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ABSTRACT: To investigate the inhomogeneity of the lignin from sweet sorghum stem, successive alkali treatments were
applied to extract lignin fragments in the present study. The successive treatments released 80.3% of the original lignin from the
sorghum stem. The chemical structural inhomogeneity of the isolated lignins was comparatively and comprehensively
investigated by UV, FT-IR, and NMR spectra. The lignins were found to be predominantly composed of β-O-4′ aryl ether
linkages, together with minor amounts of β-β′, β-5′, β-1′, and α,β-diaryl ether linkages. In addition, hydroxycinnamic acid
(mainly p-coumaric acid), which was found to be attached to lignin, was released and co-precipitated in the lignin fractions
isolated in the initial extracting steps, whereas hydroxycinnamic acids (p-coumaric and ferulic acids) were not detected in the
subsequently extracted lignin fractions. Moreover, the high proportion of carbon−carbon structures was potentially related to the
high amounts of guaiacyl units in the lignin investigated. Thermogravimetric analysis revealed that the higher molecular weights
of lignins resulted in relatively higher thermal stability, and the higher content of C−C structures in the lignin probably led to a
higher “char residue”. These findings suggested that the lignin fractions extracted from sweet sorghum stem by successive alkali
extractions had inhomogeneous features in both chemical composition and structure.
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■ INTRODUCTION

Lignin is one of the most abundant natural phenolic polymers.
In general, lignin is an amorphous, tridimensional network
inside the cell walls and plays an important role in defense and
water transport in vascular terrestrial plants. It is composed of
both ether (β-O-4′, a-O-4′, and 4-O-5′) and C−C (β-β′, β-5′,
and β-1′) interunit linkages mediated by laccases and/or
peroxidases.1 There are about 20 different types of bonds
present within the lignin. Lignin is associated with the
hemicellulosic polysaccharides and it is usually derived from
three hydroxycinnamyl alcohols (the monolignols: coniferyl,
sinapyl, and p-coumaryl alcohols), each of which leads to a
corresponding type of lignin unit named guaiacyl (G), syringyl
(S), and p-hydroxyphenyl (H), respectively.2,3 Up to now,
several applications for the lignins from lignocellulosic biomass
have been considered, such as a phenol substitute in the
formulation of phenol-formaldehyde resins for board manu-
facture.4 Chemical modification of lignin used in the
preparation of polyurethanes, epoxies, acrylates, composites,
and polymer blends has also received a great deal of attention.5

In addition, lignin may be a potential antioxidant of food oils
and fats, which can be used as a food preservative, preventing
the loss of food flavor, color, and active vitamin content.6−8

Nevertheless, a large obstacle for the utilization of lignins in
certain application areas, such as synthetic polymers, is the
heterogeneity of these lignins and the lack of effective methods
for separation of the lignins with a high purity and activity.
Better knowledge is required for the separation and structural
characterization of lignin if it is to be used optimally. In recent
years, successive isolation has been reported to extract lignin
from oil palm EFB fiber,9 bamboo (Neosinocalamus af f inis),10

and Caragana sinica.11 However, the inhomogeneous features
of lignin have not been thoroughly investigated.
Sweet sorghum is a C4 crop in the Gramineae, belonging to

the genus Sorghum bicolor L. Moench, which also includes grain
and fiber sorghum, and is characterized by a high photosyn-
thesis.12 So far, sweet sorghum in China is mainly used for
forage grass and feed and alcohol production.13 These
applications mainly focus on the value-added application of
cellulose, such as papermaking and bioethanol production.14 As
known, lignocellulosic biomass (LCB) is a heterogeneous
complex of carbohydrates (cellulose and hemicelluloses) and
lignin. As the predominant component of LCB, cellulose has
been extensively investigated for a hundred years due to its
homogeneity.15 By comparison, lignin has attracted less
attention due to its complex structures.16 As a promising
energy plant, scarce information is available on the successive
fractionation and inhomogeneous structural and molecular
features of sweet sorghum lignin. Therefore, to maximize the
utilization of sweet sorghum stem lignin, it is necessary to
broaden the knowledge on this aspect.
The aim of the present study is to investigate the

inhomogeneity of the lignins from sweet sorghum stem,
which are obtained by successive extractions with water,
gradual concentrations of KOH, and alkaline ethanol solution.
The effects of the successive extractions on the lignin features
were evaluated by their yields, associated sugars, and molecular
weights. Meanwhile, the structural inhomogeneity of the lignin
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fractions was comparatively and comprehensively investigated
by Fourier transform infrared (FT-IR), ultraviolet/visible (UV),
1H and 13C nuclear magnetic resonance (NMR), and
heteronuclear single quantum coherence (HSQC) spectrosco-
py. Furthermore, to reveal the relationship between structural
features (intercoupling bonds, β-O-4′, C−C, etc.) and thermal
properties, thermogravimetric analysis (TGA) was also
implemented.

■ MATERIALS AND METHODS
Materials. Sweet sorghum stem was obtained from the

experimental farm of the North-Western University of Agricultural
and Forest Sciences and Technology (Yangling, P. R. China). The
dried raw material was cut into small pieces and then ground and
sieved to a 20−40 mesh powder. The dried powder was extracted with
2:1 (v/v) toluene−ethanol in a Soxhlet apparatus for 6 h and then
dried in an oven at 60 °C for 16 h before use. The composition (%, w/
w) of the dried, dewaxed material was cellulose 42.3%, hemicelluloses
21.8%, and lignin 18.0% (acid-insoluble lignin 15.8% and acid-soluble
lignin 2.2%), which was determined by the National Renewable
Energy Laboratory’s (NREL) standard analytical procedure.17 All
chemicals used were of analytical grade.
Extraction and Purification of Lignin Fractions. The scheme

for successive extractions of lignin fractions with dewaxed samples is
illustrated in Figure 1. The dewaxed powder was first extracted with

water at 90 °C for 3 h with a solid to liquid ratio of 1:20 (g/mL) to
obtain water-extractable hemicelluloses. Then the insoluble residue
was successively treated with 0.3, 0.6, 1.0, and 1.5% KOH aqueous
solutions and 60% ethanol containing 2.5% KOH at 75 °C for 3 h
under a solid to liquid ratio of 1:20 (g/mL). The five alkali-extractable
filtrates were neutralized to pH 5.5 with acetic acid and evaporated to
about 30 mL at reduced pressure. Subsequently, each concentrated
solution was poured into three volumes of 95% ethanol with vigorous
stirring, and a hemicellulosic pellet was recovered by filtering, washing
with 70% aqueous ethanol, and freeze-drying. Then each filtrate was
concentrated to about 30 mL, and the pH was adjusted to 1.5−2.0
with 6 M HCl. The lignin fractions were obtained by centrifugation
and freeze-drying. All lignin samples were stored in a desiccator for
further characterization. The acid-insoluble lignin fractions extracted

with 0.3, 0.6, 1.0, and 1.5% KOH aqueous solutions and 60% ethanol
containing 2.5% KOH at 75 °C for 3 h were labeled as L0.3, L0.6, L1.0,
L1.5, and L2.5, respectively. All experiments were performed in
duplicate. The relative standard deviation, determined by dividing
the standard deviation by the mean value, was observed to be lower
than 5.0%.

Structural Characterization of Lignin Fractions. Associated
Polysaccharides Analysis. The hemicellulosic polymers associated
with the lignin samples were determined by high -performance anion
exchange chromatography (HPAEC). The neutral sugars and uronic
acids in the fractions (4−6 mg) were liberated by hydrolysis with 1.475
mL of 6% dilute sulfuric acid (H2SO4) at 105 °C for 2.5 h. After acid
hydrolysis, the samples were diluted 50-fold, and the filtrate containing
the liberated neutral sugars was analyzed by an HPAEC system
(Dionex ISC 3000) with an amperometric detector, an AS50
autosample, a Carbopac PA-20 column (4 × 250 mm, Dionex), and
a PA-20 guard column (3 × 30 mm, Dionex). The sugars were
separated in 18 mM NaOH (carbonate free and purged with nitrogen)
with postcolumn addition of 0.3 M NaOH at a rate of 0.5 mL/min.
Run time was 45 min, followed by 10 min elution with 0.2 M NaOH
to wash the column and then a 15 min elution with 18 mM NaOH to
re-equilibrate the column. Calibration was performed with standard
solution of L-rhamnose, L-arabinose, D-galactose, D-glucose, D-xylose, D-
mannose, glucuronic acid, and galacturonic acid. The measurements
were conducted in triplicate, and the relative standard deviation was
found to be below 3.0%.

GPC Analyses. The molecular weights of the lignin samples were
determined by gel permeation chromatography (GPC, Agilent 1200,
USA) with a refraction index detector on a PL-gel 10 μm mixed-B 7.5
mm i.d. column, calibrated with polystyrene standards (peaks’ average
molecular weights of 1320, 9200, 66 000, 435 500, Polymer
Laboratories Ltd.). The samples were acetylated with acetic anhydride
according to Pan et al., before determination of molecular weights.8

Briefly, lignin samples were added to mixtures of pyridine−acetic
anhydride (1:1, v/v) for 24 h under a nitrogen atmosphere in the dark.
At this point, the acetylated lignin samples were recovered by
precipitation with acid water (pH 2.0). Then they were washed
thoroughly with diethyl ether and dried. A 4 mg amount of acetylated
sample was dissolved in 2 mL of tetrahydrofuran (THF), and 20 μL of
solution was injected. The column was operated at ambient
temperature and eluted with THF at a flow rate of 1.0 mL/min.
The measurements were conducted in triplicate, and the relative
standard deviation was below 5.0%.

FT-IR Analyses. FT-IR measurements were performed on a Thermo
Scientific Nicolet iN10 FT-IR microscope (Thermo Nicolet
Corporation, Madison, WI, USA) equipped with a liquid nitrogen
cooled MCT detector. The dried samples were ground and pelletized
with BaF2, and the spectra were recorded in the range 4000−800 cm−1

at 4 cm−1 resolution with 128 scans.
UV Spectral Analyses. UV spectra were obtained on an ultraviolet/

visible spectrophotometer (Tec Comp, UV 2300). A 5 mg sample was
dissolved in 10 mL of dimethyl sulfoxide (DMSO). A 1 mL aliquot
was diluted to 10 mL with DMSO, and the absorbance between 260
and 400 nm was measured.

NMR Spectra of the Lignin Fractions. The solution-state NMR
spectra of the lignin samples were recorded on a 400 MHz NMR
spectrometer (AVIII 400, Bruker, Germany) at 25 °C. The 1H NMR
spectra were obtained at 400 MHz using 10 mg of lignin in 0.5 mL of
dimethylsulfoxide-d6 (DMSO-d6). The chemical shifts of 1H NMR
spectra were calibrated with reference to DMSO, used as an internal
standard, at 2.49 ppm. The acquisition time was 3.9 s, and the
relaxation time was 1.0 s. The 13C NMR spectra were obtained on a
Bruker spectrometer at 100 MHz. The acid-insoluble lignin sample
(80 mg) was dissolved in 0.5 mL of DMSO-d6, and the spectra were
recorded at 25 °C after 30 000 scans. A 30° pulse flipping angle, a 9.2
μs pulse width, a 1.36 s acquisition time, and a 1.89 s relaxation delay
time were used. For heteronuclear single quantum correlation
(HSQC) spectra, the data were acquired by using a 20 mg sample
in 0.5 mL of DMSO-d6. The spectral widths were 2200 and 15 400 Hz
for the 1H- and 13C-dimensions, respectively. The number of collected

Figure 1. Scheme for successive isolations of lignin fractions from
sweet sorghum stem.
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complex points was 1024 for the 1H-dimension with a recycle delay of
1.5 s. The number of transients was 128, and 256 time increments
were recorded in the 13C-dimension. The 1JC−H was set to 146 Hz.
Prior to Fourier transform the data matrices were zero filled up to
1024 points in the 13C-dimension.
Thermogravimetric Analysis. Thermal behavior of the lignin

samples was studied by using thermogravimetric and differential
thermogravimetric analysis on a simultaneous thermal analyzer (TGA
Q500, USA). About 8−10 mg of samples was heated in a platinum
crucible from room temperature to 600 °C at a heating rate of 20 °C/
min under a nitrogen atmosphere.

■ RESULTS AND DISCUSSION
Fractional Yields and Contents of Carbohydrates. The

yields of the lignin fractions from sweet sorghum stem are given
in Table 1. As can be seen, the yields of lignin were 0.8, 5.2, 2.3,

2.4, and 2.0% (% dried, dewaxed material), corresponding to a
release of 5.1, 32.9, 14.5, 14.9, and 12.9% of the original lignin
(acid-insoluble lignin), respectively, by sequential extractions
with 0.3, 0.6, 1.0, and 1.5% KOH aqueous solutions and 60%
ethanol containing 2.5% KOH at 75 °C for 3 h. Taken together,
a total yield of the five lignin fractions accounted for 12.7% (%
dried, dewaxed material), corresponding to 80.3% of acid-
insoluble lignin in the cell walls. Evidently, the highest yield of
the five lignin samples was obtained at 0.6% alkali extraction,
which was possibly due to the cleavage of ester bonds between
hemicelluloses and lignin in the cell wall under the alkaline
medium. Similar results have been reported by Sun et al.,18 who
revealed that the alkali treatments cleaved the linkages between
lignin and hemicelluloses, such as ester bonds between ferulic
acid and hemicelluloses or between p-coumaric acid and lignin,
and α-aryl ether linkages between lignin and hemicelluloses.
To verify the purity of the extracted lignin fractions, the

associated neutral sugars and uronic acids of the lignin samples
were analyzed by HPAEC. As can be seen in Table 1, all the
lignin fractions contained a rather low amount of associated
polysaccharides (0.44−2.43%). Obviously, xylose (0.13−
1.45%) and glucose (0.15−0.65%) were the major sugar
constituents of the five lignin fractions, while galactose and
arabinose were identified to be minor sugar constituents.
However, glucuronic and galacturonic acids were not detected
in all the lignin fractions in this experiment. The four lignin
fractions had lower neutral sugar contents (0.44−1.36% in
L0.3−L1.5) than the lignin extracted with alkaline ethanol
solution (2.43% in L2.5), implying that the four lignin fractions

had higher purity than the lignin extracted with alkaline
ethanol. L0.6 and L1.5 had relatively higher purities than other
samples; therefore, the two fractions were used for further
structural analysis.

Molecular Weight Analysis. The weight-average (Mw)
and number-average (Mn) molecular weights and polydispersity
(Mw/Mn) of all the lignin samples were calculated on the basis
of the curves in Figure 2, and the results are listed in Table 2.

As can be seen, the Mw and Mn of the lignin samples ranged
from 2050 to 3910 g/mol and from 1040 to 1530 g/mol,
respectively. Apparently, the four lignin fractions (Mw, 2520−
3910 g/mol) had higher molecular weights than the lignin
treated with alkaline ethanol (Mw, 2050 g/mol). The increase of
the KOH concentration from 0.3 to 1.0% resulted in a notable
increase of Mw from 2520 to 3910 g/mol. However, when the
KOH concentration was further increased to 2.5%, the Mw
value distinctly decreased to 2050 g/mol. The result was
probably due to the degradation of the released lignin at a
relatively high concentration of alkali. It was noted that the
lignin fraction extracted with 1.0% KOH had a higher Mw than
the other four lignin samples. However, the highest
polydispersity of the sample suggested that the lignin fraction
extracted with 1.0% KOH exhibited relatively broad molecular
distributions as compared to other lignin samples. In brief, the
heterogeneous molecular weights and polydispersities basically
responded to gradual alkaline treatments and also indicated the
inhomogeneous distributions of lignin fractions in the plant cell
wall.

FT-IR Spectra Analysis. Figure 3 shows the FT-IR spectra
of all the lignin fractions from sweet sorghum stem, and the
bands were assigned according to the literature.19−21 As can be
seen, a prominent band at around 3451 cm−1 originates from
the O−H stretching vibration in the aromatic and aliphatic

Table 1. Yield and Content (%) of Neutral Sugars of Lignin
Fractions Obtained from Sweet Sorghum Stem

lignin fractionsa

sugar L0.3 L0.6 L1.0 L1.5 L2.5

arabinose 0.20 0.02 0.04 0.09 0.21
galactose 0.16 0.03 0.20 0.14 0.12
glucose 0.62 0.26 0.22 0.15 0.65
xylose 0.38 0.13 0.26 0.17 1.45
total sugarsb 1.36 0.44 0.72 0.55 2.43
yieldsc 0.8 5.2 2.3 2.4 2.0

aL0.3, L0.6, L1.0, L1.5, and L2.5 represent the lignin fractions isolated by
successive extractions with 0.3, 0.6, 1.0, and 1.5% KOH aqueous
solution and 60% ethanol containing 2.5% KOH at 75 °C for 3 h,
respectively. bRepresents the total associated carbohydrates in the
lignin fractions (% dried lignin). cRepresents the yields of the acid-
insoluble lignin fractions (% dried, dewaxed material, w/w).

Figure 2. Molecular weight distribution curves of the five lignin
fractions.

Table 2. Weight-Average (Mw) and Number-Average (Mn)
Molecular Weights and Polydispersity (Mw/Mn) of Lignin
Fractions Isolated from Sweet Sorghum Stem

lignin fractionsa

L0.3 L0.6 L1.0 L1.5 L2.5

Mw 2520 3790 3910 2680 2050
Mn 1350 1530 1250 1150 1040
Mw/Mn 1.87 2.48 3.12 2.33 1.97

aCorresponding to the lignin fractions in Table 1.
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structure, and the bands at 2938 and 2838 cm−1 are due to a
C−H vibration sketch in the CH2 and CH3 groups,
respectively. The band at 1652 cm−1 is related to conjugated
carbonyl stretching in the lignin fractions. The bands at 1598,
1507, and 1420 cm−1 are attributed to aromatic skeleton
vibrations, indicating a primary structure of the lignin fractions.
The band at 1458 cm−1, corresponding to the C−H asymmetric
vibrations and deformations (asymmetric in methyl and
methylene), was also observed. The bands at 1329 cm−1

(syringyl ring plus guaiacyl ring condensed), 1262 cm−1

(guaiacyl ring breathing with CO stretching), and 1221
cm−1 (ring breathing with C−C, C−O, and CO stretching)
are present. It was noted that the small band at 1163 cm−1

observed in the spectra of lignin fractions L0.3 and L0.6 was due
to antisymmetric C−O stretching of ester groups. However,

this band disappeared in the lignin samples L1.0, L1.5, and L2.5.
This fact suggested that tiny ester bands in the initial extracting
lignin fractions L0.3 and L0.6) were retained, although most of
the ester bands have been cleaved, as revealed by NMR results
below. However, this band disappeared in the subsequently
isolated lignin fractions L1.0, L1.5, and L2.5, indicating that the
ester bonds in the lignin fractions were fundamentally cleaved
after alkali extraction with over 0.6% KOH in this study.
Moreover, the bands of 1122 and 1030 cm−1 arise from the
aromatic in-plane C−H bending deformation for syringyl (S)
type and guaiacyl (G) type lignin units, respectively.
Furthermore, the band at 981 cm−1 is indicative of a −HC
CH− group (out-of-plane deformation), which further
confirmed that the conjugated units predominately occurred
in the lignin fractions. The band at 831 cm−1 represents C−H

Figure 3. FT-IR spectra of the lignin fractions isolated with 0.3% (L0.3), 0.6% (L0.6), 1.0% (L1.0), and 1.5% (L1.5) KOH aqueous solution and 60%
ethanol containing 2.5% (L2.5) KOH at 75 °C for 3 h.

Figure 4. UV spectra of all lignin fractions (L0.3, L0.6, L1.0, L1.5, and L2.5).
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out-of-plane deformation in positions 2 and 6 of S units and all
positions of p-hydroxyphenyl (H) units.
UV Spectral Analysis. UV spectroscopy has been used to

determine the purity of lignin samples or monitor the lignin
distribution among various tissues of plants with respect to the
concentration.22 Figure 4 illustrates the UV spectra of the five
lignin samples, exhibiting the typical UV spectra of lignin with
two maximum at 282 (L1.0, L1.5, and L2.5) or 284 (L0.3 and L0.6)
and 317 (L0.3 and L0.6) nm. The first maximum absorption at
282−284 nm indicated a relatively high proportion of G units
in the lignin fractions. The phenomenon could be confirmed by
the subsequent quantitative result based on 2D-HSQC spectra.
The absorption at 317 nm, corresponding to the n → π*
transition in lignin units containing CαO groups and the π→
π* transition in lignin units with CαCβ linkages conjugated to
the aromatic ring, is indicative of ferulic and p-coumaric
acids.23,24 As can be seen, 317 nm appeared in L0.3 and L0.6,
whereas the absorption peak dramatically decreased in the
fractions L1.0, L1.5, and L2.5. This fact suggested that the linkages
between p-coumaric/ferulic acids and lignin were significantly
cleaved during the 0.6% KOH extracting procedures in this
experiment, which was in agreement with the subsequent NMR
analysis.

1H and 13C NMR Spectral Analysis. To further elucidate the
structural features of the lignins extracted with aqueous alkaline
solutions, the fraction L0.6 was characterized by NMR
spectroscopy. 1H and 13C NMR spectra of lignin fraction L0.6

are shown in Figure 5, and the signals were assigned according
to previous publications.16,18,25

1H Spectral Analysis of Lignin. In the 1H spectrum of
L0.6, signals between 6.00 and 8.00 ppm could be ascribed to
aromatic protons in S, G, and H units as well as p-coumaric acid
(PCA) and ferulic acid (FA). More specifically, an intense
signal at 2.49 ppm is indicative of residual protons in DMSO-d6.
The signals at 7.51, 7.50, 6.80, and 6.31 ppm are attributed to

H2/6, H7, H3/5, and H8 of PCA, respectively. Meanwhile, the
signals at 7.27, 7.50, and 6.42 ppm originate from H2, H7, and
H8 of FA, respectively. Moreover, the signals at 6.98 and 6.78
ppm, 6.70 ppm, and 7.19 ppm are related to the aromatic
protons in G, S, and H units, respectively. Furthermore, the Hα

in α,β-diaryl ether showed a signal at 5.56 ppm, whereas a weak
peak at 5.55 ppm could be attributed to phenylcoumaran
structures in this lignin fraction. The Hγ in p-hydroxycinnamyl
alcohol end groups showed a signal at 4.08 ppm. Signals at 4.87
and 3.72 ppm arise from Hα in the β-O-4′ structure and
methoxyl protons (−OCH3), respectively. Protons in aliphatic
groups exhibited signals between 0.80 and 1.50 ppm. Protons in
methyl (−CH3) and methylene (−CH2) in saturated aliphatic
side chains of lignin showed signals at 0.84 and 1.22 ppm.

13C Spectral Analysis of Lignin. As can be seen, the 13C
NMR spectrum of L0.6 is almost absent of typical poly-
saccharide signals between 57.0 and 103.0 ppm, implying that
the lignin sample contained small amounts of associated
polysaccharides, which corresponded to the results of sugar
analysis. The region between 104.4 and 168.2 ppm represents
the aromatic region of the lignin. The S units give signals at
152.3 ppm (C-3/C-5, etherified), 147.1 ppm (C-3/C-5,
nonetherified), 138.2 ppm (C-4, etherified), 134.3 ppm (C-1,
etherified), 106.8 (C-2/C-6, oxidized), and 104.4 ppm (C-2/C-
6). The G units were found at 149.7 ppm (C-3, etherified),
145.4 ppm (C-4, nonetherified), 134.3 ppm (C-1, etherified),
133.1 ppm (C-1, nonetherified), 119.4 ppm (C-6, nonethe-
rified), 114.8 ppm (C-5, nonetherified), and 111.1 ppm (C-2,
nonetherified). The H units were identified at 127.2 ppm (C-2/
C-6). The signals aforementioned revealed that the lignin
fraction belonged to the typical grass lignin, in accordance with
the FT-IR analysis. Moreover, other characteristic signals in the
13C NMR spectrum exhibited six strong resonances at 168.2,
159.7, 144.1, 130.2, 125.4, 115.9, and 115.7 ppm, correspond-
ing to C-9 (γ), C-4, C-7 (a), C-2/C-6, C-1, C-3/C-5, and C-8

Figure 5. 1H and 13C NMR spectra of the lignin fraction L0.6.
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(β) in PCA, respectively, while FA shows signals at 168.2,
144.1, and 122.3 ppm, corresponding to C-9 (γ), C-7 (a), and
C-6. The signal of C-9 (γ) in esterified PCA was tiny but could
be observed at 166.5 ppm. The etherified FA C-6 was found
with a weak signal at 123.0 ppm (data not shown). These facts
suggested that PCA was linked to lignin by ester bonds, which
were easily cleaved during alkali treatment at the condition
given, whereas FA was mostly linked to lignin by ether bonds.
Additionally, signals between 50 and 86 ppm are attributed to
lignin interunit linkages in the 13C NMR spectrum. Especially,
the β-O-4′ linkages were observed by signals at 86.2 (S units)/
84.6 (G and H units), 72.3, and 60.2 ppm, assigned to C-β, C-a,
and C-γ, respectively. A strong signal at about 56.0 ppm was
ascribed to −OCH3 groups in G and S units.
2D-HSQC NMR Spectral Analysis. 2D-HSQC NMR

Spectra. 2D-HSQC spectroscopy is a powerful tool for
determination of lignin structures. To further illustrate the
structural features of lignins, the fractions L0.6 and L1.5 were
investigated by 2D-HSQC NMR spectra. In terms of the
structures of the two lignin samples L0.6 and L1.5, the side-chain
(aliphatic-oxygenated, around δC/δH 50.0−90.0/2.50−6.00)
and aromatic/olefinic (around δC/δH 100.0−150.0/5.50−

8.50) regions of the HSQC spectra are illustrated in Figure 6.
The assignments of primary lignin correlated signals in the
HSQC spectra are listed in Table 3, and the main substructures
are represented in Figure 6.1,25−34

In the lignin side-chain region, cross-signals of methoxyl
groups (−OCH3, δC/δH 55.8/3.72) and the different interunit
linkages of sweet sorghum stem lignin were detected. The
lignin is rich in β-ether (β-O-4′) (A), with small amounts of
resinol (β-β′) (B) and phenylcoumaran (β-5′) (C). Specifically,
the Cα−Hα correlations in β-O-4′ substructures linked to G
units were observed at δC/δH 71.7/4.85, whereas the Cγ−Hγ

correlations in β-O-4′ substructures were located at δC/δH
59.8/3.62. The Cβ−Hβ correlations at δC/δH 84.0/4.28 and
86.0/4.11 linked to G/H units and S lignin units in β-O-4′
substructures, respectively. Moreover, resinol (β-β′) substruc-
tures with strong signals were also observed in the HSQC
spectra. The signals were detected with their Cα−Hα, Cβ−Hβ,
and double Cγ−Hγ correlations at δC/δH 84.8/4.65, 53.6/3.06,
and 71.0/4.17 and 3.79, respectively. Phenylcoumaran (β-5′)
substructures were also detected, and the signals for their Cα−
Hα, Cβ−Hβ, and Cγ−Hγ correlations were observed at δC/δH
87.2/5.52, 52.7/3.51, and 62.5/3.71, respectively. The two

Figure 6. HSQC spectra of the lignin fractions L0.6 and L1.5 and their main structures present in sweet sorghum lignin fraction L0.6: (A) β-aryl-ether
units (β-O-4′); (B) resinol substructures (β-β′); (C) phenylcoumaran substructures (β-5′); (D) spirodienones (β-1′); (E) α,β-diaryl ethers (α-O-4/
β-O-4); (F) p-hydroxycinnamyl alcohol end groups; (PCA) p-coumaric acid; (FA) ferulic acid; (H) p-hydroxyphenyl units; (G) guaiacyl units; (G′)
oxidized guaiacyl units with a Cα ketone; (S) syringyl units; (S′) oxidized syringyl units bearing a carbonyl at Cα.
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signals corresponding to the Cα−Hα correlations of spirodie-
none substructures (D) and α,β-diaryl ethers (E) were detected
at δC/δH 81.9/4.91 and 79.2/5.56, respectively. In addition, p-
hydroxycinnamyl alcohol end groups (F) were recognized by
Cγ−Hγ correlations at δC/δH 61.4/4.08.
In the aromatic regions/olefinic regions, cross-signals from S,

G, and H units were observed. The S units showed a prominent
signal for a C2,6−H2,6 correlation at δC/δH 104.0/6.71. The G
units exhibited different correlations for C2−H2 (δC/δH 110.9/
6.98), C5−H5 (δC/δH 114.7/6.70), and C6−H6 (δC/δH 119.1/
6.78), respectively. The C2,6−H2,6 aromatic correlation signals
from H units were explicitly observed at δC/δH 127.6/7.19. In
addition, the Cα-oxidized S units (S′) exhibited a correlation for
C2,6−H2,6 (δC/δH 106.3/7.31), and oxidized guaiacyl units with
a Cα ketone (G′) showed a correlation for C2−H2 (δC/δH
118.1/7.25) in the HSQC spectrum of L0.6. However, no
signals of S′ and G′ were detected in L1.5 (in the current
contour level), implying that L0.6 had higher oxidized units than
L1.5.
Furthermore, in terms of the HSQC spectrum of the lignin

fraction L0.6, the dissociated PCA8 (C8−H8) correlations are
located at δC/δH 115.4/6.30. The cross-signals corresponding
to correlations C2,6−H2,6, C3,5−H3,5, and C7−H7 in dissociated
PCA were observed at δC/δH 129.8/7.51, 115.4/6.79, and
143.8/7.49, respectively. It was noted that a small amount of
esterified PCA was observed in fraction L0.6 (not shown in

current contour level). Likewise, the FA8 (C8−H8) correlation
at δC/δH 116.8/6.41 suggested ester linkages occurring at the 9-
positions of FA, which are linked to C-5 of arabinose in
araboxylans, were mostly cleaved in the lignin preparations (as
revealed by a lower content of associated sugars in L0.6),
whereas the ether bonds linked to lignin side-chain by phenolic
hydroxyl groups probably remained intact under the conditions
used.25 In addition, the FA7 (C7−H7) correlation coincides with
that of PCA7 at δC/δH 143.8/7.49, while its C2−H2 and C6−H6
correlations appeared at δC/δH 110.0/7.28 and 122.7/7.11,
respectively. As compared to L0.6, the signals for PCA and FA
were not found in the HSQC spectrum of L1.5. The above-
mentioned fact indicated that PCA and FA were released and
co-precipitated in the lignin fractions isolated from the initial
extracting steps (L0.3 and L0.6); however, these hydroxycin-
namic acids (PCA and FA) were not detected in the lignin
fractions extracted in the subsequent procedures (L1.0, L1.5, and
L2.5), which is consistent with the results of FT-IR and UV
spectral analyses. Some additional signals appearing at δC/δH
125.1/5.57 and 129.5/5.31 in L1.5 were probably due to the
occurrence of olefinic (CC) structures in lignin, which still
needs further confirmation (Figure 6).31 To sum up, 2D-HSQC
NMR spectra suggested that the lignin isolated by successive
alkali extractions has inhomogeneous structural features.

Semiquantitative 2D-HSQC Spectra. According to the
semiquantitative methods in the literature,1,29 the relative
amounts of interunit linkages and S/G molar ratios present in
L0.6 and L1.5 were calculated as shown in Table 4. As expected,

the main lignin substructures were β-O-4′ aryl ether (over
68.0% of total side chains), followed by low amounts of resinol
(β-β′), phenylcoumaran (β-5′), spirodienones (β-1′), and α,β-
diaryl ethers (α-O-4/β-O-4). Specifically, the abundance of β-
O-4′ aryl ether in L0.6 (76.0%) was higher than that in L1.5
(68.8%), which was probably related to the degradation of the
released lignin at a relatively high concentration of alkali. In
addition, L0.6 contained lower amounts of spirodienone
substructures (2.0%), whereas this substructure was not
detected in L1.5 in the current contour level. The difference
might be attributed to the different concentrations of alkaline
aqueous solutions used for extracting the lignin fractions. The
ratio of S/G/H was estimated to be 47/50/3 for L0.6 and 37/
62/1 for L1.5, respectively. It was thus concluded that the
alkaline lignin from sweet sorghum stem was an HGS-type
lignin, which had predominant amounts of G and S units

Table 3. Assignments of 13C−1H Cross-Signals in HSQC
Spectra of Alkali-Extractable Lignin Fraction L0.6 from Sweet
Sorghum Stema

label δC/δH (ppm) assignments

Cβ 52.7/3.51 Cβ−Hβ in phenylcoumaran substructures (C)
Bβ 53.6/3.06 Cβ−Hβ in β-β′ (resinol) substructures (B)
−OCH3 55.8/3.72 C−H in methoxyls
Aγ 59.8/3.62 Cγ−Hγ in β-O-4′ substructures (A)
Fγ 61.4/4.08 Cγ−Hγ in p-hydroxycinnamyl alcohol end groups

(F)
Cγ 62.5/3.71 Cγ−Hγ in phenylcoumaran substructures (C)
Bγ 71.0/3.79−

4.17
Cγ−Hγ in β-β′ resinol substructures (B)

Aα(S) 71.7/4.85 Cα−Hα in β-O-4′ linked to an S unit (A)
Eα 79.2/5.56 Cα−Hα in α,β-diaryl ethers (E)
Dα 81.9/4.91 Cα−Hα in spirodienone substructures (D)
Aβ(G/H) 84.0/4.28 Cβ−Hβ in β-O-4′ linked to a G/H unit (A)
Bα 84.8/4.65 Cα−Hα in β-β′ resinol substructures (B)
Aβ(S) 86.0/4.11 Cβ−Hβ in β-O-4′ linked to an S unit (A)
Cα 87.2/5.52 Cα−Hα in phenylcoumaran substructures (C)
S2,6 104.0/6.71 C2,6−H2,6 in syringyl units (S)
S′2,6 106.3/7.31 C2,6−H2,6 in oxidized S units (S′)
G2 110.9/6.98 C2−H2 in guaiacyl units (G)
G′2 118.1/7.25 C2−H2 in oxidized G units (G′)
G5 114.7/6.70 C5−H5 in guaiacyl units (G)
G6 119.1/6.78 C6−H6 in guaiacyl units (G)
H2,6 127.6/7.19 C2,6−H2,6 in H units (H)
PCA3,5 115.4/6.79 C3,5−H3,5 in p-coumaric acid (PCA)
PCA2,6 129.8/7.51 C2,6−H2,6 in p-coumaric acid (PCA)
PCA7 143.8/7.49 C7−H7 in p-coumaric acid (PCA)
PCA8 115.4/6.30 C8−H8 in p-coumaric acid (PCA)
FA2 110.0/7.28 C2−H2 in ferulic acid (FA)
FA6 122.7/7.11 C6−H6 in ferulic acid (FA)
FA7 143.8/7.49 C7−H7 in ferulic acid (FA)
FA8 116.8/6.41 C8−H8 in ferulic acid (FA)
aSignals were assigned by comparison with the literature.1,25−34

Table 4. Quantitative Characteristics of Lignin Fractions L0.6
and L1.5 from Quantitative 2D-HSQC Spectral Method

L0.6
a L1.5

a

β-aryl-ether units (β-O-4′, A) 76.0b 68.8
resinol substructures (β-β′, B) 7.4 13.2
phenylcoumaran substructures (β-5′,C) 8.7 13.0
spirodienones (β-1′, D) 2.0 NDe

α,β-diaryl ethers (α-O-4/β-O-4, E) 5.9 5.0
PCA/FA ratioc 1.0 ND
S/G/H ratiod 47/50/3 37/62/1

aCorresponding to the lignin fractions in Table 1. bRelative
quantitative method based on 2D-HSQC spectra (without IS).
cPCA/FA ratio obtained by the following equation: PCA/FA ratio =
0.5IPCA2,6

/IFA2
. dS/G/H ratio obtained by the following equation: S/G/

H ratio = 0.5IS2,6/IG2
/0.5IH2,6

. eNot detected in the current contour
level.
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together with a minor proportion of H units. The ratio of S/G/
H also suggested that the S-rich lignin fraction was more easily
released than the G-rich lignin in the initial process under the
present investigation, in line with recent literature.10 This fact is
also in agreement with a recent publication in which the
authors have stated that the higher content of syringyl units
resulted in the easy delignification under alkaline conditions.32

In addition, the higher G units in the subsequently extracted
lignin fraction (L1.5) also suggested that the G-rich lignin
fraction was probably released in the later extracting procedures
under the successive alkali extractions. However, the finding is
different from a recent study in which the authors found that
lignin fragments with lower S/G ratios were initially extracted
by acetone after ionic liquid ([C2 min][OAc]) pretreatments,
whereas the lignin subsequently extracted with dioxane is rich
in S units.33 The differences probably depend on the diverse
reagents and reaction mediums used in the respective
experiment, which also potentially revealed the effects of
targeted selectivity of reagents and reaction mediums on the
inhomogeneous lignin macromolecules. In addition, the
differences in the ratios of PCA/FA and S/G/H among the
lignin fractions were probably caused by the specific
fractionation process. Furthermore, it was also observed that
L1.5 had a higher proportion of carbon−carbon (C−C)
structures (26.2%) than L0.6 (18.1%), which was probably
due to the higher content of G units in the lignin fraction.34

Thermal Analysis. To study the relationship between
structure features and thermal properties, the TGAs of L0.6 and
L1.5 were comparatively investigated (Figure 7). The maximum
decomposition temperature (Tmax) was defined in a previous
study;35 and it is the corresponding temperature of the
maximum decomposition rate (Vmax). As shown in Figure 7,
it was found that the Tmax of L1.5 (∼258 °C) was less than that
of L0.6 (∼307 °C) at the beginning of lignin decomposition
(200−400 °C), which was found to be related to the molecular
weight, as also revealed by Sun et al.9 In a word, the higher
molecular weights of lignins could result in a relatively higher
thermal stability. This is probably because the initial reaction
involves the deformation of the weaker C−O bond in the β-O-
4′ structure during lignin decomposition.36 Most of the ether

bonds were expected to be cleaved at the stage of 200−400
°C,36 confirmed by the high content of β-O-4′ in the L0.6
fraction (Table 4). In addition, it was observed that the “char
residues” at 600 °C were 44% for L1.5 and 48% for L0.6,
respectively. This fact suggested that the high content of the
residues was probably due to the higher proportion of C−C
structures in the lignin (Table 4), in agreement with a recent
publication.33 From the above observations, it can be concluded
that lignin with a higher molecular weight and more β-O-4′
structures has a higher Tmax at the main lignin decomposition
step. Moreover, lignin having more C−C structures potentially
led to more “char residue”. In other words, the different
thermal properties of the lignin fractions suggested that the
lignins isolated by successive alkali extractions have inhomoge-
neous structural features under the present investigation.
To conclude, in the successive KOH extraction processes, a

total yield of the five lignin fractions accounting for 80.3% of
the original lignin from the cell walls of sweet sorghum stem
was extracted. This fact suggested that the successive alkali
treatment was an effective process to extract lignin with
inhomogeneous chemical and structural features. The alkali
lignin fractions from sweet sorghum stem are typical grass
lignin with a dominating content of G units. The lignin
fractions are mostly composed of β-O-4′ aryl ether linkages,
together with lower amounts of β-β′, β-5′, β-1′, and α,β-diaryl
ethers linkages. In addition, hydroxycinnamic acids (mainly p-
coumaric acid) attached to lignin were released and co-
precipitated in the lignin fractions isolated in the initial
extracting steps, whereas hydroxycinnamic acids (p-coumaric
and ferulic acids) were not detected in the subsequently
extracted lignin fractions. The higher proportion of C−C
structures was probably related to the higher G units in the
lignin, as revealed by HSQC spectra. Furthermore, the data
obtained also showed that thermal stability is positively related
to the molecular weights, while a higher content of C−C
structures in the lignin fractions potentially led to a higher “char
residue” after thermal decomposition at 600 °C. Thus, lignin
molecules extracted from successive KOH extraction processes
could be used in revealing the inhomogeneous chemical
features of the lignin in a herbaceous plant.

Figure 7. Thermogram of the lignin fractions L0.6 and L1.5.
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