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Modified Hydrotropic Pretreatment of Eucalyptus under
Alkali and Acid Conditions for Lignin Removal and
Enhancing Enzymatic Hydrolysis
Chao Chao Xu, Hongyan Mou,* Ming Lei, Jin Huang, Weiying Li, and Hongquan Huang
Hydrotropic pretreatment is an environmentally friendly technology that
can be applied for lignin isolation from lignocellulosic biomass to enhance
enzymatic hydrolysis. In this study, conventional hydrotropic pretreatment
was modified with additional alkali and acid to investigate the lignin
removal mechanism. Lignin recovered from the hydrotropic solution was
analyzed by Heteronuclear Single Quantum Coherence-Nuclear Magnetic
Resonance (HSQC-NMR). It was found that the amounts of β-O-4 linkages
in the different types of hydrotropic lignin were more than 50%. Alkalihydrotropic lignin particularly contained 74.9% of β-O-4 linkages. Also, the
cleavage of α-O-4 formed more phenolic groups in alkali-hydrotropic lignin.
The addition of acid in the hydrotropic treatment could reinforce the broken
β-O-4 bond. Modified hydrotropic pretreatments more easily displaced the
lignin from the fiber surface and improved the enzymatic accessibility of
the pretreated substrates. Considering other impact factors including the
fiber structure and total lignin content, enzymatic hydrolysis was heavily
influenced and facilitated by the acid-hydrotropic method.
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INTRODUCTION
Hydrotropic technology was a novel, environment-friendly method for lignin
separation from lignocellulosic biomass. The advantages of hydrotropic pretreatment
include high lignin removal efficiency, simple lignin recovery, and the recyclability of the
hydrotropic agent. In previous work, sodium xylenesulphonate (SXS) was suggested to be
the best agent when considering delignification for enhancing enzymatic saccharification
of lignocellulosic biomass (Mou et al. 2013a). For both wood and nonwood biomass,
hemicelluloses degradation usually happened simultaneously with the lignin extraction
(Mou et al. 2013b). Relying on the feedstock materials and expected properties of the
product, the treatment conditions of the hydrotropic technology was recommended to be
carried out at 150 ºC to 170 ºC with 30 to 40% (w/v) SXS (Procter 1971; Mou and Wu
2016). At 150 ºC, over 70% of lignin could be extracted from Nordic birch chips by 30%
SXS after a period of 12 h (Korpinen and Fardim 2006). Prolonged treatment time and
higher temperatures were able to improve the delignification efficiency of the hydrotropic
treatment. With the addition of H2O2 or acid, the treatment time could be reduced;
meanwhile the delignification efficiency could be improved (Gabov et al. 2014; Mou et al.
2014a). According to a study by Gabov et al. (2014), after using 36% SXS for the treatment
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of birch at 170 ºC for 2 h with the addition of H2O2, the residual lignin of the pretreated
birch was reduced to 1.4%. Generally, hydrotropic treatment of lignocellulosic biomass
was conducted at high temperatures with a high dosage of the hydrotropic agent.
In the authors’ previous work, it was indicated that the addition of a small amount
of formic acid into the hydrotropic pretreatment could reinforce the removal of
hemicelluloses and lignin from the fiber cell wall, thus enhancing the enzyme accessibility
of lignocellulosic biomass (Mou et al. 2014a, 2016, 2017). Applying the peracetic acid
method prior to the hydrotropic process could reduce hydrotrope consumption and
simultaneously enhance the delignification efficiency (Mou et al. 2014b). However,
detailed information about the delignification mechanism and chemical properties of
hydrotropic lignin is seldom mentioned. There are only a handful of publications referring
to the properties of hydrotropic lignin. For instance, Zoldners and Surna (1969) claim that
hydrotropic lignin is more condensed than the native lignin. The degree of degradation and
the reactivity of the hydrotropic lignin were significantly effected by the treatment
conditions (Gabov et al. 2014). Some researchers are devoted to utilizing hydrotropic
lignin, eventually establishing that hydrotropic lignin is a valuable bio-based polymer that
could potentially be used to produce biochemicals (Gromov and Pormale 1961; Kalninsh
et al. 1962; Telysheva et al. 1966). Recently, Gabov et al. (2017) used hydrotropic birch
lignin to make antimicrobial cellulose-lignin beads that showed great potential as an
antibacterial agent against S. aureus. Hydrotropic lignin has potential to be used in the
preparation of bio-based composites and chemicals.
Eucalyptus is one of the most important sources of raw material for pulping and
papermaking in China. In this work, alkali is first used for modifying the hydrotropic
pretreatment to enhance the digestibility of eucalyptus by comparison with conventional
hydrotropic and acid-hydrotropic methods. Analyzing the chemical properties of lignin
isolated from eucalyptus by different hydrotropic treatments could supply more
information to explain the lignin removal mechanism of hydrotropic technology. Moreover,
after a variety of hydrotropic pretreatments, changes in the fiber structure and chemical
compositions on the fiber surface and cell wall were detected. How the different
hydrotropic pretreatments influence cellulose conversion into glucose yield was also
comprehensively investigated.

EXPERIMENTAL
Materials
Eucalyptus chips were collected from the Chen Ming pulp mill (Zhanjiang, China).
The chemical components of the lignocellulosic biomass were calculated according to the
method of the National Renewable Energy Laboratory (NREL). The chemicals were
purchased from commercial sources. Sodium xylene sulphonate (Sigma-Aldrich, Shanghai,
China) and cellulase mixture obtained from Genencor (Shanghai, China). Other chemicals
were purchased from Guangzhou chemical company (Guangzhou, China). In this work,
all experiments were conducted in duplicate and the results were averaged.
Hydrotropic pretreatments
Hydrotropic pretreatment was performed in a digester with 30% (w/v) of the
hydrotrope agent (sodium xylansulphonate with a purity of 90%) at 160 ºC for 1.5 h with
an addition of 2.5% (w/w basis on the O.D. raw material) formic acid and 5% (w/w basis
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on the O.D. raw material) sodium hydroxide into the hydrotrope solution. The resulting pH
values of the modified hydrotropic pretreatments changed from 7.3 to 3.8 and 12.2. The
heating rate was 3 ºC/min and the liquid to wood ratio was 8:1. Conventional hydrotropic
pretreatments were conducted at 160 ºC with dwelling times of 1.5 and 3 h, separately, for
comparison. The treatment conditions are summarized in Table 1.
Table 1. Treatment Conditions for a Variety of Pretreatments
Pretreatments

Hydrotrope
dosage (% w/v)

Treatment
temperature
(oC)

Treatment

pH of fresh

time (h)

solution

Hydrotropic pretreatment (S1)

30

160

1.5

7.3

Hydrotropic pretreatment (S2)

30

160

3

7.3

Acid-modified hydrotropic
pretreatment (SF)

30

160

1.5

3.8

Alkali-modified hydrotropic
pretreatment (SN)

30

160

1.5

12.2

Lignin separation
After pretreatments, the spent solution was recovered for lignin precipitation. The
separation methods were reported in the authors’ previous work (Mou et al. 2018). The
isolated lignin fractions were purified by an addition of concentrated sulfuric acid
according to the method in previous literature (Toledano et al. 2010).
Methods
X-ray diffraction (XRD) analysis
The crystallinity of the pretreated substrates was analyzed with an X-ray
diffractometer (D8 ADVANCE, Bruker, Karlsruhe, Germany). The scattering angle (2θ)
ranged from 50º to 60º with a scan rate of 4º min-1. The crystallinity index (CrI) calculation
was indicated by Segal et al. (1959).
X-ray photoelectron spectroscopy (XPS) analysis
After pretreatments, the sample’s surface chemical components were detected
using an X-ray photoelectron spectroscope (Kratos Axis Ulra DLD, Shimadzu, Japan). The
sample preparation and analysis method was described elsewhere (Mou et al. 2013a,
2013b). The surface coverage by lignin (Slig) and carbohydrates (Scar) of samples was
calculated based on the oxygen-to-carbon (O/C) ratios observed from the XPS spectra, as
described by Ström and Carlsson (1992).
Glucose yield analysis
The untreated and pretreated substrates were hydrolyzed by the commercial
cellulase mixture at a dosage of 20 FPU/g (dry matter) at 50 ºC at a pH of 5.0, for 2, 6, 24,
and 48 h. The consistency was 2% (w/v) in a 10 mL sodium acetate buffer (0.1 M). Upon
completion, the hydrolyzate was centrifuged at 35000 g for 30 min. The supernatant was

Mou et al. (2018). “Hydrotropic treated eucalyptus,”

BioResources 13(4), 8578-8592.

8580

bioresources.com

PEER-REVIEWED ARTICLE

filtrated using a 0.25-µm membrane that was used for glucose determination by ion
chromatography (ICS-900; Thermo Fisher Scientific, Waltham, MA, USA).
Protein adsorption analysis
Enzyme adsorption onto the pretreated samples was carried out with 0.5 mL
cellulase at a pH of 4.8 under ambient temperature for 90 min. Before the addition of
cellulase, excessive bovine serum albumin (BSA; 0.2 mg.mL-1) was reacted with the
pretreated samples for 60 min. The supernatant was separated via centrifuging at 35,000 g
for 20 min. The amount of free protein in the solution was determined according to the
method described by Bradford (1976). Samples lacking enzymes were used as reference.
The cellulase adsorption capacity was calculated based on the following equation (Mou et
al. 2016b, 2017):
Cellulase adsorption capacity ( %) 

(Total protein - Free protein)
 100
Total protein

(1)

Molecular weight analysis of lignin
The molecular weight was determined by gel permeation chromatography (GPC;
Waters, MA, USA), the mobile phase was determined by tetrahydrofuran (THF), and the
sample preparation was described elsewhere (Mou et al. 2018). All results presented in this
study were averaged.
Surface charge and phenolic groups determination
The surface charge of the different hydrotropic lignin recovered from the spent
solution was determined according to Rahikainen et al. (2013). The calculation method
was described in the work of Li et al. (2016b). The utilized method for the phenolic and
total acid groups was described by Goldschmid (1954) and Wu et al. (1993).
13

C-1H HSQC NMR analysis
The chemical structure of recovered lignin was analyzed using the 13C-1H HSQC
NMR method. Around 80 mg lignin was dissolved in 1 mL of DMSO-D6 and subsequently
detected by a Bruker ADVANCE III HD 600 nuclear magnetic resonance spectroscopy
(NMR; Bruker, Beijing, China). The experiments used Bruker’s “hsqcetgpsi2” pulse
program with spectral widths of 5,000 Hz (from 10 to 0 ppm) and 2,0843 Hz (from 165 to
0 ppm) for the 1H and 13C dimensions. The spectra analysis was recognized according to
reported literature (Ralph et al. 1999, 2004)

RESULTS AND DISCUSSION
Major Chemical Compositions of Eucalyptus Before and After a Variety of
Hydrotropic Pretreatments
The modified hydrotropic method at different pH condition was applied for the
treatment of eucalyptus chips. The modified hydrotropic method at different pH condition
was applied for the treatment of eucalyptus chips. After a variety of pretreatments, the
major chemical compositions of the pretreated substrates were analyzed and is shown in
Table 2.
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When compared with the reference sample, the glucose content in all pretreated
substrates increased. Simultaneously, lignin was removed to different degrees during the
variety of pretreatments. For samples treated by the hydrotropic method for 1.5 h (EuS1),
and the pretreated eucalyptus with the conventional hydrotropic method for a longer time
(EuS2), there was a reduction of lignin, and the hemicellulose started to degrade as well.
Meanwhile, the cellulose was retained well in the pretreated samples. In comparison with
the conventional hydrotropic pretreatment, the reduction of lignin and hemicelluloses was
heavily influenced by an acid-modified hydrotropic pretreatment. It was speculated that
the linkage of lignin-carbohydrates was severely broken during the acid-modified
hydrotropic pretreatment. As a result, the cellulose content in the EuSF sample was over
74%. However, the lignin removal efficiency of the alkali-modified hydrotropic
pretreatment was not remarkable, while the cellulose content in the EuSN sample was
slightly higher than that in the ES1sample.
Table 2. Major Chemical Components of Pretreated Eucalyptus (Eu) Samples
Samples

Glucose
(%)

Acid
Soluble
Lignin (%)

Acid
Insoluble
Lignin (%)

Extractives
(%)

Ash
(%)

Hemicelluloses
(%)

Euref
EuS1
EuS2
EuSN

40.01
51.86
69.33
56.64

2.34
1.25
1.01
1.34

24.66
14.12
13.64
20.34

5.64
5.62
5.49
2.58

4.88
1.68
1.28
1.08

29.51
28.2
17.85
24.74

EuSF

74.73

0.79

10.62

4.19

1.78

11.5

According to the results in Table 2, the mild acid condition was beneficial for lignin
removal from the fiber cell wall. This was established in previous work (Mou et al. 2014a).
Compared with the conventional hydrotropic pretreatment at similar conditions (EuS2), an
alkali-hydrotropic pretreatment promoted hemicellulose degradation instead of lignin
separation. The decrease in extractives was observed in the modified hydrotropic pretreated
substrates, which was typical for an alkali-modified hydrotropic pretreatment (EuSN). The
ash content in the pretreated substrates was reduced during the variety of pretreatment
processes. Concerning the hydrotropic mechanism, it is believed that hydrotropic agent
molecules can penetrate the cell wall and dissolve the lignin into water (Raman and Gaikar
2003). Lignin removal, shown in Table 2, could provide support to prove this speculation.
Surface Chemical Composition of Eucalyptus Before and After Different
Hydrotropic Pretreatments
After the pretreatments, the changes in the surface chemical compositions of the
pretreated substrates were determined via XPS. The oxygen to carbon (O/C) ratio was
observed from the C1s spectra of XPS. The surface coverage by lignin and carbohydrates
were calculated from the O/C ratio of the extracted samples. The results are given in Table
3. The carbon ratio observed from the XPS spectra was mainly a lignin contribution
because the extractives were completely removed. After the pretreatments, the lignin
surface coverage was reduced, while the carbohydrate surface coverage increased, which
indicated that the surface lignin was removed, leading to the exposure of carbohydrates on
the fiber surface. In comparison with the reference samples, the surface coverage by
carbohydrates of EuSN and EuSF was increased from 68.2% to 94.8% and 97.8%,
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respectively. The influence of alkali-hydrotropic and acidic-hydrotropic pretreatments on
the reduction of surface coverage by lignin was more remarkable than the conventional
hydrotropic pretreatment. The surface analysis depth of the biomass for XPS was
approximately 10 nm. The reduction of the lignin distribution on the surface of fiber was
prone to improving the initial enzymatic hydrolysis rate, which has been illustrated in a
previous study (Mou et al. 2013a).
Table 3. Surface Coverage by Lignin and Carbohydrates of Pretreated
Eucalyptus Samples
Samples

C (%)

O (%)

O/C
0.67

Surface Coverage
by Lignin (%)
31.77

Surface Coverage
by Carbohydrates (%)
68.23

Euref

52.06

34.94

EuS1

38.99

51.01

0.76

13.13

86.87

EuS2

39.01

50.99

0.77

12.71

87.29

EuSN

40.08

49.84

0.80

5.17

94.83

EuSF

40.98

50.02

0.82

2.15

97.85

Crystallinity of Eucalyptus Before and After Pretreatments
Crystallinity (CrI) could indicate the enzymatic accessibility of lignocellulose as
one of the important factors to enzymatic hydrolysis efficiency. It was demonstrated that
the crystallinity of lignocellulose had a negative correlation with the enzymatic hydrolysis
rate (Hall et al. 2010). The CrI degree observed from the XRD spectra (Fig. 1) is
summarized in Table 4. As shown in Table 4, the increase in the CrI degree was caused by
removal of the amorphous substances during pretreatment, such as hemicelluloses and
lignin (Mou et al. 2014b).
According to the results in Table 4, after different types of hydrotropic
pretreatments, the crystallinity of the pretreated samples increased noticeably. However,
the CrI degree of EuSN was lower than that of EuSF and EuS2. After prolonged treatment
time, the CrI degree was increased (EuS2 > EuS1) because of the lignin and hemicelluloses
removal (Table 2). As presented in Fig. 1 of the XRD spectra, the lignocellulose structure
changed considerably after the different types of hydrotropic pretreatments.
Table 4. Crystallinity of Different Pretreated Eucalyptus Samples
Samples
Euref
EuS1
EuS2
EuSN
EuSF

CrI (%)
49.48
65.43
74.36
69.91
72.97

Enzymatic Hydrolysis of Pretreated Samples
After the pretreatments, the pretreated substrates were hydrolyzed by cellulase
subsequently. In Fig. 1, the yield of cellulose conversion into glucose was presented. After
a variety of pretreatments, the enzymatic hydrolysis efficiency of the pretreated substrates
was dramatically improved compared with the reference sample. Because the lignin was
removed from both the fiber cell wall and the surface after pretreatments (Table 2 and
Table 3), the pretreated substrates were more prone to hydrolysis.
Mou et al. (2018). “Hydrotropic treated eucalyptus,”
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As shown in Fig 1, in the initial stage of enzymatic hydrolysis (before 3 h), the
cellulose conversion rate of EuSF and EuS2 was faster than EuSN and EuS1. However, the
cellulose hydrolyzed rate of EuSN was close to EuS1. The difference in the initial
hydrolysis rate was correlated to the change of the crystallinity of the pretreated substrates
(Hall et al. 2010). Moreover, lignin content was reduced significantly from EuSF and EuS2,
which could improve the enzymatic digestibility of lignocellulose too (Table 2). When the
enzymatic hydrolysis was conducted for longer than 3 h, the glucose yield of EuSF was
higher than the other samples. Particularly, after 48 h of hydrolysis, the glucose yield of
EuSF and EuSN showed an obvious increase, as indicated in Fig. 2. Similar results were
found in the authors’ previous work, which proposed a relation to the reduction of the
surface coverage by lignin (Mou et al. 2013a). A decrease of surface coverage by lignin
can also prove the improvement in the enzymatic digestibility of the pretreated substrates.
For further investigation on the influence of different hydrotropic pretreatments on
enzymatic hydrolysis of lignocellulose, the enzyme adsorption capacity of pretreated
samples was determined as a supplement.

Glucose yield (%)

100
90

Euref

80

EuS2
EuS1

70

EuSN

60

EuSF

50
40
30
20
10
0
0

3

6

12

24

48

Enzymatic hydrolysis time (h)
Fig. 1. Glucose yield of samples after different pretreatments

Enzyme Adsorption Capacity of Pretreated Samples
Enzyme adsorption capacity can reveal the enzymatic accessibility of pretreated
substrates (Mou et al. 2016). Thereby, the cellulase adsorption capacity of the pretreated
substrates was detected and presented in Fig. 2.
After a variety of pretreatments, the cellulase adsorption capacity of the pretreated
samples was increased for all samples. In comparison with the conventional hydrotropic
pretreatment (EuS1, EuS2), after the alkali-hydrotropic and acid-hydrotropic pretreatments,
the cellulase adsorption capacity of the pretreated substrates (EuSF and EuSN) was
typically facilitated. This is because the adsorption of cellulase on pretreated
lignocellulosic biomass was a prerequisite for enzymatic hydrolysis reaction (Jäger et al.
2010). Therefore, in theory, the enzymatic hydrolysis efficiency of EuSN and EuSF may
have an obvious enhancement when compared with the reference. Considering multiple
influence factors, such as lignin content, crystallinity, surface coverage by lignin, and
enzymatic adsorption capacity, the maximum glucose yield was undoubtedly observed
from the substrates after the acid-modified hydrotropic (EuSF) pretreatment (Fig. 1).
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Enzyme adsorption capacity (%)

Combined with the results in Fig. 2, the enhancement of enzyme adsorption capacity of
EuSN could help to explain why the glucose yield of EuSN kept increasing after 48 h of
hydrolysis. The optimum condition of the alkali-hydrotropic pretreatment needs further
study. Considering on the recyclable of hydrotrope and high lignin removal efficiency,
hydrotropic pretreatment is potentially used for the reinforcement of the enzymatic
hydrolysis in commercial production process.
70
60
50
40
30
20
10
0
Euref

EuSF

EuS1

EuS2

EuSN

Pretreated samples
Fig. 2. Cellulase adsorption capacity of pretreated samples

Chemical Properties of Lignin Recovered from Different Hydrotropic
Solutions
Other than the investigation on the pretreated substrates after hydrotropic
pretreatment, the chemical properties of lignin precipitated from the conventional
hydrotropic solution (3 h), acid-hydrotropic solution, and alkali-hydrotropic solution were
analyzed by GPC and 13C-1H HSQC NMR. Besides the molecular weight, the functional
groups and surface charge were detected and summarized in Table 5 as well.
According to the results given in Table 5, it can be seen that lignin depolymerization
led to a lower molecular weight during pretreatments. The molecular weight of the
conventional hydrotropic lignin (Lig-sxs) after treatment for 3 h was approximately 9851
Da. This value is higher than the hydrotropic lignin of birch (Gabov et al. 2014), which
indicated that hydrotropic treatment conditions had an influence on the lignin molecular
weight.
The molecular weight of alkali-hydrotropic lignin (Lig-SN) was lower than that of
acid-hydrotropic lignin (Lig-SF) and Lig-sxs. The polydispersity index (PDI) value of LigSN was clearly higher than that of Lig-SF and Lig-sxs. Alkaline conditions could degrade
lignin into smaller fragments through cleavage of the β-ether bond that contributed to the
lignin removal (Cao et al. 2012). Furthermore, additional alkali during the hydrotropic
pretreatment resulted in a higher uneven distribution of the molecular weight.
Lig-sxs contained more surface charge than Lig-SF and Lig-SN, as shown in Table
5. By using chemical titration and ultraviolet (UV) determination methods, the amount of
total acid group and phenolic group of lignin were observed and presented in Table 5 as
well.
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Table 5. The Chemical Properties of Precipitated Lignin
Samples

Mw (Da)

Mn (Da)

PDI

Surface
Charge

Total Acid
Group Amount
10-6 (mol/mg)

Phenolic Group
Amount 10-6
(mol/mg)

Lig-sxs

9851

3219

3.1

-0.98

5.73

4.90

Lig-SN

7497

2053

3.7

-0.50

12.5

11.8

Lig-SF

9558

2636

3.6

-0.64

6.00

3.79

The amount of total acid groups in Lig-SN was higher than Lig-SF and Lig-sxs.
Moreover, the Lig-SN sample contained more phenolic groups than Lig-SF and Lig-sxs
lignin. The higher phenolic hydroxyl group content in the Lig-SN lignin was caused by the
cleavage of aryl-ether bonds (Leschinsky et al. 2008). Subsequently, more detailed
chemical information of lignin analyzed by 13C-1H (HSQC) NMR was presented.
HSQC-NMR Analysis of Lignin Recovered from Different Hydrotropic
Solutions
In Fig. 3, useful information about various linkages between structural units
present in lignin was provided via NMR spectra. From the side-chain region in the 2DHSQC NMR, the β-aryl ether bond (β-O-4’, I), phenylcoumaran (α-O-4’ and β-5, II),
resinol (β-β and α-O-γ, III), and spirodienones (β-1 and α-O-α) linkages were observed in
the HSQC-NMR spectra of Fig. 3, and the binding types are shown in Fig. 4. The aromatic
region of lignin is usually located at δH ≈ 6.0 to 8.0 ppm and δC ≈ 100 to approximately
150 ppm. The aromatic region shown in Fig. 3 revealed that the precipitated lignin mainly
contained guaiacyl (G), syringyl (S), and hydroxyl phenyl (H) units. The hydroxyl linked
to Cα on the side chain of phenylpropane was easily oxidized. Therefore, the chemical shift
in the oxidized hydrogen atom on the carbon of the aromatic ring was easily observed in
the HSQC-NMR spectrogram. Because NMR analysis is a semi-quantitative method. In
this study, the benzene ring was taken as the internal standard. Based on the hydrogen
atoms in the aromatic ring, the proportion of chemical bond linkages per 100 structural
units could be determined. In addition, the integral results of all side chain structures could
be obtained with 100 aromatic rings as reference also.
As shown in Fig. 3, the β-aryl ether bond (β-O-4’) and resinol (β-β and α-O-γ) in
precipitated lignin were retained relatively well. The β-O-4’ linkage was the major bond
for the three types of lignin samples. The amount of β-O-4’ in Lig-sxs and Lig-SN was
64.2% and 74.9%, respectively. Only 58.3% of β-O-4’ linkages were contained in the LigSF sample, which indicated that the acid-hydrotropic lignin was more degraded than the
conventional hydrotropic lignin sample. The chemical structure of MWL (Milled Wood
Lignin) was close to the native lignin in wood. As illustrated in publications before, the βO-4’ bond in MWL lignin of eucalyptus totals 85% to 90% of all detectable side chains
(Zhang et al. 2010). In comparison with the linkage information of MWL and the
eucalyptus lignin reported by Zakzeski et al. 2010, the cleavage of β-O-4’ bonds in three
types of hydrotropic lignin could be further proven. Furthermore, the β-aryl ether linkages
retained better by alkali-hydrotropic pretreatment than acid-hydrotropic and conventional
hydrotropic methods. However, spirodienones (β-1 and α-O-α), presented in the three types
of lignin samples, was low in quantity.
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Fig. 3. 2D NMR spectra revealing lignin interunit distributions and unit compositions. Partial shortrange 13C-1H (HSQC) spectra (side chain regions and aromatic regions) with color-coded
structures is given
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The amount of phenylcoumaran (α-O-4’and β-5) and resinol (β-β and α-O-γ, III) in
Lig-sxs and Lig-SF samples was more than that in Lig-SN. This could explain why the
phenolic group amount in Lig-SN was higher than that of Lig-sxs and Lig-SF. At the alkali
condition, the cleavage of the α-O-4’ bond could form new phenolic-hydroxyl groups
(Leschinsky et al. 2008). The pH of the hydrotropic and acid-hydrotropic solution was 7.3
and 3.8, respectively (Table 1). Under neutral and acidic conditions, the main reaction was
homolytic cleavage of the β-O-4’ bond through a quinone methide intermediate followed
by radical coupling and a radical exchange reaction (Li et al. 2000; Leschinsky et al. 2008).
The former path led to the formation of β-β and β-5 structures, which indicate that the
lignin degradation severely happened during the acid modification of hydrotropic lignin
(Gabov et al. 2014). Furthermore, the condensation reactions of lignin occurred in the three
different hydrotropic pretreatments. As indicated before, the condensation reaction could
prevent β-ether bond cleavage and lower the amount of degradation products (Sixta et al.
1992; Li et al. 2000).

Fig. 4. Main structures present in three types of hydrotropic lignins: (I) β-aryl ether linkages; (II)
phenylcoumaran structures formed by α-O-4’ and β-5’ linkages; (III) resinol structures formed by
β-β’ and α-O-γ’ linkages; (IV) spirodienone structures formed by β-1’ and α-O-α’ linkages; (EG1)
cinnamyl alcohol end-groups; (EG2) cinnamyl aldehyde end-groups; (S) syringyl units; (S’) Cαoxidized syringyl units; (G) guaiacyl units; (G’) Cα-oxidized guaiacyl units; (H) p-hydroxyphenyl
unit; (PB) p-hydroxybenzoate substructures; (p-CA) p-coumarates; and (FA) ferulates
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According to the integral results of the aromatic region of the HSQC spectra, three
types of lignin showed differences in the ratio of the structure units. The ratio of S/G/H in
Lig-sxs was 65.5:25.8:8.7, the ratio of S/G/H in Lig-SN was 67.8:22.6:9.6, and the ratio of
S/G/H in Lig-SF was 66.2:28.3:5.5. The S units of Lig-SN were clearly more than that of
Lig-sxs and Lig-SF because the S units were easily released from the plant cell walls under
the alkaline condition (Li et al. 2016a). Additionally, a little amount of the end group in
the side chain of lignin (EG1and EG2) was detected in all lignin samples. This probably
because the recovered lignin was long chain structures rather than oligomers having lower
molecular weight.

CONCLUSIONS
1. Hydrotropic pretreatment as an efficient and environmentally benign technology was
modified by alkali and acid addition for improvement of the enzymatic digestibility of
eucalyptus.
2. Lignin removal from the fiber cell wall by an acid-hydrotropic treatment was most
prominent. However, lignin on the fiber surface was displaced more noticeably by
alkali and acid hydrotropic pretreatment than the conventional hydrotropic
pretreatment. As a result, the enzyme absorption capacity of the pretreated substrates
was considerably improved by the modified hydrotropic pretreatments.
3. The difference in the chemical properties of lignin recovered from the spent solution
was observed, which could help to understand the fractionation mechanism of different
hydrotropic pretreatments. An alkali-hydrotropic pretreatment could supply the lignin
containing higher amounts of phenolic groups. However, the maximum glucose yield
was observed from the acid hydrotropic pretreatment. Thus, according to the research
purpose, different hydrotropic pretreatment conditions could be considered.
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