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A B S T R A C T   

Lignocellulose, a kind of biological resource widely existing in nature, which can be transformed into value- 
added biochemical products through saccharification, fermentation or chemical catalysis. Pretreatments are 
the necessary step to increase the accessibility and digestibility of lignocellulose. This paper comprehensively 
reviewed different pretreatment progress of lignocellulose in recent year, including mechanical/thermal, bio
logical, inorganic solvent, organic solvent and unconventional physical-chemical pretreatments, focusing on 
quantifying the influence of pretreatments on subsequent biomass conversion. In addition, related pretreatment 
techniques such as genetic engineering, reactor configurations, downstream process and visualization technology 
of pretreatment were discussed. Finally, this review presented the challenge of lignocellulose pretreatment in the 
future.   

1. Introduction 

The development of sustainable energy is very essential to alleviate 
the problems of energy crisis and environmental pollution [1,2]. 
Lignocellulosic is a potential resource [3,4], widely exists in the cell 
wall, can be converted into promising products, including soluble 
sugars, biofuels, functional materials and fine chemicals [5,6]. As shown 
in Fig. 1, lignocellulosic wastes, mainly originated from agricultural 
wastes, forestry wastes, industrial residues, etc. 

The value of lignocellulose is mainly related to its three primary 
components, namely cellulose (35–45%), hemicelluloses (15–30%) and 
lignin (20–30%) [19–21]. Cellulose and hemicellulose can be converted 
to reducing sugars after enzymatic hydrolysis, and can be further con
verted into other chemical products [22,23]. Lignin is a heterogeneous 
polymer feedstock, can be converted into alkanes through depolymer
ization and hydrogenation reaction [24,25]. However, the inherent 
complex polymer structure, highly-ordered hydrogen bonds and the 
indigestibility of lignin restrict the conversion of lignocellulose [26,27]. 
Therefore, pretreatment of lignocellulosic biomass in practical operation 
is necessary and studied extensively [28]. 

Pretreatment is helpful to improve the biocompatibility, bioconver
sion yield and enzyme accessibility of lignocellulose [29,30], the ben
efits of pretreatment were summarized in Fig. 1. Different lignocellulose 
and pretreatment methods affect the pretreatment effect and subsequent 

biomass conversion [31,32]. For example, studies have investigated 
that, the effect of acid-base pretreatment is more obvious on lignocel
lulose with lower lignin content [11], ionic liquid (IL) pretreatment 
selectively degraded the G-type lignin fractions compared with the S- 
type lignin fractions [33]. The current challenges of pretreatment are 
mainly focused on the mechanism of different types of lignocellulose. 

In this review, the characteristics of pretreatment methods include 
mechanical/thermal, biological, inorganic solvent, organic solvent, un
conventional physical-chemical pretreatment methods were summa
rized, the revealing of pretreatment mechanisms and the quantification 
of the influence on subsequent biomass conversion were particularly 
emphasized. Furthermore, other related pretreatment techniques such 
as genetic engineering, reactor configurations, downstream process, 
visualization technology of pretreatment were also discussed. Based on 
the review, we provided a comprehensive perspective for effective 
pretreatment to improve the biomass conversion capacity. 

2. Mechanical/thermal pretreatment 

2.1. Mechanical pretreatment 

Mechanical pretreatments include crushing, ball milling, ultrasonic 
vibration and so on. The main purpose of these methods is to increase 
the specific surface area (enzyme accessibility) and to improve mass and 
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heat transfer [34,35]. The characteristics of the common mechanical 
pretreatments were summarized in Fig. 2. 

Researches supported that the larger size of corn stover were more 
recalcitrant to hydrolysis than the smaller size of corn stover [36]. The 
common crush instruments include cutter mill [37], hammer mill [38], 
variable speed rotor mill [39], etc. Ball milling, a typical mechanical 
pretreatment, commonly used in promoting non-degradable dissolution 
and acetylation of lignocellulose [40–42]. Ball milling caused drastic 
depolymerization of hemicelluloses, which increased the release of 
monosaccharides in the absence of enzymes [43,44]. Research has 
demonstrated that the carbohydrate conversion rate of the pretreated 
maize stem material increased to 79% after 4 h ball milling [44]. Ul
trasound is a kind of mechanical wave [45,46], ultrasonic pretreatment 
reduced the viscosity of the carboxymethyl cellulose solution and 
decreased the activation energy of the reaction, thereby increasing the 
value of Vmax of cellulase to 1.3 times than its original value [47]. 

In addition, wet mechanical pretreatments have the superiority of 
reducing solvent consumption [48,49], may be a promising new method 
in biorefining. Glycerol swelling [50], metal salts [51], cosolvents [40], 
acids [48], etc. have been reported to play a positive role in assisting 
mechanical pretreatment. Huang et al. proposed a novel pretreatment 
method using a small amount of dilute alkali (only 4.0% NaOH) to assist 
ball milling for 60 min, 55.74% of sugars yield was obtained from 
pennisetum [49]. 

2.2. Thermal/hydrothermal pretreatment 

Insoluble and acid soluble lignin of lignocellulose increased but 
hemicellulose content decreased after thermal pretreatment [16,52,53]. 
Studies showed that, the hemicellulose was significantly converted after 
pretreatment at 250 ◦C and 275 ◦C, the yield of levoglucan was signif
icantly reduced at 300 ◦C [54,55]. Thermal pretreatment can not only 
directly affect lignocellulose, but also indirectly affect the conversion of 
lignocellulose by affecting microorganisms. For example, heat pre
treatment increased the availability of acidogenic microorganisms 
[16,56]. Hydrothermal pretreatment, a kind of pretreatment that em
ploys liquid at high temperature and high pressure [57], has been 
proved to be an efficient method to release the hemicellulose [58,59]. 
The maximum yield of furfural up to 21% was obtained after hydro
thermal pretreatment (190 ◦C, 60 min) of corncob [60]. 

The reaction temperature was the most crucial factor in removal of 
hemicellulose [61,62]. However, high temperature produced high en
ergy consumption and had inhibitory effect on enzyme activity. These 
problems need to be further studied and resolved. The thermal/hydro
thermal pretreatment needs to be optimized to obtain the maximum 
enzymatic digestibility and collect heat energy. 

2.3. Thermo-mechanical pretreatment 

Steam explosion is a common thermo-mechanical pretreatment that 
converts the internal energy of steam into mechanical energy (Fig. 3). 

Fig. 1. Common types and corresponding pretreatments of lignocellulosic biomass. 
(Based on and reproduced from [7–18]). 
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Steam explosion pretreatment is the most cost-effective choice for her
baceous and hardwood biomass, but is less effective for softwood 
because hemicellulose portion of softwood has low content of acetyl 
groups [63,64]. Moreover, the shearing force generated by the steam 
explosion makes the hemicellulose glycosidic bonds hydrolyze, thereby 
generating organic acids [65], the presence of organic acids affect the 
microbial community. In Miguel’s study, cow manure and straw were 

pretreated by steam pretreatment, 70% ethanol yield was obtained in 
the best pretreatment conditions (200 ◦C, 5 min, pH 2) [66]. 

The steam of the pretreatment can be not only gaseous components 
(such as SO2 or CO2) [67], but also liquid chemical components (such as 
acid or alkali) [68,69]. For example, alkali steam explosion is effective 
for pretreatment of xylan-rich biopolymers. Aspen wood and sugarcane 
trash were impregnated with NaOH before steam explosion, the highest 

Fig. 2. Different mechanical pretreatments and their pretreatment effect.  

Fig. 3. Process and impact factors of steam pretreatment.  
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xylan yields of Aspen wood and sugarcane trash achieved 24% and 51%, 
the maximum cellulose digestibility achieved 81% and 92%, respec
tively, after pretreatment (204 ◦C, 10 min) [68]. In addition to steam 
explosion, there are some other thermo-mechanical pretreatment 
methods, such as continuous twin screw drive reactor combined with 
hot water pretreatment [70]. From an environmental and economical 
point of view, thermo-mechanical reduces the use of additional equip
ment (washing and filtration systems) and generates less waste water, 
thereby increasing the concentration of fermentable sugars. 

3. Biological pretreatment 

Biological pretreatments are environmentally friendly process under 
mild condition. Biological pretreatment methods include microbial 
pretreatment [50,74], anaerobic digestion pretreatment and enzymatic 
pretreatment, etc. Table 1 presents the impact of different biological 
pretreatment for lignocellulose biomass. 

3.1. Microbial pretreatment 

Wood-decay fungi, mainly including brown-rot fungi [73,83] and 

Table 1 
Summary of the impact of different biological pretreatment for lignocellulose biomass.  

Biological pretreatment Specific pretreatment method Lignocellulose type Biomass conversion References 

Microbial pretreatment Fungi Brown rot fungal 
(16 weeks, 30 ◦C) 

Aspen, spruce, corn 
stover 
(40 mesh) 

SY increased by 3 fold [71] 

Amorphothecaresinae ZN1 
(24 h, 25 ◦C) 

Corn stover 
(10% w/v solid 
loading) 

SYD up to 93.2% [72] 

Phanerochaete 
chrysosporium 
(30 d, 29 ◦C) 

Rice straw 
(96.6% w/w solid 
content) 

SYD achieved 64.9% [73] 

Bacteria Cupriavidus basilensis B-8 
(2 d, 30 ◦C) 

Rice straw  
(10% w/v solid 

loading) 

SY increased by 13–31% [74] 

Pandoraea sp. B-6 
(2 d, 30 ◦C) 

Air-dried rice straw 
(10% w/v solid 
loading) 

SY increased by 40.9% [75] 

Biological anaerobic digestion 
pretreatment 

Food waste (FW) pretreatment 
(6 d, 37±1 ◦C) 

Corn cob 
(12.5–25 wt%) 

MY achieved 401.6 mL/g⋅VS [18] 

Anaerobic digestion process 
(27 d, 37 ◦C) 

Rice straw, sycamore, 
pine 
(1% w/v solid loading) 

Biofuels increased by 3.6–4.6 fold [8] 

Thermophilic cellulose-degrading microbial 
(14 d, 50 ◦C) 

Municipal solid waste 
(1% w/v solid loading) 

MY increased by 2.08 times [76] 

Microaerobic barley straw-adapted microbial 
(35 d, 25–27 ◦C) 

barley straw, meadow 
hay 
(5% w/v solid loading) 

MY increased by 40 times [77] 

Fenton pretreatment + compost 
(60 d, four temperature phases) 

Rice straw 
(50–60% moisture) 

Suitable microbial environment increased 
enzyme production 

[78] 

Enzymatic pretreatment Hemi-cellulose 
related 

Xylanase 
(72 h, 50 ◦C) 

Wheat straw 
(3.8% w/w total solids) 

Synergism and hydrolysis increased by 29.5% 
and 10% 

[79] 

Lignin related Lignin peroxidase (LiP) – Oxidized nonphenolic lignin by generating 
cation radicals 

[80] 

Manganese peroxidase 
(MnP) 

– Generated Mn3+ as a diffusible oxidizer on 
lignin 

[81] 

Laccase 
(24 h, 50 ◦C) 

Wheat straw 
(5% w/v total solids) 

Glucose and xylose yield increased by 16 and 
6% 

[82] 

SY, saccharification yield; SYD, saccharification yield digestibility; MY, methane yield. 

Fig. 4. Main principles of microbial pretreatment.  
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white-rot fungi [84–86], have the abilities to efficiently depolymerize 
and modify lignocellulose. The saccharification of corn stover enhanced 
to three folds after pretreated with fungi Postia placenta and Gloeo
phyllum trabeum [71]. There are two main principles of fungal pre
treatment shown in Fig. 4. Lignocellulose was attacked by strains, 
resulting in an increase of cellulases, hemicellulases, ligninolytic 
enzyme activities [87]. Apart from this, the toxic compounds can be 
degraded during fungal pretreatment, for example, a kerosene fungus 
strain, Amorphotheca resinae ZN1, isolated by Zhang et al., can efficiently 
use toxins and sugars as the sole carbon sources during pretreatment of 
corn stover [88]. 

Bacteria can not directly decompose lignin, but can use Kraft lignin 
or (modified lignin) as the carbon source (Fig. 4) [89–91]. Some bacteria 
and chemical pretreatment have significant complementary effects. For 
example, the ligninolytic bacterium Pandoraea sp. B-6 selectively 
removed the residual lignin caused by acid pretreatment and the sugar 
release enhanced by 40.9% [75]. Biological pretreatment can greatly 
promote the subsequent saccharification or fermentation process of 
lignocellulose. However, the industrial viability of biological pretreat
ment was limited due to the relatively long pretreatment time and the 
large loss of cellulose. 

3.2. Biological anaerobic digestion pretreatment 

The microorganisms used for anaerobic digestion are mainly anaer
obic bacteria [92,93], such as thermophilic cellulose-degrading micro
bial [76] and barley straw-adapted microbial organisms [77]. The 
methane yield of the co-substrate of barley straw and hay was almost 40 
times (15.2 L⋅kg− 1 TS) that of the control after pretreated with barley 
straw-adapted microbial consortium for 35 days [77]. In addition, there 
are some anaerobic digestion technologies such as food waste pre
treatment [7] or Fenton combined compost [78]. Supplementation of 
food waste increased the activities of microorganisms and enzymes, the 
higher methane output achieved 401.6 mL/g⋅VS after anaerobic diges
tion pretreatment (food waste:corncob = 1:6) [7]. The production of 
biofuel through anaerobic digestion pretreatment of lignocellulose has 

great potential [15], however, the efficiency of anaerobic digestion and 
biogas production are sometimes unsatisfactory due to the incomplete 
digestion. Increasing the amount of effective microorganisms and 
enzyme activity in fermentation reaction, reducing the energy input and 
the production of inhibitory compounds may be the main topic of future 
researches. 

3.3. Enzymatic pretreatment 

One of the main commercial considerations for value-added pro
duction from lignocellulose is the cost and the hydrolytic efficiency of 
enzyme [85]. Some accessory enzymes, such as hemicellulose degrading 
enzyme (xylanases) or lignin degrading enzyme (lignin peroxidases and 
laccases) [82,94,95] can reduce the end-product inhibition and non- 
productive adsorption of cellulase, thereby providing synergistic ef
fects for enzyme hydrolysis [96]. For example, two hemicellulolytic 
enzymes (α-L-arabinofuranosidase from Aspergillus niger and endox
ylanase from Aspergillus nidulans) increased the synergy degree by 29.5% 
[79]. 

The degradation of lignin is mainly achieved by polyphenol oxidases, 
lignin peroxidases and laccases [80,85]. Lignin peroxidase and manga
nese peroxidase could oxidize lignin by generating cation radicals [81]. 
The laccase-mediator systems-induced increase of lignocellulose con
version was due to the modifications of carboxylic groups in the surface 
of lignin, the decrease in hydrophobicity caused by carboxylic groups 
might lower irreversible binding of cellulases to lignin [97]. The glucose 
and xylose production of wheat straw increased by 16 and 6% after 
pretreated with a bacterial laccase from Streptomyces ipomoeae (SilA) 
[82]. It is worth noting that, the detoxification effect of laccase was 
controversial. Javier’s research did not support that the production of 
bioethanol can be improved through detoxification of laccase pretreat
ment [98]. 

Fig. 5. The common organic acid pretreatment solvents and the superiority of organic acid pretreatment methods.  
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4. Inorganic solvent pretreatment 

4.1. Inorganic alkali/acid pretreatment 

Inorganic alkali pretreatment could destroy lignocellulose structure 
by changing the polymorphous crystal lattice of cellulose and removing 
part of hemicelluloses and lignin [12,99,100]. It is very effective for the 
biotransformation of herbaceous biomass, but has limited effects on 
softwood and hardwood [101,102]. The reducing sugar production of 
oil palm empty fruit bunch increased after pretreated with even 1% 
NaOH at 170 ◦C [103]. Other alkaline reagents such as calcium hy
droxide (CaOH) and alkaline H2O2, etc. were also used in pretreatment 
[104,105]. After alkali pretreatment, the reducing end groups of cellu
lose were converted into stable carboxylic groups, the lignin was con
verted into aromatic monomers contained higher G-rich lignin 
[106–109]. 

Inorganic acid mainly include H2SO4, HCl, HNO3, etc. [110,111]. 
Inorganic acid pretreatment can not only pretreat hardwood, softwood, 
agricultural crops, herbaceous residues, but also municipal solid waste 
[11,112]. Jung et al. used 1% (w/v) dilute sulfuric acid to pretreat oil 
palm empty fruit bunches at 190 ◦C for 3 min. The enzyme digestibility 
of oil palm empty fruit bunches obtained 88.5% of the theoretical 
glucose production after 48 h of hydrolysis [113]. There are also some 
innovations in the inorganic acid pretreatment in recent years. For 
example, a base pH approximation method was proposed by Han et al. to 
correct fluctuating acid pretreatment efficiency through a simple titra
tion procedure [114]. 

In summary, the wall polymers were dissociated by extracting 
crosslinked lignin and hemicelluloses during alkali pretreatment, 
whereas partial release of lignin monomers and monosaccharides by 
splitting strong chemical bonds were induced during acid pretreatment 
[95,115–117]. At present, researches on alkali or acid pretreatment 
mainly focuses on the pretreatment mechanism and subsequent biomass 
conversion efficiency. However, the applicability of different lignocel
luloses and the formation of inhibitory by-products also need further 
explore. 

4.2. Inorganic salt pretreatment 

At present, a new method “sulfite pretreatment to overcome recal
citrance of lignocellulose (SPORL)” has been developed [118,119]. 
SPORL produced easily digestible substrates contained few fermentation 
inhibitors and recovered fermentable sugars from hemicellulose 
[120,121]. Furthermore, some lignin could dissolved in sulfite waste 
liquid in the form of lignosulfonate [122]. SPORL process was suitable 
for hardwood and softwood [118]. Almost completely cellulose con
version to glucose had been achieved after pretreated hardwood with 
4% sodium bisulfite at 180 ◦C for 30 min [123]. SPORL process avoided 
the corrosion of reactor, without neutralize the substrate before enzy
matic hydrolysis. However, there are few studies about other inorganic 
salt pretreatment in addition to sulfite, the novel inorganic salt pre
treatment methods and pretreatment effect needs further verification. 

5. Organic solvent pretreatment 

5.1. Organic acid pretreatment 

Solvents in organic acid pretreatment include maleic acid, succinic 
acid，acetic acid, levulinic acid, oxalic acid, etc. [10,124,125]. Fig. 5 
demonstrated the common organic acid pretreatment solvents and the 
superiority of organic acids pretreatment methods. Researches have 
shown that, organic acid (fumaric, maleic acid) has a greater impact on 
the conversion of furfural during fermentation compared with inorganic 
acid (sulfuric) pretreatment at 150 and 170 ◦C [126]. In addition, a large 
amount of inorganic waste was generated during inorganic acid pre
treatment, but the by-product streams generated by organic acid pre
treatments were logically easier to added to animal feed, fertilizing soil 
and co-firing installations [10]. It is worth noting that in Lan’s study, the 
organic acid (p-toluenesulfonic acid) pretreatment increased the 
adsorption of cellulase to the substrate by changing the electrostatic 
charges and hydrophobicity of the biomass components [127]. At pre
sent, there are many studies on the synthesis of novel organic acids, the 
mechanism of organic acids pretreatment and the recycling processes of 
organic acid are worth exploring. 

Fig. 6. The common cations and anions of ILs, the superiority and issues need to be resolved of IL pretreatment (summarized according to Section 5.2 of this article).  
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5.2. Ionic liquid (IL) pretreatment 

IL generally composed of an organic cation and a smaller inorganic 
or organic anion [128–130]. The common cations and anions of IL were 
summarized in Fig. 6. The IL can be designed and synthesized through 
changing the anions or cations according to different practical applica
tions [131]. So far, ILs based on alkyl imidazolium cations were the most 
commonly used IL in lignocellulose pretreatment [132,133]. During 
imidazolium IL pretreatment, the crystalline cellulose were converted 
into amorphous structure [134,135], the phenolic hydroxyl groups in 
lignin were increased [136], resulting in a decrease of molecular weights 
and achieving the extraction and separation of polysaccharides and 
lignin [137]. Another common ILs were cholinium ILs [10,138]. The 
massive removal of lignin and other amorphous components during 
cholinium IL pretreatment usually led to the neat increase in the biomass 
crystallinity [139,140]. 

ILs have the advantages of strong designability and excellent disso
lution performance [141]. Nevertheless, the high viscosity of ILs makes 
them difficult to recycle [142]. Moreover, ILs cause partial or complete 
inactivation of enzyme proteins [143,144], thereby reducing the effi
ciency of enzymatic hydrolysis [9]. Thence, as shown in Fig. 6, future 
researches should focus on designing ILs with different properties to 
adapt different lignocellulose pretreatment, reducing the viscosity of ILs 
(such as using co-solvents) and improving the IL tolerance ability of 
cellulase. 

5.3. Deep eutectic solvents (DESs) pretreatment 

The concept of DESs was firstly proposed by Abbott [152]. DESs are 
homogeneous mixture composed of a hydrogen bond donor (HBD) and 
hydrogen bond acceptor (HBA), its melting point is lower than that of 
single compound [153,154]. Table 2 listed the ratio of homogeneous 
mixture of DESs, pretreatment condition and the biomass conversion. 
The HBD include glycerol (Gly), ethylene glycol (EG), 4-Hydroxybenzy
laldehyde and some organic acids, the HBA include acetamide (Am), 
betaine (Ba), choline chloride (ChCl) and so on. 

DES was considered to be one of the most promising and low-cost 
green pretreatment solvents. The glucose yield by enzymatic hydroly
sis was significantly enhanced 9.8 times after DES pretreatment (lactic 
acid:ChCl = 10:1) compared to the control group [15]. In addition, DES 
pretreatment showed good recycling performance, lignin could be 

extracted from La/Ba and EG/ChCl pretreatment liquor [10,145], cel
lulose could be isolated from K2CO3-Gly alkaline DES pulping [147]. 
Most importantly, less influence on the enzyme activity has been veri
fied, the cellulase activity was more than 90% of the original activity in 
10% (v/v) Gly based DES and EG based DES [146], xylanase and a va
riety of cellulases were highly stable in 85% w/w glyceryl-containing 
DES solvents [148]. However, excellent enzymatic stability in some 
DESs do not means that it can promote the biomass conversion. The 
effect and industrial value of DES pretreatment need to be further 
studied. 

5.4. Some advanced organic pretreatment solvents 

In addition to organic solvents that have been extensively studied 
such as organic acids, ILs, and DESs, there are other organic solvents 
provide ideas for future studies on lignocellulose pretreatment, such as 
γ-valerolactone (GVL), ethylenediamine (EDA), methanol-organosolv, 
acetone, etc. [155–157]. These novel organic solvents pretreatment 
even promoted the new concept of preferential lignin biorefinery. For 
example, the xylose and lignin were solubilized during GVL pretreat
ment, realized the closed loop biorefining strategy [157]. The break of 
the ether bonds linking the phenolic monomers of lignin was induced 
during EDA pretreatment [156]. The lignin content of hazelnut skin was 
reduced from 39.66% to 34.73% after methanol-organosolv pretreat
ment [155]. Through acetone pretreatment, 143 g lignin per kg of sweet 
sorghum bagasse was dissolved into acetone solvent, with the potential 
to be recovered as unaltered pure lignin [158]. These novel organic 
solvent pretreatments open up the possibility of selective utilization of 
lignocellulose biomass especially lignin component [159]. 

5.5. Co-solvents and anti-solvents in pretreatment 

The co-solvents used in pretreatment include 1,3-dimethyl-2-imida
zolidinone (DMI), N,N-dimethylacetamide (DMA), N,N-dimethylforma
mide (DMF), DMSO, tetrahydrofuran (THF), etc. [160–164]. Co-solvent 
reduced the use of organic pretreatment solvent and improved the liquid 
environment of pretreatment. For example, the viscosity of the ILs/ 
DMSO mixture was lower than that of pure ILs [165,166]. Corncobs 
residues pretreated with co-solvent THF + H2O (53.7% THF concen
tration, 202.3 ◦C, 1.05 h) had high yield of glucose 498.2 mg/g corncobs 
residues [164]. The addition of anti-solvent is to separate or remove a 

Table 2 
Effect of different DES pretreatment methods.  

Ratio of homogeneous mixture of DES (hydrogen bond donor: 
hydrogen bond acceptor) 

Pretreatment condition Lignocellulose Biomass conversion References 

Lactic acid:ChCl = 10:1 110 ◦C, 6 h Eucalyptus 
(10% w/v) 

SY reached 94.3%, enhanced 
9.8 times 

[15] 

Levulinic acid (LA):acetamide (Am) = 2:1 120 ◦C, 2 h Moso bamboo 
(1% w/v) 

SY achieved 79.07% [10] 
Levulinic acid (LA):betaine (Ba) = 2:1 
Levulinic acid (LA):ChCl = 2:1 
Ethylene glycol (EG):ChCl = 2:1 130 ◦C, 30/45 min Switchgrass 

(14/20/27% w/v) 
SY achieved 86.2% [145] 

Glycerol (Gly):ChCl = 2:1 115 ◦C, 3 h Rice husk 
(4% w/v) 

SY enhanced 180% [146] 
Ethylene glycol (EG):ChCl = 2:1 
Malonic acid (MA):ChCl = 2:1 
Glycerol (Gly):K2CO3 = 7:1 140 ◦C, 100 min Rice straw 

(1% w/v) 
Cellulose content achieved 
73.8% 

[147] 

Boric acid (BA):ChCl = 2:5 80 ◦C, 24 h Eucalyptus pulp, shredded 
wheat, etc. 
(5% w/w) 

ED increased from 18% to 
33% 

[148] 
Glycerol (Gly):ChCl = 1:1 
Glycerol (Gly):betaine = 1:1 
Ethylene glycol (EG):ChCl = 1:2 115 ◦C, 12 h Rice husk  

(10% w/v) 
SY enhanced 2–3 folds [149] 

Glycerol (Gly):ChCl = 1:2 
4-Hydroxybenzylaldehyde:ChCl = 2:1 100/120/140/160 ◦C, 1/ 

3/6/9 h 
Poplar 
(10% w/w) 

GY and XY achieved 90.8% 
and 88.9% 

[150] 
p-Hydroxybenzoic acid: ChCl = 2:3 
p-Coumaric acid:ChCl = 1:1 
p-Coumaric acid:ChCl = 1:1 160 ◦C, 5 h Herb residues 

(10% w/v) 
ED increased from 48.08% to 
84.62% 

[151] 

ChCl, choline chloride; SY, saccharification yield; ED, enzymatic digestibility; GY, glucan yield; XY, xylan yield. 
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certain component from substances [167]. Alcohols can be used as anti- 
solvents for pretreatment process. Sathitsuksanoh et al. found that, 1- 
octanol, as an anti-solvent, caused partial fractionation and multi
phase separation of lignin without damaging the chemical structure of 
carbohydrates and lignin [168]. In addition, water can also be used as an 
anti-solvent for lignin or cellulose. Shi et al. provided a better revealing 
of the duality of water as a co-solvent/anti-solvent to dissolve cellulose 
[169]. Ideally, co-solvents or anti-solvents synergistic pretreatment 
should be aimed to reduce cost and increase the efficiency of subsequent 
enzymatic saccharification and fermentation. 

6. Unconventional physical-chemical pretreatments 

Unconventional physical-chemical pretreatment methods use irra
diation/electricity/optical energy and other renewable energy, which 
may be considered as potential alternatives to traditional pretreatments 
in the future. Some novel physical-chemical pretreatments irradiation 
pretreatment, electrochemical pretreatment, photocatalytic pretreat
ment, plasma unconventional pretreatment, etc. (Fig. 7) have been 
developed [170]. 

Irradiation pretreatments mainly include microwave pretreatment, γ 
irradiation pretreatment and electron beam irradiation pretreatment. 
The superiorities of Irradiation pretreatment were as follows: reduce the 
reaction time remarkably and lessen the reaction activation energy 
[171–174]. Apart from these, the appropriate irradiation dose (891 kGy) 
could eliminate the negative effect of toxic derived compounds on 
ethanol bioconversion [171]. The highest ethanol bioconversion (70%) 
and glucose yield (99.7%) were achieved after adapted the combined 
proposal of NaBH4 detoxification with irradiation pretreatment [175]. 
Electrochemical pretreatment induced the disintegration of aliphatic, 
unsaturated and carbonyl carbon functional groups in biomass 
[176,177]. The methane production of paper sludge increased by 9.85% 
after electrohydrolysis pretreatment [178]. Photocatalytic pretreatment 
could degraded phenolic compounds (lignin) [179], TiO2 photocatalytic 
pretreatment shorten the time of saccharification and fermentation re
action [180]. 

Recently, unconventional plasma pretreatment has been developed 
into an interesting dry pretreatment method [181], highly reactive 
ionized gas did not produce toxic by-products and pollution [14,182]. 
On the long run, these unconventional physical-chemical pretreatments 

may be considered as potential alternatives to traditional pretreatments, 
especially during periods when renewable energy are relatively easy to 
obtain. 

7. Pretreatment related technologies 

7.1. Pretreatment and genetic modification technology 

Genetic engineering plays an important role in pretreatment. Firstly, 
genetic engineering can be regarded as a special biomass pretreatment 
process, for example, the genetic engineering can change the charac
teristics of biomass such as molecular polymerization and lignin content 
of biomass, thereby reduce lignocellulose recalcitrance and increase 
saccharification production [95,183]. Besides, genetic modification may 
increase the response of lignocellulose to other pretreatments. For 
example, there is no significant correlation between lignin content and 
saccharification efficiency for transgenic biomass without pretreatment, 
however, the total enzymatic glucan digestibility of transgenic samples 
(low lignin) was increased to 70% after pretreatment with dilute acid 
[184]. These conclusions indicated that genetically modified biomass 
was more sensitive to certain pretreatments. At present, researches on 
the key genes that determine the enzymatic digestibility and charac
teristics of lignocellulose are not sufficient enough. 

7.2. Pretreatment reactor configurations 

Current biomass pretreatment reactors mainly include batch reactors 
[185] and flow-through reactors [186]. Flow-through reactors were 
generally considered to be a more ideal pretreatment strategy than batch 
reactors [187]. Flow-through reactors consists of feeders, continuous 
reactors, unloaders, cooling water condensers and receiving tanks 
[188,189]. Currently, flow-through reactors have been used in different 
types of biomass pretreatment processes, such as hydrothermal pre
treatment [190] thermo-mechanical pretreatment [191], inorganic sol
vent pretreatment [192], organic solvent pretreatment [193,194]. 

Compared with batch reactors, the degradation or condensation time 
of the dissolved carbohydrates and lignin after pretreatment using flow- 
through reactors were shorter, the redeposition of dissolved lignin rarely 
occurred, since the slurry was continuously discharged from the reactors 
[195,196]. In addition, the flow-through reactor had a higher lignin 

Fig. 7. Some unconventional physical-chemical pretreatment methods and their characteristics.  
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removal (up to 70% removal) and a lower inhibitor output than batch 
reactor, thereby improving the accessibility of cellulose and increasing 
the substrate digestibility [197]. For example, a pilot-scale continuous 
tubular reactor was used in glucose fermentation and sequential 
saccharification, the highest sugar conversion of agave bagasse, wheat 
straw, corn stover and sugarcane bagasse (4% w/v solid loading) were 
83.3%，82.8%，76.1% and 51.8%, respectively [198]. For another 
example, sulfuric acid-assisted (4.0–5.5 wt% H2SO4)) continuous twin 
screw-driven reactor (CTSR) pretreatment were used in ethanol pro
duction, the cellulose content of poplar sawdust was increased by 
74.9–76.9%, the highest enzymatic hydrolysis digestibility was 73.6% 
[199]. 

At present, the commercialization of biomass pretreatment reactors 
has the challenge of durability and stability. The final product concen
tration is relatively low due to the consumption of a large amount of hot 
water, so the process conditions of flow-through reactors need to be 
further improved [186]. Some related reactor technologies such as 
screw conveyor reactors and fixed bed reactors [187] need to be studied 
in more detail. In addition, the kinetic model of the pretreatment re
actors needs further verification and development. 

7.3. Downstream process after pretreatment 

As we all know, lignocellulose converted to smaller products or in
termediate products, such as bio-oil, glucose, xylose, HMF, furfural, 
phenolic monomers or dimers after pretreatment [27]. There are many 
tradeoffs in the downstream process after pretreatment, which need to 
have an economically considerations [32,200]. For example, in Kumar’s 
study, the production cost based on the feedstock and enzymes were 
calculated after dilute alkali, steam explosion, dilute acid and hot water 
pretreatments, each liter of ethanol production required $0.88, $0.85, 
$0.83, and $0.81 after different pretreatment, respectively [201]. 
Recently, one-pot technologies such as simultaneous saccharification 
and co-fermentation were considered as economical process. However, 
some pretreatment solvents may cause partial inactivation of enzymes 
[9]. Studies have shown that the modification or immobilization of 
enzymes were beneficial to increase enzyme activity and recyclability 
[202], and improve the downstream production efficiency of one-pot 
pretreatment. In addition, a variety of additives, such as metal ions, 
hydrophilic polymers, surfactants, can alter the microenvironment of 
pretreatment, thereby improving the stability of enzymes [203–205]. 
For example, the addition of non-ionic surfactant Tween 20 changed the 
surface charges, hydrogen bonding ability and hydrophobicity of 
cellulase, reduced the non-productive adsorption of enzyme proteins 
[206]. 

Pretreatment is of primary importance for the development sus
tainable biorefinery process. In addition to economic feasibility, the 
limitations of each pretreatment on the downstream process were also 
necessary to consider. Therefore, future researches should focus on 
improving the downstream process to improve biomass conversion 

efficiency. 

7.4. Visualization technology in pretreatment 

Visualization technology can realize in-depth exploration of the 
mechanism of pretreatment and enzymatic hydrolysis [207,208]. Visu
alization analysis equipment include Raman microspectroscopy, 
confocal laser scanning microscopy (CLSM), Atomic Force Microscope 
(AFM), etc. [209–211]. For example, Li et al. proposed an approach of 
label-free Raman microspectroscopy combined with integrating fully 
constrained least-squares (FCLS) for qualitative, quantitative, and 
location analysis of the changes in the subcellular lignocellulose after 
alkali pretreatment [211]. Dong et al. used fluorescent labeling com
bined with a CLSM, proved that the efficient delignification during 
pretreatment significantly reduced the non-productive binding of 
cellulase to lignin [210]. Furthermore, CLSM, AFM, stimulated Raman 
scattering (SRS) microscopy and bright-field light microscopy were used 
to better understand the effect of pretreatment on cell wall structure and 
the process of enzymatic digestion [209]. Visualization analysis tech
nologies combined with the optical amplification capability and the 
chemical specificity of vibrational spectroscopy, are helpful to further 
explore the influence of pretreatment and subsequent enzymatic hy
drolysis. These technologies have great potential application value in 
future pretreatment researches. 

8. Summary and perspective 

Pretreatment of lignocellulosic biomass is a prerequisite of biomass 
conversion. The characteristics of different pretreatment methods were 
summarized in Table 3 according to this paper. For example, biological 
pretreatments are environmentally friendly process under mild condi
tion but need a long pretreatment time (weeks to months). Organic 
solvent pretreatment produced inhibitory by-products, but it have the 
advantages of solvent designability and recycling. At present, researches 
on pretreatment mechanism and the influence of pretreatment micro
environment on the catalytic reaction were still insufficient. Future 
works should focus on the following issues: (I) Design the optimal pre
treatment method according to different practical applications. (II) 
Study the effect of inhibitory by-products product on enzyme proteins 
and develop pretreatment methods that can reduce by-products. (III) 
Some unconventional methods and novel technologies (genetic engi
neering, reactor configurations, downstream process techniques, visu
alization techniques, etc.) should be more widely used and developed in 
the analysis of pretreatment, enzyme adsorption and hydrolysis diges
tion processes. 
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Effect of pretreatment Thermal/mechanical 
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produced 
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[39] J.A. Souza-Corrêa, C. Oliveira, V.M. Nascimento, L.D. Wolf, E.O. Gómez, G.J. 
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