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Abstract Liquid hot water (LHW) pretreatment has

become an interesting alternative among the known

pretreatment approaches. In this study, an extended

combined severity factor (CSF) as LHW pretreatment

severity was used to make a balance between the

enzymatic hydrolysis of cellulose and the potential

application value of lignin. The results, mainly from

the degradation of carbohydrates, the enzymatic

saccharification of cellulose, and the characterization

of lignin by FTIR, TGA, 31P NMR, and 2D HSQC

NMR, demonstrated that a CSF of approximately 8.37

was the optimum pretreatment severity to facilitate the

cellulose enzymatic hydrolysis and obtain functional

lignin. Hemicellulose was removed for[ 74.7% with

a negligible glucose concentration of 1.19 g/L. The

pretreated substrates were subsequently enzymatically

hydrolyzed reaching a saccharification yield of

83.92%. The obtained lignin exhibited excellent

structural properties, such as a higher hydroxyl (OH)

content (2.34 mmol/g of aliphatic hydroxyl and

2.43 mmol/g of phenolic OH) and more b-O-4 aryl

ether linkages (27.86%). In a word, this study hence

provides useful guidance for the enzymatic sacchar-

ification of cellulose and the extraction of functional

lignin using LHW pretreatment.
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Introduction

To enhance the exposure of cellulose, functionalize

lignin, and finally improve the enzymatic saccharifi-

cation of cellulose, an appropriate pre-treatment is

required. Many pre-treatment techniques are currently

developed and assessed, including physical

approaches (mechanical comminution and extrusion),

chemical methods (using dilute acids, alkalis, organic

solvents or ionic liquids), biological techniques, and

combination of physico-chemical pretreatment (steam

explosion, ammonia fiber explosion (AFEX), and

LHW), etc., have been developed (Baeyens et al.

2015; Kang et al. 2015; Zhuang et al. 2016). Among

these known technologies, LHW pretreatment, also

known as autohydrolysis, which uses just compressed

hot water for biomass pretreatment, has become an

interesting solution due to its excellent properties with

no chemicals addition, less equipment corrosion,

avoidance of catalyst-recycling and disposal, rela-

tively low generation of toxic compounds, and limi-

tation of energy consumption (Kim et al. 2013, 2015;

Ko et al. 2015). In the process of pretreatment, the

hydronium ions are firstly generated in situ by water

autoionization (autohydrolysis) at high temperature

(160 �C to 240 �C) and lead to the cleavage of acetyl

groups releasing acetic acid molecules. The accumu-

lation of the latter in turn improves the depolymeriza-

tion of hemicellulose by the selective hydrolysis of

heterocyclic ether bonds (Carvalheiro et al. 2016). It

has already been demonstrated that the contribution of

hydronium ions derived from acetic acid on the

hydrolysis of hemicellulose is 9400 folds higher than

that from water autoionization (Heitz et al. 2010).

Indeed, using LHWpretreatment has led to an efficient

extraction of hemicellulose and enhanced enzymatic

saccharification of cellulose for a wide variety of

lignocellulosic feedstocks (Carvalheiro et al. 2016; Ko

et al. 2015). However, negative impacts on the

changes of lignin structural properties were often

ignored. Lignin, an aromatic polymer with three-

dimensional network structure containing three

phenylpropanolic monomers and functional groups,

has shown a broad potential application in bio-jet fuel

preparation (Huang et al. 2018; Wang et al. 2017),

phenolic resins (Vithanage et al. 2017), concrete

additive (Li et al. 2017), wastewater treatment (Ge and

Li 2018), etc. High LHW pretreatment severity

inevitably results in a structural modification of lignin

revealed by the formation of stable C–C, which made

it difficult for further upgrading (Upton and Kasko

2016). Although some recent researches investigated

the effects of pretreatment temperature on the enzy-

matic hydrolysis of cellulose and lignin structural

properties (Ko 2014; Li et al. 2016; Wang et al. 2016),

an effective balance between enzymatic saccharifica-

tion of cellulose and the structural characteristics of

lignin is essentially required to facilitate the enzymatic

hydrolysis and obtain functional lignin. By addressing

an optimum pretreatment severity, a high enzymatic

saccharification yield of cellulose can be obtained

while the lignin maintains its high application value.
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In this study, an extended combined severity factor

(CSF) as LHW pretreatment severity was used to

balance the cellulose saccharification and the lignin

structural properties. An optimum pretreatment sever-

ity (CSF) will be determined according to the enzy-

matic hydrolysis yields of pretreated substrates and the

results of lignin characterization by FTIR, thermo-

gravimetric analysis TGA, 31P NMR, and 2D HSQC

NMR.

Materials and methods

Materials

Wood chips (cellulose = 45.58%; hemicellu-

lose = 27.91%; lignin = 24.15%; other = 2.36%)

were kindly provided by Shan Dong Sun Paper

Industry Joint Stock Co., Ltd. (Jining, China); The

2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane

was purchased from Sigma-Aldrich, Inc. (MA, United

States); The DMSO-d6 was supplied by Cambridge

Isotope Laboratories Inc. (MA, United States); The

H2SO4 (95% to 98%, w%), 1,4-dioxane and other

organic solvents were obtained from Beijing Chemical

Company (Beijing, China). Cellulase with enzyme ac-

tivity of 217 FPU/mL (Cellic� CTec3) was kindly

provided by Novozymes (Beijing, China).

Pretreatment

The composition analysis of wood chips was con-

ducted according to the method from the National

Renewable Energy Laboratory (Sluiter et al. 2012).

For the pretreatment experiment, a 2 L stainless

reactor (GKCF-2, Yingyu high technique instrument

factory, Gongyi, China) was filled with 250 g wood

chips and 1.5 L deionized water. The reactions were

conducted at a temperature range from 100 to 240 �C
in 20 �C increment for 60 min with a stirring speed of

150 rpm. After each reaction, the liquor and solid in

medium were separated using filter paper (diameter

15 cm, slow, Aoke filter paper factory, Taizhou,

China). The monosaccharides in liquor were analyzed

by a Dionex HPLC system (ICS-5000, Sunnyvale,

United States) equipped with an anion exchange

column (CarboPac PA20, Thermo Fisher Scientific,

MA, United States). Furfural and acetic acid in the

liquor were measured by high performance liquid

chromatography (HPLC) equipped with a separated

column (Aminex HPX-87H, Bio-Rad, CA, United

States) and an ultraviolet detector (VWD-3400RS,

Thermo Fisher Scientific, MA, United States) (Ji et al.

2017b;Wang et al. 2018). The solid was dried at 65 �C
for further enzymatic hydrolysis. The crystallinity of

the dried solid was measured by X-ray diffraction

(XRD) on a diffractometer (D8-ADVANCE, BRU-

KER, Germany) with a diffraction range from 2� to

45� and a scanning speed of 2�/min. The crystallinity

index (CrI) was calculated according to the Segal

method in a previous publication (Thygesen et al.

2005).

The enzymatic saccharification of cellulose

2 g pretreated substrate and 100 ml a sodium acetate

buffer (0.05 mol/L, pH = 4.8) were put into a 250 mL

flask. The enzymatic hydrolysis was carried out on a

shaker (HZQ-F160, Peiying Experimental Equipment

Co., Ltd., Suzhou, China) with a rotation speed of

150 rpm, a temperature of 50 �C, and a cellulase

loading of 15 FPU/g glucan. For each experiment,

30 ppm of tetracycline solution was used to prevent

infection of bacteria. At given intervals, a 1 mL

sample was taken out and centrifuged with

10,000 rpm at a set interval. The glucose in the liquor

was analyzed by HPLC with the method above.

Lignin extraction and characterization

To isolate the lignin from pretreated substrate, the

cellulose-rich substrate was firstly milled ball mill

(XQM-2, Changsha TENCAN PODER Co., Ltd.,

Changsha, China) with a rotation speed of 450 rpm for

3 h. The obtained powder was subsequently hydro-

lyzed by cellulase (50 FPU/g glucan) to remove

cellulose and hemicellulose. The residual solid was

washed with deionized water for two times and freeze-

dried. The lignin samples were finally prepared after

the extraction with dioxane/water (96:4, v/v) under a

nitrogen atmosphere and freeze-dried. The obtained

lignin samples with a purity of 93.9% above were

characterized using FTIR, TGA, 31P NMR, and 2D

HSQC NMR. For FTIR measurement, lignin was

scanned on a spectrophotometer (ALPHA, BRUKER,

Germany) with a wave number range from 4000 and

800 cm-1 at 4 cm-1 resolution. TGA was conducted

on a thermo gravimetric analyzer (TGAQ50, TA
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Instruments, DE, United States) using a temperature

range from 50 to 750 �C with 5 �C/min increments.
31P NMR measurements were performed on a Bruker

600 MHz spectrometer (AVANCE III, BRUKER,

Germany) according to a previous publication. (Shen

et al. 2016) For 2D-HSQC NMR experiments, a

solution containing 40 mg lignin and 0.6 mL DMSO-

d6 was measured on a Bruker 600 MHz spectrometer

(AVANCE III, BRUKER, Germany).

Results and discussion

The LHW pretreatment controlled by a CSF

For the hot water pretreatment of lignocellulose, two

reaction parameters (both time and temperature) can

be grouped in a variable, i.e., empiric variables such as

the severity factor, R0, which is generally defined as

follows (Gascoigne 1987):

R0 ¼ t � exp
T � 100

14:75

� �

where t is reaction time (min), T is reaction temper-

ature (�C), and 100 �C is a reference temperature.

During the process of pretreatment, acetic acid is

continuously released from acetylated hemicellulose,

its accumulation in turn improves the depolymeriza-

tion of hemicellulose. When integrating the effects of

reaction temperature, time, and acid concentration on

the degradation of hemicellulose, a combined severity

factor (CSF) as pretreatment severity was developed

as follow (Chum et al. 1990):

CSF ¼ logR0 � pH

where pH is the acidity of the liquor after pretreat-

ment. To compare various pretreatment severities, an

extended CSF can be calculated as follow: (Pedersen

and Meyer 2010)

CSF ¼ logR0 þ pH � 7j j:

In this study, this extended CSF is used to control

the pretreatment severity and make a balance between

the enzymatic saccharification of cellulose and the

structural properties of lignin. The specific parameters

(pretreatment temperature, time, and pH) and the

calculation results of CSFs are listed in Table S1.

Figure 1 displays the effects of variations in

conditions (CSF) on the changes of xylan component

and generated xylose (Fig. 1a), the formation of

degradation products including acetic acid and fur-

fural (Fig. 1b), and the concentrations of glucose and

CrIs of substrates in during pretreatment (Fig. 1c). As

shown in Fig. 1a, the xylan dissolution is significantly

enhanced reaching 74.71% (or 25.29% of remaining

xylan) at CSF 8.37. Nearly completely dissolved xylan

is found at CSF9.68, then the calculated concentration

of xylose from the dissolved xylan is close to that of

theoretical maximal xylose from xylan in the sub-

strate. However, the measured xylose concentration is

always lower than that of calculated xylose from

dissolved xylan, indicating that the hydrolysates from

the dissolved xylan was mainly oligomeric xylose and

less monomer xylose under such a pretreatment

severity. As CSF increases, the concentration of

measured xylose increases gradually and subsequently
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decreases due to its dehydration into furfural (Fig. 1b).

Therefore, the concentration of furfural reaches max-

imum value of 12.77 g/L at CSF9.06. Any increase in

CSF directly leads the reduction of furfural since

furfural usually undergoes a condensation reaction

with itself and other intermediates, such as glucose

and HMF, to form resinous products which generally

are called humins (Ji et al. 2016). A high pretreatment

severity (CSF) not only resulted in the xylan degra-

dation but also improved the formation of acetic acid

in the liquor with a maximum concentration of

30.17 g/L at CSF9.06. Moreover, the depolymeriza-

tion of cellulose occurs during pretreatment but with a

negligible concentration of 1.19 g/L at CSF9.06

(Fig. 1c). Figure 1c clearly shows that the CrI of

cellulose in the pretreated substrates from different

CSF pretreatment conditions increases firstly due to

the removal of hemicellulose and subsequently

decreases by the destruction of the crystalline region

of cellulose, which maybe result in high cellulose

digestibility for the following hydrolysis.

The enzymatic saccharification of cellulose

Hydrolysis of cellulosic biomass to fermentable sugar

is a critical step for ethanol production from lignocel-

lulose. The residual cellulose-rich solid substrates

after the pretreatment by LHW were enzymatically

hydrolyzed to evaluate the pretreatment efficiency.

The results of enzymatic saccharification are pre-

sented in Fig. 2, revealing some significant differences

for the cellulose digestibility among the different

substrates. A high pretreatment severity (CSF) signif-

icantly promoted the enzymatical hydrolysis of

substrate. The cellulose-rich solid substrate obtained

from pretreatment condition of CSF9.68 was easily

digested. The yield of enzymatic saccharification

almost reached 95% after 60 h. Meanwhile, a mild

pretreatment severity (CSF8.37) also led a high

hydrolysis yield of 83.92% after 72 h. Because a high

pretreatment severity (CSF) caused the removal of

hemicellulose, the cell wall thus became more porous

under this pretreatment condition. The barriers

between enzyme and cellulose were removed, which

finally resulted in a high yield of enzymatic saccha-

rification (Zhang et al. 2015; Zhou et al. 2013). From

the profile of crystallinity of cellulose-rich solid, we

speculated that the increase of CrI for the pretreated

substrates obtained from pretreatment conditions of

CSF4.66–7.60 attributed to the gradual exposure of the

cellulose due to the degradation of hemicellulose,

which in turn promoted the contact of cellulase with

cellulose. As CSF increased from 7.60 to 9.68, the CrIs

of these pretreated substrates decreased, suggesting

that the crystalline region of cellulose was destroyed.

The pore volume and surface area of residual cellu-

lose-rich solid obviously enlarged, the digestibility of

cellulose was enhanced as a result (Zhang et al. 2011).

When a lower pretreatment severity (CSF B 7.60)

was adopted, the effective hydrolysis of cellulose

cannot be achieved (the yield of enzymatic sacchar-

ification B 63.57%). Therefore, a pretreatment sever-

ity of approximately CSF8.37 was suggested in order

to facilitate the enzymatic digestibility of the pre-

treated substrates when using LHW pretreatment for

lignocellulose.

The structural characteristics of lignin

in the residual solids

The FT-IR spectra analysis

The structural properties of MWL and the lignin in the

residual solids obtained from different CSF pretreat-

ment conditions were measured by FT-IR as shows in

Fig. 3. The detailed signals were assigned according

to a previous publication (Ji et al. 2017a). A wide

absorption band at 3440 cm-1 is ascribed to the O–H

stretching vibration in aromatic and aliphatic regions.

The absorption bands at 2938 and 2843 cm-1 are

originated from the C–H asymmetric and symmetrical

vibrations for the methyl (–CH3) and methylene (–

CH2–) groups, respectively. The typical characteristic
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absorption peaks of lignin were detected at 1695 cm-1

(the stretching vibrations of C=O for carboxyl groups

and ketone groups), 1595, 1508, and 1419 cm-1 (the

aromatic skeletal vibrations), 1458 cm-1 (the C–H

deformation combined with the aromatic ring vibra-

tions, 1326 cm-1 (breathing vibration of syringyl and

condensed guaiacyl), 1267 cm-1 (guaiacyl units),

1219 cm-1 (C–C plus C=O stretch), 1028 cm-1 (the

aromatic C–H in-plane deformation vibrations), and

834 cm-1 (the C–H out-of-plane stretching). a decrease

trend of relative intensities of the signals appeared with

the increasing CSF in Fig. 3, while all the spectra

demonstrated a similar signal profile, suggesting that the

lignin under different CSF pretreatment conditions

maintained their core structures as that of native lignin

(MWL) in the process of LHW pretreatment.

The TGA

The thermal stability of lignin in the residual solids

obtained from different CSF pretreatment conditions

was measured by TGA. Figure 4 displays all the TGA

features which directly reflects the relationship

between thermal stability and temperature. Generally,

the thermal stability of lignin is closely related to its

properties of chemical structure and the amount of

functional groups. At beginning of lignin thermo-

decomposition (B 200 �C), the fractured chemical

bonds are mainly the weak ether bonds in the b-O-4

linkages. As the temperature increases to 200–350 �C,
the aryl ether linkages begin to decompose. After-

wards, the oxidation of aliphatic hydroxyl group to
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carbonylation or carboxylation occurs at a temperature

range of 350–400 �C. When temperature rises to

400 �C above, the aromatic rings and the C–C bonds,

mainly the 5-5 (biphenyl) linkages, are cleaved, their

decomposition in turn leads to the release of H2O,

CO2, and CO. Finally, the residual carbon forms the

biochar revealed by a flatten TGA curves when

oxygen is depleted at 500 �C above. Obviously,

MWL showed a high thermo-decomposition rate due

to its high content of b-O-4 linkages. As pretreatment

severity (CSF) increased, the thermo-decomposition

rates of lignin obtained from various pretreatment

conditions gradually decreased. The most likely

reason was that gradually increased pretreatment

severity (CSF) significantly enhanced the cleavage

of ether bonds and improved the subsequent formation

of new stable C–C bonds (lignin recondensation).

Consequently, a low pretreatment severity was sug-

gested to obtain functional lignin as near native lignin.

These results were in accordance with that of follow-

ing 31P-NMR and 2D HSQC NMR analysis.

31P-NMR analysis

The structural changes and the content of hydroxyl

groups in MWL and the lignin obtained from different

CSF pretreatment conditions were analyzed by quan-

titative 31P NMR. Figure S1 shows the 31P NMR

spectra. The detailed signals were assigned according

to a previous publication (Ji et al. 2017a). The

corresponding results are summarized in Table 1.

For a comparison, the content of aliphatic OH inMWL

was determined to be 6.79 mmol/g, while the lignin

extracted from different CSF pretreatment conditions

exhibited a decreased aliphatic hydroxyl content from

5.59 to 2.34 mmol/g as the CSF increased from 6.79 to

9.68. The changes of pretreatment severity also

significantly affected the content of phenolic OH

revealed by an increased quantity from 1.15 to

2.43 mmol/g as CSF elevated from 6.79 to 8.37,

which attributed to the cleavage of the b-O-4 aryl ether
linkages. After that, a subsequent decrease of the

phenolic OH content appeared (from 2.43 to

0.78 mmol/g), suggesting lignin recondensation

occurred at high severities. In fact, the changes of

hydroxyl content are closely related to the depoly-

merization at low CSF and the recondensation of

lignin at high CSF during LHW pretreatment. When

the lignin depolymerization dominated at low pre-

treatment severity, the aliphatic hydroxyl content thus

decreased and phenolic OH content increased. As the

pretreatment severity increased, the lignin reconden-

sation appeared and gradually became a leading

reaction resulting in an obvious reduction in aliphatic

and phenolic OH contents (Shen et al. 2016). The

results in this study were in accordance with the trend

described above. Furthermore, more COOH groups in

lignin obtained at CSF6.79 (0.47 mmol/g) attributed

to the oxidation of phenolic OH involving in the LHW

pretreatment process. The recondensation of lignin at

CSF6.79 above resulted in a decrease of COOH

groups. Therefore, the pretreatment should be per-

formed at the condition as mild as possible (approx-

imately CSF8.37) in order to obtain high value lignin.

The 2D HSQC NMR analysis

The MWL and the lignin in the residual solids

obtained from different CSF pretreatment conditions

were finally characterized with 2D-HSQC NMR to

obtain the information about their main chemical

structures and the content of b-O-4 bonds. Figure 5

Table 1 The hydroxyl

content of lignin in the

residual solids obtained

from different CSF

pretreatment conditions as

determined by 31P NMR

Types of OH MWL CSF6.79 CSF7.60 CSF8.37 CSF9.06 CSF9.68

Aliphatic OH (mmol/g) 6.79 5.59 3.5 2.25 1.18 0.62

a-OH (erythro) 6.76 5.57 3.49 2.24 1.18 0.62

Primary OH 0.03 0.02 0.01 0.01 0 0

Phenolic OH (mmol/g) 0.86 1.15 1.85 2.43 2.15 0.78

S-OH 0.2 0.63 1.14 1.51 1.36 0.56

G5,5-OH 0.05 0.05 0.09 0.1 0.08 0

G-OH 0.04 0.02 0.04 0.06 0.03 0

p-Coumaric acid-OH 0.57 0.45 0.58 0.76 0.68 0.22

COOH (mmol/g) 0.62 0.47 0.36 0.24 0.14 0.01
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Fig. 5 2D HSQC spectra of the lignin in the residual solids obtained from different CSF pretreatment conditions and their main

structures
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Fig. 5 continued
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shows the spectra with two independent regions, side-

chain (dC/dH 50.0–90.0/2.50–6.00) and aromatic

regions (dC/dH 100.0–150.0/5.50–8.50), and the lignin

substructures. The main cross-signals were assigned

according to the previous literatures (Constant et al.

2016; del Rio et al. 2015; Luterbacher et al. 2015). In

the side-chain region, the b-O-40 substructures were

identified by their cross signals at dC/dH 71.9/4.85

(Ca–Ha, A unit), dC/dH 84.4/4.4 (Cb–Hb, A unit), and

dC/dH 59.4/3.7 (Cc–Hc, A unit). Meanwhile, the

resinol b–b’ substructures were detected for the

appearance of their cross signals at dC/dH 84.9/4.64

(Ca–Ha, B unit) and dC/dH 71.0/3.88 (Cc–Hc, B unit).

Moreover, phenylcoumaran (b-50) substructures were
found according to the cross signals at dC/dH 85.5/4.6

(Ca–Ha, C unit) and dC/dH 71.2/4.2 and 3.8 (Cc–Hc, C

unit). Table 2 presents the quantification of side chains

and aromatic units in lignin from 2D HSQC NMR.

It is obvious that increasing the pretreatment severity

(CSF) significantly improved the lignin depolymer-

ization as revealing by a deceased b-O-4 linkages

content (Table 2). Only 7.99% of b-O-4 linkages were
found in lignin obtain at CSF9.06. The S/G ratios

gradually increased from 1.58 (CSF 5.68) to 4.54 (CSF

9.06) and subsequently decreased to 2.95 (CSF9.60),

which be ascribed as the quick dissolving of S units at

low reaction severity and the occurrence of

demethoxylation in S units at high reaction severity.

(Costa et al. 2014) As shown in spectra of CSF9.06 (a),

most signals, such as that at Aa, Ab, and Ba,

disappeared from the spectra. Therefore, a mild

pretreatment severity (approximately CSF8.37) is

suggested to obtain near native lignin (MWL).

In the aromatic regions/olefinic regions, prominent

cross-signals for syringyl (S) and guaiacyl (G) were

easily observed at dC/dH 103.8/6.69 (C2,6–H2,6, S

unit), dC/dH 110.9/7.00 (C2–H2, G unit), 114.7/6.71

(C5–H5, G unit), and 118.9/6.80 (C6–H6, G unit),

respectively. p-coumarate moieties were found

according to the cross signals at dC/dH 130.0/7.46

(C2,6–H2,6, PCA unit). Moreover, p-benzoate were

detected for the appearance of their cross signals at dC/
dH 131.6/7.7 (C2,6–H2,6, PB unit). It is very similar

with the structural characteristics in side-chain region

that many cross-signals, such as that at PB 2,6 and PCA

2,6, disappeared from the spectra of CSF9.06(b),

indicating that a high pretreatment severity (CSF)

significantly enhanced the lignin recondensation.

Consequently, the pretreatment should be conducted

at a mild severity (CSF approximately 8.37). These

results are in accordance with that of 31P-NMR

analysis.

A balance between the enzymatic saccharification

of cellulose and the structural characteristics

of lignin

Figure 6 shows a balance between lignin potential

revealed by the b-O-4 linkages content and the

enzymatic saccharification of pretreated substrates.

Although high pretreatment severity (CSF C 9.06)

caused a high hemicellulose removal (C 84.26%) and

excellent enzymatic saccharification of cellulose

(C 89.20%), the lignin obtained under these pretreat-

ment exhibited a low content of OH groups

(B 2.15 mmol/g for phenolic OH and B 1.18 mmol/

g for aliphatic OH), a low b-O-4 linkages content

(B 7.99), and high recondensation according to the

results analysis from FTIR, 31P-NMR, TGA, and 2D

HSQC NMR. Therefore, a mild severity of approxi-

mately CSF8.37 using LHW pretreatment for

Table 2 Quantification of side chains and aromatic units

present in lignin from 2D HSQC NMR

Samples b-O-4 b-5 b-b S/G

5.68 57.68 5.29 2.71 1.41

6.79 53.07 4.83 3.12 1.58

7.6 41.62 6.24 9.66 3.20

8.37 27.86 3.38 10.01 3.43

9.06 7.99 0.00 16.51 4.54

9.68 3.37 0.00 13.28 2.95
Fig. 6 A balance between enzymatic saccharification of

cellulose and the structural characteristics of lignin
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lignocellulose was suggested to facilitate enzymatic

saccharification and obtain the lignin with excellent

structural characteristics. Then approximately 75% of

hemicellulose was hydrolyzed and the enzymatic

saccharification reached a high yield of 83.92%. The

lignin preserved their original structures as native

properties (MWL) with a high hydroxyl content

(2.34 mmol/g of aliphatic hydroxyl and 2.43 mmol/g

of phenolic OH) and more b-O-4 aryl ether linkages

(27.86%). In this respect, it has great potential

application as a macromonomer in the preparation of

bio-jet fuels and the synthesis of polyurethanes,

polyesters, epoxide resins, and phenolic resins (Upton

and Kasko 2016).

Conclusion

In this study, an extend combined severity factor

(CSF) as LHW pretreatment severity was used to

make a balance between the enzymatic saccharifica-

tion of cellulose and the potential application value of

lignin. With the optimum pretreatment severity (ap-

proximately CSF 8.37), the removal of hemicellulose

reached 74.71%, accompanying by a negligible glu-

cose concentration of 1.19 g/L. The pretreated sub-

strates were subsequently enzymatically hydrolyzed

with a saccharification yield of 83.92%. The obtained

lignin was characterized by FTIR, TGA, 31P NMR,

and 2D HSQC NMR. The results indicated that it

exhibited excellent structural properties, such as high

hydroxyl content (2.34 mmol/g of aliphatic hydroxyl

and 2.43 mmol/g of phenolic OH) and b-O-4 aryl

ether linkages (27.86%). In short, this study provided a

helpful reference for the enzymatic saccharification of

cellulose for bioethanol production and the extraction

of functional lignin for bio-jet fuels preparation and

bio-resins synthesis using LHW pretreatment.
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