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Lignocellulosic biomass is an abundant renewable resource that has the potential to displace petroleum in the production of
biomaterials and biofuels. In the present study, the fractionation of different lignin biopolymers from hybrid poplar based on
organosolv pretreatments using 80% aqueous methanol, ethanol, 1-propanol, and 1-butanol at 220∘C for 30min was investigated.
The isolated lignin fractions were characterized by Fourier transform infrared spectroscopy (FT-IR), high-performance anion
exchange chromatography (HPAEC), 2D nuclear magnetic resonance (2D NMR), and thermogravimetric analysis (TGA). The
results showed that the lignin fraction obtained with aqueous ethanol (EOL) possessed the highest yield and the strongest thermal
stability compared with other lignin fractions. In addition, other lignin fractions were almost absent of neutral sugars (1.16–1.46%)
though lignin preparation extracted with 1-butanol (BOL) was incongruent (7.53%). 2D HSQC spectra analysis revealed that the
four lignin fractions mainly consisted of 𝛽-O-4 linkages combined with small amounts of 𝛽-𝛽 and 𝛽-5 linkages. Furthermore,
substitution of C

𝛼

in 𝛽-O-4 substructures had occurred due to the effects of dissolvent during the autocatalyzed alcohol organosolv
pretreatments. Therefore, aqueous ethanol was found to be the most promising alcoholic organic solvent compared with other
alcohols to be used in noncatalyzed processes for the pretreatment of lignocellulosic biomass in biorefinery.

1. Introduction

With an increasing societal focus on environmental and eco-
nomic sustainability, renewable energy and materials from
nonfood bioresources, especially wood, are drawing increas-
ing attention of governments, industries, and consumers as
well as research institutes [1]. Furthermore, the demand for
petroleum-derived fuels is not slowing down but instead
increasing substantially over the past few decades [2]. There-
fore, in the current situations, environmentally friendly bio-
mass resources such as lignocellulosic materials (LCM)
should be utilized effectively as an alternative to fossil
resources [3]. However, LCM are composed of carbohydrates
(cellulose and hemicelluloses), lignin, and small amounts of
extractives and minerals in a three-dimensional, complex,
and rigid cell-wall structurewhichmakes them recalcitrant to
biological and chemical degradation and difficult to be sep-
arated into readily utilizable components [4, 5]. Thus the
biomass refinery approach based on the selective separation

and specific utilization of the major components in LCM
(cellulose, hemicelluloses, and lignin) has recently become a
focus of research [6].

In biorefinery, the production of cellulosic ethanolmainly
involves three steps: pretreatment, enzymatic hydrolysis, and
fermentation. In this bioconversion route, lignin content had
significant impact on the cellulose hydrolysis rate [7]. Lignin,
the second most abundant renewable biopolymer on the
Earth, exists in all woody plants and plays a vital role in plant
growth and development by improving water conduction
through xylem tracheary elements and enhancing the stren-
gth of fibrous tissues [8]. This complex polymer is mainly
composed of substituted phenylpropane units, which are
linked together to form a polymer lacking regularity, crys-
tallinity, or optical activity. Therefore, it is a significant factor
in the manufacture of products derived from plants. To
overcome this recalcitrant property, pretreatment is likely the
most crucial step as it has a large impact on the lignin sepa-
ration efficiency and carbohydrates conversion of the overall
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process [8]. In detail, this stage is required to alter the struc-
ture of LCM tomake cellulosemore accessible to the enzymes
that convert the carbohydrate polymers into fermentable
sugars as represented in Figure 1 [7]. Therefore, the focus of
this studywas on the predissolution of lignin biopolymerwith
organosolv pretreatment, which would affect downstream
processing performance.

Nowadays various pretreatmentmethods including phys-
ical, chemical, biological, and thermal approaches have been
developed and among them the organosolv pretreatment has
great potential to be exploited. Initially, organosolv process
was only developed for processing wood into pulp for paper
manufacturing [9, 10], and afterwards it was demonstrated
that the lignin obtained was barely changed compared to its
native form. At present, it has been a promising pretreatment
for efficient fractionation of LCMon account of the following
advantages over other pretreatment methods: (a) organic
solvents can be easily recycled by distillation because of their
relatively low boiling points; (b) the acquired lignin after pre-
treatment is of high quality so that it can be applied in the field
of composites or biodegradable polymers [11], such as pheno-
lic resins [12] and adhesives [13]; (c) the pretreatment consid-
ers the full availability of all the biomass components, which
makes it feasible for biorefining of LCM [14].

Organosolv delignification has been performed with and
without catalysts (namely, autocatalytic and catalytic) [15–17].
Traditionally, it was usually favored by the addition of cata-
lysts (e.g., H

2
SO
4
) [15]. However, the presence of acid catalyst

caused equipment corrosion and also involved additional
steps for recovery and recycling, which had some impact on
the economies of the global process, as well as hindering fur-
ther upgrading of lignin for high valued-added utilization. In
addition, the presence of organic solvents helps to dissolve
lignin fraction, which was beneficial for the transition of
carbohydrates in downstream treatments. Furthermore,
autocatalyzed organosolv lignin tended to have high purity
(>70%) and be essentially free of sulphur and ash [18]. Hence
the organosolv pretreatment process without catalysts should
be further developed. On the other hand, many solvents have
been evaluated in the organosolv process (e.g., methanol,
ethanol, acetic acid, and acetone). Among them, ethanol has
been widely studied as a renewable and green solvent because
it can be easily recycled due to its volatility [19] and can
scarcely produce environmental pollution. In addition,
ethanol-based organosolv pretreatment has been studied for
different types of LCM including hardwoods (e.g., willow
[20], poplar [21]), softwoods (e.g., lodgepole pine [22, 23]),
and herbaceous crops (e.g., miscanthus [5, 17]). Other alco-
hols such as methanol and 1, 4-butanediol have also been
explored in previous literature [24–26]. So far, most studies
have just investigated the effect of single alcohol on the ligno-
cellulosic pretreatment. However, research on comprehensive
comparisons of different alcohols applied in biomass pretreat-
ment is extremely limited. As a consequence, the objective
of the present study was to discover and compare the
effect of organosolv pretreatments using different kinds of
alcohols with low boiling points as treatment solvents,
which was totally different compared with the previous
research using ammonia hydrothermal system [27]. For
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Figure 1: Schematic of goals of pretreatment on LCM (quoted from
[7]).

this purpose, the hybrid poplar wood powder was treated
with methanol, ethanol, 1-propanol, and 1-butanol and the
obtained lignin samples were characterized with spectro-
scopic and chromatographic techniques including Fourier
transform infrared spectroscopy (FT-IR), high-performance
anion exchange chromatography (HPAEC), 2D heteronu-
clear single quantum coherence nuclear magnetic resonance
(2D-HSQC NMR), and thermogravimetric analysis (TGA).

2. Experimental

2.1. Materials. Hybrid poplar (Populus bolleana × Populus
tomentosa Carr.), 7 years old, was obtained from the exper-
imental farm of Beijing Forestry University. The collected
wood samples were dried at 50∘C for 24 h and then milled
with a cutting mill to pass through a 40-mesh sieve. The
milled wood was extracted with 90% (v/v) acetone/water in a
Soxhlet apparatus for 24 h, and the extractive-free wood was
dried under vacuum for several days. Then the dried wood
was ground for 48 h in a 1-gallon porcelain jar containing 9
porcelain balls to get the final wood powder samples for
further experiment. The hybrid poplar wood was mainly
composed of 32.14% cellulose, 16.55% hemicelluloses, 22.38%
lignin, and 0.24% ash according to the NREL standard
method determination [28]. All chemicals usedwere of ana-
lytical grade.

2.2. Separation of Lignin Fractions. Figure 2 shows the separa-
tion procedures of lignin fractions extracted with organosolv
pretreatment systems from hybrid poplar wood. The ball-
milled wood powder (10 g) was treated with 200mL of 80%
aqueous methanol (alcohol/water: 80/20, v/v) without cata-
lysts at 220∘C for 30min in a 1.0 L Parr reactor (Parr Instru-
ment Company, USA). Then, the treated wood was filtered
and washed with the corresponding alcoholic solution. The
filtrate was evaporated under reduced pressure to remove the
solvents and the residue was poured into water and pH was
adjusted to 1.5–2 with 1M HCl to precipitate the dissolved
lignin. Other lignin samples were extracted with aqueous
ethanol, 1-propanol, and 1-butanol from rawball-milledwood
sample under the same separation procedures as described
above. These lignin fractions, obtained by extraction with
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Figure 2: Scheme for separation of the alcohol lignin fractions from hybrid poplar.

the mixtures with water of aqueous methanol, ethanol, 1-pro-
panol, and 1-butanol, were labeled as MOL, EOL, POL, and
BOL, respectively.

2.3. Structural Characterization of Lignin Fractions

2.3.1. Sugar Analysis. The monosaccharide composition of
the lignin fractions was determined by HPAEC-PAD as
reported previously [2].

2.3.2. FT-IR Spectra. FT-IR spectra of lignin samples were
conducted on aThermo Scientific Nicolet iN10 FT-IRMicro-
scope (ThermoNicolet Corporation,Madison,WI) equipped
with a liquid nitrogen cooled MCT detector. Each spectrum
was recorded in the range from 4000 to 650 cm−1 at 4 cm−1
resolution and 128 scans per sample.

2.3.3. Nuclear Magnetic Resonance Spectra. 2D HSQC NMR
spectra were acquired on a Bruker AVIII NMR 400MHz
spectrometer in the HSQC GE experiment mode with 40mg
of lignin samples dissolved in 0.5mL dimethylsulfoxide-𝑑

6

(DMSO-𝑑
6
). The spectral widths for the HSQC (semiquan-

titative mode) were 5000 and 20000Hz for the 1H- and 13C-
dimensions, respectively. The number of collected complex
points was 1024 for the 1H-dimension with a recycle delay
(𝑑
1
) of 5 s. The number of transients for the HSQC spectra

was 128, and 256 time increments were recorded in the 13C-
dimension.The 1𝐽C–H usedwas 146Hz. Prior to Fourier trans-
formation, the datamatrixes were zero filled up to 1024 points
in the 13C-dimension. Data processing was performed using
standard Bruker Topspin-NMR software. The central solvent
(DMSO-𝑑

6
) peak was used as an internal chemical shift

reference point (𝛿C 39.5; 𝛿H 2.49 ppm).
A semiquantitative analysis of the HSQC cross-signal

intensities was also performed and the procedures were in
accordance with those previously reported in the literature
[27].

Table 1: Yields (% Klason lignin) and neutral sugar compositions
(% dry weight, w/w) of the alcohol lignin fractions extracted from
hybrid poplar.

Lignin preparationsa

MOL EOL POL BOL
Yieldb (%) 45.5 72.1 51.4 5.7
Total sugars (%) 1.16 1.41 1.46 7.53
Arabinose 0.07 0.06 NDc 0.70
Galactose 0.10 0.10 0.05 0.43
Glucose 0.22 0.20 0.11 2.45
Xylose 0.77 1.05 1.30 3.28
Mannose ND ND ND 0.45
Rhamnose ND ND ND 0.09
Glucuronic acid ND ND ND 0.13
aMOL, EOL, POL, and BOL represent lignin fractions extracted with
aqueous methanol, ethanol, 1-propanol, and 1-butanol, respectively.
bYieldmeans the percentage of the extracted lignin to the initial woodKlason
lignin content.
cND: not detected.

2.3.4. Thermogravimetric Analysis (TGA). Thermal analysis
of the lignin fractions was performed using thermogravi-
metric analysis (TGA) on a simultaneous thermal analyzer
(NetzschSTA-449F3).

3. Results and Discussion

3.1. Yields and Sugar Analysis of Lignin Fractions. By com-
paring the yields of the four lignin preparations as shown in
Table 1, EOL obviously owned the highest yield followed by
MOL and POL with the similar yields, whereas BOL showed
the prominently lowest yield. It has been shown that fraction-
ation of lignin (delignification) based on organosolv pretreat-
ment is a combination of lignin degradation and dissolution
of degraded lignin fragments; the properties of organic sol-
vents and their concentration can have a dramatic impact on
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the delignification [15, 16]. Generally, the lignin polymer was
depolymerized by acid-catalyzed cleavage of 𝛼- and 𝛽-ether
linkages in lignin due to the presence of acetic acid derived
from the hydrolysis of the acetyl group in hemicelluloses at
elevated temperature. Therefore, the relatively higher yield of
EOLwasmainly attributed to good lignin degradation, which
depended on the excellent solvent nucleophilic property,
and an equally good solubility in ethanol-water mixture. On
contrary, relatively poor miscibility of 1-butanol with water
resulted in the low lignin yield.

The composition and content of neutral sugars in the
four isolated lignin fractions are also given in Table 1. In
comparisonwith the neutral sugars (7.53%) in BOL, the lignin
preparations MOL, EOL, and POL only contained a small
quantity of associated polysaccharides, ranging from 1.16 to
1.46%. In addition, it was also found that the content of neu-
tral sugars in the obtained lignin increased with the increase
of the alkyl chain length of the alcohols. Xylose (0.77–
3.28%) and glucose (0.11–2.45%) were observed as the major
sugar contaminate, which originated fromxylan and cellulose
in the poplar. Minor amounts of arabinose and galactose
were also detected. Regarding the yield and purity, ethanol
organosolv pretreatment was an appropriate method as com-
pared with other organic solvents to fractionate lignin from
lignocellulosic biomass.

3.2. FT-IR Spectra. Figure 3 illustrates the FT-IR spectra of
the four lignin fractions. Peaks were identified by comparing
their wave numbers with literature data [29]. The absorption
at 3498 cm−1 was assigned to O–H stretching vibration,
which mainly comes from alcohol hydroxyl and phenolic
hydroxyl groups in lignin fractions and residual sugars, and
the peaks at 2939 and 2842 cm−1 were attributed to C–H
stretching vibration inCH

2
andCH

3
groups, respectively.The

band at 1711 cm−1 was due to C=O stretching vibrations of
unconjugated ketones, carbonyls, or ester groups or conju-
gated aldehydes and carboxylic acids.The typical lignin peaks
at 1594, 1512, and 1420 cm−1, corresponding to aromatic skele-
tal vibrations and the absorption at 1459 cm−1, derived from
methoxyl C–H deformations and bending of lignin, were
obviously observed in the spectra. Condensed S and G rings
exhibited absorption at 1326 cm−1 and the absorption of 1272
and 1029 cm−1 was associated with G units, whereas aromatic
C–H in-plane deformation of S units appeared at 1114 cm−1
[30]. In previous studies, it has been proved thatG-type lignin
showed a maximum band at 1140 cm−1, while a few percent
of S units in lignin was enough to change the maximum peak
from 1140 cm−1 to a wave number below 1128 cm−1 [31]. Fur-
thermore, the other bands at 1216 and 831 cm−1 were ascribed
to the C–C, C–O, and C=O stretching (G condensed > G e
therified) [29] and C–H out of plane deformation of G and S
units, respectively. As can be seen from the spectra, the
peaks and the absorption intensity of the four samples were
rather similar, indicating an analogous and initial structure
of the lignin samples. However, the intensity of the band at
1216 cm−1 was significantly different from BOL, which meant
that BOL occupied more condensed G units than other
samples.
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Figure 3: FT-IR spectra of the lignin preparations from hybrid
poplar.

3.3. Heteronuclear Single Quantum Correlation (HSQC) Spec-
tra. To further investigate the structural characteristics and
changes of the obtained lignin fractions, all samples were
characterized by 2D HSQC NMR analysis. The HSQC NMR
spectra of the four lignin fractions are shown in Figures 4
and 5, including the side chain (𝛿C/𝛿H50–90/2.5–6.0 ppm)
region and the aromatic (𝛿C/𝛿H100–155/5.5–8.5 ppm) region.
Themain cross-signals assigned based on the recent literature
[18, 32–34] are listed in Table 2, and the main substructures
presented are depicted in Figure 6.

Various interunit linkages present in ligninwere observed
in the side chain region as shown in Figure 4. The phe-
nomenon detected was the same as previously found that 𝛽-
O-4 substructures (A) were shown as the most prominent
signals, of which C

𝛼
and C

𝛾
positions were observed at 𝛿C/𝛿H

71.6/4.82 and 59.9/3.40–3.68 ppm. Simultaneously, C
𝛽
posi-

tions of 𝛽-O-4 linkages were identified at 𝛿C/𝛿H 84.0/4.28
and 85.8/4.12 ppm in G and S type lignins, respectively. In
addition, the signals for C

𝛼
–H
𝛼
, C
𝛽
–H
𝛽
, and C

𝛾
–H
𝛾
in

resinol substructures (𝛽-𝛽, B) were determined by 84.8/4.62,
53.5/3.07, and 71.0/3.80 and 4.15 ppm. The correlations of
C
𝛼
–H
𝛼
, C
𝛽
–H
𝛽
, and C

𝛾
–H
𝛾
from phenylcoumaran substruc-

tures (𝛽-5/𝛼-O-4, C) were also present at 𝛿C/𝛿H 86.8/5.45,
53.0/3.48, and 62.5/3.70 ppm. Apart from the above basic
linkages, minor amounts of cinnamyl alcohol end-groups (F)
were also detected in all lignin samples, as shown by the
C
𝛾
–H
𝛾
cross-peak at 61.2/4.08 [35]. According to the reaction

mechanism discussed previously, the solvolytic splitting of 𝛼-
aryl ether in lignin resulted in the formation of a benzylic
carbocation, which would react with different alcohols in an
acidic medium.Therefore, the extraction solvent could serve
as a nucleophile and preferably lead to substitution at the
𝛼-carbon of 𝛽-O-4 substructures [36]. This was confirmed
by the appearance of signals at 𝛿C/𝛿H 80.0/4.50 in the
four spectra of Figure 4, which represented 𝛼-methoxylated,
ethoxylated, propoxyed, and butoxyed 𝛽-O-4 (A), respec-
tively. Furthermore, methyl in A of MOL was observed at
𝛿C/𝛿H 56.5/3.18 and methylene in A of EOL, POL, and BOL
was also separately revealed by 𝛿C/𝛿H 64.0/3.35, 70.0/3.22,
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Figure 4: Side chain (𝛿C/𝛿H 45–90/2.6–6.0) regions in the 2D HSQC NMR spectra of the lignin fractions.

and 68.0/3.28, respectively [18, 24, 25]. The clear and strong
signals at 𝛿C/𝛿H 65.2/3.92 in POL and 𝛿C/𝛿H 63.2/4.02 in BOL
were assigned to the residual propanol and butanol, because
theywould produce strong signals inNMR spectra even if the
residual alcohols were scarce.

In the aromatic regions, the C
2,6
–H
2,6

correlation of
S-type lignin units showed a prominent signal at 𝛿C/𝛿H
103.8/6.62 ppm, whereas the corresponding signal of C

𝛼
-

oxidized S units occurred at 𝛿C/𝛿H 106.5/7.18. Moreover, G
units give correlations for C

2
–H
2
, C
5
–H
5
, and C

6
–H
6
at

𝛿C/𝛿H 111.0/6.95, 115.0/6.72, and 118.8/6.72, respectively. As
seen in Figure 5, both condensed G and S units could be
observed. It was noted that BOL was found to obtain a

maximum of condensed G units as shown in contours at
C
6
position of G, which was in accordance with the result

of FT-IR spectra. In addition, two obvious signals at 𝛿C/𝛿H
109.5/7.10 and 126.0/6.98 ppm were attributed to the C

2
–H
2

and C
𝛼/𝛽

–H
𝛼/𝛽

of the stilbenes units. In this region, other
cross-peaks also existed in remarkable amount including p-
hydroxybenzoate substructures (PB) [37] and cinnamyl alco-
hol end-groups (F) as revealed by C

2,6
–H
2,6

and C
𝛼/𝛽

–H
𝛼/𝛽

at
𝛿C/𝛿H 129.8/7.50 and 122.0/7.05, respectively.

To evaluate the relative ratio of the major lignin side
chains, the calculation was conducted according to the litera-
ture by integration of the signals on interunit linkages [33, 38]
and the results are listed in Table 3. Obviously, the𝛽-O-4 aryl
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Figure 5: Aromatic (𝛿C/𝛿H 90–150/6.0-8.0) regions in the 2D HSQC NMR spectra of the lignin fractions.

ether linkages were the main side chains interunit linkages,
accounting for 60.7–70.6% of all detectable side chains, fol-
lowed by𝛽-𝛽 resinol (24.0–31.7%) and𝛽-5 phenylcoumaran
(5.0–7.6%) linkages. Moreover, the ratio of S/G indicated that
S units occupied the dominant part in the lignin isolated
under the conditions given, followed by significant amounts
of G units.

3.4. Thermogravimetric Analysis (TGA). The thermal prop-
erties of lignin are of vital importance for its application
in thermochemical conversion into energy and chemicals,
for example, thermolysis [39], which is related to specific

structures of lignin. Therefore, the thermal stability has
been investigated by the thermogravimetric analysis. The
relationship between the weight losses of lignin samples and
temperature is revealed by TG curves in Figure 7, while
Figure 8 shows DTG curves.

As can be seen from Figure 7, the decomposition pro-
cesses of the lignin samples can be divided into several stages.
During the initial stage, the first peak appearing in DTG
curve below 100∘C was ascribed to the moisture retained in
the lignin. In the temperature range of 100 to 200∘C, obvious
weight loss was observed especially from that of BOL, which
could be attributed to the dehydration of lignin biopoly-
mer [40]. Subsequently, a rapid degradation rate of weight
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Table 2: Assignments of 13C–1H correlation signals in the 2D HSQC spectra of the alcohol lignin fractions from hybrid poplar.

Labels 𝛿C/𝛿H (ppm) Assignment
B
𝛽

53.5/3.07 C
𝛽

–H
𝛽

in 𝛽-𝛽 resinol substructures (B)
C
𝛽

53.0/3.48 C
𝛽

–H
𝛽

in phenylcoumaran substructures (C)
MeO 55.6/3.72 C–H in methoxyls
A
𝛾

59.9/3.40 and 3.68 C
𝛾

–H
𝛾

in 𝛾-hydroxylated 𝛽-𝑂-4 substructures (A)
F
𝛾

61.2/4.08 C
𝛾

–H
𝛾

in cinnamyl alcohol end-groups (F)
C
𝛾

62.5/3.70 C
𝛾

–H
𝛾

in phenylcoumaran substructures (C)
B
𝛾

71.0/3.80 and 4.15 C
𝛾

–H
𝛾

in 𝛽-𝛽 resinol substructures (B)
A
𝛼

71.6/4.82 C
𝛼

–H
𝛼

in 𝛽-𝑂-4 substructures (A)

A
𝛼

80.0/4.50 C
𝛼

–H
𝛼

in 𝛼-methoxylated, ethoxylated, propoxyed and
butoxyed 𝛽-𝑂-4 substructures (A)

A
𝛼

-OCH3 56.5/3.18 The methyl in 𝛼-methoxylated 𝛽-𝑂-4 substructures (A)
A
𝛼

-OCH2CH3 64.0/3.35 The methylene in 𝛼-ethoxylated 𝛽-𝑂-4 substructures (A)
A
𝛼

-OCH2CH2CH3 70.0/3.22 the methylene in 𝛼-propoxyed 𝛽-𝑂-4 substructures (A)
A
𝛼

-OCH2CH2CH2CH3 68.0/3.28 the methylene in 𝛼-butoxyed 𝛽-𝑂-4 substructures (A)
A
𝛽

(G) 84.0/4.28 C
𝛽

–H
𝛽

in 𝛽-𝑂-4 substructures (A) linked to a G unit
B
𝛼

84.8/4.62 C
𝛼

–H
𝛼

in 𝛽-𝛽 resinol substructures (B)
A
𝛽

(S) 85.8/4.12 C
𝛽

–H
𝛽

in 𝛽-𝑂-4 substructures (A) linked to a S unit
C
𝛼

86.8/5.45 C
𝛼

–H
𝛼

in phenylcoumaran substructures (C)
S2,6 103.8/6.62 C2,6–H2,6 in etherified syringyl units (S)
S2,6 106.5/7.18 C2,6–H2,6 in oxidized syringyl units (S)
G2 111.0/6.95 C

2

–H
2

in guaiacyl units (G)
G5 115.0/6.72 C

5

–H
5

in guaiacyl units (G)
G6 118.8/6.72 C

6

–H
6

in guaiacyl units (G)
I2 109.5/7.10 C

2

–H
2

in stilbenes units (I)
I
𝛼/𝛽

126.0/6.98 C
𝛼/𝛽

–H
𝛼/𝛽

in stilbenes units (I)
F
𝛼/𝛽

122.0/7.05 C
𝛼/𝛽

–H
𝛼/𝛽

in cinnamyl alcohol end-groups (F)
PB2,6 129.8/7.50 C2,6–H2,6 in p-hydroxybenzoate substructures (PB)

Table 3: Structural characteristics (lignin interunit linkages and 𝑆/𝐺 ratio) from integration of 13C-1H correlation peaks in the HSQC spectra
of the lignin fractions from hybrid poplar.

Linkage relative abundance (%) MOL EOL POL BOL
𝛽-Aryl-ether units (𝛽-O-4, A) 60.7 70.6 66.7 65.4
Resinols substructures (𝛽-𝛽, B) 31.7 24.0 28.3 27.7
Phenylcoumarans substructures (𝛽-5, C) 7.6 5.4 5.0 6.9
𝑆/𝐺 ratio 3.09 3.46 2.54 2.76

occurred between 200 and 450∘C and the maximum rates
of MOL, EOL, POL, and BOL were 39.75, 41.42, 37.01,
and 34.16%, respectively. The weight losses in this stage
were speculated to be mainly owing to ether linkages, side
chain oxidation (i.e., carbonylation/carboxylation of aliphatic
hydroxyl group, side chain dehydrogenation), and partial C–
C bond (5-5) cleavages within lignin biopolymers [41]. In the
last stage (temperature over 450∘C), further decomposition
and recondensation of aromatic rings occurred and simul-
taneously the cracking of the methoxyl (OCH

3
) groups and

methane release also happened around 400–600∘C [18, 39].
It was found that the char residues at 600∘C were 39.75%,
41.42%, 37.01%, and 34.16% fromMOL, EOL, POL, and BOL,

respectively. In addition, thermal stability of the four lignin
fractions could represent the highest degradation tempera-
tures in curves of DTG, which were observed to be 374.4,
376.8, 370.4, and 372.8∘C for MOL, EOL, POL, and BOL,
respectively.

4. Conclusions

The effect of autocatalyzed organosolv pretreatment on frac-
tionation of lignin biopolymer and its structural changes was
comparatively investigated. It was found that the yield of
lignin extracted with ethanol was the highest as compared
with that fromother solvents includingmethanol, 1-propanol,
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Figure 6: Main substructures present in the alcohol lignin of hybrid poplar: (A) 𝛽-O-4 alkyl-aryl ethers; (A) C𝛼-substituted 𝛽-O-4
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); (B) resinol; (C) phenylcoumaran; (F) cinnamyl alcohol end-group; (I)
stilbenes; (PB) p-hydroxybenzoate; (G) guaiacyl units; (S) syringyl units; (S) oxidized syringyl units.

and 1-butanol. As seen from results of sugar analysis, the
lignin fractions extracted from methanol, ethanol, and 1-
propanol were composed of small quantity of neutral sugars
(1.16–1.46%) apart from lignin preparation obtained from 1-
butanol (7.53%). Moreover, the analysis of 2D NMR spectra
indicated that the lignin fractions mainly consisted of
syringyl units with noticeable amounts of guaiacyl units. In
addition, the interlinkages including 𝛽-O-4 linkages as well
as fewer 𝛽-𝛽 and 𝛽-5 linkages were observed. It was also
noted that the substitutions of 𝐶

𝛼
in 𝛽-O-4 substructures

existed in all the autocatalyzed alcohol organosolv pretreat-
ments. In comparison, ethanol was found to be the most
promising alcoholic organic solvent for the pretreatment of
lignocellulosic biomass in biorefinery.
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