrossRef]

Li, L.; Dong, L.; Liu, X.; Guo, Y.; Wang, Y. Selective production of ethylbenzene from lignin oil over FeOx modified Ru/Nb,Os
catalyst. Appl. Catal. B Environ. 2020, 260, 118143. [CrossRef]

Kalogiannis, K.G.; Matsakas, L.; Lappas, A.A.; Rova, U.; Christakopoulos, P. Aromatics from Beechwood Organosolv Lignin
through Thermal and Catalytic Pyrolysis. Energies 2019, 12, 1606. [CrossRef]

Li, S.; Luo, Z.; Wang, W.; Sun, H.; Xie, J.; Liang, X. Catalytic fast pyrolysis of enzymatic hydrolysis lignin over Lewis-acid catalyst
niobium pentoxide and mechanism study. Bioresour. Technol. 2020, 316, 123853. [CrossRef]

Sun, Z.; Bottari, G.; Afanasenko, A.; Stuart, M.C.A.; Deuss, PJ.; Fridrich, B.; Barta, K. Complete lignocellulose conversion with
integrated catalyst recycling yielding valuable aromatics and fuels. Nat. Catal. 2018, 1, 82-92. [CrossRef]

Chen, X.; Zhang, K.; Xiao, L.P,; Sun, R.C.; Song, G. Total utilization of lignin and carbohydrates in Eucalyptus grandis: An
integrated biorefinery strategy towards phenolics, levulinic acid, and furfural. Biotechnol. Biofuels 2020, 13, 2. [CrossRef]

Van den Bosch, S.; Renders, T.; Kennis, S.; Koelewijn, S.F.; Van den Bossche, G.; Vangeel, T.; Deneyer, A.; Depuydt, D.; Courtin,
C.M.; Thevelein, ] M.; et al. Integrating lignin valorization and bio-ethanol production: On the role of Ni-Al203catalyst pellets
during lignin-first fractionation. Green Chem. 2017, 19, 3313-3326. [CrossRef]

Renders, T.; Van den Bossche, G.; Vangeel, T.; Van Aelst, K.; Sels, B. Reductive catalytic fractionation: State of the art of the
lignin-first biorefinery. Curr. Opin. Biotechnol. 2019, 56, 193-201. [CrossRef] [PubMed]

Questell-Santiago, Y.M.; Galkin, M.V.; Barta, K.; Luterbacher, J.S. Stabilization strategies in biomass depolymerization using
chemical functionalization. Nat. Rev. Chem. 2020, 4, 311-330. [CrossRef]

Sun, Z.; Cheng, J.; Wang, D.; Yuan, T.Q.; Song, G.; Barta, K. Downstream Processing Strategies for Lignin-First Biorefinery.
ChemSusChem 2020, 13, 5199-5212. [CrossRef] [PubMed]

Paone, E.; Tabanelli, T.; Mauriello, F. The rise of lignin biorefinery. Curr. Opin. Green Sustain. Chem. 2020, 24, 1-6. [CrossRef]
Van den Bosch, S.; Schutyser, W.; Vanholme, R.; Driessen, T.; Koelewijn, S.E,; Renders, T.; De Meester, B.; Huijgen, W.].].; Dehaen,
W.; Courtin, C.M.; et al. Reductive lignocellulose fractionation into soluble lignin-derived phenolic monomers and dimers and
processable carbohydrate pulps. Energy Environ. Sci. 2015, 8, 1748-1763. [CrossRef]

Ferrini, P.; Rezende, C.A.; Rinaldi, R. Catalytic Upstream Biorefining through Hydrogen Transfer Reactions: Understanding the
Process from the Pulp Perspective. ChemSusChem 2016, 9, 3171-3180. [CrossRef]

Rinaldi, R.; Woodward, R.; Ferrini, P.; Rivera, H. Lignin-First Biorefining of Lignocellulose: The Impact of Process Severity on the
Uniformity of Lignin Oil Composition. J. Braz. Chem. Soc. 2018, 30, 479-491. [CrossRef]

Luo, H.; Klein, LM,; Jiang, Y.; Zhu, H.; Liu, B.; Kenttimaa, H.I.; Abu-Omar, M.M. Total Utilization of Miscanthus Biomass, Lignin
and Carbohydrates, Using Earth Abundant Nickel Catalyst. ACS Sustain. Chem. Eng. 2016, 4, 2316-2322. [CrossRef]

Anderson, E.M.; Katahira, R.; Reed, M.; Resch, M.G.; Karp, E.M.; Beckham, G.T.; Roman-Leshkov, Y. Reductive Catalytic
Fractionation of Corn Stover Lignin. ACS Sustain. Chem. Eng. 2016, 4, 6940-6950. [CrossRef]

Kazachenko, A.S.; Tarabanko, V.E.; Miroshnikova, A.V.; Sychev, V.V.; Skripnikov, A.M.; Malyar, Y.N.; Mikhlin, Y.L.; Baryshnikov,
S.V,; Taran, O.P. Reductive Catalytic Fractionation of Flax Shive over Ru/C Catalysts. Catalysts 2020, 11, 42. [CrossRef]

Taran, O.P.; Miroshnikova, A.V.; Baryshnikov, S.V.; Kazachenko, A.S.; Skripnikov, A.M.; Sychev, V.V,; Malyar, Y.N.; Kuznetsov,
B.N. Reductive Catalytic Fractionation of Spruce Wood over Ru/C Bifunctional Catalyst in the Medium of Ethanol and Molecular
Hydrogen. Catalysts 2022, 12, 1384. [CrossRef]

Zhang, K; Li, H.; Xiao, L.P; Wang, B.; Sun, R.C.; Song, G. Sequential utilization of bamboo biomass through reductive catalytic
fractionation of lignin. Bioresour. Technol. 2019, 285, 121335. [CrossRef] [PubMed]

Renders, T.; Van den Bosch, S.; Vangeel, T.; Ennaert, T.; Koelewijn, S.-F.; Van den Bossche, G.; Courtin, C.M.; Schutyser, W.; Sels,
B.E. Synergetic Effects of Alcohol/Water Mixing on the Catalytic Reductive Fractionation of Poplar Wood. ACS Sustain. Chem.
Eng. 2016, 4, 6894-6904. [CrossRef]


http://doi.org/10.1039/C7EE01298E
http://doi.org/10.1021/acs.chemrev.7b00588
http://doi.org/10.1039/D2RE00275B
http://doi.org/10.1002/cssc.200800080
http://doi.org/10.1039/C7CS00566K
http://www.ncbi.nlm.nih.gov/pubmed/29318245
http://doi.org/10.1039/C5GC00130G
http://doi.org/10.1021/jacs.5b03693
http://www.ncbi.nlm.nih.gov/pubmed/26001165
http://doi.org/10.1126/science.aaf7810
http://doi.org/10.1016/j.apcatb.2019.118143
http://doi.org/10.3390/en12091606
http://doi.org/10.1016/j.biortech.2020.123853
http://doi.org/10.1038/s41929-017-0007-z
http://doi.org/10.1186/s13068-019-1644-z
http://doi.org/10.1039/C7GC01324H
http://doi.org/10.1016/j.copbio.2018.12.005
http://www.ncbi.nlm.nih.gov/pubmed/30677700
http://doi.org/10.1038/s41570-020-0187-y
http://doi.org/10.1002/cssc.202001085
http://www.ncbi.nlm.nih.gov/pubmed/32748524
http://doi.org/10.1016/j.cogsc.2019.11.004
http://doi.org/10.1039/C5EE00204D
http://doi.org/10.1002/cssc.201601121
http://doi.org/10.21577/0103-5053.20180231
http://doi.org/10.1021/acssuschemeng.5b01776
http://doi.org/10.1021/acssuschemeng.6b01858
http://doi.org/10.3390/catal11010042
http://doi.org/10.3390/catal12111384
http://doi.org/10.1016/j.biortech.2019.121335
http://www.ncbi.nlm.nih.gov/pubmed/31003204
http://doi.org/10.1021/acssuschemeng.6b01844

Energies 2023, 16, 125 21 of 25

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Parsell, T.; Yohe, S.; Degenstein, J.; Jarrell, T.; Klein, I.; Gencer, E.; Hewetson, B.; Hurt, M.; Kim, J.I.; Choudhari, H.; et al. A
synergistic biorefinery based on catalytic conversion of lignin prior to cellulose starting from lignocellulosic biomass. Green Chem.
2015, 17, 1492-1499. [CrossRef]

Van den Bosch, S.; Schutyser, W.; Koelewijn, S.F.; Renders, T.; Courtin, C.M.; Sels, B.F. Tuning the lignin oil OH-content with
Ru and Pd catalysts during lignin hydrogenolysis on birch wood. Chem. Commun. (Camb) 2015, 51, 13158-13161. [CrossRef]
[PubMed]

Schutyser, W.; Van den Bosch, S.; Renders, T.; De Boe, T.; Koelewijn, S.F.; Dewaele, A.; Ennaert, T.; Verkinderen, O.; Goderis, B.;
Courtin, C.M.; et al. Influence of bio-based solvents on the catalytic reductive fractionation of birch wood. Green Chem. 2015, 17,
5035-5045. [CrossRef]

Galkin, M.V,; Smit, A.T.; Subbotina, E.; Artemenko, K.A.; Bergquist, J.; Huijgen, W.J.; Samec, ]J.S. Hydrogen-free catalytic
fractionation of woody biomass. ChemSusChem 2016, 9, 3280-3287. [CrossRef]

Kumaniaev, I.; Subbotina, E.; Savmarker, J.; Larhed, M.; Galkin, M.V.; Samec, ].S.M. Lignin depolymerization to monophenolic
compounds in a flow-through system. Green Chem. 2017, 19, 5767-5771. [CrossRef]

Renders, T.; Cooreman, E.; Van den Bosch, S.; Schutyser, W.; Koelewijn, S.F.; Vangeel, T.; Deneyer, A.; Van den Bossche, G.;
Courtin, C.M.; Sels, B.F. Catalytic lignocellulose biorefining in n-butanol /water: A one-pot approach toward phenolics, polyols,
and cellulose. Green Chem. 2018, 20, 4607—4619. [CrossRef]

Parsell, T.H.; Owen, B.C.; Klein, L; Jarrell, T.M.; Marcum, C.L.; Haupert, L.J.; Amundson, L.M.; Kenttdmaa, H.L; Ribeiro, F.; Miller,
J.T. Cleavage and hydrodeoxygenation (HDO) of C-O bonds relevant to lignin conversion using Pd/Zn synergistic catalysis.
Chem. Sci. 2013, 4, 806-813. [CrossRef]

Klein, I; Marcum, C.; Kenttimaa, H.; Abu-Omar, M.M. Mechanistic investigation of the Zn/Pd/C catalyzed cleavage and
hydrodeoxygenation of lignin. Green Chem. 2016, 18, 2399-2405. [CrossRef]

Song, Q.; Wang, F,; Cai, J.; Wang, Y.; Zhang, J.; Yu, W.; Xu, J. Lignin depolymerization (LDP) in alcohol over nickel-based catalysts
via a fragmentation-hydrogenolysis process. Energy Environ. Sci. 2013, 6, 994-1007. [CrossRef]

Zhai, Y; Li, C,; Xu, G.; Ma, Y; Liu, X.; Zhang, Y. Depolymerization of lignin via a non-precious Ni-Fe alloy catalyst supported on
activated carbon. Green Chem. 2017, 19, 1895-1903. [CrossRef]

Li, C; Zheng, M.; Wang, A.; Zhang, T. One-pot catalytic hydrocracking of raw woody biomass into chemicals over supported
carbide catalysts: Simultaneous conversion of cellulose, hemicellulose and lignin. Energy Environ. Sci. 2012, 5, 6383-6390.
[CrossRef]

Shuai, L.; Luterbacher, J. Organic Solvent Effects in Biomass Conversion Reactions. ChemSusChem 2016, 9, 133-155. [CrossRef]
Zhu, S.; Guo, ].; Wang, X.; Wang, J.; Fan, W. Alcoholysis: A Promising Technology for Conversion of Lignocellulose and Platform
Chemicals. ChemSusChem 2017, 10, 2547-2559. [CrossRef]

Chen, J.; Lu, E; Si, X.; Nie, X.; Chen, J.; Lu, R.; Xu, J. High Yield Production of Natural Phenolic Alcohols from Woody Biomass
Using a Nickel-Based Catalyst. ChemSusChem 2016, 9, 3353-3360. [CrossRef]

Sun, J.; Li, H.; Xiao, L.-P; Guo, X.; Fang, Y.; Sun, R.-C.; Song, G. Fragmentation of Woody Lignocellulose into Primary Monolignols
and Their Derivatives. ACS Sustain. Chem. Eng. 2019, 7, 4666—4674. [CrossRef]

Chen, H.; Fu, Y,; Wang, Z.; Qin, M. Degradation and redeposition of the chemical components of aspen wood during hot water
extraction. BioResources 2015, 10, 3005-3016. [CrossRef]

Anderson, E.M.; Stone, M.L.; Katahira, R.; Reed, M.; Beckham, G.T.; Roman-Leshkov, Y. Flowthrough Reductive Catalytic
Fractionation of Biomass. Joule 2017, 1, 613-622. [CrossRef]

Anderson, E.M.; Stone, M.L.; Hiilsey, M.].; Beckham, G.T.; Roman-Leshkov, Y. Kinetic Studies of Lignin Solvolysis and Reduction
by Reductive Catalytic Fractionation Decoupled in Flow-Through Reactors. ACS Sustain. Chem. Eng. 2018, 6, 7951-7959.
[CrossRef]

Cooreman, E.; Vangeel, T.; Van Aelst, K.; Van Aelst, J.; Lauwaert, J.; Thybaut, ].W.; Van den Bosch, S.; Sels, B.F. Perspective on
Overcoming Scale-Up Hurdles for the Reductive Catalytic Fractionation of Lignocellulose Biomass. Ind. Eng. Chem. Res. 2020, 59,
17035-17045. [CrossRef]

Brandner, D.; Kruger, ].S.; Thornburg, N.E.; Facas, G.G.; Kenny, J.K.; Dreiling, R.J.; Morais, A.R.C.; Renders, T.; Cleveland,
N.S.; Happs, R.M.; et al. Flow-through solvolysis enables production of native-like lignin from biomass. Greenn Chem. 2021, 23,
5437-5441. [CrossRef]

Jang, ] H.; Brandner, D.G; Dreiling, R.J.; Ringsby, A.J.; Bussard, ].R.; Stanley, L.M.; Happs, RM.; Kovvali, A.S.; Cutler, ].I.; Renders,
T.; et al. Multi-pass flow-through reductive catalytic fractionation. Joule 2022, 6, 1859-1875. [CrossRef]

Wang, H.; Pu, Y.; Ragauskas, A.; Yang, B. From lignin to valuable products-strategies, challenges, and prospects. Bioresour. Technol.
2019, 271, 449-461. [CrossRef]

Wang, X.; Guo, Y.; Zhou, J.; Sun, G. Structural changes of poplar wood lignin after supercritical pretreatment using carbon dioxide
and ethanol-water as co-solvents. RSC Adv. 2017, 7, 8314-8322. [CrossRef]

Yadav, P; Athanassiadis, D.; Antonopoulou, I.; Rova, U.; Christakopoulos, P.; Tysklind, M.; Matsakas, L. Environmental impact
and cost assessment of a novel lignin production method. J. Clean. Prod. 2021, 279, 123515. [CrossRef]

Gandolfi, S.; Ottolina, G.; Consonni, R.; Riva, S.; Patel, I. Fractionation of hemp hurds by organosolv pretreatment and its effect
on production of lignin and sugars. ChemSusChem 2014, 7, 1991-1999. [CrossRef]


http://doi.org/10.1039/C4GC01911C
http://doi.org/10.1039/C5CC04025F
http://www.ncbi.nlm.nih.gov/pubmed/26086373
http://doi.org/10.1039/C5GC01442E
http://doi.org/10.1002/cssc.201600648
http://doi.org/10.1039/C7GC02731A
http://doi.org/10.1039/C8GC01031E
http://doi.org/10.1039/C2SC21657D
http://doi.org/10.1039/C5GC01325A
http://doi.org/10.1039/c2ee23741e
http://doi.org/10.1039/C7GC00149E
http://doi.org/10.1039/C1EE02684D
http://doi.org/10.1002/cssc.201501148
http://doi.org/10.1002/cssc.201700597
http://doi.org/10.1002/cssc.201601273
http://doi.org/10.1021/acssuschemeng.8b04032
http://doi.org/10.15376/biores.10.2.3005-3016
http://doi.org/10.1016/j.joule.2017.10.004
http://doi.org/10.1021/acssuschemeng.8b01256
http://doi.org/10.1021/acs.iecr.0c02294
http://doi.org/10.1039/D1GC01591E
http://doi.org/10.1016/j.joule.2022.06.016
http://doi.org/10.1016/j.biortech.2018.09.072
http://doi.org/10.1039/C6RA26122A
http://doi.org/10.1016/j.jclepro.2020.123515
http://doi.org/10.1002/cssc.201301396

Energies 2023, 16, 125 22 of 25

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Hu, G,; Cateto, C.; Pu, Y.; Samuel, R.; Ragauskas, A.J. Structural characterization of switchgrass lignin after ethanol organosolv
pretreatment. Energy Fuels 2012, 26, 740-745. [CrossRef]

Luo, H.; Abu-Omar, M.M. Lignin extraction and catalytic upgrading from genetically modified poplar. Green Chem. 2018, 20,
745-753. [CrossRef]

Nishide, R.N.; Truong, J.H.; Abu-Omar, M.M. Organosolv Fractionation of Walnut Shell Biomass to Isolate Lignocellulosic
Components for Chemical Upgrading of Lignin to Aromatics. ACS Omega 2021, 6, 8142-8150. [CrossRef] [PubMed]

Zijlstra, D.S.; de Korte, ].; de Vries, E.P.C.; Hameleers, L.; Wilbers, E.; Jurak, E.; Deuss, PJ. Highly Efficient Semi-Continuous
Extraction and In-Line Purification of High beta-O-4 Butanosolv Lignin. Front. Chem. 2021, 9, 655983. [CrossRef] [PubMed]
Talebi Amiri, M.; Dick, G.R.; Questell-Santiago, Y.M.; Luterbacher, J.S. Fractionation of lignocellulosic biomass to produce
uncondensed aldehyde-stabilized lignin. Nat. Protoc. 2019, 14, 921-954. [CrossRef] [PubMed]

Lancefield, C.S.; Panovic, I.; Deuss, PJ.; Barta, K.; Westwood, N.J. Pre-treatment of lignocellulosic feedstocks using biorenewable
alcohols: Towards complete biomass valorisation. Green Chem. 2017, 19, 202-214. [CrossRef]

Zhu, G.; Qiu, X.; Zhao, Y.; Qian, Y,; Pang, Y.; Ouyang, X. Depolymerization of lignin by microwave-assisted methylation of
benzylic alcohols. Bioresour. Technol. 2016, 218, 718-722. [CrossRef] [PubMed]

Deuss, PJ.; Lancefield, C.S.; Narani, A.; de Vries, J.G.; Westwood, N.J.; Barta, K. Phenolic acetals from lignins of varying
compositions via iron(iii) triflate catalysed depolymerisation. Green Chem. 2017, 19, 2774-2782. [CrossRef]

De Santi, A.; Galkin, M.V,; Lahive, C.W.; Deuss, PJ.; Barta, K. Lignin-First Fractionation of Softwood Lignocellulose Using a Mild
Dimethyl Carbonate and Ethylene Glycol Organosolv Process. ChemSusChem 2020, 13, 4468—4477. [CrossRef]

Lan, W,; Du, Y.P; Sun, S.; Behaghel de Bueren, J.; Héroguel, F.; Luterbacher, J.S. Continuous hydrogenolysis of acetal-stabilized
lignin in flow. Green Chem. 2021, 23, 320-327. [CrossRef]

Zhang, J.; Lombardo, L.; Gézaydin, G.; Dyson, PJ.; Yan, N. Single-step conversion of lignin monomers to phenol: Bridging the
gap between lignin and high-value chemicals. Chin. J. Catal. 2018, 39, 1445-1452. [CrossRef]

Stone, M.L.; Webber, M.S.; Mounfield, W.P;; Bell, D.C.; Christensen, E.; Morais, A.R.C.; Li, Y.; Anderson, E.M.; Heyne, J.S,;
Beckham, G.T,; et al. Continuous hydrodeoxygenation of lignin to jet-range aromatic hydrocarbons. Joule 2022, 6, 2324-2337.
[CrossRef]

Ouyang, X.; Huang, X.; Hendriks, B.M.S.; Boot, M.D.; Hensen, E.].M. Coupling organosolv fractionation and reductive depoly-
merization of woody biomass in a two-step catalytic process. Green Chem. 2018, 20, 2308-2319. [CrossRef]

Shao, Y.; Xia, Q.; Dong, L.; Liu, X; Han, X,; Parker, S.E.; Cheng, Y.; Daemen, L.L.; Ramirez-Cuesta, A.J.; Yang, S.; et al. Selective
production of arenes via direct lignin upgrading over a niobium-based catalyst. Nat. Commun. 2017, 8, 16104. [CrossRef]
[PubMed]

Op de Beeck, B.; Dusselier, M.; Geboers, J.; Holsbeek, J.; Morré, E.; Oswald, S.; Giebeler, L.; Sels, B.F. Direct catalytic conversion of
cellulose to liquid straight-chain alkanes. Energy Environ. Sci. 2015, 8, 230-240. [CrossRef]

Chernova, N.I; Grigorenko, A.V,; Kiseleva, S.V.; Larina, O.M.; Kumar, V.; Vlaskin, M.S. Comparative Evaluation of Pyrolysis
and Hydrothermal Liquefaction for Obtaining Biofuel from a Sustainable Consortium of Microalgae Arthrospira platensis with
Heterotrophic Bacteria. Processes 2022, 10, 2202. [CrossRef]

Kim, J.-Y,; Lee, ].H,; Park, J.; Kim, ].K,; An, D.; Song, LK.; Choi, ].W. Catalytic pyrolysis of lignin over HZSM-5 catalysts: Effect of
various parameters on the production of aromatic hydrocarbon. J. Anal. Appl. Pyrolysis 2015, 114, 273-280. [CrossRef]

Li, T.; Miao, K,; Zhao, Z; Li, Y.; Wang, H.; Watanabe, A.; Teramae, N.; Wang, K. Understanding cellulose pyrolysis under
hydrogen atmosphere. Energy Convers. Manag. 2022, 254, 115195. [CrossRef]

Pan, P; Hu, C; Yang, W.; Li, Y;; Dong, L.; Zhu, L.; Tong, D.; Qing, R.; Fan, Y. The direct pyrolysis and catalytic pyrolysis of
Nannochloropsis sp. residue for renewable bio-oils. Bioresour. Technol. 2010, 101, 4593—-4599. [CrossRef]

Kalogiannis, K.G.; Matsakas, L.; Aspden, J.; Lappas, A.A.; Rova, U.; Christakopoulos, P. Acid Assisted Organosolv Delignification
of Beechwood and Pulp Conversion towards High Concentrated Cellulosic Ethanol via High Gravity Enzymatic Hydrolysis and
Fermentation. Molecules 2018, 23, 1647. [CrossRef]

Singh, J.; Sharma, A.; Sharma, P.; Singh, S.; Das, D.; Chawla, G.; Singha, A.; Nain, L. Valorization of jute (Corchorus sp.) biomass
for bioethanol production. Biomass Convers. Biorefin. 2020, 12, 5209-5220. [CrossRef]

Ho, S.H.; Huang, SW.; Chen, C.Y,; Hasunuma, T.; Kondo, A.; Chang, ].S. Bioethanol production using carbohydrate-rich
microalgae biomass as feedstock. Bioresour. Technol. 2013, 135, 191-198. [CrossRef]

Anderson, E.M.; Stone, M.L.; Katahira, R.; Reed, M.; Muchero, W.; Ramirez, K.J.; Beckham, G.T.; Roman-Leshkov, Y. Differences
in S/G ratio in natural poplar variants do not predict catalytic depolymerization monomer yields. Nat. Commun. 2019, 10, 2033.
[CrossRef] [PubMed]

Huang, X.; Ludenhoff, ].M.; Dirks, M.; Ouyang, X.; Boot, M.D.; Hensen, E.].M. Selective Production of Biobased Phenol from
Lignocellulose-Derived Alkylmethoxyphenols. ACS Catal. 2018, 8, 11184-11190. [CrossRef] [PubMed]

Verboekend, D.; Liao, Y.; Schutyser, W.; Sels, B.F. Alkylphenols to phenol and olefins by zeolite catalysis: A pathway to valorize
raw and fossilized lignocellulose. Green Chem. 2016, 18, 297-306. [CrossRef]

Li, S.; Liu, B.; Truong, J.; Luo, Z.; Ford, P.C.; Abu-Omar, M.M. One-pot hydrodeoxygenation (HDO) of lignin monomers to C9
hydrocarbons co-catalysed by Ru/C and Nb,Os. Green Chem. 2020, 22, 7406-7416. [CrossRef]

Saidi, M.; Moradi, P. Catalytic hydrotreatment of lignin-derived pyrolysis bio-oils using Cu/y-Al,Os catalyst: Reaction network
development and kinetic study of anisole upgrading. Int. |. Energy Res. 2021, 45, 8267-8284. [CrossRef]


http://doi.org/10.1021/ef201477p
http://doi.org/10.1039/C7GC03417B
http://doi.org/10.1021/acsomega.0c05936
http://www.ncbi.nlm.nih.gov/pubmed/33817473
http://doi.org/10.3389/fchem.2021.655983
http://www.ncbi.nlm.nih.gov/pubmed/34041222
http://doi.org/10.1038/s41596-018-0121-7
http://www.ncbi.nlm.nih.gov/pubmed/30778206
http://doi.org/10.1039/C6GC02739C
http://doi.org/10.1016/j.biortech.2016.07.021
http://www.ncbi.nlm.nih.gov/pubmed/27420159
http://doi.org/10.1039/C7GC00195A
http://doi.org/10.1002/cssc.201903526
http://doi.org/10.1039/D0GC02928A
http://doi.org/10.1016/S1872-2067(18)63132-8
http://doi.org/10.1016/j.joule.2022.08.005
http://doi.org/10.1039/C8GC00639C
http://doi.org/10.1038/ncomms16104
http://www.ncbi.nlm.nih.gov/pubmed/28737172
http://doi.org/10.1039/C4EE01523A
http://doi.org/10.3390/pr10112202
http://doi.org/10.1016/j.jaap.2015.06.007
http://doi.org/10.1016/j.enconman.2021.115195
http://doi.org/10.1016/j.biortech.2010.01.070
http://doi.org/10.3390/molecules23071647
http://doi.org/10.1007/s13399-020-00937-1
http://doi.org/10.1016/j.biortech.2012.10.015
http://doi.org/10.1038/s41467-019-09986-1
http://www.ncbi.nlm.nih.gov/pubmed/31048697
http://doi.org/10.1021/acscatal.8b03430
http://www.ncbi.nlm.nih.gov/pubmed/30775063
http://doi.org/10.1039/C5GC01868D
http://doi.org/10.1039/D0GC01692F
http://doi.org/10.1002/er.6642

Energies 2023, 16, 125 23 of 25

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Olcese, R.N.; Bettahar, M.; Petitjean, D.; Malaman, B.; Giovanella, F,; Dufour, A. Gas-phase hydrodeoxygenation of guaiacol over
Fe/SiO; catalyst. Appl. Catal. B Environ. 2012, 115-116, 63-73. [CrossRef]

Zhang, L.; Shang, N.; Gao, S.; Wang, J.; Meng, T.; Du, C.; Shen, T.; Huang, J.; Wu, Q.; Wang, H.; et al. Atomically Dispersed Co
Catalyst for Efficient Hydrodeoxygenation of Lignin-Derived Species and Hydrogenation of Nitroaromatics. ACS Catal. 2020, 10,
8672-8682. [CrossRef]

Wang, X.; Chen, ]. Effects of indium on Ni/SiO, catalytic performance in hydrodeoxygenation of anisole as model bio-oil
compound: Suppression of benzene ring hydrogenation and C-C bond hydrogenolysis. Chin. ]. Catal. 2017, 38, 1818-1830.
[CrossRef]

Huang, Y,; Duan, Y.; Qiu, S.; Wang, M,; Ju, C.; Cao, H.; Fang, Y.; Tan, T. Lignin-first biorefinery: A reusable catalyst for lignin
depolymerization and application of lignin oil to jet fuel aromatics and polyurethane feedstock. Sustain. Energy Fuels 2018, 2,
637-647. [CrossRef]

Leal, G.F; Lima, S.; Graga, I.; Carrer, H.; Barrett, D.H.; Teixeira-Neto, E.; Curvelo, A.A.S.; Rodella, C.B.; Rinaldi, R. Design of
nickel supported on water-tolerant Nb,Os catalysts for the hydrotreating of lignin streams obtained from lignin-first biorefining.
Iscience 2019, 15, 467-488. [CrossRef]

Cao, Z.; Dierks, M.; Clough, M.T.; Daltro de Castro, I.B.; Rinaldi, R. A Convergent Approach for a Deep Converting Lignin-First
Biorefinery Rendering High-Energy-Density Drop-in Fuels. Joule 2018, 2, 1118-1133. [CrossRef] [PubMed]

Zakzeski, J.; Bruijnincx, P.C.; Jongerius, A.L.; Weckhuysen, B.M. The catalytic valorization of lignin for the production of renewable
chemicals. Chem. Rev. 2010, 110, 3552-3599. [CrossRef] [PubMed]

Li, C; Zhao, X.; Wang, A.; Huber, G.W.; Zhang, T. Catalytic Transformation of Lignin for the Production of Chemicals and Fuels.
Chem. Rev. 2015, 115, 11559-11624. [CrossRef]

Zhao, C.; Kou, Y,; Lemonidou, A.A ; Li, X.; Lercher, J.A. Hydrodeoxygenation of bio-derived phenols to hydrocarbons using
RANEY Ni and Nafion/SiO; catalysts. Chem. Commun. 2010, 46, 412-414. [CrossRef] [PubMed]

Zhao, C; He, J.; Lemonidou, A.A.; Li, X.; Lercher, ].A. Aqueous-phase hydrodeoxygenation of bio-derived phenols to cycloalkanes.
J. Catal. 2011, 280, 8-16. [CrossRef]

Zhang, W.; Chen, J.; Liu, R.; Wang, S.; Chen, L.; Li, K. Hydrodeoxygenation of Lignin-Derived Phenolic Monomers and Dimers to
Alkane Fuels over Bifunctional Zeolite-Supported Metal Catalysts. ACS Sustain. Chem. Eng. 2014, 2, 683-691. [CrossRef]

Jin, X; Tsukimura, R.; Aihara, T.; Miura, H.; Shishido, T.; Nozaki, K. Metal-support cooperation in Al(PO3)3-supported platinum
nanoparticles for the selective hydrogenolysis of phenols to arenes. Nat. Catal. 2021, 4, 312-321. [CrossRef]

Wang, X.; Rinaldi, R. A route for lignin and bio-oil conversion: Dehydroxylation of phenols into arenes by catalytic tandem
reactions. Angew. Chem. 2013, 52, 11499-11503. [CrossRef]

Kong, J.; He, M.; Lercher, J.A.; Zhao, C. Direct production of naphthenes and paraffins from lignin. Chem. Commun. 2015, 51,
17580-17583. [CrossRef]

Wang, X.; Rinaldi, R. Bifunctional Ni catalysts for the one-pot conversion of Organosolv lignin into cycloalkanes. Catal. Today
2016, 269, 48-55. [CrossRef]

Ji, N,; Diao, X,; Li, X;; Jia, Z.; Zhao, Y.; Lu, X,; Song, C.; Liu, Q.; Li, C. Toward Alkylphenols Production: Lignin Depolymerization
Coupling with Methoxy Removal over Supported MoS, Catalyst. Ind. Eng. Chem. Res. 2020, 59, 17287-17299. [CrossRef]

Luo, Z.; Qin, S.; Chen, S.; Hui, Y.; Zhao, C. Selective conversion of lignin to ethylbenzene. Green Chem. 2020, 22, 1842-1850.
[CrossRef]

Li, X;; Zhang, B.; Pan, X,; Ji, J.; Ren, Y.; Wang, H.; Ji, N,; Liu, Q.; Li, C. One-Pot Conversion of Lignin into Naphthenes Catalyzed
by a Heterogeneous Rhenium Oxide-Modified Iridium Compound. ChemSusChem 2020, 13, 4409-4419. [CrossRef] [PubMed]
Cheng, C.; Li, P; Yu, W,; Shen, D.; Gu, S. Catalytic hydrogenolysis of lignin in ethanol/isopropanol over an activated carbon
supported nickel-copper catalyst. Bioresour. Technol. 2021, 319, 124238. [CrossRef] [PubMed]

Kong, L.; Zhang, L.; Gu, J.; Gou, L.; Xie, L.; Wang, Y.; Dai, L. Catalytic hydrotreatment of kraft lignin into aromatic alcohols over
nickel-rhenium supported on niobium oxide catalyst. Bioresour. Technol. 2020, 299, 122582. [CrossRef]

Wang, H.; Ruan, H.; Pei, H.; Wang, H.; Chen, X.; Tucker, M.P.; Cort, ].R.; Yang, B. Biomass-derived lignin to jet fuel range
hydrocarbons via aqueous phase hydrodeoxygenation. Green Chem. 2015, 17, 5131-5135. [CrossRef]

Mullen, C.A.; Boateng, A.A. Catalytic pyrolysis-GC/MS of lignin from several sources. Fuel Process. Technol. 2010, 91, 1446-1458.
[CrossRef]

Pattiya, A.; Titiloye, ].O.; Bridgwater, A.V. Fast pyrolysis of cassava rhizome in the presence of catalysts. J. Anal. Appl. Pyrolysis
2008, 81, 72-79. [CrossRef]

Neumann, G.T.; Hicks, J.C. Novel Hierarchical Cerium-Incorporated MFI Zeolite Catalysts for the Catalytic Fast Pyrolysis of
Lignocellulosic Biomass. ACS Catal. 2012, 2, 642-646. [CrossRef]

Lu, Q.; Zhang, Y,; Tang, Z.; Li, W.-z.; Zhu, X.-f. Catalytic upgrading of biomass fast pyrolysis vapors with titania and zirco-
nia/titania based catalysts. Fuel 2010, 89, 2096-2103. [CrossRef]

Ma, Z.; Ghosh, A.; Asthana, N.; van Bokhoven, J. Visualization of Structural Changes During Deactivation and Regeneration
of FAU Zeolite for Catalytic Fast Pyrolysis of Lignin Using NMR and Electron Microscopy Techniques. ChemCatChem 2018, 10,
4431-4437. [CrossRef]

Hemberger, P; Custodis, V.B.E; Bodi, A.; Gerber, T.; van Bokhoven, J.A. Understanding the mechanism of catalytic fast pyrolysis
by unveiling reactive intermediates in heterogeneous catalysis. Nat. Commun. 2017, 8, 15946. [CrossRef]


http://doi.org/10.1016/j.apcatb.2011.12.005
http://doi.org/10.1021/acscatal.0c00239
http://doi.org/10.1016/S1872-2067(17)62910-3
http://doi.org/10.1039/C7SE00535K
http://doi.org/10.1016/j.isci.2019.05.007
http://doi.org/10.1016/j.joule.2018.03.012
http://www.ncbi.nlm.nih.gov/pubmed/29955733
http://doi.org/10.1021/cr900354u
http://www.ncbi.nlm.nih.gov/pubmed/20218547
http://doi.org/10.1021/acs.chemrev.5b00155
http://doi.org/10.1039/B916822B
http://www.ncbi.nlm.nih.gov/pubmed/20066309
http://doi.org/10.1016/j.jcat.2011.02.001
http://doi.org/10.1021/sc400401n
http://doi.org/10.1038/s41929-021-00598-x
http://doi.org/10.1002/anie.201304776
http://doi.org/10.1039/C5CC06828B
http://doi.org/10.1016/j.cattod.2015.11.047
http://doi.org/10.1021/acs.iecr.0c01255
http://doi.org/10.1039/C9GC04246F
http://doi.org/10.1002/cssc.201903286
http://www.ncbi.nlm.nih.gov/pubmed/31944598
http://doi.org/10.1016/j.biortech.2020.124238
http://www.ncbi.nlm.nih.gov/pubmed/33254461
http://doi.org/10.1016/j.biortech.2019.122582
http://doi.org/10.1039/C5GC01534K
http://doi.org/10.1016/j.fuproc.2010.05.022
http://doi.org/10.1016/j.jaap.2007.09.002
http://doi.org/10.1021/cs200648q
http://doi.org/10.1016/j.fuel.2010.02.030
http://doi.org/10.1002/cctc.201800670
http://doi.org/10.1038/ncomms15946

Energies 2023, 16, 125 24 of 25

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.
143.

144.

145.

146.
147.

148.
149.
150.
151.
152.
153.

154.

Ma, Z.; van Bokhoven, J.A. Deactivation and Regeneration of H-USY Zeolite during Lignin Catalytic Fast Pyrolysis. ChemCatChem
2012, 4, 2036-2044. [CrossRef]

Ma, Z.; Troussard, E.; van Bokhoven, ]J.A. Controlling the selectivity to chemicals from lignin via catalytic fast pyrolysis. Appl.
Catal. A Gen. 2012, 423-424, 130-136. [CrossRef]

Wang, W.; Luo, Z.; Li, S.; Xue, S.; Sun, H. Novel Micro-Mesoporous Composite ZSM-5 Catalyst for Aromatics Production by
Catalytic Fast Pyrolysis of Lignin Residues. Catalysts 2020, 10, 378. [CrossRef]

Ravenelle, R.M.; Schiifler, F.; D’Amico, A.; Danilina, N.; Van Bokhoven, J.A.; Lercher, ].A.; Jones, C.W.; Sievers, C. Stability of
zeolites in hot liquid water. J. Phys. Chem. C 2010, 114, 19582-19595. [CrossRef]

Han, T;; Ding, S.; Yang, W.; Jonsson, P. Catalytic pyrolysis of lignin using low-cost materials with different acidities and textural
properties as catalysts. Chem. Eng. ]. 2019, 373, 846-856. [CrossRef]

Deuss, PJ.; Kugge, C. “Lignin-first” catalytic valorization for generating higher value from lignin. Chem. Catal. 2021, 1, 8-11.
[CrossRef]

Saxena, R.C.; Adhikari, D.K.; Goyal, H.B. Biomass-based energy fuel through biochemical routes: A review. Renew. Sustain.
Energy Rev. 2009, 13, 167-178. [CrossRef]

Zhu, J.Y.; Pan, X. Efficient sugar production from plant biomass: Current status, challenges, and future directions. Renew. Sustain.
Energy Rev. 2022, 164, 112583. [CrossRef]

Guo, Z.; Zhang, Q.; You, T.; Zhang, X.; Xu, F.; Wu, Y. Short-time deep eutectic solvent pretreatment for enhanced enzymatic
saccharification and lignin valorization. Green Chem. 2019, 21, 3099-3108. [CrossRef]

Liu, Z.; Li, H.; Gao, X.; Guo, X.,; Wang, S.; Fang, Y.; Song, G. Rational highly dispersed ruthenium for reductive catalytic
fractionation of lignocellulose. Nat. Commun. 2022, 13, 4716. [CrossRef] [PubMed]

Johnston, P.A.; Zhou, H.; Aui, A.; Wright, M.M.; Wen, Z.; Brown, R.C. A lignin-first strategy to recover hydroxycinnamic acids
and improve cellulosic ethanol production from corn stover. Biomass Bioenergy 2020, 138, 105579. [CrossRef]

Gong, X; Sun, J.; Xu, X.; Wang, B.; Li, H.; Peng, F. Molybdenum-catalyzed hydrogenolysis of herbaceous biomass: A procedure
integrated lignin fragmentation and components fractionation. Bioresour. Technol. 2021, 333, 124977. [CrossRef] [PubMed]

Pan, Z.; Li, Y.; Wang, B.; Sun, F; Xu, F; Zhang, X. Mild fractionation of poplar into reactive lignin via lignin-first strategy and its
enhancement on cellulose saccharification. Bioresour. Technol. 2022, 343, 126122. [CrossRef]

Zhang, ].; Liu, J.; Kou, L.; Zhang, X.; Tan, T. Bioethanol production from cellulose obtained from the catalytic hydro-deoxygenation
(lignin-first refined to aviation fuel) of apple wood. Fuel 2019, 250, 245-253. [CrossRef]

Ferrini, P; Rinaldi, R. Catalytic biorefining of plant biomass to non-pyrolytic lignin bio-oil and carbohydrates through hydrogen
transfer reactions. Angew. Chem. Int. Ed. Engl. 2014, 53, 8634-8639. [CrossRef]

Bridgwater, A. Fast pyrolysis of biomass for the production of liquids. In Biomass Combustion Science, Technology and Engineering;
Woodhead Publishing: Sawston, UK, 2013; pp. 130-171.

Balat, M.; Balat, M.; Kirtay, E.; Balat, H. Main routes for the thermo-conversion of biomass into fuels and chemicals. Part 1:
Pyrolysis systems. Energy Convers. Manag. 2009, 50, 3147-3157. [CrossRef]

Zhang, Q.; Chang, J.; Wang, T.; Xu, Y. Review of biomass pyrolysis oil properties and upgrading research. Energy Convers. Manag.
2007, 48, 87-92. [CrossRef]

Sun, T; Li, Z.; Zhang, Z.; Wang, Z.; Yang, S.; Yang, Y.; Wang, X,; Liu, S.; Zhang, Q.; Lei, T. Fast corn stalk pyrolysis and the
influence of catalysts on product distribution. Bioresour. Technol. 2020, 301, 122739. [CrossRef]

Bridgwater, A.V. Review of fast pyrolysis of biomass and product upgrading. Biomass Bioenergy 2012, 38, 68-94. [CrossRef]
Zhang, M.; Hu, Y.; Wang, H.; Li, H.;; Han, X,; Zeng, Y.; Xu, C.C. A review of bio-oil upgrading by catalytic hydrotreatment:
Advances, challenges, and prospects. Mol. Catal. 2021, 504, 111438. [CrossRef]

Valle, B.; Aramburu, B.; Santiviago, C.; Bilbao, J.; Gayubo, A.G. Upgrading of Bio-Oil in a Continuous Process with Dolomite
Catalyst. Enerqy Fuels 2014, 28, 6419-6428. [CrossRef]

Hu, Y,; Oduro, LN.; Huang, Y.; Fang, Y. Structural characterization and pyrolysis behavior of holocellulose obtained from
lignin-first biorefinery. J. Anal. Appl. Pyrolysis 2016, 120, 416-422. [CrossRef]

Dickerson, T.; Soria, ]. Catalytic Fast Pyrolysis: A Review. Energies 2013, 6, 514-538. [CrossRef]

Lu, Q.; Ye, X.N.; Zhang, Z.B.; Dong, C.Q.; Zhang, Y. Catalytic fast pyrolysis of cellulose and biomass to produce levoglucosenone
using magnetic SO4(2-)/TiO,-Fe3Oy. Bioresour. Technol. 2014, 171, 10-15. [CrossRef]

Liu, D.; Yu, Y.; Hayashi, ] .-i.; Moghtaderi, B.; Wu, H. Contribution of dehydration and depolymerization reactions during the fast
pyrolysis of various salt-loaded celluloses at low temperatures. Fuel 2014, 136, 62—68. [CrossRef]

Fabbri, D.; Torri, C.; Baravelli, V. Effect of zeolites and nanopowder metal oxides on the distribution of chiral anhydrosugars
evolved from pyrolysis of cellulose: An analytical study. J. Anal. Appl. Pyrolysis 2007, 80, 24-29. [CrossRef]

Resende, F.L.P. Recent advances on fast hydropyrolysis of biomass. Catal. Today 2016, 269, 148-155. [CrossRef]

Zhou, X.; Li, W.; Mabon, R.; Broadbelt, L.J. A Critical Review on Hemicellulose Pyrolysis. Energy Technol. 2016, 5, 52-79. [CrossRef]
Yang, X.; Zhao, Y.; Li, W,; Li, R.; Wu, Y. Unveiling the Pyrolysis Mechanisms of Hemicellulose: Experimental and Theoretical
Studies. Energy Fuels 2019, 33, 4352-4360. [CrossRef]

Patwardhan, PR.; Brown, R.C.; Shanks, B.H. Product distribution from the fast pyrolysis of hemicellulose. ChemSusChem 2011, 4,
636—643. [CrossRef] [PubMed]

Demirbas, A.; Arin, G. An Overview of Biomass Pyrolysis. Energy Sources 2002, 24, 471-482. [CrossRef]


http://doi.org/10.1002/cctc.201200401
http://doi.org/10.1016/j.apcata.2012.02.027
http://doi.org/10.3390/catal10040378
http://doi.org/10.1021/jp104639e
http://doi.org/10.1016/j.cej.2019.05.125
http://doi.org/10.1016/j.checat.2021.05.004
http://doi.org/10.1016/j.rser.2007.07.011
http://doi.org/10.1016/j.rser.2022.112583
http://doi.org/10.1039/C9GC00704K
http://doi.org/10.1038/s41467-022-32451-5
http://www.ncbi.nlm.nih.gov/pubmed/35953497
http://doi.org/10.1016/j.biombioe.2020.105579
http://doi.org/10.1016/j.biortech.2021.124977
http://www.ncbi.nlm.nih.gov/pubmed/33872998
http://doi.org/10.1016/j.biortech.2021.126122
http://doi.org/10.1016/j.fuel.2019.03.020
http://doi.org/10.1002/anie.201403747
http://doi.org/10.1016/j.enconman.2009.08.014
http://doi.org/10.1016/j.enconman.2006.05.010
http://doi.org/10.1016/j.biortech.2020.122739
http://doi.org/10.1016/j.biombioe.2011.01.048
http://doi.org/10.1016/j.mcat.2021.111438
http://doi.org/10.1021/ef501600f
http://doi.org/10.1016/j.jaap.2016.06.012
http://doi.org/10.3390/en6010514
http://doi.org/10.1016/j.biortech.2014.08.075
http://doi.org/10.1016/j.fuel.2014.07.025
http://doi.org/10.1016/j.jaap.2006.12.025
http://doi.org/10.1016/j.cattod.2016.01.004
http://doi.org/10.1002/ente.201600327
http://doi.org/10.1021/acs.energyfuels.9b00482
http://doi.org/10.1002/cssc.201000425
http://www.ncbi.nlm.nih.gov/pubmed/21548106
http://doi.org/10.1080/00908310252889979

Energies 2023, 16, 125 25 of 25

155. Wang, K.; Kim, K.H.; Brown, R.C. Catalytic pyrolysis of individual components of lignocellulosic biomass. Green Chem. 2014, 16,
727-735. [CrossRef]

156. Demirbas, A. Mechanisms of liquefaction and pyrolysis reactions of biomass. Energy Convers. Manag. 2000, 41, 633-646. [CrossRef]

157. Gollakota, A.R.K,; Kishore, N.; Gu, S. A review on hydrothermal liquefaction of biomass. Renew. Sustain. Energy Rev. 2018, 81,
1378-1392. [CrossRef]

158. Huang, H.-j.; Yuan, X.-z. Recent progress in the direct liquefaction of typical biomass. Prog. Energy Combust. Sci. 2015, 49, 59-80.
[CrossRef]

159. Guo, T.; Li, X,; Liu, X.; Guo, Y.; Wang, Y. Catalytic Transformation of Lignocellulosic Biomass into Arenes, 5-Hydroxymethylfurfural,
and Furfural. ChemSusChem 2018, 11, 2758-2765. [CrossRef]

160. Osaka, Y.; Ikeda, Y.; Hashizume, D.; Iwamoto, M. Direct hydrodeoxygenation of cellulose and xylan to lower alkanes on
ruthenium catalysts in subcritical water. Biomass Bioenergy 2013, 56, 1-7. [CrossRef]

161. Climent, M.].; Corma, A.; Iborra, S. Conversion of biomass platform molecules into fuel additives and liquid hydrocarbon fuels.
Green Chem. 2014, 16, 516-547. [CrossRef]

162. Wang, H.; Yang, B.; Zhang, Q.; Zhu, W. Catalytic routes for the conversion of lignocellulosic biomass to aviation fuel range
hydrocarbons. Renew. Sustain. Energy Rev. 2020, 120, 109612. [CrossRef]

163. Mariscal, R.; Maireles-Torres, P.; Ojeda, M.; Sadaba, I.; Lopez Granados, M. Furfural: A renewable and versatile platform molecule
for the synthesis of chemicals and fuels. Energy Environ. Sci. 2016, 9, 1144-1189. [CrossRef]

164. Li, Y.; Zhao, C.; Chen, L.; Zhang, X.; Zhang, Q.; Wang, T,; Qiu, S.; Tan, J.; Li, K,; Wang, C.; et al. Production of bio-jet fuel
from corncob by hydrothermal decomposition and catalytic hydrogenation: Lab analysis of process and techno-economics of a
pilot-scale facility. Appl. Energy 2018, 227, 128-136. [CrossRef]

165. Xu, W,; Xia, Q.; Zhang, Y.; Guo, Y.; Wang, Y.; Lu, G. Effective production of octane from biomass derivatives under mild conditions.
ChemSusChem 2011, 4, 1758-1761. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1039/C3GC41288A
http://doi.org/10.1016/S0196-8904(99)00130-2
http://doi.org/10.1016/j.rser.2017.05.178
http://doi.org/10.1016/j.pecs.2015.01.003
http://doi.org/10.1002/cssc.201800967
http://doi.org/10.1016/j.biombioe.2013.04.012
http://doi.org/10.1039/c3gc41492b
http://doi.org/10.1016/j.rser.2019.109612
http://doi.org/10.1039/C5EE02666K
http://doi.org/10.1016/j.apenergy.2017.07.133
http://doi.org/10.1002/cssc.201100361

	Introduction 
	Overview of Lignin-First Biorefinery 
	Reductive Catalytic Fractionation (RCF) 
	Role of the Catalyst Used 
	Influence of Solvents 
	Flow-Through Reactors 

	Stabilization Strategies 

	Downstream Value-Added Terminal Products 
	Lignin and Its Derivatives 
	Phenolic Platform Compounds 
	Chemically Stabilized Lignin 

	Carbohydrate 
	Fermentation 
	Pyrolysis 
	Hydrothermal Liquefaction 


	Summary and Prospect 
	References

