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Abstract Pretreatment to enhance the enzymatic

digestibility of cellulose usually alters the structure of

lignin, resulting in subsequent inferior depolymeriza-

tion and utilization. Herein, a physicochemical pre-

treatment strategy, specifically, using a recyclable acid

hydrotrope (p-toluenesulfonic acid, p-TsOH) followed

by 10 s of ultrasonic treatment, was developed to

facilitate high-value lignin extraction from lignocel-

lulosic biomass and improve enzymatic hydrolysis for

high-titer ethanol production. The wood material

(poplar) was first treated with the recyclable p-TsOH

aqueous solution under mild conditions (C80T80t15)

to extract the lignin. The obtained lignin exhibited

excellent properties, including a high hydroxyl (OH)

content (4.19 and 4.07 mmol/g of aliphatic and

phenolic OH, respectively), abundant b-O-4 aryl ether
linkages (60%), a lowMw (3357 ± 121 g/mol), and a

narrow polydispersity (2.28,Mw/Mn), according to the

results from FTIR spectroscopy, TGA, 31P NMR

spectroscopy, 2D-HSQC NMR spectroscopy, and

GPC. The pretreated substrates were then subjected

to 10 s of ultrasonication to improve the enzymatic

saccharification and finally afford ethanol by quasi-

simultaneous enzymatic saccharification and fermen-

tation (Q-SSF). The highest ethanol concentration

(40.08 ± 3 g/L) was obtained after 60 h of fermenta-

tion, and the residual glucose concentration was only

4.22 ± 1 g/L; this experimental ethanol yield was

equivalent to the theoretical ethanol yield of

81.87 ± 4% based on the glucan content. In short,

this pretreatment method simultaneously enhanced the

accessibility of cellulose to enzymatic hydrolysis and

provided high-value lignin.Hairui Ji and Le Wang contributed equally to this work.
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Introduction

In recent years, with the increasing depletion of fossil

carbon resources and the deterioration of the environ-

ment due to pollution, researchers have paid increas-

ing attention to exploring renewable energy strategies

to replace fossil resources. Lignocellulosic biomass,

the most abundant renewable organic material, can be

converted into various products, such as chemicals,

materials, and fuels (Cesário and Almeida 2015), and

it has been considered a sustainable alternative to

fossil carbon resources. In terms of chemical compo-

sition, lignocellulose mainly consists of three major

polymers: cellulose, hemicellulose and lignin. Due to

the extremely complex and variable structures of these

three components, the barrier to the hydrolysis of

cellulose is quite high. Therefore, an appropriate

pretreatment is needed to remove physical and chem-

ical barriers that account for native biomass

recalcitrance.

Many pretreatment methods have been developed

over the last few decades, and they are classified into

physical, chemical, biological and physicochemical

pretreatments. Physical pretreatments are based on

mechanical comminution (milling), microwaves and

extrusion (Sukkaew et al. 2017). Chemical

pretreatments involve dilute acid or base, ionic liquids

and organic solvents (Liwan et al. 2011). Biological

pretreatments employ microorganisms (white-rot

fungi) and their machinery to degrade lignin and alter

lignocellulose structures (Isroi et al. 2011). Physico-

chemical pretreatments usually refer to ammonium

fiber explosion (AFEX) (Krishnan et al. 2010), steam

explosion (Baeyens et al. 2015) and hydrothermal

treatments (Pu et al. 2013). These pretreatment

strategies effectively reduce biomass recalcitrance,

facilitate cellulose exposure, and decrease lignin

content and cellulose crystallinity (Zhao et al. 2010),

thus significantly improving the enzymatic hydrolysis

of cellulose. However, typical physical pretreatments,

such as mechanical comminution and microwaves,

require substantial energy input, which limits their

large-scale application. Chemical pretreatments, such

as dilute acid/base treatments, are usually carried out

in corrosion-resistant reactors (Sukkaew et al. 2017).

Furthermore, the challenges of biological pretreat-

ments, such as the long pretreatment times and the

harsh conditions required for degradation, still have

not been resolved (Narayanaswamy et al. 2013).

Physicochemical pretreatments, such as steam explo-

sion and hydrothermal treatment, require harsh con-

ditions, such as high reaction temperature and

pressure, long residence times, and substantial energy

consumption, making the efficient application of these

strategies at the industrial scale difficult (Tsubakiac

et al. 2012). For example, the total energy consump-

tion for steam explosion (1977 MJ/ton wood) was
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much higher than that of the organosolv (1254 MJ/ton

wood) and SPORL (1503 MJ/ton wood) methods for

an equivalent glucose yield (Zhu and Pan 2010).

Moreover, damage to the lignin structure caused by

pretreatment to improving enzyme saccharification to

obtain a more digestible substrate is usually ignored,

but this reduces the utilization value of the lignin.

Lignin, an aromatic polymer with a three-dimensional

network structure, accounts for approximately 30% of

the organic carbon in the biosphere (Vadivel et al.

2017). Linkages between monolignols are the primary

factors controlling the reactivity of lignin. As b-O-4
(b-aryl ether) is the most frequent linkage in lignin, its

content generally dictates the chemical digestion of

the lignin. Another important factor that affects the

reactivity is the content of functional groups, including

methoxyl, benzyl alcohol, phenolic and aliphatic

hydroxyl, acyclic benzyl ether, carboxyl and carbonyl

groups (Qiu et al. 2019). Currently, lignin with high

reactivity has been shown to have broad application

potential in the preparation of biojet fuel, phenolic

resins, green composite hydrogels, concrete additives,

wastewater treatment, etc. (Wang et al. 2015; Yong

et al. 2017). However, most pretreatment methods

usually cause structural changes in the lignin by

cleaving ether bonds (e.g., b-O-4 bonds with low bond

dissociation energies of 54–72 kcal/mol) and forming

stable C–C bonds (high bond dissociation energies of

86–91 kcal/mol) (Rinaldi et al. 2016). These structural

changes make depolymerization and utilization of the

resulting lignin more difficult (Huang et al. 2018; Li

et al. 2015). Therefore, exploring pretreatment tech-

nologies and processes for efficient lignin valorization

is of great importance. In previous studies, a recy-

clable acid hydrotrope (p-toluenesulfonic acid, p-

TsOH) has been highlighted for its unparalleled

performance in delignification at low temperatures

(below the boiling point of water) (Chen et al. 2017; Ji

et al. 2016). A high lignin and hemicellulose removal

rate (poplar wood, approximately 90%) by p-TsOH

pretreatment significantly improved the enzymatic

hydrolysis of cellulose (Ji et al. 2017). The p-TsOH

was recycled using a commercially established crys-

tallization technique by cooling the concentrated spent

acid solution to ambient temperature; thus, environ-

mental sustainability could be achieved (Chen et al.

2017; Ji et al. 2016). However, the structure of the

separated lignin was altered even under these rela-

tively mild pretreatment conditions, as revealed by the

decreased content of b-O-4 bonds. Developing an

efficient pretreatment strategy is a prerequisite for

improving enzymatic hydrolysis and high-value lignin

extraction.

Ultrasonic pretreatments without acid or base

additives or pollutant formation during the application

are considered a green strategy for lignocellulose

treatment (Liyakathali et al. 2016; Revin et al. 2016).

Numerous studies have demonstrated that ultrasonic

pretreatment significantly promotes structural damage

to cellulose by increasing surface area and enzymatic

accessibility, thereby significantly increasing enzy-

matic saccharification efficiency and bioethanol yield

(Wongsorn et al. 2010). Nevertheless, ultrasonic

pretreatment is usually limited by the challenges

associated with high energy consumption. The energy

consumption of the pretreatment can be dramatically

reduced via an auxiliary treatment in conjunction with

chemical pretreatment.

In this study, a recyclable acid hydrotrope, p-TsOH,

was used for pretreatment under mild conditions to

extract high-value lignin. Subsequently, a 10 s ultra-

sonic pretreatment was used to improve the enzymatic

hydrolysis efficiency of the cellulose. The lignin

structure was characterized by FTIR spectroscopy,

thermogravimetric analysis (TGA), 2D-HSQC NMR

spectroscopy, 31P NMR spectroscopy, and GPC. The

effects of pretreatment conditions on the enzymatic

hydrolysis of glucan and lignin structure were eval-

uated. The obtained glucan-rich solids were finally

converted into high-titer ethanol by a Q-SSF process.

Materials and methods

Materials

Poplar wood chips were kindly provided by Shandong

Sun Paper Industry Joint Stock Co., Ltd. (Jining,

China); p-TsOH was purchased from Macklin Bio-

chemical Co., Ltd. (Shanghai, China); H2SO4 (95% to

98%, wt%) was obtained fromYantai Far Eastern Fine

Chemical Co., Ltd. (Shandong, China); 1,4-dioxane

and other organic solvents were purchased from

Tianjin Kemiou Chemical Reagent Co., Ltd. DMSO-

d6 was supplied by Cambridge Isotope Laboratories,

Inc. (MA, United States). 2-Chloro-4,4,5,5-tetram-

ethyl-1,3,2-dioxaphospholane was purchased from

Sigma-Aldrich, Inc. (MA, USA). Cellulase with an
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enzyme activity of 147 FPU/mL (Cellic� CTec2) was

kindly provided by Novozymes (Beijing, China). All

chemical reagents used were of analytical grade.

Recyclable acid hydrotrope and subsequent 10 s

ultrasonic pretreatment of biomass

Fifty milliliters of p-TsOH solution at various con-

centrations (60%, 70%, and 80%) and 4 g of 40–60

mesh poplar wood powder were added into a 150 mL

flask. The pretreatment reactions were performed in an

oil bath at different temperatures (70 �C and 80 �C)
and times (15 min, 30 min, and 60 min). Each

pretreatment was repeated 3 times. At the end of each

reaction, the liquor and solid were separated using

medium-speed filter paper (Hangzhou, China). The

solid was washed using deionized water to a neutral

pH and freeze-dried for subsequent enzymatic hydrol-

ysis. For comparison, the neutral solid was subjected

to 10 s ultrasonication and then freeze-drying. The

residual monosaccharides in the liquor were measured

by a high-performance liquid chromatography

(HPLC, Ultimate 3000, Thermo Scientific) system

equipped with a separating column (Aminex HPX-

87H, Bio-Rad, CA, United States) and a refractive

index detector (RID-20A, Shimadzu, Japan).

The enzymatic saccharification of glucan

The pretreated substrate (1 g) and sodium citrate

buffer (pH = 4.8, 50 mL) were combined in a 250-mL

conical flask. The enzymatic hydrolysis was carried

out in a shaking bed incubator (TS-100B, Sichuan

Experimental Instruments CO., Ltd., Hangzhou,

China) with a rotation speed of 180 rpm, a temperature

of 50 �C, and a cellulase loading of 15 FPU/g glucan.

The enzymatic saccharification of each cellulose

sample was conducted in triplicate. At predetermined

intervals, 400-lL samples were withdrawn to analyze

the glucose concentration using a biosensor analyzer

(SBA-40E, Biological Institute of Shandong Academy

Sciences, Jinan, China).

Lignin characterization

The extracted lignin (EL) obtained using p-TsOH as a

hydrotrope and the residual lignin in the pretreated

substrate (also called the cellulolytic enzyme lignin,

CEL) were characterized by FTIR spectroscopy, TGA,

31P NMR spectroscopy, 2D-HSQC NMR spec-

troscopy, and GPC. To separate the lignin from the

pretreated substrate, the glucan-rich solid was first

milled by a planetary ball mill at a rotation speed of

400 rpm for 4 h. The obtained powder was hydrolyzed

by cellulase to remove the cellulose and hemicellulose

(180 rpm, 50 �C, and 24 h). Then, the liquor and solid

were separated by centrifugation at 5000 rpm for

5 min. The residual solid was washed with distilled

water three times and then freeze-dried. The lignin

sample was extracted with dioxane/water (94:6, v/v) in

a shaking bed incubator in the dark (180 rpm, 35 �C,
24 h).

For FTIR analysis, lignin was scanned using a

spectrophotometer (ALPHA, BRUKER, Germany)

over the wavenumber range from 500 to 4000 cm-1

at a scanning resolution of 4 cm-1. For TGA, the

thermal stability of the lignin was measured using a

simultaneous thermal analyzer (STA449-F3,

NETZSCH Scientific Instruments Trading CO., Ltd.,

Germany) over a temperature range from 35 to 800 �C
and a heating rate of 10 �C/min (Shen et al. 2016).

NMR spectra were recorded on a Bruker 600 MHz

spectrometer (AVANCE III, BRUKER, Germany) at

25 �C. 31P NMR spectra were acquired according to a

previous publication (Ji et al. 2017). For 2D-HSQC

NMR experiments, 40 mg of lignin was dissolved in

0.60 mL DMSO-d6 and then transferred into an NMR

tube for subsequent analysis.

The weight-average molecular weight (Mw), num-

ber-average molecular weight (Mn), and polydisper-

sity (Mw/Mn) of the lignin samples were measured on a

gel permeation chromatography (GPC) system

(Waters CO., USA) after acetylation. Each measure-

ment was made in triplicate. Specifically, 50 mg of dry

lignin was dissolved in 4 mL of pyridine/acetic

anhydride (1:1, v/v) and stirred without light radiation

at room temperature for 24 h. After evaporating the

excess pyridine and acetic anhydride, 10 volumes

acidified water (pH = 2, HCl) was slowly dropped into

the obtained concentrated liquid to precipitate the

acetylated lignin. The freeze-dried lignin was dis-

solved in tetrahydrofuran (THF) (2 mg/mL) and

filtered through a 0.22-lm filter. Solution-state sam-

ples were analyzed by chromatography (Styragel�
HR 4 THF, 7.80 9 300 mm, Ireland) with an injection

volume of 20 lL and a column temperature of 35 �C.
THF was used as the mobile phase, and the flow rate
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was 0.60 mL/min. Polystyrene was used for

calibration.

High-titer ethanol production by a Q-SSF process

Q-SSF with a 15% (w/w) total solid loading was

carried out at 32 �C with the addition of 15 FPU/g

glucan CTec 3 and 2% (g/v) active dry yeast (Angel

Yeast CO., Ltd. Hubei, China). Each Q-SSF experi-

ment was conducted in triplicate. Before fermentation,

the solid substrate was first enzymatically hydrolyzed

for approximately 6 h at 50 �C and 180 rpm.

Samples were periodically withdrawn (0, 12, 24,

36, 48, and 60 h) and centrifuged at 8000 rpm for

3 min. The sugar and ethanol contents in the super-

natant were analyzed using an HPLC system equipped

with a refractive index detector (RID-20A) and a

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

United States) (Zhang et al. 2015).

Results and discussion

Pretreatment and enzymatic saccharification

The effects of different pretreatment conditions on the

contents of the three components are shown in Fig. 1

and Table S1. Compared with the raw material, the

total contents in the samples after pretreatment were

significantly reduced due to the removal of

hemicellulose and lignin. Nearly 80.70% of the

hemicellulose and 53.71% of the lignin were dissolved

under the optimal condition (C80T80t15) with negli-

gible degradation of cellulose. Moreover, the dissolu-

tion of hemicellulose and lignin was significantly

improved with increasing severity of the pretreatment;

only 4.69 ± 1% of the hemicellulose and 11.34% of

the lignin were retained at C80T80t15. The elimina-

tion of natural barriers between enzymes and cellulose

would efficiently enhance the enzymatic digestibility

of the substrates. However, a harsh pretreatment

would inevitably cause chemical changes in the

structure of the lignin, decreasing its potential value.

Therefore, to facilitate the extraction of functional

lignin from lignocellulose, mild pretreatment condi-

tions using p-TsOH and a subsequent 10 s ultrasonic

treatment for the pretreated substrate were employed

to further improve the enzymatic saccharification of

the cellulose. Under the same pretreatment conditions

as shown in Fig. 1, ultrasonic treatment did not cause

any loss of cellulose.

After pretreatment with p-TsOH as the hydrotrope,

the obtained substrates were subsequently treated with

and without 10 s ultrasonic treatment, and the enzy-

matic saccharification yields were compared. The

morphology of the pretreated substrates before and

after 10 s of ultrasonic treatment and the results of the

enzymatic saccharifications are displayed in Fig. 2.

Under the same pretreatment conditions, the 10 s of

ultrasonic treatment significantly enhanced the enzy-

matic hydrolysis efficiency of the cellulose. For the

C70T70t60 pretreatment conditions (Fig. 2b), the

enzymatic saccharification yield increased from

52.15 ± 2% (without ultrasonic treatment) to

72.51 ± 2% (with ultrasonic treatment) after 72 h. A

high enzymatic hydrolysis efficiency of 93.36 ± 2%

after 72 h was observed under pretreatment condition

of C80T80t15 and subsequent ultrasonic treatment,

and this yield was equivalent to that obtained with a

harsher pretreatment, namely C80T80t30 (enzymatic

saccharification yield of 93.61 ± 3%). Some studies

have demonstrated that the pore volume and surface

area of the residual glucan-rich solids are obviously

increased by ultrasound treatment, and the digestibil-

ity of the cellulose is enhanced (Zhang et al. 2011).

With a similar lignin extraction efficiency and enzy-

matic hydrolysis yield, the milder pretreatment did not

notably impact the native chemical structure of the

lignin. In the following study, the structural properties

Fig. 1 The contents of the three components in the pretreated

substrates (Cx stands for the acid concentration; Tx stands for

the pretreatment temperature; and tx stands for the pretreatment

time)
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of the EL and the residual lignin in the pretreated

solids (CEL) under the pretreatment conditions of

C80T80t15 with 10 s of ultrasonic treatment and

C80T80t30 without ultrasonic treatment were charac-

terized by FTIR spectroscopy, TGA, 31P NMR

spectroscopy, 2D-HSQC NMR spectroscopy, and

GPC.

Lignin characterization

FTIR spectroscopy

Figure 3 shows the structural properties of CEL and

EL under different pretreatment conditions as deter-

mined by FTIR spectroscopy. The signals were

assigned according to a previous publication (Ji et al.

2017). The absorption band at approximately

3450 cm-1 was attributed to the hydroxyl O–H

stretching vibration of aromatic and aliphatic species.

The absorption peaks at 2937 and 2841 cm-1 were

Fig. 2 Morphology comparison of the pretreated substrates with and without 10 s of ultrasonic treatment after 12 h of storage (a) and
their enzymatic saccharification yields (b)
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assigned to the C–H asymmetric and symmetric

vibrations of methyl (–CH3) and methylene (–CH2–)

groups, respectively. The following characteristic

absorption peaks of lignin were also found: the

absorption peak at 1720 cm-1 is the stretching vibra-

tion of carboxyl C=O groups, and the absorption bands

at 1606, 1512, and 1422 cm-1 were attributed to the

aromatic skeletal vibrations of lignin. Other charac-

teristic signals of lignin were also detected at

1458 cm-1 (the C–H deformation combined with the

aromatic ring vibrations), 1320 cm-1 (breathing

vibration of syringyl and condensed guaiacyl moi-

eties), 1270 cm-1 (guaiacyl units), 1222 cm-1 (C–C

plus C=O stretching), 1033 cm-1 (the aromatic C–H

in-plane deformation vibrations), and 834 cm-1 (the

C–H out-of-plane stretching). The appearance of the

signals of syringyl (S) units and guaiacyl (G) units

further confirmed that poplar lignin is a GS-type

lignin. Generally, the IR characteristic peaks of EL

and CEL under pretreatment conditions of C80T80t15

with 10 s of ultrasonic treatment and C80T80t30

without ultrasonic treatment were similar. In Fig. 3,

the similar spectral profiles indicated that EL and CEL

under different pretreatment conditions maintained

the core structure of native lignin.

TGA

The thermal stabilities of CEL and EL subjected to

different pretreatment conditions were measured by

TGA. As shown in Fig. 4, the TGA curves directly

reflected the relationships between their thermal

stabilities and temperature. Generally, the thermal

stability of lignin is closely related to its chemical

structure and the contents of certain functional groups.

In the early stage of lignin thermal decomposition, the

weight loss was not obvious. The chemical bonds that

were broken were mainly the weak ether bonds in the

b-O-4 linkages. In the region of 200–400 �C,
endothermic decomposition along with an obvious

weight loss was observed. As the temperature

increased from 200 to 300 �C, the cleavage of aryl

ether linkages among the lignin molecules produced

various phenolic substances. In the region of

300–350 �C, carbonylation or carboxylation due to

the oxidation of aliphatic hydroxyl groups occurred.

When the temperature was increased above 350 �C,
aromatic rings and C–C bonds began to be cleaved,

which led to the formation of H2O and small volatile

substances. Finally, when the temperature was 500 �C
or above, the oxygen in the lignin was depleted, and

the remaining carbon formed biochar, which was

revealed by the slow decomposition rate and the

flattened TGA curve. Obviously, the ‘‘core’’ of the

chemical structures of CEL and EL did not change

significantly. CEL showed a relatively high thermal

decomposition rate due to its high content of b-O-4

Fig. 3 The FTIR spectra of CEL and EL

Fig. 4 The TGA curves of CEL and EL
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linkages. As the pretreatment severity increased

(pretreatment time increased from 15 to 30 min), the

thermal decomposition rates of EL decreased. Essen-

tially, a large portion of the ether bonds were broken,

and stable C–C bonds were formed, decreasing the

pyrolysis rate of the lignin. Therefore, milder pre-

treatment conditions are required to obtain more

valuable lignin.

31P NMR analysis

Quantitative 31P NMR spectroscopy can be used to

accurately monitor structural changes and the content

of hydroxyl groups in the CEL and EL obtained under

different pretreatment conditions. The signals were

assigned according to previous publications (Ji et al.

2017; Li et al. 2017). Fig. S1 displays the 31P NMR

spectra, and the contents of different types of OH are

summarized in Table 1. The cleavage of b-O-4 bonds

as a function of the reaction intensity can be evaluated

based on the changes in the hydroxyl content. As

shown in Table 1, the aliphatic hydroxyl content in

CEL was generally higher than that of EL under the

same pretreatment conditions. However, the phenolic

hydroxyl content exhibited the opposite trend, which

was attributed to the CEL structure being less dam-

aged. In regard to EL, as the pretreatment time

increased from 15 to 30 min, the content of phenolic

hydroxyl groups increased from 4.07 to 4.83 mmol/g.

The increase in phenolic OH groups was mainly

attributed to the cleavage of b-O-4 aryl ether linkages

to benzene rings, resulting in side-chain hydroxyl

groups. In addition, the aliphatic hydroxyl content

decreased from 4.19 to 3.68 mmol/g, as shown in

Table 1. The high content of aliphatic hydroxyl

functionalities (4.19 mmol/g) in EL makes them

highly applicable in the synthesis of polyurethanes,

polyesters, epoxide resins, and phenolic resins as

macromonomers (Upton and Kasko 2015). In addi-

tion, the content of COOH groups also decreased with

increasing pretreatment severity. In summary, a

milder pretreatment (C80T80t15) can reduce the

degree of damage to the lignin structure, enhancing

its utilization value. This statement was further

verified by the following 2D-HSQC NMR analysis.

2D-HSQC NMR analysis

The structural features of CEL and EL obtained from

different pretreatment conditions could be further

clarified by 2D-HSQC NMR analysis, which provided

important structural information related to the lignan,

such as the main chemical structures, the content of b-
O-4 linkages, and the S/G ratio. The main cross-peaks

were assigned according to previous reports (Ji et al.

2017). In the side-chain region (Fig. 5), b-O-40

substructures were identified based on the cross-peaks

of dC/dH 71.90/4.85 (Ca–Ha, A unit), dC/dH 83.90/4.33

and dC/dH 85.90/4.11 ppm (Cb–Hb, A unit), and dC/dH
59.50/3.69 ppm (Cc–Hc, A unit). In addition, b–b0

resinol substructures were identified based on the

cross-peaks of dC/dH 84.90/4.64 (Ca–Ha, B unit) and

dC/dH 71.00/3.88–4.17 ppm (Cc–Hc, B unit).

Table 1 The hydroxyl contents in CEL and EL obtained from different pretreatment conditions

Types of OH C80 T80 t15 UT CEL C80 T80 t15 UT EL C80 T80 t30 CEL C80 T80 t30 EL

Aliphatic OH (mmol/g) 6.82 4.19 5.59 3.68

a-OH (erythro) 6.76 4.13 5.55 3.64

Primary OH 0.06 0.06 0.04 0.04

Phenolic OH (mmol/g) 1.76 4.07 2.02 4.83

S-OH 1.07 2.71 1.30 3.24

G5,5-OH 0.06 0.18 0.06 0.21

G-OH 0.14 0.06 0.13 0.07

p-Coumaric acid-OH 0.49 1.12 0.53 1.31

COOH (mmol/g) 0.29 0.56 0.21 0.46

cFig. 5 Side-chain (left) and aromatic regions (right) in the 2D

HSQC NMR spectra of CEL and EL obtained from different

pretreatment conditions and their main structures
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Phenylcoumaran (b-50) substructures were also

observed and resulted in cross-peaks at dC/dH 85.50/

4.60 ppm (Ca–Ha, C unit) and dC/dH 62.30/3.70 ppm

(Cc–Hc, C unit). Table 2 summarizes the quantitative

results related to the major inter-unit linkages in the

lignin samples. Apparently, increasing the pretreat-

ment severity from C80T80t15 to C80T80t30 signif-

icantly improved lignin depolymerization, as revealed

by the decease in the b-O-4 linkage content. The EL

subjected to C80T80t15 had a higher content of b-O-4
linkages (60.0%) than did that subjected to C80T80t30

(31.9%), which was in agreement with 31P NMR

results. As shown in the spectra of CEL and EL

subjected to C80T80t30, most signals, such as those of

Aa, Ab, and Ba, were absent. Therefore, a mild

pretreatment method (C80T80t15) was suggested to

extract the lignin. The enzymatic saccharification of

cellulose can be improved by a subsequent 10-s

ultrasonic treatment.

In the aromatic region (Fig. 5), cross-peaks

between the syringyl (S) and guaiacyl (G) units were

clearly observed at dC/dH 104.00/6.70 (C2, 6–H2, 6, S

unit), 111.10/6.98 (C2–H2, G unit), 114.70/6.71 (C5–

H5, G unit) and 118.90/6.80 (C6–H6, G unit). The p-

coumarate acid was identified by the cross-peaks at dC/
dH 129.80/7.50 (C2, 6–H2, 6, PCA unit). In addition, p-

benzoate was identified based on the cross-peaks at dC/
dH 131.60/7.70 ppm (C2, 6–H2, 6, PB unit). Table 2

lists the ratio of S/G units in lignin samples. The S/G

ratio gradually increased from 2.8 (C80T80t15) to 3.4

(C80T80t30), which was ascribed to the rapid extrac-

tion of the S units under harsh pretreatment conditions.

Based on the cross-peaks in both the side-chain region

and the aromatic region, the lignin structure was more

drastically damaged at C80T80t30. To obtain lignin

samples suitable for high-value utilization, mild

pretreatment condition (C80T80t15) should be used,

which is in accordance with the results of 31P NMR

analysis.

Molecular weight determination

To investigate the change in the molecular weight of

lignin under different pretreatment conditions, the

weight-average molecular weight (Mw), number-av-

erage molecular weight (Mn), and polydispersity index

(PDI,Mw/Mn) of the lignin molecules were determined

by GPC, and the results are shown in Table 3. TheMw

of EL decreased from 3313 to 3188 g/mol when the

Table 2 Quantification of the major inter-unit linkages in the

lignin samples by semiquantitative HSQC NMR analysis

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

C80 T80 t15 UT CEL 76.5 21.6 1.9 2.9

C80 T80 t15 UT EL 60.0 33.9 6.1 2.8

C80 T80 t30 CEL 54.2 43.3 2.5 3.5

C80 T80 t30 EL 31.9 55.3 12.8 3.4

bFig. 5 continued
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pretreatment severity increased from C80T80t15 to

C80T80t30, which indicated enhanced depolymeriza-

tion and cleavage of b-O-4 linkages during the

extraction. The residual lignin in the pretreated

substrates (CEL) had a higher Mw

(3977–4089 g/mol) than that of EL. The obtained

lignin samples were suitable for hydrogenolysis due to

their lower molecular weight and slight recondensa-

tion (Shu et al. 2015). Moreover, the low polydisper-

sity index (Mw/Mn\ 3) of the obtained lignin

fractions indicated that pretreatment with p-TsOH

aqueous solution resulted in homogeneous lignin

fragmentation, which is improves its industrial appli-

cability. Notably, the extracted lignin fractions

obtained under mild pretreatment condition

(C80T80t15) exhibited excellent properties, such as

lowMw (3357 ± 121 g/mol),Mn (1473 ± 76 g/mol),

and PDI (2.328) values. In summary, a mild pretreat-

ment condition (C80T80t15) is suggested for extract-

ing functional lignin for value-added utilization based

on FTIR spectroscopy, TGA, 31P NMR spectroscopy,

and 2D-HSQC NMR spectroscopy.

High-titer ethanol production by a Q-SSF process

After pretreatment using p-TsOH, the obtained sub-

strates were subsequently subjected to 10 s of ultra-

sonic treatment to improve their enzymatic

saccharification. The final glucan-rich solids were

converted into ethanol by a Q-SSF process. Figure 6

displays the changes in the glucose concentration and

the ethanol and alcohol yields against time in the

Q-SSF process. The glucose consumption and the

ethanol yield rapidly increased within the first 24 h,

and the maximum ethanol production was reached at

approximately 36 h. No significant inhibitory effect

was observed due to the formation of inhibitory

compounds, such as acetic acid, furfural (hemicellu-

lose hydrolysate), and aromatic compounds (lignin

hydrolysate), during the Q-SSF process. The highest

ethanol concentration (40.08 ± 3 g/L) was reached

after 60 h of fermentation, and the residual glucose

concentration was only 4.22 ± 1 g/L; this yield was

equivalent to the theoretical ethanol yield of

81.87 ± 4% based on the glucan content in the treated

biomass. Considering our results, this strategy, pre-

treatment by recyclable p-TsOH aqueous solution

followed by 10 s of ultrasonic treatment, shows

enormous potential for providing functional lignin

and high-titer ethanol.

Conclusion

In this study, a pretreatment strategy based on

recyclable p-TsOH aqueous solution followed by

10 s of ultrasonic treatment for lignocellulosic bio-

mass was developed. Pretreatment with recyclable p-

TsOH aqueous solution under mild conditions

(C80T80t15) facilitated the extraction of high-value

lignin. The obtained lignin exhibited excellent prop-

erties, such as a high hydroxyl (OH) content

(4.19 mmol/g of aliphatic hydroxyl and 4.07 mmol/g

of phenolic OH groups), a high content of b-O-4 aryl

ether linkages (60%), a low Mw (3357 ± 121 g/mol),

and a low polydispersity index (Mw/Mn, 2.28),

according to FTIR spectroscopy, TGA, 31P NMR

spectroscopy, 2D-HSQC NMR spectroscopy, and

GPC. The pretreated substrates were then subjected

Table 3 Weight-average molecular weight (Mw), number-av-

erage molecular weight (Mn) and polydispersity index (PDI,

Mw/Mn) values of CEL and EL

Samples Mw (g/mol) Mn (g/mol) Mw/Mn

C80 T80 t15 UT CEL 4127 ± 178 2103 ± 98 1.96

C80 T80 t15 UT EL 3357 ± 121 1473 ± 76 2.28

C80 T80 t30 CEL 3857 ± 156 1795 ± 81 2.15

C80 T80 t30 EL 3110 ± 105 1328 ± 92 2.34

Fig. 6 The concentrations of glucose and ethanol and the

ethanol yield in the Q-SSF process
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to ultrasonic treatment for 10 s to improve their

enzymatic saccharification and finally converted into

ethanol by a Q-SSF process. The highest ethanol

concentration (40.08 ± 3 g/L) was reached after 60 h

of fermentation, and the residual glucose concentra-

tion was only 4.22 ± 1 g/L; this yield is equivalent to

the theoretical ethanol yield of 81.87 ± 4% based on

the glucan content in treated biomass. In short, this

study provides a constructive reference for the enzy-

matic saccharification of cellulose for high-titer

ethanol production and the extraction of high-value

lignin using a recyclable acid hydrotrope and ultra-

sonic pretreatment.
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