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Lignins isolated from native Pennisetum sinese Roxb. (P. sinese) and black liquor from kraft and soda-AQ 

pulping processes were characterized and compared by the analysis of alkaline nitrobenzene oxidation/HPLC, 

FT-IR, 
31

P-NMR and 2D-HSQC NMR. The purpose was to distinguish lignins’ structural differences and 

explore the mechanisms in the pulping process. Major functional groups and lignin linkages (β-O-4', β-β', β-5' 

etc.) were identified, and the structure of P. sinese lignin was described as a typical GSH-type lignin. Enzymatic 

mild acidolysis lignin (EMAL) contained a predominant proportion of syringyl units and guaiacyl units 

(syringyl/guaiacyl ratio of 1.2-1.4), along with a large amount of associated p-coumarates and ferulates. 

Soda-AQL and KL showed a significant decrease in β-O-4' linkages, while β-β' and β-5' linkages appeared to be 

especially resistant during the pulping process. In addition, an obvious decrease in aliphatic hydroxyl and a 

significant increase in total phenolic hydroxyl were noted after kraft and soda-AQ pulping. 
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INTRODUCTION 

Lignocellulosic biomass, made up of cellulose, hemicelluloses and lignin, is an excellent material 

for biofuels production due to its abundant quantity, renewability and carbon neutrality.
1,2

 The 

biorefinery is a natural concept emerging from the use of biomass feedstocks, such as woods and 

grasses, agricultural residuals and energy crops in lieu of petroleum to address global warming and 

depletion of fossil fuels.
3
 

Lignin is a major source of renewable aromatic chemicals. Soda-AQ and kraft pulping are widely 

used in the pulp and paper industry to manufacture fibers from grasses and woods, but these processes 

return copious amounts of waste lignin. The recently developed and commercialized LignoBoost™ 

technology offers the recovery of lignin from black liquors to provide a green approach for lignin 

isolation.
4-6

 A lot of alternative utilizations for lignin have been investigated, including as all-purpose 

antioxidants, binders and dispersants
1,7,8

 or as a bio-based alternative to oil and fossil fuels and raw 

material for synthesis of novel high-molecular polymers.
6,9 

Energy crops are an attractive alternative for the production of pulp and paper, textiles, bioethanol 

and biofuels due to their high productivity and low input for cultivation.
10

 P. sinese, as one of the 

energy crops, is highly productive, but has been largely underexploited. It is a monocot C4 perennial 

grass that is a hybrid of Pennisetum purpureum and Pennisetum americanum. It is versatile and 

adaptable and can consequently grow and thrive in a variety of harsh climates. Its high productivity 

(~40 t ha
-1

 y
-1

) allows it to be harvested 3-4 times per year, which recommends it as a potential 

lignocellulosic feedstock.
11 

Lignin, located in the plant cell wall with cellulose and hemicelluloses, is a complex 

macromolecule mainly composed of three monomers: p-hydroxyphenyl (H), guaiacyl (G) and syringyl 

(S). Its structure is characterized by a variety of functional groups and over 10 diverse chemical 

linkages that vary greatly among species and individuals, and even within the tissues of the same 

plant.
7,12

 Located in the plant cell wall, lignin plays a decisive role in the manipulation of the 



lignocellulosic matrix.
13

 However, lignin fractions are extremely variable,
 
which has been conjectured 

to hinder the accessibility of biomass polysaccharides to enzymatic hydrolysis, thus delaying the 

biorefinery evolution.
14

 In order to overcome biomass recalcitrance and facilitate widespread 

applications of lignin, understanding the structural characteristics of lignin from black liquors is 

crucial.
15 

It is a pre-requisite to extract and isolate representative lignin from the plant cell wall and black 

liquor before lignin is characterized. A lot of research work about the structural elucidation of lignin 

has been explored. Milled wood lignin (MWL), obtained by Björkman,
16,17

 has been the standard 

bearer. Next, cellulolytic enzyme lignin (CEL) has been considered as a method to obtain lignin with a 

higher yield and less degradation, and its structure is similar to that of MWL.
18-20

 Moreover, enzymatic 

mild acidolysis lignin (EMAL) is purer than MWL and CEL.
20

 Precipitation of lignin from pulping 

black liquor using inorganic acids has already been proposed.
21-23 

Presently, the literature reports structural differences between P. sinese native and residual lignins, 

but there is less research work on the structural characterization of the lignin isolated from P. 

sinese.
2,11

 Therefore, it is quite necessary to isolate lignins from original P. sinese and black liquor 

produced from kraft and soda-AQ pulping processes, and then characterize and compare them by an 

array of analytical techniques. It may be beneficial to use P. sinese to produce value-added products. 

 

EXPERIMENTAL 
Materials 

One-year old P. sinese was obtained from Guangdong Province, China. Prior to chemical composition 

analysis, the chips were dried at 60 °C for 16 h in an oven and were ground to pass a 40 mesh screen (≤0.45 

mm). The powders were extracted with a mixture of benzene and 95% ethanol (2:1, v/v) in a Soxhlet apparatus 

for 6 h to remove extractives. The chemical composition analysis of P. sinese was based on the methods 

developed by the National Renewable Energy Laboratory.
24 

 

Isolation and purification of enzymatic mild acidolysis lignin (EMAL) 

An amount of 40 g of extractive-free samples were ground in a MB-O planetary ball mill (CHUO Kagaku, 

Japan) at 300 rpm for 72 h using the procedure of Björkman.
25

 The isolation of the EMAL was based on the 

method developed and modified by Wu and Guerra.
20,26,27

 Ball-milled powders were treated by industrial 

cellulase (from Novozyme) with an activity of 10,000 units/mL carboxyl methyl cellulose. The enzymatic 

hydrolysis was carried out in a water bath shaker at biomass loading of 5%, pH of 4.5 (acetic acid-sodium 

acetate as buffer solution), and 45 °C for 48 h. Then, the crude enzymatic lignin was centrifuged and washed 

three times with 0.01 mol·L
-1

 hydrochloric acid (HCl), and freeze-dried.  

Impure lignin (10 g) was suspended in 200 mL of a mixture of acidic dioxane and deionized water (85:15, 

v/v, 0.01M) and refluxed at 87 °C under nitrogen for 2 h. The mixture solution obtained was filtered and washed 

with the mixture of dioxane and deionized water (85:15, v/v) for 2-3 times. The filtrate solution was neutralized 

with sodium bicarbonate (NaHCO3). The neutralized solution was then rotary evaporated at 40 °C until the ideal 

thick solution. The thick solution was dropped into excess acidified deionized water (pH 2.0), and then the 

precipitated lignin was centrifuged and freeze-dried. Finally, the obtained lignin was further washed with hexane 

and dried in vacuum oven at 40 °C. The yield of isolated EMAL was 23.2% based on the original lignin content. 

 

Preparation of soda-AQ lignin and kraft lignin 

Soda-AQ pulping was carried out under the following conditions: 14% NaOH, 0.05% AQ, liquor-to-samples 

ratio of 5:1 (mL/g), and pulping time of 2.5 h at 160 °C. Kraft pulping process was performed under the 

following conditions: NaOH of 14%, Na2S of 18%, liquor-to-samples ratio of 5:1 (mL/g), and pulping time of 

2.5 h at 160 °C. The Kappa numbers of the obtained soda-AQ and kraft pulps were 17.6 and 18.9, respectively. 

Residue lignin from black liquors was obtained by dilute acid precipitation
28,29

 and purified by the method 

described in the literature.
20

 The yields of the prepared Soda-AQL and KL were of 4.1 g and 4.3 g per 100 mL of 

black liquor, respectively.  

 

Alkaline nitrobenzene oxidation/HPLC 

The determination of the S/G ratio of lignin monomers was carried out by alkaline nitrobenzene oxidation 

(NBO), as modified by Dence et al.
30

 and Ohra-Aho et al.
31

 An amount of 0.2 g of lignin samples, 6 mL of 2 M 

NaOH solution, and 0.5 mL of nitrobenzene were taken into a stainless steel vessel and reacted for 2 h at 170 °C. 

Afterwards, the hot steel vessel was cooled with cold water. The mixture was filtered and extracted 3 times with 



30 mL CHCl3 to remove unreacted nitrobenzene and derived products. The aqueous phase was acidified with 2 

M HCl solution to pH 1-2. The acidified solution was further extracted 3 times with 30 mL of CHCl3 and 1 time 

with 30 mL of diethyl ether. The organic phase was dried by Na2SO4 and evaporated to dryness. The dried 

products were dissolved in 1 mL dioxane and were further identified and quantified by high performance liquid 

chromatography (HPLC) in a Shimadzu CEM-10A apparatus equipped with a UV-VIS detector and C-18 (250 

mm × 4 mm, 5 μm) reverse phase analytical column at 280 nm. The mixture of acetonitrile and water (12:88, 

v/v), containing 0.1% phosphoric acid, was used as mobile phase at a flow rate of 1.2 mL/min. The column 

temperature was maintained at 30 °C. Aromatic monomers used as references for qualification and quantification 

included gallic acid, protocatechuic acid, p-hydroxybenzaldehyde, vanillic acid, syringic acid, p-hydroxybenzoic 

acid, vanillin, syringaldehyde, p-coumaric acid and ferulic acid. 

 

FT-IR spectroscopy 

FT-IR spectra of the lignin samples were recorded on a FT-IR spectrophotometer (VERTEX70, Bruker, 

Germany) over 4000-400 cm
-1

, using a KBr disc containing 1% finely ground samples. 

 

NMR spectroscopy 

NMR spectra were recorded on a Bruker AV III 400 MHz NMR. For Quantitative 
31

P-NMR, 

pyridine-d5/CDCl3 (1.6:1, v/v) was used as solvent, cyclohexanol as internal standard, chromium acetylacetonate 

as relaxation reagent and 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TDMP) as phosphorylating 

reagent.
32-34

 For acquisition of the 2D HSQC NMR spectra, the spectral widths were 5000 and 20000 Hz, and 50 

mg of lignin was dissolved in 0.5 mL DMSO-d6.
35 

 

RESULTS AND DISCUSSION 

Composition analysis of P. sinese and isolated lignins 

Composition analysis of P. sinese and isolated lignins was carried out and the results are listed in 

Table 1. As can be seen clearly, the main chemical components were cellulose, hemicelluloses and 

lignin, in which the lignin content of P. sinese was 20.1%. The carbohydrate components of P. sinese 

accounted for 65.26%, which mainly consisted of glucose (40.64%), xylose (21.47%) and arabinose 

(1.82%). The purity of EMAL (92.5%) was around 5% lower than those of the corresponding 

Soda-AQL and KL, indicating that the lignin samples isolated from P. sinese still contain a few 

associated carbohydrates and other non-lignin contaminants, such as lignin-carbohydrate linkages. 

Such interactions between lignin and carbohydrates impede the isolation of lignin in high purities.
9
  

 

Comparison of nitrobenzene oxidation and determination of S/G 

The monomer composition and S/G ratio of three isolated lignins were analyzed by alkaline 

nitrobenzene oxidation/HPLC and the results are listed in Table 2. As shown in Table 2, 

syringaldehyde and vanillin, which represent typical syringyl-(S) and guaiacyl-(G) units, were the two 

dominant products from alkaline NBO of grass lignin; followed by p-coumaric acid, ferulic acid and 

p-hydroxybenzaldehyde. Vanillic acid, syringic acid and p-hydroxybenzoic acid were minor 

constituents, whereas the yield of gallic acid and protocatechuic acid were negligible. This observation 

provides information about the composition of the original polymer. The predominant product, 

syringaldehyde, accounted for 31.2-43.3% of the total NBO products. Vanillin was the second major 

degradation product, which amounted to 25.3-30.6%. It could be seen that the contents of 

hydroxycinnamates (p-coumarate (PCA) and ferulate (FA)) in EMAL were higher than those in KL 

and Soda-AQL, which indicated the lignin-carbohydrate components (LCC) were unstable during the 

delignification process.
9
 The ratio of syringyl to guaiacyl (S/G) was given in many studies as an index 

of the degradation of lignin. Specifically, the S/G ratio analyzed by the alkaline NBO method was 

found to correlate with the proportion of the condensed structures of lignin, i.e. more non-condensed 

alkyl-aryl ether linkages (β-O-4') resulted in higher S/G ratio.
36,37

 Moreover, the β-aryl ether linkage in 

syringyl lignin was cleaved much more easily than that in guaiacyl lignin.
38 

 

 

 

 

 



Table 1 

Chemical composition of P. sinese and isolated lignins 

 

 Purity 

(%) 

Carbohydrates (%) Total carbohydrates 

(%) 

AIL 

(%) 

ASL 

(%) Arabinose Galactose Glucose Xylose Mannose 

P. sinese - 1.82 0.61 40.64 21.47 0.73 65.26 16.35 3.74 

EMAL 92.5 0.42 0.27 0.91 5.75 0.25 7.50 87.32 5.18 

Soda-AQL 97.5 0.11 - 0.41 1.98 - 2.50 93.36 4.14 

KL 97.8 0.15 - 0.37 2.48 - 3.0 93.47 4.33 

 

Table 2 

Content (area %) of phenolic acids and aldehydes in the alkaline nitrobenzene oxidation products of EMAL, Soda-AQL and KL from P. sinese 

 

Phenolic acids and aldehydes 
Content of oxidation products (area %) 

EMAL Soda-AQL KL 

Gallic acid 0.67 0.84 0.65 

Protocatechuic acid 0.21 - 0.24 

p-Hydroxybenzoic acid 0.71 0.91 1.78 

Vanillic acid 2.50 4.52 3.86 

p-Hydroxybenzaldehyde 7.40 5.91 2.33 

Vanillin 24.80 27.29 28.61 

Syringic acid 4.75 5.25 6.26 

Syringaldehyde 33.21 44.22 45.31 

p-Coumaric acid 14.52 3.10 2.80 

Ferulic acid 11.21 7.96 8.16 

S/G
*
 1.40 1.56 1.59 

*
G – total amount of vanillin and vanillic acid, S – total amount of syringaldehyde and syringic acid 

 

 



 

Figure 1: FT-IR spectra of the isolated lignins 

 

In addition, it had been proposed that the β-O-4' bond was a dominant structure in lignin and highly 

related to the S/G ratio during the kraft pulping process.
39-41

 In this work, the S/G molar ratio of 

EMAL was 1.40, whereas that of KL and Soda-AQL from black liquor showed a similar regularity of 

1.56 and 1.59, respectively. The reason for the increase of S/G ratio was probably that more S-rich 

lignins were extracted from P. sinese under alkaline conditions.
9,31

 

 

FT-IR analysis 

FT-IR spectroscopy was used to examine the 3 types of lignins, and the absorption assignments 

were based on the literature.
35,42,43

 As can be seen from the spectra of P. sinese EMAL, KL and 

Soda-AQL in Figure 1, the band at 3400 cm
-1

 was ascribed to the OH stretching of hydroxyl functional 

groups. The bands at 2941 and 2845 cm
-1

 were attributed to C-H stretching absorption bands, while 

the band at 1461 cm
-1

 was assigned to C-H asymmetric deformations. The absorbances at 1600, 1510 

and 1420 cm
-1

 originated from aromatic skeleton vibrations. Moreover, the band at 1264 cm
-1

 

identified with alkyl aryl ether bond represented guaiacyl (G) structures; the signals at 1120 and 1030 

cm
-1

 associated with the presence of dialkyl ethers represented syringyl (S) structures; besides, the 

small band at 1232 cm
-1

 represented the p-hydroxyphenyl (H) unit. The FT-IR spectra therefore 

demonstrated that P. sinese EMAL was a typical GSH-type lignin. It should be noted that the structure 

of lignin extracted from black liquor changed; however, the characteristic bands of lignins from the 

two pulping processes were very similar. 

 

Analysis of 
31

P-NMR spectra  

As known, phenolic OH plays an important role in lignin reactivity.
34

 Quantitative 
31

P-NMR of the 

three lignins was further recorded to investigate the phenolic hydroxyl group and β-aryl ether bond 

contents, and the results are presented in Table 3 and Figure 2. It was observed that the content of 

S-type phenolic hydroxyl groups in EMAL was lower than that of G-type OH, probably because most 

of the S-type lignin unit was involved in the formation of the β-O-4' linkages and only a slight amount 

of free S-OH could be detected;
9
 as a result, the S/G ratio of EMAL was slightly lower. After kraft and 

soda-AQ pulping, the content of aliphatic OH decreased significantly, while an obvious increase in the 

total phenol hydroxyl concentration appeared. These were attributed to the cleavage of the β ether 

band and degradation.
36

 It was also observed that the content of non-condensed S-OH and G-OH 

increased obviously as compared to that of condensed S-OH and G-OH structures in KL and 

Soda-AQL, which indicated that the cleavage of β-O-4' linkages appeared in the pulping process.
34,36

 

In addition, the content of the non-condensed H-OH was relatively stable during the pulping 

processes, while the -COOH content increased significantly, which probably contributed to the 

cleavage of the LCC linkages, and thus more glucuronic acid was released during the alkali pulping 



process.
9
 Additionally, the increase of the -COOH content was probably due to the oxidation of 

aliphatic OH, which could be reflected in the decreased aliphatic OH in KL and Soda-AQL.
44

 

Compared to EMAL, the structure features of KL and Soda-AQL were more similar. 

 
Table 3 

Quantification of functional groups in EMAL, KL and Soda-AQL from P. sinese by Quantitative 
31

P-NMR 

 

Functional groups 
Shift δ  

(ppm) 

Concentration (mmol/g) 

EMAL Soda-AQL KL 

Aliphatic-OH 150.0~145.0 3.96 2.70 1.29 

Condensed S-OH 144.4~143.1 0.04 0.56 0.44 

Non-condensed S-OH 143.1~142.4 0.17 1.79 1.21 

Condensed G-OH 142.4~141.5 0.02 0.32 0.16 

Non-condensed G-OH 140.0~138.8 0.36 1.36 0.85 

Non-condensed H-OH 138.2~137.4 1.03 0.98 1.09 

COOH 135.6~134.0 0.05 0.45 0.41 

Total phenolic-OH - 1.62 5.01 3.75 

S/G ratio
*
 (phenolic-OH) - 0.55 1.40 1.63 

*
G – total amount of vanillin and vanillic acid, S – total amount of syringaldehyde and syringic acid 

 

 

Figure 2: Quantitative 
31

P-NMR of EMAL, KL and Soda-AQL from P. sinese 

 

2D-HSQC spectra 

2D-HSQC spectra could give more structural information about the lignins. The aliphatic and 

aromatic regions of the 2D-HSQC spectra of different lignins are shown in Figure 3. The peaks are 

assigned based on previous data and listed in Table 4. Accordingly, the main lignin substructures are 

depicted in Figure 4.
45,46

 The side-chain region of the spectra revealed detailed information about the 

inter-unit linkages. The spectra showed prominent signals corresponding to β-O-4' aryl-ether linkages 

(substructures A and A'). The Cα-Hα correlations in β-O-4' substructures were located at δC/δH 

72.0/4.70-4.90. Likewise, the Cβ-Hβ correlations were observed at δC/δH 83.5/4.35 and 86.0/4.12 for 

the β-O-4' structures linked to G and S units. The Cγ-Hγ correlations were observed at δC/δH 60.0/3.40 

and 60.0/3.56 for the β-O-4' structures, partially superimposed on other signals. In addition, the Cγ-Hγ 

correlations in γ-acylated lignin units (A') were also observed at δC/δH 63.0/4.29.  



 

Figure 3: Aliphatic and aromatic regions of 2D-HQSC NMR spectra of EMAL, KL and 

Soda-AQL from P. sinese 

 

Table 4 

Assignments of lignin 
13

C-
1
H correlation signals in 2D-HSQC NMR spectra of  

EMAL, KL and Soda-AQL from P. sinese 

 

Labels δC/δH (ppm) Assignment 

Bβ 54.0/3.12 Cβ-Hβ in β-β’ (resinol) substructures (B) 

-OMe 55.6/3.72 C-H in methoxyls (MeO)  

Aγ 60.7/3.53 Cγ-Hγ in β-O-4’ substructures (A) 

Iγ 62.5/4.30 Cγ-Hγ in p-hydroxycinnamyl alcohol end groups (I) 

A'γ 63.0/4.11 Cγ-Hγ in γ-acetylated β-O-4’ substructures (A’γ) 

Cγ 63.1/3.78 Cγ-Hγ in phenylcoumaran substructures (C) 

Bγ 71.6/3.69 Cγ-Hγ in β-β’ (resinol) substructures (B) 

Aα 72.0/4.89 Cα-Hα in β-O-4’ substructures linked to a S unit (A) 

Aβ (S) 84.9/4.12 Cβ-Hβ in β-O-4’ substructures linked to a S unit (A) 

Aβ (G/H) 83.5/4.45 Cβ-Hβ in β-O-4’ substructures linked to a G and H units (A) 

S2,6 104.3/6.72 C2,6- H2,6 in syringyl units (S) 

G2 111.3/6.96 C2-H2 in guaiacyl units (G) 

FA2 111.0/7.32 C2-H2 in ferulic acid units (FA) 

PCAβ 114.3/6.25 C8-H8 in p-coumaric acid (PCA) 

G5 115.3/6.76 

114.0/6.67 

C5-H5 in guaiacyl units (G) 

PCA3,5 115.5/6.77 C3-H3 and C5-H5 in p-coumarate 

FA6 123.0/7.10 C6-H6 in ferulic acid units (FA) 

H2,6 128.0/7.23 C2,6-H2,6 in p-hydroxyphenyl units (H) 

G6 119.0/6.89 C6-H6 in guaiacyl units (G) 

PCA2,6 130.3/7.42 C2,6-H2,6 in p-coumaric acid (PCA) 

PCAα 144.4/7.39 C7-H7 in p-coumaric acid (PCA) 

 

 



 

Figure 4: Main structures present in EMAL, KL and Soda-AQL from P. sinese: (A) β-O-4' linkages; (A') β-O-4' 

linkages with acetylated γ-carbon; (B) resinol structures formed by β-β', α-O-γ' and γ-O-α' linkages; (C) 

phenylcoumarance structures formed by β-5' and α-O-4' linkages; (I) p-hydroxycinnamyl alcohol end-groups; 

(PCA) p-coumarate units; (FA) ferulate units; (H) p-hydroxyphenyl units; (G) guaiacyl units; (S) syringyl units; 

(S') oxidized syringyl units bearing a carbonyl groups at Cα 

 

Moreover, signals for resinol (β-β', substructures B) were also found in the spectra. The signal of 

Cα-Hα (δC/δH) was at approximately 83.6/4.81, while the signals of Cγ-Hγ (δC/δH) were observed at 

71.6/3.69. The signal of Cγ-Hγ (δC/δH) from phenylcoumaran (β-5', substructures C) was also detected 

at 63.5/3.78, which partially overlapped with the signals of C5-H5 from xylans. Furthermore, the signal 

located at 62.5/4.15 (δC/δH) was assigned to the Cγ-Hγ correlation of p-hydroxycinnamyl alcohol end 

groups (I). Compared to the EMAL spectrum, the signal intensity of β-β' and β-5' cross peaks in KL 

and Soda-AQL increased, and some ether substructures were detected during the alkaline reaction. 

In the aromatic region of the 2D-HSQC spectra of the lignin samples, signals originating from G 

units, S units, p-hydroxycinnamyl (H) unit, p-coumarates (PCA) and ferulates (FA) were obviously 

distinguished. The S-lignin unit showed a prominent signal for the C2,6-H2,6 (δC/δH) correlations at 

103.6/6.69, while the signals for the Cα-oxidized S-units (S') were found at 106.3/7.19 (δC/δH). 

Conversely, the G-units showed different correlations: C2-H2 (δC/δH, 111.0/6.96), C5-H5 (δC/δH, 

115.4/6.75), and C6-H6 (δC/δH, 118.9/6.77). Cross-signals corresponding to C2,6-H2,6 correlations of H 

lignin units were detected at 128.0/7.23. Signals corresponding to p-coumarates structures (PCA) were 

observed in the spectra of the lignin fractions. Signals corresponding to the C2,6-H2,6 and C3,5-H3,5 were 

noted at 130.3/7.42 (δC/δH) and 115.4/6.77 (δC/δH), and signals for the correlations of the unsaturated 

Cα-Hα at 144.4/7.39 (δC/δH) and Cβ-Hβ at 114.3/6.25 (δC/δH) of the p-coumarate unit were observed in 

this region of the HSQC spectra. 
 

 

 

 



Table 5 

Substructure contents of EMAL, KL and Soda-AQL from P. sinese by Quantitative 2D-HSQC spectra 

 

Linkages (%)
*
 EMAL Soda-AQL KL 

β-O-4' substructures (A/A') 84.4 35.1 41.4 

β-β' resinol substructures(B) 9.9 49.8 44.8 

β-5' phenylcoumaran substructures (C) 5.7 15.1 13.8 

S/G ratio 1.25 1.65 1.66 
*
Per 100 aromatic units and expressed as a percentage of the total linkage considered 

 

Relative abundances of the main lignin inter-unit linkages and the S/G ratio calculated from the 2D 

HSQC spectra, based on previous work,
45

 are shown in Table 5. As expected, the main substructures 

present in EMAL were β-O-4' ether linkages, which accounted for 84.4% of all inter-unit linkages, 

followed by β-β' resinol substructures (B), which involved 9.9% of all linkages, and minor amounts of 

β-5' phenylcoumaran substructures (C, 5.7%). Whereas β-O-4' alkyl-aryl ether linkages dramatically 

decreased during soda-AQ and kraft pulping processes, the predominant inter-linkage changed to β-β' 

resinol substructures (B), which seemed to be particularly resistant to soda-AQ and kraft pulping.
47

 

Furthermore, Soda-AQL and KL showed a similar percentage of β-5' linkages that ranged from 13.8% 

to 15.1%, much higher than that of EMAL. It indicated that the S/G ratio was important to elucidate 

the lignin isolation and delignification process.
48,49

 In the present work, the EMAL of the native 

sample P. sinese had an S/G molar ratio of approximately 1.25, according to the HSQC spectra, which 

was lower than that of alkaline nitrobenzene oxidation (1.40). Del Rio et al. showed a similar lignin 

composition in the cortex and pith of elephant grass, with an S/G ratio around 1.30.
2
 It has been 

generally considered that the S/G ratio obtained from NMR results is more accurate, since NMR can 

detect all the structural information of lignin, both the condensed and non-condensed parts.
50,51

 In 

contrast, the nitrobenzene oxidation method only detects the S/G of releasable monomers, such as 

syringaldehyde, syringic acid, vanillin and vanillic acid etc. from the oxidative cleavage of condensed 

structures of lignin.
36,37

 It was also found that the S/G ratios of Soda-AQL and KL increased to 1.65 

after pulping. It was noted that alkaline pulping had a significant influence on the delignification of 

lignin. The EMAL displayed a predominance of the aryl ether β-O-4' linkages, which mainly consist 

of abundant S-type units. The amount of β-O-4' linkages seemed to decrease dramatically, which was 

probably related to the delignification of the alkaline pulping process. 

 

CONCLUSION  

The structure of P. sinese lignin was typical of GSH-type, with predominant syringyl and guaiacyl 

units. The original EMAL contained a syringyl/guaiacyl ratio of 1.2-1.4 and a large amount of 

associated p-coumarates and ferulates. For the lignins of black liquors from soda-AQ and kraft pulping 

processes, respectively, the analysis of 2D-HSQC and 
31

P NMR demonstrated that, compared to the 

original EMAL, β-O-4' linkages were extensively degraded and broken during the pulping process, 

and β-β' and β-5' linkages were formed and appeared to be especially resistant to the pulping process. 

Moreover, an obvious decrease in aliphatic OH and a significant increase of the total phenol hydroxyl 

concentration were attributed to the cleavage and degradation of β-O-4' substructures. 
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