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Abstract 

Plant biomass is a highly abundant renewable resource that can be converted into several types of high-value-added 
products, including chemicals, biofuels and advanced materials. In the last few decades, an increasing number of 
biomass species and processing techniques have been developed to enhance the application of plant biomass fol-
lowed by the industrial application of some of the products, during which varied technologies have been successfully 
developed. In this review, we summarize the different sources of plant biomass, the evolving technologies for treating 
it, and the various products derived from plant biomass. Moreover, the challenges inherent in the valorization of plant 
biomass used in high-value-added products are also discussed. Overall, with the increased use of plant biomass, the 
development of treatment technologies, and the solution of the challenges raised during plant biomass valorization, 
the value-added products derived from plant biomass will become greater in number and more valuable.
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Background

Rapid population expansion and industrial development 

have led to a higher consumption of fossil fuels (coal, 

oil and natural gas) over the past several decades. Fossil 

fuels have relatively easy accessibility, compatibility and 

affordability [1], but they are non-renewable resources 

that will 1 day be exhausted. Excessive greenhouse gases 

(such as CO,  CO2, NOx, SOx, and  CH4) are discharged 

into the atmosphere following the consumption of fossil 

fuels [2], which has created a man-made climate change 

problem. Hence, environmentally friendly and renewable 

alternative energy sources have been explored, among 

which biomass energy is considered to be a clean energy 

source and a potential substitute for fossil fuels. As the 

world’s most productive biomass energy, bioethanol is 

basically produced from food crops rich in starch and 

sugar, which can cause an imbalance in the food and feed 

supply chain, challenging the sustainability of the process 

[3]. Lignocellulose biomass is a carbon-neutral renewable 

feedstock that is not edible and does not interfere with 

food and feed supplies [3].

Lignocellulose biomass consists of cellulose and hemi-

celluloses, lignin, and some other extractives. Cellu-

lose and hemicellulose are polysaccharides that can be 

depolymerized into sugars, and then the sugars, which 

are used as platform molecules, can be converted into 

value-added products such as bioethanol, biobutanol, 

or itaconic acid through various biological pathways 

or chemical processing [4–6]. Lignin is composed of 

a variety of aromatic units, which can be extracted to 

produce aromatics or upgraded by tailoring microbes 

[7, 8]. Despite the high availability and low price of lig-

nocellulose, there is strong resistance to its degradation, 

resulting in substantial challenges in using lignocellulosic 

biomass.

�erefore, it is necessary to remove, separate, and 

degrade the components of lignocellulose biomass 

through technical methods, and further treatments for 

different application purposes are needed to utilize plant 
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biomass, in which the development and improvement of 

technical methods are of great significance for improv-

ing the processing procedures and utilization efficiency 

of plant biomass and for decreasing the accompanying 

adverse effects (such as environmental pollution and 

energy consumption). Great advances have now been 

made in lignocellulose biomass treatment methods, 

including pretreatment and lignin extraction. �e aim of 

pretreatment is to disrupt the lignin structure and reduce 

the crystallinity of cellulose to increase enzyme acces-

sibility, which is a necessary step for efficient enzymatic 

hydrolysis, because the physicochemical, structural, and 

compositional properties of lignocellulose biomass make 

it recalcitrant and difficult for enzymes to hydrolyse [9]. 

Lignin is a natural substance that is rich in aromatics and 

is usually produced in large quantities as a by-product of 

the paper industry. Lignin fractionation, lignin activa-

tion, and lignin depolymerization are performed through 

lignin extraction methods to achieve lignin valorization. 

However, some challenges have arisen during the devel-

opment of cellulose utilization and aromatic monomer 

fractionation. Similarly, genetic engineering technolo-

gies have also been developed during the plant biomass 

utilization process. Overall, it is essential to explore 

and improve the corresponding methods and technolo-

gies for the utilization of massive lignocellulose biomass 

resources in the future.

�is review summarizes the various types of ligno-

cellulose biomass in common use, the technological 

development of lignocellulose biomass processing, and 

the types of value-added products derived from plant 

biomass. �e challenges inherent to different treatment 

methods, lignin extraction and genetic engineering 

included in the valorization of plant biomass were also 

discussed.

Categorizing generations of plant feedstocks

In the context of the development of industry, the rapid 

increase in the population, the surge in energy demand 

and the intensification of the greenhouse effect, various 

types of biomass feedstocks (Fig.  1) have been discov-

ered, and they are typically divided into three categories: 

first generation, second generation and third generation.

First generation feedstocks generally refer to plants that 

are rich in sugars (sugarcane, sweet sorghum, sugar beet, 

etc.), starches (corn, wheat, barley, potato, etc.) and oils 

(olive, palm, sunflower, coconut, etc.) and are used in the 

production of first-generation bioethanol and biodiesel. 

As the earliest researched biofuels, their industrial pro-

duction techniques are already mature, and these biofuels 

have been used commercially in marine vessels or vehi-

cles [10]. For example, the bioethanol used in the U.S. 

accounted for 46% of total biomass fuels in 2018 [11], and 

the global bioethanol production market reached 110 

billion litres in the same year. However, first-generation 

feedstocks are primarily edible, so they will always com-

pete with food crops or feed production. Furthermore, 

their production not only relies on fertilizers but also 

Fig. 1 Taxonomy of commonly plant biomass resources used in valorization ( Adopted from Ref. [12])
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promotes deforestation to obtain more agricultural land 

[12], which makes first-generation biofuels non-sustain-

able. �is is an incompatible and common theme of bio-

energy; therefore, the second generation of sustainable 

feedstocks has been developed.

By contrast, second generation feedstocks primarily 

include non-food oil-rich plants (Jatropha, Camelina, 

rubber, jojobyl, kusum, and kapok) and lignocellulosic 

biomass (inedible crops such as Miscanthus, switchgrass, 

and reed canary grass; and agroindustrial and forest 

waste/residues). �e sustainability of bioenergy is based 

on having sufficient land for production. Compared with 

first-generation feedstocks, cultivated areas are mov-

ing to marginal land for which the definition has been 

extended to describe degraded, abandoned, barren, idle, 

and underutilized lands, with the concept evolving [13]. 

For example, Miscanthus and switchgrass have a  C4 pho-

tosynthesis pathway (nicotinamide adenine dinucleotide 

phosphate–malic enzyme), which is a high-efficiency 

photosynthetic mechanism for using nitrogen and water 

compared to that of  C3 plant species. Moreover, Mis-

canthus and switchgrass also have low fertilizer demand 

and low susceptibility to diseases, allowing them to grow 

on marginal land. It has been suggested that planting 

energy crops on marginal lands with low vegetation cov-

erage can reduce wind, degradation, water erosion, and 

 CO2, sequester C, and improve the soil quality [13, 14]. 

�e types of non-agricultural land and their potential 

availability for bioenergy production have been discussed 

[13]. Second-generation feedstock sources are abundant, 

such as mango peel, rambutan seed, acai seed, coffee res-

idues (husk, pulp, and coffee cut-stems), peanut hull, and 

paper mulberry, which have been studied for producing 

biofuel or high-value compounds over the past few years 

[15–21]. However, the use of lignocellulosic biomass 

resources is still limited by less mature manufacturing 

technologies due to the demands for complicated pre-

treatment processes and high-cost equipment and rea-

gents. �erefore, the development of cost-effective use 

processes has good research prospects.

�ird generation feedstocks, primarily consisting of 

cyanobacteria and microalgae that are rich in lignocel-

lulose, lipids and protein, are newly developed products. 

Algae has several advantages, including a fast growth 

rate, limited use of land, and high lipid production [22–

24]. For example, microalgae can be harvested within 

10 days after planting, and the productivity of biodiesel 

is 200 times that of conventional vegetables such as soy-

beans or rapeseed [25]. Currently, producing biofuels 

from third-generation feedstocks is considered to be the 

most promising way to meet the global energy demand 

[26]. Although this method has great potential, it is 

still in the early concept stage, and there are still many 

challenges to overcome, such as how to break algae cells 

and extract the required substances effectively [12].

Characteristics of lignocellulosic biomass

Lignocellulosic biomass is the most promising renewable 

resource that could be used as a feedstock to produce 

biofuels and value-added compounds, which commonly 

consist of 10–25% lignin, 20–40% hemicellulose and 

40–60% cellulose [27]. �e contents of these three com-

ponents of common plant feedstocks are listed in Table 1.

Cellulose is a linear polymer with D-anhydroglu-

copyranose moieties in repeating units linked by β-(1-4) 

glycosidic bonds (Fig. 2a) [28]. In nature, approximately 

20–300 cellulose chains are polymerized through hydro-

gen bonds and van der Waals forces to form cellulose 

fibres that are present in crystalline and amorphous 

forms [29]. As reported, cellulase has less of a degrad-

ing effect on the crystalline part of cellulose; therefore, 

crystalline cellulose degradability is 3–30 times lower 

than that of the amorphous form [30]. Nevertheless, cel-

lulose still shows good potential for use after suitable 

treatments.

Hemicelluloses that are amorphous and random short-

chain heteropolymers composed of two or more mono-

saccharides include pentoses (D-xylose and L-arabinose), 

hexoses (D-glucose, D-galactose, and D-galactose), and 

some low-content saccharides (L-rhamnose and L-fruc-

tose) (Fig. 2b) [31]. Furthermore, uronic acids and acetyl 

groups can also be found in hemicellulose; for example, 

arabinoglucuronic acids and glucuronic acids are com-

ponents of softwood hemicellulose and hardwood hemi-

cellulose, respectively [32]. Due to its own acetyl group 

and branched chain, hemicellulose lacks a crystal struc-

ture to make it easy to hydrolyse [33], but as a component 

of plant cell walls, hemicellulose interacts with cellulose 

and cross-linked lignin, which improves the mechanical 

strength of plants. �erefore, to release hemicellulose, 

pretreatment processes are required before further use, 

similar to that of cellulose.

Lignin plays a vital role in maintaining the structural 

integrity of plants and is primarily composed of three 

monolignols, p-coumaryl alcohol, coniferyl alcohol, 

and sinapyl alcohol (Fig.  2c). �ese monolignols make 

up three primary units (syringyl, guaiacyl, and hydroxy-

phenyl groups, which are abbreviated as S, G, and H, 

respectively), which have different numbers of methoxy 

groups (none, one, and two, respectively) connected to 

the aromatic ring [34]. As shown in Fig. 2d, the units are 

linked by carbon–oxygen (ether) bonds (β-O-4, α-O-4, 

and 4-O-5) and carbon–carbon (β-5, β-β, β-1, and 5-5) 

bonds [35–37]. �e ratio of the three basic units var-

ies according to the source of the lignocellulosic feed-

stocks, and the types and proportions of the linkages 
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are also different. For instance, hardwood lignin is pri-

marily composed of S and G units followed by traces 

of H units, and softwood lignin generally consists of G 

units with low levels of H units [38]. �e C-3 and C-5 

positions of sinapyl alcohol (S) are connected to the 

methoxy group, which cannot generate other inter-

monomer linkages with another unit; consequently, 

the S lignin structure primarily comprises β-O-4 bonds 

and small amounts of β–β [39]. By contrast, the C-5 of 

coniferyl alcohol (G) is unsubstituted, except β-O-4, 

and there are other linkages, mainly including β-5 and 

β–β as well as β-1 and 5–5, which are resistant linkages 

with higher degree of condensation [40]. As a result, 

softwood lignin has lower β-O-4 bond contents than 

hardwood lignin, so softwood lignin is relatively more 

difficult to use. Moreover, lignin is the most impor-

tant obstacle to the use of lignocellulose. Almost all 

the studies on lignin degradation have focused on the 

destruction of the β-O-4 bond. However, the develop-

ment of processes to destroy other linkages can more 

comprehensively provide for the valorization of plant 

biomass.

Recent advances in lignocellulosic biomass 

treatment processes

�e mature conversion technologies developed with 

first-generation bioenergy production requirements are 

divided into two categories: thermochemical conver-

sion and biochemical conversion. Torrefaction, pyrolysis, 

gasification and thermal liquefaction are commonly used 

in thermochemical conversion processes, which produce 

bio-char, bio-oil and syngas, while biochemical conver-

sion processes include anaerobic digestion and fermenta-

tion. Lignocellulosic feedstock is recognized as a suitable 

feedstock for producing biofuels and value-added chemi-

cals; however, its application within conversion technolo-

gies does not work well. For example, the rigid structure 

of plants will reduce the hydrolysis efficiency and directly 

affect methane production, which is estimated to be only 

approximately 50% [41]. As a complicated structure, a 

Table 1 Summary of the contents (wt %) of cellulose, hemicellulose and lignin in common plant feedstocks

Biomass Cellulose Hemicellulose Lignin Refs. Biomass Cellulose Hemicellulose Lignin Refs.

Crop residues Hardwood

Rice straw 36.2–47 16–35 5.6–36.1 [181, 257, 258] Hardwood 
stems

40–55 24–40 18–25 [14]

Rice husk 32.7–41.52 14.04–29.3 18.1–33.67 [258–261] Poplar 42–49 16–23 21–29 [181]

Wheat straw 30–43.4 19.45–45.2 7.5–22.2 [258, 262–264] Willow 36–39 21–22 19–20 [181]

Sorghum 
bagasse

27.3–45 13.1–36 14.3–25 [264, 265] Eucalyptus 34.2–51.1 8.9–30.2 21.4–39.2 [266]

Sorghum 
straw

26.93 32.57 10.16 [264] Oak 33.9–43.2 21.9–25.9 27.8–35.4 [264, 267]

Sugarcane 
bagasse

38.01–45 17.1–33.27 4.01–33.56 [143, 144, 258, 
261]

Corn stover 32–45 15.49–35 7–22.74 [14, 116, 262]

Corn cob 39.3–52.49 23.7–35 12.5–19.6 [181, 261, 263] Softwood

Corn straw 51.53 30.88 17.59 [258, 263] Softwood 
stems

45–50 25–35 25–35 [14]

Corn stalk 36.89 29.33 13.93 [261] Beech 45.05–51.3 28–31.86 19.6–22.25 [261, 263, 268]

Tobacco 
residue

42.3–44.32 28.89–41.54 15.01–26.79 [263, 267] Japanese larch 58.6 13.0 20.1 [269]

Barley straw 35.4 28.7 13.1 [264] Pine 34–45.6 20.1–34.6 26–34.4 [181, 264]

Wastes of fruit processing industries Spruce 24.7–47.11 10.2–21.31 31.58–35 [263, 264]

Banana peel 52.30 9.90 11.2 [267]

Olive leaves 12.72–15.38 7.47–9.16 15.15–17.8 [270]

Olive stone 30.10 17.10 32.6 [267] Grasses

Extracted olive 
pomace

40.00 22 19 [264] Miscanthus 40–53 18–26.2 20–26.5 [14, 181, 271]

Acai seed 53.20 12.30 22.3 [17] Switchgrass 39.5–45 20.3–31.5 12–20 [14, 181]

Cocoa shell 13.20 10.80 13.2 [267] Bamboo 37–46.5 16.6–18.8 25.7–39.2 [264, 272]

Peanut shell 24.70 39.40 33.5 [267] Agave bagasse 38.4–47.3 12.8–23.5 10.1–15 [273–275]

Walnut shell 40.10 20.70 18.2 [267] Agave leaf 46–79.8 15.7–30 4.9–11 [275]
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rigid structure is formed by lignin tightly cross-linked 

with cellulose and hemicellulose, which significantly 

limits enzyme contact with cellulose and hemicellu-

lose, thereby reducing the release of sugar units. �ere-

fore, research has focused on pretreatment processes to 

improve the biodegradability of plant biomass by remov-

ing lignin. Common pretreatment methods include 

mechanical comminution, acid, alkaline, organic sol-

vent, ionic liquids, and steam explosion treatment, and 

all these methods are demonstrated in Fig. 3. Recently, a 

“lignin-first” process was proposed for extracting lignin 

from lignocellulosic biomass to produce aromatic com-

pounds [34]. Some recent advances in lignocellulosic bio-

mass treatment processes are summarized as follows.

Recent advances in pretreatments

Deep eutectic solvent (DES), a mixture of hydrogen bond 

acceptors (HBAs) such as choline chloride and hydrogen 

bond donors (HBDs) such as amines, alcohols, lactic acid, 

and carboxylic acids, is a promising new green solvent 

that can be used as an alternative to ionic liquids, and 

the typical DES is mixed with choline chloride (ChCl) 

and lactic acid (LA) [42]. DESs have similar physical and 

chemical properties compared to ionic liquids [43], but 

they show a lower melting point, greater stability and 

lower cost [44]. Additionally, there are some advantages 

of DESs for the following treatment, including low tox-

icity and biocompatibility. Moreover, the barely vola-

tile components of DESs make them easy to recycle and 

reuse with no influence on the treatment efficiency [45, 

46]. DES pretreatment demonstrates specific selectivity 

to lignin, resulting in high-purity lignin extraction, which 

favours the fractionation and valorization of lignocellu-

lose [46]. �erefore, DES has become the focus of recent 

research, which showed some novel processes based on 

DES and the characteristics of DES pretreatment. An 

appropriate hydrogen bond can be formed between the 

Lewis acid and DES, which significantly facilitates the 

degradation of lignin and hemicellulose. In a three-phase 

pretreatment system composed of  FeCl3 and chloride/

glycerol DES, 93.63 wt% hemicellulose and 78.88 wt% 

lignin from Pennisetum were removed, while 95.2% cel-

lulose was retained [47]. Additionally,  AlCl3 performs a 

similar function in a DES system that uses lignin-derived 

guaiacol as the HBD [48]. However, during the washing 

process after the pretreatment, the degraded lignin pre-

cipitates easily, thereby inhibiting enzymatic hydroly-

sis in the next step. Several studies have shown that this 

Fig. 2 Structures of the main components involved in lignocellulosic biomass. a The partial chemical structural of cellulose; b The partial chemical 
structural of hemicellulose; c The structural characteristics of three typical units in lignin; d the common linkages between different lignin units ( 
Adopted from Ref. [34, 253])
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problem can be solved by alkali washing, which can 

remove the precipitated lignin, followed by the conver-

sion of near complete cellulose [48, 49]. Furthermore, 

the characteristics of DESs, including the relationship 

between the physicochemical properties of HBD, the 

effect of ChCl-based DES treatment and the chemical 

modification of hemicellulose and lignin during ChCl/LA 

DES treatment, are discussed, and it has important guid-

ing significance for understanding the mechanism of DES 

pretreatment [50, 51]. Nevertheless, although DES is the 

focus of the pretreatment, this process is still immature, 

and more efforts should be made to reveal its mechanism 

of action.

Steam explosion (SE) is considered an effective and 

economical physicochemical pretreatment technol-

ogy for the industrial scale [52], and it only uses water 

without any catalyst [53]. In this pretreatment, high 

temperature and pressure (20–50 bar, 160–290  °C) are 

maintained for a period of time, and then the process is 

terminated by sudden decompression to atmospheric 

pressure [54]. When pressure is swiftly released, the 

steam molecules that have leaked into the plant biomass 

are released instantaneously. �e energy in the steam is 

converted into mechanical energy that acts on lignocel-

lulose, resulting in some hemicellulose solubilization and 

hydrolysis and lignin transformation and partial removal 

[53, 55]. In addition, during the treatment, organic acids 

such as acetic acid are formed from acetyl or other func-

tional groups on lignocellulose, and water can also be 

regarded as an acid at high temperatures, and it further 

catalyses the hydrolysis of hemicellulose [56]. After SE 

pretreatment, a large amount of oligosaccharides can 

be obtained, while holes with diameters within 10–20 

nm will be effectively generated in the feedstocks [57], 

which is beneficial for subsequent enzymatic hydrolysis 

or extraction. Under optimal SE pretreatment condi-

tions, 71.62% xylan, 29.47% glucan and 22.21% arabinan 

were extracted from industrial vinegar residue, and in the 

subsequent enzymatic hydrolysis process, the hydrolysis 

rate increased 13-fold compared with that without pre-

treatment [57]. Similar results were obtained with hybrid 

Miscanthus, for 52% xylo-oligosaccharides (XOS), and 

the production of fermentable sugars can be improved 

by 8~9-fold [58]. As the SE pretreatment matured, some 

improved processes based on SE pretreatment were 

explored, including ammonia fibre explosion (AFEX) 

and dry explosion. Compared with the SE pretreatment, 

AFEX replaces water with ammonia, the boiling point of 

which is lower than that of water. As the chemical treat-

ment part of AFEX, ammonia can affect lignocellulose, 

along with the breakdown of the carbohydrate linkages 

with lignin and the partial decrystallization of cellulose 

[55]. As reported, after AFEX treatment, the fibre crystal-

linity of corn distillers dried grains with solubles (DDGS) 

can be reduced to 0%, increasing the digestibility and 

fermentability of corn DDGS in vitro [59]. It should be 

noted that ammonia treatment can reduce the solubility 

of cellulose and crystalline lignin and has a poorer effect 

Fig. 3 General taxonomy of pretreatment processes of plant biomass ( Adopted from Ref. [181, 254])
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on lignin-rich and woody feedstocks [60]. Moreover, dry 

explosion pretreatment showed lower energy consump-

tion than SE under the same temperature conditions and 

enhanced the fuel properties of the biomass [61].

A novel pretreatment method, SPORL (Sulfite pretreat-

ment to overcome recalcitrance of lignocellulose), has 

been established for a more stable and effective biocon-

version of softwood lignocellulose. In this technology, 

wood feedstocks were pretreated in an aqueous solution 

of sulfite and/or bisulfite [62]. During SPORL treatment, 

the recalcitrance of wood material can be reduced via 

combined effects, including partial delignification, the 

dissolution of hemicelluloses, increased surface area, the 

depolymerization of cellulose, and the partial sulfonation 

of lignin [63]. Furthermore, SPORL can dissolve partial 

lignin and almost all hemicelluloses through lignin sul-

fonation [64].

�ere are various common challenges during the pre-

treatment process, such as the condensation of dis-

solved lignin, sugar degradation products, and difficult 

solvent recovery. To solve these problems, OrganoCat 

was recently proposed, which is similar to Organosolv 

but employs a biphasic solvent system (oxalic acid and 

2-methyltetrahydrofuran); nevertheless, it was developed 

based on mature acid pretreatment [65]. In other words, 

OrganoCat is an improvement of the mature acid pre-

treatment method, in which oxalic acid and 2-methyltet-

rahydrofuran (2-MeTHF) are applied as a catalyst and an 

extractive phase for hydrolysing amorphous hemicellu-

lose and extracting lignin in situ from the reactive phase, 

respectively, resulting in three produce streams, namely 

cellulose-rich solid pulp, organic phase-containing lignin, 

and acid-containing aqueous phase-containing hemicel-

lulose [66, 67]. To date, this technology has been stud-

ied on several different types of biomass feedstocks, but 

the treatment effect on each biomass feedstock varies 

greatly. For instance, rice straw seemed to be well suited 

for OrganoCat, which was accompanied by 98.99% cel-

lulose recovery, 88.79% hemicellulose solubilization, and 

71.46% lignin removal after OrganoCat treatment [68]. 

By contrast, OrganoCat does not have much effect on 

eucalyptus, and only low amounts of lignin and sugars 

can be extracted [66]. As a method designed for refin-

ery applications, OrganoCat has some promising char-

acteristics, such as easy and effective fractioning, fewer 

sugar degradation products, and more efficient recovery 

efficiency, which result in minimized energy and mass 

consumption [69]. To understand the valorization of lig-

nocellulosic feedstocks, some research has addressed the 

valorization of lignin extracted by the OrganoCat pro-

cess, which is discussed in section 4.2.

An acid-free and mildly oxidative organosolv delignifi-

cation process, the novel “OxiOrganosolv” pretreatment 

method, was recently reported [70]; this method is an 

improvement of the acetone/water oxidation (AWO) 

process that was developed on the basis of the wet oxi-

dation pretreatment method by replacing water with an 

acetone/water mixture. Compared to steam explosion, 

the AWO process not only maintains the advantages of 

typical wet oxidation (fewer degradation products and 

low temperature) but also achieves higher biomass del-

ignification [71]; based on these advantages, OxiOrga-

nosolv further improves the efficiency of delignification. 

�e biomass and organic solvent/water mixture with a 

solid–liquid ratio of 1:10 are added to an autoclave reac-

tor pressurized with 100%  O2, and an OxiOrganosolv 

treatment is performed at a specific temperature and 

time. �en, the liquid fraction containing water, dissolved 

lignin, dissolved lignin and dissolved lignin is separated 

from the solid residue containing cellulose by vacuum 

filtration [70]. �is research showed that cellulose recov-

ery and the degree of delignification with solvents (ace-

tone, ethanol and tetrahydrofuran) can reach 100% and 

95%, respectively, during the pretreatment of beechwood 

and pine material under optimal conditions. It is worth 

noting that the efficient single-stage organosolv delig-

nification of softwood has not succeeded when using 

other organosolv variants in the past. However, as a new 

method, although OxiOrganosolv has many advantages, 

more research on the usen of fractionated lignin and 

hemicellulose must still be developed, and the economic 

viability of the application should be explored.

Notably, the basic pretreatment methods used at the 

beginning, such as mechanical comminution, irradia-

tion, and acid and alkaline hydrolysis, are now mostly 

used as assisted or preliminary treatment methods over 

the entire pretreatment process [72, 73]. Additionally, 

some studies combine two or more pretreatment meth-

ods to compensate for the shortcomings associated with 

a single method or to increase the production of target 

substances [74, 75]. Furthermore, more pretreatment 

methods or new methods derived from mature methods 

are needed to achieve fewer shortcomings and higher 

economic benefits.

Recent advances in lignin extraction

After pretreatment, most of the cellulose is extracted, 

leaving the residue primarily consisting of lignin, which 

would be used as waste to burn, to supply heat and energy 

[76]. However, lignin is a natural substance that contains 

a large count of aromatic units, and the annual produc-

tion of lignin can reach approximately 5×106 metric tons 

[77], which makes it a potential feedstock for producing 

aromatic-related value-added products such as aromat-

ics, phenolics, biofuels, and macromolecules [35, 78]. In 

nature, among the linkages, β-O-4 is the most abundant 
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linkage in native lignin [79], accounting for approxi-

mately 50% of the lignin in softwood and greater than 

60% in hardwood [46]. �erefore, the method of breaking 

an appropriate amount of β-O-4 bonds has become an 

important aspect of lignin extraction. Over the past few 

decades, efficient strategies for lignin depolymerization 

have been explored, including alkali-based, acid-based, 

reductive-catalytic, oxidative-catalytic, pyrolysis, pho-

tocatalytic depolymerization, and enzymatic hydrolysis 

treatments, all of which are described in detail as follows.

Photocatalytic lignin depolymerization has attracted 

increasing attention in recent years because of its mild 

reaction conditions, simple reaction process, and great 

environmental friendliness [80, 81], making it a poten-

tial method for replacing the traditional process of lignin 

depolymerization. �e electrons in the photocatalyst are 

brought into their excited state by light, which may sub-

stitute reductants, and each electron transition will pro-

duce a hole that may substitute oxidants [82, 83]. Hence, 

the C–O bonds in β-O-4 can be cleaved by photocataly-

sis via three pathways: oxidative cleavage promoted by 

holes or oxidative species, reductive cleavage initiated by 

electrons or reductive agents, and redox neutral cleav-

age as accomplished by electrons combined with holes/

oxidative species [84]. For example, in a two-step pho-

tocatalytic strategy,  Cα–OH is aerobically oxidized to 

 Cα=O using a Pd/ZnIn2S4 catalyst under λ=455 nm light 

irradiation, and then the C–O bond is cleaved by  TiO2 

under λ=365 nm light irradiation [85]. While this is an 

overall one-step redox-neutral reaction, sacrificial agents 

are required to consume the unused holes or electrons at 

each step, which still generates a great deal of stoichio-

metric waste [85, 86]. In addition, the catalyst activity and 

the cost of expensive reagents and catalysts remain to be 

improved and addressed, respectively, which restricts the 

application of photocatalysis [82, 86].

Recently, co-solvent enhanced lignocellulosic fraction-

ation (CELF), a “lignin-first” strategy, has been developed 

for the efficient fractionation of lignin from lignocel-

lulose feedstocks, in which tetrahydrofuran, which can 

dissolve acetylated lignin, is used as a co-solvent with 

water under acidic conditions [87, 88]. In CELF, a high 

temperature (>150  °C) is still needed to remain outside 

the known miscibility gap (71.8 °C to 137.1 °C) [89] of the 

THF(tetrahydrofuran)/H2O mixture. Generally, approxi-

mately 85–90% lignin from plant biomass can be solubi-

lized and fractionated, because the molecular weight of 

lignin is dramatically reduced and the cross-condensa-

tion reaction is also minimized under THF/H2O mixture 

treatment [90]. �e nearly pure lignin product with-

out sugar and ash can be precipitated after THF solvent 

evaporation, which is a potential feedstock for promoting 

the hydrolysis of cellulose [91]. Almost complete glucose 

recovery (>99%) could be achieved after the enzymatic 

hydrolysis of corn stover when pretreating with CELF 

[87]. Some research suggests that several solvents, such 

as γ-butyrolactone, γ-valerolactone, dimethyl sulfoxide, 

1,4-dioxane, and acetone, can also be co-solvents for bio-

mass delignification in CELF [92, 93]. Moreover, CELF 

could also be applied to produce fuel precursors, includ-

ing furfural, 5-hydroxymethylfurfural, and levulinic acid 

[94].

In addition, during the OrganoCat process, lignin 

can be extracted in  situ from the reactive phase by the 

2-MeTHF phase, therefore, maintaining the low concen-

tration and structural integrity of lignin and reducing the 

occurrence of condensation reactions while retaining a 

higher number of aryl ether linkages, which is more ben-

eficial for lignin valorization [66]. Surprisingly, the mono-

mer composition of lignin from different lignocellulosic 

feedstocks showed different changes after the Organo-

Cat process, among which those from beech wood and 

Miscanthus were not changed. In addition, the S/G ratio 

increased for Sida, consistent with previous results [95]. 

Until the antisolvent precipitation method was reported 

last year, there was no other suitable process for using 

the extracted lignin produced in the OrganoCat pro-

cess. As reported, antisolvent precipitation adopting 

n-pentane combined with solvent evaporation and fil-

tration achieved a 70% lignin precipitation yield and the 

almost complete recovery of n-pentane [96]. Hence, this 

OrganoCat process may consume minimal energy and 

minimal antisolvent amounts in the separation of lignin.

�e lignin fractionated by most treatment methods is 

modified and condensed lignin, which is very different 

from natural lignin and is not suitable for further valori-

zation. �en, enzyme-assisted extraction was developed 

to obtain lignin, which primarily uses cellulase to remove 

carbohydrates from milled lignocellulose materials, 

resulting in improved yields of cellulolytic enzyme lignin 

(CEL) [76]. A novel method has been developed by com-

bining enzymatic hydrolysis and alkaline treatment, in 

which the ball-milled swollen cell wall is first treated with 

a mild alkali, followed by enzymatic hydrolysis, leading to 

a 95% yield of swollen residual enzyme lignin [97]. How-

ever, although enzymatic hydrolysis can reduce the use of 

toxic organic reagents, the treatment time increased.

Products derived from plant biomass

�e diverse target products derived from lignocellulose 

feedstock can primarily be divided into three catego-

ries: monosaccharide and sugar alcohol; biodiesel; bio-

oil, bio-char, and syngas, whose downstream products, 

such as alcohols, diols, carboxylic acids, organic acids, 

polymers, furfural, bio-gas, liquid alkanes and phenol [3], 

show diverse applications in different industries, such as 



Page 9 of 22Ning et al. Biotechnol Biofuels          (2021) 14:102  

pharmaceuticals, biomedical products, agrochemicals, 

aerospace, the building sector, filler materials, fragrances, 

food, cosmetics, etc. [98–102] All the mentioned prod-

ucts derived from plant biomass are listed in Fig. 4.

Lignocellulose biomass is very rich in pentose and hex-

ose sugars. After pretreatment and enzymatic hydroly-

sis, monosaccharides, sugar-related alcohols and acids 

are obtained, such as glucose, xylose, arabinose, sorbitol, 

mannitol, glucuronic acid, and galacturonic acid [103]. 

Among these compounds, sorbitol, mannitol, glucose, 

and xylose then become the primary carbon sources 

for the next step. Sorbitol and mannitol can be used as 

the precursor compounds of isosorbide, lactic acid, and 

1,4-sorbitan [104–106]. Isosorbide is a commercial plat-

form chemical that is usually used as a precursor to syn-

thesize isosorbide-based polymers, such as poly(arylene 

ether ketone)s, a type of super-engineered plastic [107], 

and some polymeric nanofibres that can be used in 

industrial applications [108]. In addition, isosorbide can 

be further converted into hexanol, hexane, and pentane 

[109]. Recently, several methods have been proposed 

that could be used to directly produce isosorbide from 

lignocellulose or cellulose biomass [110, 111]. Glucose 

can be converted into 1,2-propylene glycol by hydrog-

enolysis, which can selectively cleave the C–C and C–O 

bonds of glucose [112] or hexane via hydrodeoxygena-

tion [109], and glucose can also be fermented by micro-

organisms into ethanol, erythritol [113, 114], lactic acid 

[115], organic acid [116, 117], polyhydroxyalkanoate 

(PHA) [118, 119], and polyhydroxybutyrate (PHB) [120]. 

In addition, glucose can also be fermented into furfural, 

which, as an inhibitor of the next fermentation, can be 

produced during the pretreatment of biomass feedstocks, 

and furfural is also a platform compound for fuel addi-

tives, medical drugs, and other bulk chemicals [121–123]. 

Xylose, the primary component of hemicellulose, can be 

fermented into ethanol, isobutanol, xylitol, xylonic acid, 

3-hydroxypropionic acid, PHB, etc. by engineered yeast 

strains and Corynebacterium glutamicum [124–129]. In 

addition, glucose and xylose can be converted into eth-

anol/butanol/acetone, succinic acid/itaconic acid, and 

fumaric acid by Clostridium, Actinobacillus succinogenes 

(DSM 22257), and Rhizopus arrhizus RH 7-13-9#, respec-

tively [130, 131].

Biodiesel is a renewable alternative to fossil fuels [132] 

that is usually produced from vegetable oils and animal 

Fig. 4 Summary of the various products derived from plant biomass
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fats using alcohol (generally methanol or ethanol) and 

catalysts (generally NaOH or KOH) through a trans-

esterification process [133]. During this process, crude 

glycerol is produced as a by-product, which accounts 

for almost 10% of the total end-products [134–137]. 

However, there is no economic benefit of further puri-

fication. Researchers have found that crude glycerol can 

be processed to produce high-value products such as 

polyols and polyurethane foams by chemical treatment 

[138], and ethanol, butanol, propionic acid, citric acid, 

xylitol, erythritol, etc. can be produced by fermentation 

[139–142]. Moreover, crude glycerol can be reused in the 

pretreatment of bagasse to enhance L-glucose produc-

tion [143, 144], improve the treatment effect and increase 

the subsequent saccharification efficiency. Recently, the 

strategy of glycerol-free biodiesel production has been 

developed [1]. Furthermore, to reduce the use of vegeta-

ble oil as biodiesel feedstock to decrease the competition 

between food and fuel, strategies have been proposed in 

which microbial lipids could be produced as biodiesel 

feedstocks through biological pretreatments of empty 

fruit bunches or lignin-containing paper industry waste-

water by oleaginous microorganisms [145, 146].

Bio-oil is another alternative to conventional fuels; 

however, some of its shortcomings, such as high viscos-

ity, high water content, high oxygen content, chemical 

instability and corrosiveness, limit its applications [147–

149], and its issues can be addressed by fast pyrolysis or 

other methods [150–152]. Acids, alcohols, furans, and 

phenols, etc. have been detected in bio-oils under most 

conditions, among which phenols are dominant [150], 

and phenols can be used for phenolic resin produc-

tion or other applications [153]. Additionally, pyrolysis 

is also commonly used to produce bio-char and syngas. 

Bio-char has received more attention in recent years, and 

several reviews have summarized its production [101, 

154–157]. Bio-char presents porous structure, abundant 

functional groups, high surface area, which includes min-

erals and trace metals [158], so it shows a wide range of 

applications, including adsorption (chemical substances 

[159, 160], dye [161, 162], and heavy metals [17, 163, 

164]), catalysis [165–168], soil repair [163, 169], and use 

as building materials [170], electrochemical energy stor-

age [171–173], etc. During the process of bio-oil or bio-

char production, syngas containing hydrogen, carbon 

monoxide, methane, etc. is usually performed as a by-

product [151], which can be directly combusted to gen-

erate electricity or heat and converted into high-value 

products such as methanol or dimethyl ether [174, 175]. 

In addition, gasification and microbial anaerobic fermen-

tation can also produce bio-gas, primarily hydrogen and 

methane [176–179], and methane can also be used in the 

improved pyrolysis of upgraded bio-oil production [150].

To reduce the adverse effects of excessive fossil fuel 

consumption, biomass fuel is regarded as a green and 

renewable alternative to fossil fuels, which has attracted 

widespread attention. Among biomass fuels, bioethanol 

is the most studied and the primary industrial applica-

tion. More than 96% of the total global bioethanol pro-

duction still comes from the first-generation bioethanol 

(1G) produced from grains and starch-based feedstocks 

such as sugarcane, sugar beet and corn; moreover, these 

feedstocks are not considered sustainable in the long 

term due to their direct or indirect competition with 

food and feed production [180]. By contrast, the sec-

ond-generation bioethanol (2G) produced from ligno-

cellulosic biomass, such as woody crops, crop residues 

or energy grasses, can not only address the problem of 

food competition but they also demonstrate a higher 

potential to reduce the greenhouse effect [181–183]. 

If 2G fuel reaches biorefinery level applications, many 

problems, including technical and economic problems 

in the biochemical transformation route and local bio-

logical resource collection and processing and life cycle 

assessment, must be solved and overcome in the future. 

Recently, some attention has been given to the produc-

tion of biobutanol, because bioethanol has some obvious 

shortcomings as a substitute for gasoline. Ethanol has 

great differences in hygroscopicity and specific combus-

tion energy density, resulting in a mixture ratio of ethanol 

and gasoline creating a challenge for motor operations. 

By contrast, butanol shows no hygroscopicity and can 

be easily added to gasoline in any proportion [184]. 

However, the relevant research at this stage is largely 

focused on the metabolism and genetic engineering of 

Clostridia strains used for butanol fermentation and the 

optimization and innovation of fermentation conditions 

[185–189].

Challenges in the valorization of plant biomass

As reviewed, great advances have been made in the valor-

ization of plant biomass in recent years, including in vari-

ous feedstocks, treatment methods, and target products. 

However, some challenges have arisen during the devel-

opment of cellulose utilization and aromatic monomer 

fractionation. In fact, the challenges raised during the 

two processes mostly involve the lignin component. �e 

tight structure of lignin is a barrier to prevent macromo-

lecular enzymes such as cellulase from passing through 

and binding to cellulase non-productively, which limits 

enzyme contact with cellulose and hemicellulose [190], 

resulting in a serious effect on the enzymatic hydroly-

sis efficiency of cellulose. During the fractionation of 

aromatic monomers, whether under acidic or alkaline 

conditions, the benzyl group generated by the cleavage 

of lignin is subsequently attacked by the nucleophile to 
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form stable and condensed C–C or C–O bonds, which 

significantly limits the completion of lignin valorization 

[191, 192]. Here, the challenges in the use of cellulose and 

the fractionation of aromatic monomers were summa-

rized. Similarly, applied genetic engineering technologies 

were also discussed.

Challenges in using cellulose

Lignocellulosic material is one of the largest biomasses 

produced in the world and has received great attention in 

association with the urgent need for biofuels. However, 

the presence of lignin in lignocellulose feedstocks seri-

ously affects the efficiency of sugar production, which is a 

platform compound for producing value-added products. 

Various pretreatment methods have been proposed to 

remove lignin or increase the exposure of cellulose, each 

of which shows their respective advantages and disad-

vantages, as shown in Table 2. In addition, all the types 

of biomass raw materials differ in their cellulose, hemi-

cellulose, lignin, water, oxygen contents, etc., which will 

directly influence the efficiency of each pretreatment 

method under different conditions. �erefore, the pre-

treatment should be meticulously selected depending on 

the various characteristic properties of different lignocel-

lulose biomass materials.

To date, most of the studies on plant biomass utiliza-

tion have been performed at the laboratory scale. For 

industrial application or commercialization, the experi-

mental scale must be expanded to identify and address 

the challenges encountered in the commercialization 

of biomass pretreatment. Physical pretreatment is con-

sidered to be the most available method for large-scale 

implementation, because treatment systems are limited 

in cost and/or complexity [193]. Although chemical pre-

treatment has been studied at the bench scale [194], it is 

not suitable for use at a large scale, because some chemi-

cal reagents are expensive, and corrosivity increases 

the requirements for equipment. In addition, the need 

for solvent recovery, inhibitor removal and pH control 

increases the complexity of the chemical treatment sys-

tem. If the solvent cannot be recovered, it would not 

only increase the cost, including the need for the sub-

sequent treatment of used solvents and large amounts 

of new solvents but also cause environmental pollution. 

�erefore, green solvents, which can reduce impacts 

on health and the environment, have been developed 

for lignocellulose biomass pretreatment. Nevertheless, 

this strategy is still incipient, and many issues, such as 

process optimization, life cycle analysis, green solvent 

separation and recovery, must be addressed [195, 196]. 

Recently, biological pretreatment has been considered 

to be another environmentally friendly method that 

has many advantages, such as mild reaction conditions 

without high temperature and high pressure treatment 

or special equipment, no environmentally hazardous 

substances, and basically no inhibitors. By contrast, the 

cost and time consumed in biological pretreatment have 

become major issues. When lignin-degrading enzymes 

were used for pretreatment, the structural complexity of 

different lignocellulosic feedstocks would affect the com-

bination of enzymes, affecting the efficiency of enzymatic 

hydrolysis and the time of the treatment process. Oth-

erwise, the enzymes used in the process cannot be recy-

cled, which significantly increases the cost. Furthermore, 

wild or genetically engineered fungi or bacteria that can 

produce lignin-degrading enzymes have been applied for 

lignin depolymerization. �e exploration of microorgan-

isms that can naturally depolymerize lignin and genetic 

engineering technologies enabling microorganisms to 

overexpress lignin-degrading enzymes have become one 

of the research directions in the biomass utilization field 

[197–199].

Challenges in the fractionation of aromatic monomer

�e large molecular weight and heterogeneous structure 

of lignin will seriously affect its potential applications in 

the materials field [200]. Although natural lignin is highly 

reactive towards depolymerization, during the biorefin-

ing process, severe structural degradation often occurs, 

including the cleavage of unstable ether and ester bonds 

(primarily β-O-4 ether bonds) in which the benzyl group 

is formed, which is the source of the lignin condensa-

tion reaction [79, 201]; this reaction is the primary fac-

tor affecting the formation of stable intermediates and 

maximizing the yield of phenolic monomers. Moreover, 

the excessive structural modification of the extracted 

lignin would affect its high-value applications. To reduce 

the influence of these factors, some improved methods or 

strategies have been proposed as follows.

Chemical structure modi�cation of the lignin

Acid is the most commonly used catalyst for extracting 

aromatic monomers from lignocellulose biomass. How-

ever, during the acidolysis process, the  Cα
+ carbocation 

formed by the dehydration of  CαH-OH of β-O-4 could 

attack the adjacent aromatic rings with G or S structures 

and form new C–C bonds [202, 203], which is the con-

densation of lignin. �erefore, some methods have been 

proposed to reduce or avoid lignin condensation, includ-

ing lignin pre-oxidation to prevent the formation of 

β-O-4 carbocations and the addition of capping reagents 

to block the reactive sites to stabilize the resulting β-O-4 

carbocations [8], such as the stabilization of the mono-

mer through acetal formation.

Pre-oxidation, a strategy proposed earlier, has been 

extensively studied in recent years. �e pre-oxidation 
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Table 2 Advantages and disadvantages of lignocellulose biomass pretreatment methods. ( Adopted from Refs. [14, 33, 255, 256])

Category Pretreatment Advantages Disadvantages

Physical Milling Control of final particle size
Reduces cellulose crystallinity
Cost-effective especially for agricultural 

residues

High consumption of power and energy
High energy required for hardwood 

biomass

Steam explosion Cost-effective for hardwood
High concentrated sugars
Lignin transformation and hemicellulose 

solubilization
Low capital investment, moderate energy 

requirements and low environmental 
impacts

Hemicellulose is partly degraded
Sugar degradation might happen
Less effective for softwood
Efficiency is affected by particle size

Liquid hot water Enhance cellulose digestibility, sugar 
extraction, and pentose recovery,

No need for additional acid and size 
reduction

low-cost reactors
low or no inhibitor production

Water and energy demanding are higher

Microwave Less reaction time,
Selectively heats for polar part
Low inhibitor production

High cost
Low effective for materials with low dielec-

tric loss factor

Ultrasonication No external reagents are needed Increase of cost for larger scales

Chemical Acid hydrolysis Hemicellulose and partly lignin are 
removed

High reaction rate

Corrosion problem of reactor.
High inhibitory formation from sugars 

degradation
Requirement of neutralization

Alkaline hydrolysis Decrease in the polymerization of carbo-
hydrates

Efficient removal of lignin
Low inhibitor formation
Low temperature and pressure

Relatively long reaction time
Low digestibility enhancement in softwood
Requires alkali removal
High cost of alkaline catalyst

Ozonolysis Reduces lignin content
Low inhibitor formation
Room temperature and atmospheric 

pressure

High cost of large amount of ozone needed
Flammability and toxicity

Organic solvents Solubilization of lignin and hemicellulose
Pure cellulose yield
High glucose yield
Lignin recovery

High cost of energy and catalysts
Inhibitor generation
Fire and explosion hazard
Recycling of solvent and/or catalysts.

Ionic liquids Mild reaction conditions
Requires no catalyst and low-cost reactor
Ionic liquids are recyclable and reusable
Lignin extraction can be achieved

Toxicity and inhibitory effects on enzyme 
activity

High ionic liquids costs
Requirement of ionic liquids recovery.

Deep eutectic solvent (DES) Green solvent, biodegradable and bio-
compatible

High-purity lignin

Poor stability under higher pretreatment 
temperatures

Physicochemical Wet oxidation Efficient removal of lignin
Low formation of inhibitors
Reduced crystallinity of cellulose

High cost of oxygen
Cellulose degradation
High cost of corrosive resistant reactor
Low hemicellulose recovery

Ammonia fiber expansion (AFEX) Cellulose crystallinity can be reduced
Short reaction time
High efficiency and selectivity for lignin
Lower inhibition

Requires ammonia recycling system
Less effective for softwood
High cost of large amount of ammonia
Environmental concerns

Supercritical fluid High solid load
Low sugar degradation
Output controllable by some factors
Increases accessible surface area

High costs of energy consumption and 
reactor

High pressure requirement

Sulfite pretreatment to overcome recalci-
trance of lignocellulose (SPORL)

Effective for hardwood and softwood
Cost efficient
Low inhibitor

Pretreatment is preceded by biomass size 
reduction
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mechanism is to oxidize the  Cα-OH in the β-O-4 struc-

ture to  Cα=O selectively before lignin depolymeri-

zation, which not only inhibits repolymerization by 

avoiding the generation of carbocations but also sig-

nificantly decreases the bond dissociation energy (BDE) 

value of the β-O-4 bond [8, 204]. �erefore, pre-oxidized 

lignin can be depolymerized under mild conditions. For 

example, oxidized poplar lignin is treated in a formic 

acid solution at 110 °C to obtain a yield of 52.2 wt % phe-

nolic monomers, which is more than 7 times higher than 

that of unoxidized poplar lignin [205]. In addition, sev-

eral oxidation methods have been improved, including 

stoichiometric, metal-free catalytic and metal-catalysed 

aerobic oxidation [206], even though the oxidation pro-

cess can be promoted by photocatalysis [8]. It should also 

be noted that the BDE of the  Cα–Cβ bond would increase 

after pre-oxidation [207]; as a result, pre-oxidation may 

not be suitable for treatments that require the subse-

quent cleavage of the  Cα–Cβ bond.

During the lignin extraction process, the acetal forma-

tion of monomers can prevent the cleavage of the β-O-4 

ether bonds and lignin condensation, thereby improving 

the efficiency of monomer production [201]. In 2016, a 

novel strategy was created to inhibit the lignin conden-

sation reaction by forming a 1,3-dioxane acetal structure 

after adding formaldehyde as a protecting reagent [208]. 

Subsequently, the properties of acetaldehyde and propi-

onaldehyde were studied, and it was found that the yield 

of phenolic monomers produced with formaldehyde was 

the highest (46 wt %), followed by those produced with 

propionaldehyde (42 wt %) and acetaldehyde (37 wt %), 

respectively [209]. Furthermore, the stabilization of 

lignin C2-aldehydes can be achieved through acetal for-

mation with the addition of ethylene glycol (EG), which 

can be readily dissolved in organic solvents and cata-

lyse depolymerization [210]. Recently, a mild hydrogen-

olysis method of  H2SO4 with dimethyl carbonate as the 

solvent and ethylene glycol as the stabilizer was devel-

oped, resulting in a C2-acetal phenolic monomer yield of 

77–98% [211].

Over the past 5  years, in  situ lignin modification has 

been proposed for acid and alkali pretreatment and has 

been shown to be an effective method for eliminating 

the inhibitory effect of residual lignin. Carbocation scav-

engers such as 2-naphthol, 2-naphthol-7-sulfonate and 

vanillic acid have been added during acid pretreatment to 

prevent lignin repolymerization [212–214]. Additionally, 

during alkali pretreatment, lignin is modified in situ with 

PEGDE, which not only chemically blocks some phenolic 

hydroxyl groups in lignin but also increases the lignin 

hydrophilicity [191]. �e addition of 2-naphthol could 

reportedly increase the delignification ratios from 16.6% 

to 18.2% during the acid pretreatment of larch with 1% 

(w/w) sulfuric acid at 160 °C for 1 h [215]. Although the 

in-situ modification is not specific for lignin extraction, 

it still provides a theoretical reference for improving the 

yield of aromatic monomers.

Additionally, due to the higher amount and lower 

bond dissociation energy of the C–O–C ether bond 

in comparison with the C–C bond, the cleavage of the 

C–O–C ether bond has been a subject of great concern 

[216]. However, by selectively breaking various carbon–

carbon bonds in lignin and lignin monomers, specific 

compounds such as vanillin and syringaldehyde can be 

produced [217, 218].

Fractionation method for lignin extraction

�e previous lignin extraction strategy was to fractionate 

lignin before catalytic depolymerization [219]. However, 

the limitation of the lignin solubility and the high temper-

ature and/or acid/alkali adopted during the fractionation 

process would cause serious and irreversible condensa-

tion. A simple and avoidable condensation strategy has 

been developed, and it can retain the lignin structure via 

rapid flow-through fractionation. In the batch system, 

the lignin concentration is kept at a relatively low level 

by constantly adding fresh solvent to the system, and the 

dissolved lignin fragments are removed from the heat-

ing zone, which limits the extent of condensation and the 

structural changes in the lignin [76]. For instance, using 

Table 2 (continued)

Category Pretreatment Advantages Disadvantages

Co-solvent enhanced lignocellulosic 
fractionation (CELF)

Highly efficient for lignin extraction
Nearly pure lignin production

High cost of solvents
High temperature requirement

Biological Enzymes Mild reaction conditions
Environment friendly
Selective degradation of lignin

Very long reaction time
Low hydrolysis rate
High environmental requirements
Inactivate easily
High cost of enzymes

Microbes Have better tolerance for the environ-
ment than enzyme

Long pretreatment time Requires careful 
control of growth conditions
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p-toluenesulfonic acid (2.5 mol/L) in the flow-through 

reaction at 98 °C for 40 min, the yield of acid hydrolysate-

dissolved lignin (AHL) reached 81.9%, with high β-O-4 

bonds (80% retention) [220]. In addition, reductive cata-

lytic fractionation (RCF), in which natural lignin from 

biomass was directly extracted by hydrogenolysis with a 

metal catalyst under a reductive atmosphere [221], was 

also developed to avoid condensation and prevent struc-

tural degradation. However, catalyst recovery and mass 

transfer in traditional batch reactors limit the application 

of RCF [76]. With technological innovation, a circula-

tion system was invented to stabilize lignin intermediates 

and separate catalysts from biomass raw materials [201], 

which addressed the limitation of the RCF application in 

traditional batch reactors. RCF has two steps: the lignin 

in biomass is extracted using a polar-protic solvent, and 

then hydrogen donors and heterogeneous catalysts are 

used to cleave the C–O ether bond selectively [34]. Gen-

erally, under reductive conditions, the extracted lignin 

has more cleavable C–O bonds and fewer C–C bonds, 

resulting in a higher yield of aromatic monomers [222].

Additionally, many studies have explored oversimpli-

fied dimer model compounds that closely mimic the 

basic structure of real lignin, but they cannot reflect 

the complexity of side chains in natural lignin [79]. For 

example, β-O-4 model compounds lack the phenolic 

OH group, significantly influencing the reactivity of the 

experimental reagent to the model compound oxidation 

[79]. �erefore, the cleavage results under model com-

pounds are difficult to achieve during the depolymeriza-

tion of natural lignin, which still shows some significance 

for the further exploration of lignin extraction.

In summary, the recondensation of lignin is always the 

largest obstacle to the extraction of lignin and the pro-

duction of aromatic monomers. �erefore, new findings 

can form stable intermediates or hinder the occurrence 

of recondensation or new reactors to improve reaction 

and separation efficiency, which must be further explored 

with rigor in the future.

Genetic engineering technology

In recent decades, with the rise of synthetic biology, 

researchers have raised more interest in introducing 

genetic and metabolic engineering for the utilization of 

lignocellulosic biomass, which extends the scope and 

depth of the related research. New genetic manipulation 

technologies have been developed, providing the possi-

bility of gene editing for a variety of organisms, which is 

no longer simply the overexpression of a single gene but 

the modification of parts of the structure, metabolic pro-

cesses, and single enzymes of the selected organisms.

�e cross-linking of lignin with cellulose and hemicel-

lulose gives rise to plant structural rigidity to bear the 

weight of the entire plant, which is extremely impor-

tant for the plant to maintain its own form. However, it 

is also the greatest obstacle to the use of lignocellulose 

feedstocks. In recent years, along with the invention 

of CRISPR technology and the subsequent report that 

CRISPR can be stably used for the genetic modification of 

some plants [223, 224], a strategy to reduce the difficulty 

of downstream use by lignin modification in planta was 

proposed. Lignin modification can achieve effects such as 

simplifying the structure of lignin and changing the con-

tent of the three structural units or total lignin without 

affecting the normal growth of plants, thereby reducing 

the difficulty of depolymerization, yielding more specific 

aromatic monomers, or increasing the calorific value of 

lignin (the ρ-hydroxyphenyl unit has the highest heating 

value), which enhances the potential application of lignin 

in high-value products and biofuels [225, 226]. Moreover, 

genetic engineering can also be used to improve polysac-

charide properties and the composition of lignocellulose 

biomass, express enzymes that reduce the resistance of 

cell walls, improve stress tolerance and increase the yield 

stability of lignocellulose feedstocks [227, 228].

Enzymes are necessary for the biological pretreatment 

and saccharification processes, which have been studied 

extensively. Four enzymes reportedly can depolymerize 

lignin, namely laccases, manganese peroxidases (MnPs), 

lignin peroxidases (LiPs), and versatile peroxidases (VPs) 

[198], whose structures and efficiencies differ across 

species. In addition, natural microorganisms that can 

decompose lignin could also be applied for biological 

pretreatment, in which many bacterial species belonging 

to Actinomycetes, α-Proteobacteria and γ-Proteobacteria 

are included [229]. Furthermore, fungi are considered to 

be more effective at decomposing lignin [230], among 

which Basidiomycetes members are regarded as the only 

species that can completely degrade lignin [231]. Follow-

ing pretreatment, the cellulase and xylanase required 

for the saccharification process also encounter the same 

problems as lignin-degrading enzymes, which can be 

solved by powerful technologies, including protein engi-

neering and directed evolution, which can improve the 

properties of enzymes [232]; therefore, the enzymes with 

the best or the most stable activity could be selected for 

hydrolysis. Microorganisms often lack the high yields 

and productivity required for industrial applications 

[229]. Large amounts of stable and active enzymes can be 

obtained by genetic engineering, such as using a strong 

promoter or overexpression in host cells, which can not 

only reduce the cost of enzymes during the pretreatment 

and saccharification process but also pave the way for a 

one-step conversion strategy from lignocellulosic materi-

als to high-value products [233–235].
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Fermentation is a bioconversion process that converts 

sugars into high-value products and has been widely used 

to produce biofuels, one of the great products of ligno-

cellulose biomass utilization research. Bioethanol can be 

produced by Saccharomyces cerevisiae. However, there 

has been a great deal of research on the mechanism by 

which yeast uses glucose to produce ethanol and on the 

improvement of ethanol production through genetic 

engineering based on its mechanisms in recent decades. 

Recently, Saccharomyces cerevisiae has been endowed 

with xylose utilization, as obtained through metabolic 

engineering, which further increases the production 

of bioethanol and chemicals [127, 236]. Similarly, this 

strategy has been adopted in the metabolic engineer-

ing of Propionibacterium freudenreichii subsp. sherma-

nii for xylose fermentation [237]. Butanol-producing 

Clostridium can innately use glucose and xylose, similar 

to acetic acid, an inhibitor that is produced during some 

pretreatment methods, to produce biobutanol and chem-

icals by acetone–butanol–ethanol (ABE) fermentation. 

In the past decade, the application of genetic and meta-

bolic engineering in butanol-producing Clostridium has 

been rapidly developed [99, 188, 189, 238–241] with the 

birth of ClosTron technology, which can be applied for 

Clostridium gene editing [242, 243], and the discovery of 

the butanol-producing metabolic mechanism of Clostrid-

ium acetobutylicum ATCC 824 [244]. Additionally, 

genetic and metabolic engineering has also been adopted 

in Escherichia coli for 2,3-butanediol production [245], 

Neurospora crassa for itaconic acid production [246], 

Pseudomonas putida KT2440 for substituted styrene bio-

product production [247], and other strains for biofuel 

and chemical production [98, 248–251]. Furthermore, 

some engineered microorganisms can also increase toler-

ance to inhibitors or upgrade lignin [7, 252].

As discussed above, the invention and improvement 

of efficient gene editing tools for different strains or 

lignocellulose feedstocks are the basis of genetic and 

metabolic engineering. Under normal circumstances, 

microorganisms that can naturally degrade lignin or 

cellulose cannot produce platform compounds, while 

microorganisms that can use sugars to produce high-

value products cannot degrade lignin or cellulose. �ere-

fore, to achieve one-step conversion from plant biomass 

to biofuels or chemicals, it is necessary to clone the 

required metabolic pathway-related genes into the cor-

responding strains through genetic engineering technol-

ogy, during which the clarification of the synthetic and 

metabolic mechanism of the target compounds in micro-

organisms is critical in future research on the use of plant 

biomass. In addition, more in-depth research is needed 

to improve the resistance of plants and microorganisms 

and to reduce the lignin resistance of the plant cell wall.

Conclusions

During the valorization of plant biomass into different 

types of high-value-added products, an increasing num-

ber of feedstocks have been adopted. �e major devel-

opment of the corresponding technologies is focused 

on changing the structure of lignocellulose to improve 

the efficiency of biomass conversion during downstream 

processes. Additionally, there are also great advances in 

lignin extraction treatments for producing aromatic-

related value-added products. Nevertheless, it is neces-

sary to alleviate or overcome the problems that occur 

during the valorization process, especially regarding 

cellulose utilization and aromatic monomer fractiona-

tion and improving genetic engineering technologies. In 

summary, the value-added products derived from plant 

biomass would grow in number and become more valu-

able along with the adoption of more plant biomass and 

the development of treatment technologies; meanwhile, 

greater social and environmental significance would 

achieve along with the valorization of plant biomass.
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