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Yields Analysis and Structural Characterizations of
Lignin Extracted from Eucalyptus globulus with
Catalyzed Ethanol Systems

Hao Zhang,* Changzheng Xin, Liang Hong, Ming Zhu, and Na Wang

A mild and successive method was proposed and evaluated for
fractionating lignin samples from Eucalyptus globulus. The extraction
efficiency and structural features of the extracted lignin samples were
comprehensively investigated by a yields analysis, *H-nuclear magnetic
resonance (NMR), ¥ C-NMR, and two-dimensional heteronuclear single
guantum coherence (2D-HSQC) NMR. The catalyzed ethanol systems
consisting of ethanol, 4-methyl-2-pentanone, dimethyl sulfoxide (DMSO),
formic acid, and distilled water were effective for extracting lignin from
Eucalyptus globulus, and the vyield of lignin was 75.2% when the
extraction process was held at 145 °C for 180 min. Compared with that
of the milled wood lignin (MWL), the NMR spectra of the extracted lignin
fractions supported the destruction of B-O-4 units for the disappearance
of Ha signals. Moreover, the striking characteristics of the extracted lignin
were the destruction of ether bonds of S3,5 and the condensation of
syringyl (S) and guaiacyl (G) units. In short, lignin fractions with relatively
complete structures were effectively extracted with the catalyzed ethanol
systems.
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INTRODUCTION

Eucalyptus species are widely distributed in many regions of the world, and they
are regarded as fast-growing feedstock for pulp and paper production (Luo et al. 2012).
In addition to the pulping industry, more attention has been paid to biorefining of
Eucalyptus feedstock (Xu et al. 2017). As a potential feedstock for biorefinery, improving
the extraction effect of Eucalypt lignin is necessary to achieve an efficient delignification
for further value-added applications (Rico et al. 2014).

Different extraction processes result in different chemical composition and
structural features of the extracted lignin samples (Sequeiros et al. 2014). The complex
structures of lignin samples as well as the fundamental chemistry of lignin has not been
completely elucidated, although the primary structure has been well depicted. To improve
the fundamental understanding of lignin chemistry, it is necessary to broaden the
knowledge of its structure features. Researchers in this area have made many advances,
such as understanding the effects of NaOH:lignin ratio and CH20O:lignin ratio on the
hydroxymethylation of alkali lignin in alkaline solution (Malutan et al. 2008). The
structural characteristics of lignin fractions dissolved by acetic acid were analyzed, and
the hydroxycinnamic acids were found in the lignin macromolecules (Ibarra et al. 2005;
Rencoret et al. 2008; Abdelkafi et al. 2011). The lignin fractions isolated from cotton
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stalks by catalytic methods consist mainly of $-O-4 aryl ether linkages, and the decrease
of B-O-4 linkages is consistent with the acidity of the catalysts (Wu et al. 2015). The
lignin separated from birch wood sawdust in the moderately alkaline water solution at
90 °C is rich in p-oxyphenylpropane fragments and carbonyl groups, and contains a
relatively small amount of aliphatic hydroxyl and methoxyl groups (Shulga et al. 2012).
Moreover, some combined technologies based on ethanol organosolv delignification were
proposed (Huijgen et al. 2012). However, the delignification in that process generally
requires a higher temperature (> 170 °C) and an acid catalyst (H2SO4), which
undoubtedly increases the cost of the whole process (Garcia et al. 2010).

In this study, the yields of the Eucalyptus globulus lignin samples obtained from
the extraction with the catalyzed ethanol systems are analyzed. The catalyzed ethanol
systems are composed of ethanol, 4-methyl-2-pentanone, DMSO, formic acid, and
distilled water, in which formic acid can be regarded as the primary catalyst. The
structural features of the extracted lignin samples are investigated by several NMR
techniques, including H-NMR, ¥C-NMR, and 2D-HSQC NMR. The results obtained
can contribute to the understanding of the structure of Eucalypt globulus lignin and
potentially allow an efficient delignification of Eucalypt globulus biomass to be achieved.

EXPERIMENTAL

Materials

Eucalyptus globulus wood chips were obtained from Anhui province, China. The
chips were sectioned using a mechanical chipper, and the dimensions of the chips were
20 mm x 10 mm x 3 mm. Ethanol (Beijing Chemical Works, Beijing, China), 4-methyl-
2-pentanone (Xilong Chemical Works, Shantou, China), dimethyl sulfoxide (DMSO)
(Zhiyuan Chemical Reagent Company, Tianjin, China), and formic acid (Xilong
Chemical Works, Shantou, China) were analytical grade and were used as received
without any further purification.

Methods
Isolation of milled wood lignin (MWL)

The MWL was extracted from Eucalyptus globulus chips with 96% aqueous
dioxane according to the classic method as follows. Specifically, the ball-milled
Eucalyptus globulus chips were extracted with 96% aqueous dioxane for 24 h (twice) at
25 °C in the dark. After centrifugation, the extracting solution was concentrated to 50 mL
and slowly dripped into 150 mL of 95% ethanol to accelerate the precipitation of
hemicellulose. After removing hemicellulose by centrifugation, the lignin solution was
concentrated to 50 mL under stirring and then dried at 45 °C (Bjorkman 1956).

Extraction of lignin with catalyzed ethanol systems

The oven-dried Eucalyptus globulus chips were placed in an oil bath pan with
eight 1.2-L stainless steel tubes. The mass of chips in every stainless steel tube was 100
g. The catalyzed ethanol systems were mixed with the Eucalyptus globulus chips. The
liquid-to-solid ratio during the extraction process was 10:1. The samples in the stainless
steel tubes were heated from 25 °C to 145 °C in 90 min. The holding periods at 145 °C
were 90 min, 120 min, 150 min, and 180 min, separately. The black liquor in the stainless
steel tubes was acquired after the extraction process. The lignin was precipitated from the
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black liquor at pH 2 (adjusted with sulfuric acid). The precipitated lignin was filtered
through a sintered glass Bilchner funnel and washed with water at 75 °C to remove
residual sugars. The purification was performed by dissolving 5.0 g of lignin in 25.0 mL
of acetone (dried over molecular sieve) and filtered to remove impurities using a
membrane filter. Acetone was evaporated under reduced pressure and pure lignin was
dried over P2Os in a vacuum desiccator. The formulas of the catalyzed ethanol systems
are indicated in Table 1. All of the experiments were conducted under air atmosphere.

Table 1. Formulas of the Catalyzed Ethanol Systems

Serial Ethanol 4-methyl-2-pentanone DMSO Formic acid Distilled water
number (%) (%) (%) (%) (%)
1# 40 5 20 10 25
2# 40 10 15 10 25
3# 40 15 10 10 25
4# 40 20 5 10 25

Yields of lignin samples
The yields of MWL and the lignin samples extracted by the catalyzed ethanol
systems were calculated as follows,

X% = 2 100% (1)
m, xn

where m, is the weight of oven-dried untreated Eucalyptus globulus chips, n is the
Klason lignin content of untreated wood, and m, is the weight of oven-dried extracted
lignin samples.

Tests of extracted lignin samples

Traditional MWL isolated from Eucalyptus globulus chips was used as a standard
sample to analyze the structural features of the lignin samples extracted with the
catalyzed ethanol systems. The *H-NMR spectra of the extracted lignin samples were
recorded on a Bruker AV 11l NMR spectrometer (Bruker, Germany) at 400 MHz using 10
mg of lignin in 0.5 mL of DMSO-ds.

The chemical shifts were calibrated relative to the signals from DMSO-ds, used as
an internal standard at 2.49 ppm for the *H-NMR spectra. The acquiring time was 3.98 s,
and relaxation time was 1.0 s. In addition, the quantitative *C-NMR spectra of the lignin
extracted with the catalyzed ethanol systems were obtained on a Bruker spectrometer at
100 MHz.

The lignin sample (80 mg) was dissolved in 0.5 mL of DMSO-ds, and the
spectrum was recorded at 25 °C after 3000 scans. A 30° pulse flipping angle, a 9.2 ps
pulse width, a 1.89 s delay time, and a 1.36 s acquired time between scans were used. A
semi-quantitative analysis of the 2D-HSQC cross-signal intensities was also performed in
this study. The integration of the cross-signals was performed separately for the different
regions of the 2D-HSQC NMR spectra, which contained signals that correspond to
chemically analogous carbon-proton pairs (in similar samples).
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RESULTS AND DISCUSSION

Components of Eucalyptus globulus

The Eucalyptus globulus chips were oven-dried at 105 °C for 24 h and then the
chemical compositions of chips were analyzed. The components of Eucalyptus globulus
are shown in Table 2, which is consistent with the findings of Wen et al. (2013a).

Table 2. Chemical Compositions of Eucalyptus globulus Wood Chips
Glucan?2 (%) Xylan (%) Arbinan (%) Galactan (%) Klason lignin (%)
36.5 16.8 0.29 0.93 29.8

a The data in this table are average values of duplicate experiments.

Characterizations of Lignin Extracted with Catalyzed Ethanol Systems
Yields of extracted lignin samples

MWL was used as a standard sample to analyze the structural features of lignin
extracted from Eucalyptus globulus. However, the low yield of MWL (23.5%+2.9%)
indicated that it only represented a part of lignin fragments in the plant. The extraction
efficiency of lignin samples extracted with catalyzed ethanol systems was affected by the
formulas of the catalyzed ethanol systems and holding times. The variations of the yields
of extracted lignin are shown in Fig. 1.
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Fig. 1. Yields of the lignin samples extracted with 4 kinds of catalyzed ethanol systems under
different holding times: (a) 90 min; (b) 120 min; (c) 150 min; and (d) 180 min

When the holding time was 90 min, the treatment with 1# catalyzed ethanol
system led to the extraction of 32.6% lignin. With the increase of the content of 4-
methyl-2-pentanone and the decrease of DMSO content, the yield of extracted lignin was
enhanced 49.3% (from 32.6% to 48.7%) (Fig. 1a). The increase in holding time resulted
in the addition of lignin dissolved in the catalyzed ethanol systems. As indicated in Fig.
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1b, after a 120-min holding time, 41.9% lignin was extracted with 1# catalyzed ethanol
system. And the 4# catalyzed ethanol system resulted in a yield of 61.4% of the extracted
lignin. With further extension of the holding time, the increase of yields of the extracted
lignin samples slowed down. When the extraction process was held at 145 °C for 180
min, the yield of the lignin extracted with the 4# catalyzed ethanol system was 75.2%,
which was 5.1% more than that extracted with a holding time of 150 min (Figs. 1c and d).

'H-NMR Analysis

The spectroscopy method of *H-NMR was used to assess the structural features of
lignin samples extracted by 4# catalyzed ethanol system with a 180-min holding period.
The *H-NMR spectra of the extracted lignin are indicated in Fig. 2. The characteristic
signals of extracted lignin were assigned by comparing with the previous literature
(Vazquez et al. 1997).
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Fig. 2. 'TH-NMR spectra of lignin samples: A: lignin isolated by the catalyzed ethanol system;
B: MWL

According to the *H-NMR spectra of the extracted lignin samples (Fig. 2A), the
signals between 8.00 ppm and 6.00 ppm mainly indicated the assignments of aromatic
protons in syringyl (S), guaiacyl (G), and p-hydroxyphenyl (H) units, as well as p-
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coumaric acid (Kuhnel et al. 2015). The signal at 7.33 ppm was assigned to aromatic
protons of ester-linked p-coumaric and ether-linked ferulic acid. The obvious signals at
6.85 ppm and 6.61 ppm were attributed to the 3, 5-position, and the B-position of
esterified p-coumaric acid and etherified ferulic acid, respectively. The weak signal at
5.31 ppm was attributed to the H, of B-5 structure and the signal at 4.88 ppm that
originated from the H, of B-O-4 structure. The signals between 4.88 ppm and 4.17 ppm
stood for Hp in the -5 and B-p structures. The methoxyl protons (-OCHz) gave a sharp
signal at 3.76 ppm. An intense signal at 2.49 ppm was indicative of residual protons in
DMSO-de. The aromatic acetyl and aliphatic acetyl appeared at the region between 2.49
ppm and 0.82 ppm.

Compared with the 'H-NMR spectra of MWL in Fig. 2B, the striking
characteristic of lignin samples extracted with the catalyzed ethanol system was the
disappearance of H, signals at 5.31 ppm and 4.88 ppm. That phenomenon indicated the
destruction of B-O-4 units (Fig. 2A), in agreement with the results already reported for
the lignin extracted with the mixture of acid and water (Wen et al. 2013b). Moreover, the
enhancements of aromatic acetyl signals at 2.28 ppm and 2.04 ppm (indicated in Fig. 2A)
showed that the hydrolysis of acetyl was limited at 145 °C during this separation process
of lignin samples (Santos et al. 2014).

13C-NMR Analysis

Further information on the chemical structures of lignin extracted with the
catalyzed ethanol systems was obtained by *C-NMR. The *C-NMR spectra (Fig. 3)
revealed the carbon chain structures and inter-unit linkages in the lignin fractions.
According to the previous publications, the signal assignments for *C-NMR of the
extracted lignin samples are shown in Table 3 (Balakshin et al. 2011; Idstrom et al.
2016).

Table 3. Chemical Shift Values (A, ppm) and Signal Assignments of the Lignin
Extracted with the Catalyzed Ethanol Systems

o/ppm Assignment
160-140 Aromatic C-O
140-123 Aromatic C-C
123-103 Aromatic C-H
60.2-58 B-0O-4

58-54 OCHs
54-51.8 B-B, B-5

Compared with the *C-NMR spectrum of MWL in Fig. 3B, the absence of the S
3,5 signal at 152.2 ppm demonstrated the breaking of ether bonds, and the enhancement
of the signal at 147.9 ppm indicated the synthesis of B-f structures in G units (Fig. 3A). A
similar effects on the Miscanthus lignin extracted by the ethanol solvent was reported
(Hage et al. 2009). Further, the peaks at 119.5 ppm, 115.5 ppm, and 109.6 ppm were
observed in the spectrum of MWL (Fig. 3B), while the peaks at the same chemical shift
values were inconspicuous in Fig. 3A. The attenuation of those characteristic peaks was
evidence of the condensation of G units in the acidic environment (Shimada et al. 1997).
According to Figs. 3A and B, the signals at 85.4 ppm, 72.4 ppm, and 60.0 ppm of the
lignin extracted with the catalyzed ethanol systems were noticeably weaker than the same

Zhang et al. (2017). “Eucalyptus lignin extracted,” BioResources 12(4), 7744-7755. 7749



PEER-REVIEWED ARTICLE b | oresources.com

signals of MWL. This phenomenon confirmed the decomposition of $-O-4 units of the
extracted lignin samples, confirmed the result obtained by *H-NMR.
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Fig. 3. 13C-NMR spectra of lignin samples: A: lignin extracted with the catalyzed ethanol system;
B: MWL

2D-HSQC Analysis

To investigate the comprehensive structural characterizations, the lignin samples
extracted with the catalyzed ethanol systems were subjected to 2D-HSQC analysis (Rio et
al. 2012). Compared with the MWL (Fig. 4B), the typical structural features of the
extracted lignin samples were identified in the region of the side chain (dc/dn 50.0 to
95.0/2.5 ppm to 5.5 ppm) and the aromatic region (6c/0n 95.0 to 140.0/5.5ppm to 8.0
ppm) (Fig. 4A) (Rio et al. 2009).

The side-chain region of the spectra yielded useful information about the inter-
unit linkages of the extracted lignin, such as f-O-4 aryl ether (A), phenylcoumaran (-5,
a-0-4) (B), and resinol (B-B, a-O-y) (C) (Fig. 5). As indicated in Fig. 4, the signals of C,-
H., Cp-Hgp, and C,-H, in B-O-4 aryl ether (A) substructures were respectively indicated at
dc/OH 71.8/4.86 ppm, dc/On 83.4/4.38 ppm (G), 6c/on 85.8/4.12 ppm (S), and 6c/OH
59.9/3.35 ppm to 3.80 ppm. The signals of Cy-Hq, Cp-Hg, and C,-Hy in phenylcoumaran
(B) were shown at 6c/0n 86.8/5.45 ppm, 53.1/3.46 ppm, and 62.2/3.76 ppm. The signals
of Co-Hq, Cp-Hp, and C,-Hy in resinol (C) were indicated at 6c/0H 84.8/4.66 ppm, dc/OH
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53.5/3.07 ppm, and dc/on 71.2/3.82 ppm to 4.18 ppm, respectively. In addition, signals
corresponding to the S and G units of the extracted lignin samples were observed in the
aromatic region. The strong absorption signals for C2g-H26 in the S units were shown at
dc/dn 103.9/6.70 ppm. The absorption signal at 6c/6n 106.3/7.32 ppm was the
characteristic spectrum of the C,-CO substructures in the S’ units. The chemical shifts of
C2-H2, Cs-Hs, and Ce-Ge in the G units of lignin were 6c/0H 110.8/6.97 ppm, 6c/0H
114.5/6.70 ppm, and dc/dn 119.0/6.78 ppm, respectively.
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Fig. 4. 2D-HSQC NMR spectra of lignin samples: A: lignin extracted with the catalyzed ethanol
system; B: MWL
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Fig. 5. Main structures present in the lignin fractions: A: B-O-4 ether; B: phenylcoumaran (3-5); C:
resinol (B-B); D: a-CO/B-0O-4 ether; G: guaiacyl units; S: syringyl units; S’: syringyl units with a-CO
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Compared with the 2D-HSQC NMR spectrum of the MWL (Fig. 4B), the
spectrum of the extracted lignin samples exhibited variations of absorption signals (Fig.
4A). This phenomenon mainly resulted from the condensation reactions of the S and G
units during the extraction process, and the condensation of phenolic structures was
similar to that reported by Yanez-S et al. (2014). Structural information of the lignin
extracted with the catalyzed ethanol systems was analyzed, and the detailed assignments
of the lignin fractions in the 2D-HSQC spectra are listed in Table 4 by comparison with
previous literature (Balakshin et al. 2003; Ibarra et al. 2007).

Table 4. Assignments of 13C-'H Cross Signals in the 2D-HSQC Spectra of the
Lignin Extracted with the Catalyzed Ethanol Systems

Label Oc/dn/ppm Assignment
Bs 53.1/3.46 Cp-Hg in phenylcoumaran substructures
Cp 53.5/3.07 Cp-Hg in B-B’ resinol substructures
-OCHs 56.4/3.70 C-H in methoxyls
Ay 59.9/3.35-3.80 Cy-Hy in B-O-4 aryl ether substructures
By 62.2/3.76 Cy-Hy in phenylcoumaran substructures
A 71.8/4.86 Co-Ha in B-O-4 aryl ether substructures
Cy 71.2/3.82-4.18 Cy-Hy in B-B’ resinol substructures
Ca 84.8/4.66 Ca-Ha in B-B’ resinol substructures
Ap 83.4/4.38, G units; Cp-Hp in B-O-4 aryl ether substructures
85.8/4.12, S units
Ba 86.8/5.45 Co-Ha in phenylcoumaran substructures
SV 103.9/6.70 C26-H26in S units
S'as 106.3/7.32 C2,6-H2,6 in S' units with a-CO substructures
G2 110.8/6.97 C2-H2 in G units
Gs 114.5/6.70 Cs-Hs in G units
Gs 119.0/6.78 Ce6-Gs in G units

CONCLUSIONS

1. The catalyzed ethanol systems consisting of ethanol, 4-methyl-2-pentanone,
DMSO, formic acid, and distilled water were used to extract the lignin samples at
145 °C. The yields of the extracted lignin were greatly affected by the formulas of
the catalyzed ethanol systems and the holding times.

2. Compared with the *H-NMR spectrum of MWL, the spectrum of the extracted
lignin fractions supported the destruction of B-O-4 units, which accounted for the
disappearance of the H, signal. In addition, the acetyl substructures were
introduced into the lignin fractions during the extraction process.

3. According to the 3C-NMR spectra, the striking characteristics of the extracted
lignin samples, such as the ether bonds of S3,5 broken by the formic acid and the
condensation of G units accelerated by the acidic environment, were markedly
different from that of MWL. In addition, the decomposition of B-O-4 units was
observed by the ¥3C-NMR spectrum of the lignin extracted with the catalyzed
ethanol systems.
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4. The 2D-HSQC NMR spectra indicated that the linkages of the lignin fractions
were mainly formed by B-O-4 aryl ether, phenylcoumaran, and resinol. The main
differences between the extracted lignin samples and the MWL were the
condensations of S and G units.
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