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The lignin degradation and its structural change as a result of catalytic 
steam explosion pretreatment can be considered of great importance for 
both the subsequent fermentation and the further utilization of the lignin 
fraction. This work investigated the degradation mechanism and change 
in the characteristics of lignin during dilute sulphuric-acid catalytic steam 
explosion (SE) pretreatment and ammonia catalytic steam explosion (AE) 
pretreatment of corn stalk. For this purpose, two types of lignin samples 
obtained from the two pretreatments of aqueous products and solid 
residues were fractionated, and they were then characterized by a series 
of comprehensive analyses that consisted of gas chromatography-mass 
spectroscopy (GC-MS), ion chromatography (IC), Fourier transform 
infrared (FT-IR), Carbon-13 nuclear magnetic resonance (13C NMR), 
Carbon-Hydrogen two-dimensional heteronuclear single quantum 
coherence (13C-1H 2D HSQC), pyrolysis-GC-MS (Py-GC-MS), and field 
emission scanning electron microscopy (FE-SEM). Overall, the 
characteristic diversity of the lignin provides useful reference for high-
value applications of lignin. 
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INTRODUCTION 
 

The lignocellulosic biomass-to-bioethanol conversion is one of the most promising 

ways to supply sustainable energy and to prevent negative environmental impacts. Corn 

stalk, as an important agricultural residue, has enough reserves to provide a stable source 

of carbohydrates for bioethanol conversion. After pretreatment, corn stalk can be 

enzymatically hydrolyzed to fermentable sugars and then fermented to ethanol (Lynd 1989; 

Esteghlalian et al. 1997). However, prior to hydrolysis, pretreatment is necessary to break 

down the polymeric matrix in the carbohydrates and lignin, which consequently increases 

the enzyme accessibility to the recovered solid substrate during enzymatic hydrolysis 

(Kaparaju and Felby 2010). Of the pretreatment methods, steam explosion is the most 

effective method for hardwood and agricultural residues, due to their high content of acetyl 

groups in the hemicellulose (Wooley et al. 1999). 

During steam explosion, hemicelluloses are partially hydrolyzed to sugars by 

breaking glycosidic bonds with organic acids (Jacquet et al. 2011; Wang et al. 2016); under 

acidic conditions the sugars undergo a series of secondary reactions to produce furfural and 

5-HMF. In addition, lignin degradation occurs by the cleavage of the α-ether and β-ether 

linkages under acidic conditions (Doherty et al. 2011). Therefore, there is easier solid 

substrate access for enzymes after pretreatment. Acidic chemicals such as H2SO4 (Lee and 
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Jeffries 2011), H3PO4, SO2 (Neves et al. 2016), and CO2 (Alinia et al. 2010) can be used 

as catalysts to improve pretreatment efficiency. With the addition of acidic chemicals, 

hemicelluloses can be removed more completely, but more inhibitory by-products are also 

produced. These inhibitory chemicals, primarily organic acids, furans, aromatic aldehydes, 

and phenolic compounds, inhibit downstream enzymatic hydrolysis and fermentation 

(Cantarella et al. 2004; Monlau et al. 2004). Phenolic and aldehyde compounds, formed 

by thermal partial break-down of lignin, typically have a stronger inhibitory effect than by-

products formed by carbohydrate degradation. Thus, an alkaline chemical preimpregnated 

steam explosion pretreatment has been proposed, owing in part to its high effectiveness at 

lignin solubilization and partly because lower enzyme loadings are required for enzymatic 

hydrolysis (McIntosh and Vancov 2011). 

Above all, the lignin degradation that occurs in pretreatment processes can be 

responsible for the inhibitory influence on downstream processes in bioethanol production. 

Furthermore, lignin, from either pretreatment effluent or hydrolysis residue, is required for 

further utilization for high value-added products. Therefore, it is necessary to investigate 

the characteristic changes in lignin after pretreatment to understand how to obtain good 

quality lignin. In the present work, corn stalk was chosen as the raw material, while dilute 

sulphuric-acid and liquid ammonia were used as catalysts for steam explosion 

pretreatment. Lignin degradation during the two pretreatments was evaluated by the 

detection of degradation products in the aqueous products. Moreover, lignin samples, were 

isolated from the pretreatment liquid/solid residues by various methods, including acidic 

precipitation, dialysis, solvent extraction with acetone/water solutions, and ball milling. 

The lignin samples were characterized using ion chromatography (IC), Fourier transform 

infrared spectroscopy (FT-IR), carbon-13 nuclear magnetic resonance (13C NMR), carbon-

hydrogen two-dimensional heteronuclear single quantum coherence (13C-1H 2D HSQC), 

pyrolysis-gas chromatography-mass spectroscopy (Py-GC-MS), and field emission 

scanning electron microscopy (FE-SEM). 

 
 
EXPERIMENTAL 
 
Materials and Reagents 

Raw corn stalk obtained from northeast China was used as the feedstock. The corn 

stalk was cut into about five-centimeter length to reduce energy consumption. The solid 

composition of corn stalk, as determined by standard NREL methods (Sluiter et al. 2008), 

was 28.0 wt.% glucan, 19.3 wt.% xylan, 2.7 wt.% arabinan, 0.88 wt.% galactan, 0.72 wt.% 

mannan, 26.6 wt.% lignin, 4.1 wt.% benzene-alcohol extractive, and 4.3 wt.% ash. 

Commercial cellulase (Celluclast 1.5) was obtained from Novozymes Biotechnology Co., 

Ltd. (Tianjin, China), and it had a filter paper activity of 127 FPU/mL. β-glucosidase 

(Novozyme 188) was also obtained from Novozymes and had an enzyme activity of 285 

CBU/mL. DMSO-d6 (99.9%) was purchased from Sigma-Aldrich (St. Louis, USA). Other 

chemical reagents used in this paper were all of analytical reagent grade. 

 
Pretreatment of Corn Stalk 

The dilute sulphuric-acid and liquid ammonia impregnations prior to a steam 

explosion were performed separately in this study. The liquid ammonia impregnation was 

performed by mixing 300 g of dry corn stalk with 30% liquid ammonia and incubation at 
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room temperature for 6 h. The dilute sulphuric-acid impregnation was performed at room 

temperature with certain concentrations of H2SO4 for 10 min. The solid-to-liquid ratio was 

1:2.5. Subsequently, steam explosion pretreatments of the mixtures were performed by a 

removable explosion device (BL-08, Prosperous Technology co., Ltd., Beijing, China). 

After a certain retention time, the reactions were stopped by suddenly releasing the 

pressure, and the pretreated slurries were filtered by a 120-mesh filter cloth. Finally, solid 

and aqueous samples were stored separately at 4 °C for further analysis and procedures. 

The intensity of the SE pretreatment was determined in terms of the combined severity 

factor (CSF), by Eq. 1, 

CSF = log  𝑡 × exp[
 𝑇 − 100 

14.75
] − pH 

             (1) 

where t is the pretreatment time (min) and T is the pretreatment temperature (°C). 

 
Aqueous Samples Analysis 

The extraction step of the obtained aqueous samples prior to analysis was 

conducted with dichloromethane at a ratio of 10:1. After this was repeated three times, the 

organic phase was separated and then condensed to approximately 1 mL at a reduced 

pressure with a rotary evaporator. Subsequently, the extracted samples of organic fractions 

were detected by a GC-MS (7890A GC system/5975C MS Detector, Agilent Technologies, 

Inc., Santa Clara, USA). The GC-MS was equipped with a DB-5 MS column (30 m × 250 

μm × 0.25 μm). The injection and detector temperatures were set at 250 °C and 280 °C, 

respectively. The oven temperature program began at 40 °C for 5 min, increased to 130 °C 

for 4 min, and increased again to 280 °C for 15 min, at a heating rate of 25 °C/min. Helium 

was used as the carrier gas at a constant flow rate of 1 mL/min. The scan range of the mass 

spectrum was 33 to 500 m/z, and the mass spectra were identified with NIST 14. L 

(http://www.sisweb.com/software/ms/nist.htm#ei). 

 
Preparation of Lignin Samples 

Two types of lignin samples, obtained from pretreatment aqueous and solid residue, 

were isolated and further purified as described in Fig. 1. In here, the letter “S” indicates 

sulphuric acid and the letter “A” indicates ammonia. In particular, SE lignin (SEL), 

obtained from the SE pretreatment of aqueous product, was precipitated by adjusting to pH 

2 with 6 mol/L of NaOH. The precipitate was separated by centrifugation, and then washed 

until the wash water was neutral. AE lignin (AEL) was obtained from the AE pretreatment 

of aqueous product, and acidic precipitation was conducted with 3 mol/L of H2SO4 at pH 

5. Subsequently, dialysis was performed in a dialysis membrane with a molecular weight 

cutoff of 7000 Da for 3 days. 

SE-residue milled lignin (SEML) and AE-residue milled lignin (AEML) were 

prepared by ball milling, enzymatic hydrolysis, and solvent extraction. The grinding step 

was performed in a planetary ball mill (PQ-N2, Across International, Livingston, USA) for 

72 h. For enzymatic hydrolysis, the grinded pretreatment residues were mixed with certain 

enzyme loadings of Celluclast 1.5L and Novozyme 188 at 2% (w/v) in 50 mmol/L sodium 

citrate buffer (pH 4.8) at 50 °C and 300 rpm for 72 h in a Thermomixer shaker. The loading 

dosage of cellulase and β-glucosidase were 60 FPU/g and 120 CBU/g to substrates, 

respectively. 
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Fig. 1. Scheme for the isolation of degraded lignin samples from SE and AE pretreatments 
aqueous products and solid residues 

 

Solvent extraction was repeated three times in a Soxhlet extractor with 

acetone/water (9:1) at a solid-to-liquid ratio of 1:30 for 4 h. The extracted lignin was 

isolated, condensed at reduced pressure, and vacuum-dried at 40 °C for 24 h. 

Similar to the residue lignin samples, milled wood lignin obtained from raw corn 

stalk (RML), which acted as a control, was prepared by ball milling, enzymatic hydrolysis, 

and solvent extraction. 

 
Characterization of Isolated Lignin Samples 
Composition analysis of isolated lignin samples 

The solid composition of the isolated lignin samples was analyzed following the 

standard NREL method (Sluiter et al. 2008). The sugar concentrations were analyzed by 

an ion chromatography system (Dionex ICS-5000, Thermo Fisher Scientific, Waltham, 

USA) with a supporting electrochemical detection. The sugars were separated by a Dionex 

CarboPac PA20 column (Thermo Fisher Scientific) at a flow rate of 0.5 mL/min at 30 °C. 

The eluents were 200 mmol/L NaOH and 1 mol/L sodium acetate. 
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FT-IR analysis 

FT-IR was performed on a Bruker VERTEX 70 spectrometer (Billerica, USA). The 

spectra were recorded in the 1800 to 600 cm-1 range with a resolution of 4 cm-1. 

 
13C and HSQC NMR spectroscopy 

13C and HSQC NMR spectra were both collected on a Bruker AVANCE III HD 

600 MHz spectrometer (Ettlingen, Germany) operated at 25 °C. For 13C spectroscopy, 120 

mg of the isolated lignin was dissolved in 0.6 mL of DMSO-d6 (99.9%).The spectra were 

recorded in an FT mode at 100.6 Hz. Other parameters applied in the 13C NMR experiments 

were a 90° pulse angle, 2 s relaxation delay, and 60000 scans. 

HSQC NMR spectra analysis was performed with 30 mg of lignin samples in 0.6 

mL of DMSO-d6 with a 90° pulse angle, 0.11 s acquisition time, 1.5 s relaxation delay, 

256 scans, and a 1JC-H of 145. 

 

Py-GC-MS analysis 

The Py-GC-MS analysis was performed using an Rx-3050TR Tandem μ-Reactor 

(FRONTIER LAB, Fukushima, Japan), which was connected to a GC-MS (7890B GC 

system/5977A MS Detector, Agilent Technologies). Approximately 0.6 mg of the lignin 

samples were pyrolyzed at 600 °C for 30 s. The GC-MS was equipped with a ZB-5HT 

column (30 m × 250 μm × 0.25 μm). The GC oven temperature program started at 50 °C 

for 2 min and increased to 90 °C for 1 min, at a heating rate of 10 °C/min, followed by an 

increase to 150 °C for 5 min at a 3 °C/min heating rate, and finally increased to 350 °C for 

3 min at a heating rate of 20 °C/min. Helium was used as the carrier gas at a constant flow 

rate of 1 mL/min. The temperatures of the MSD transfer line and the GC injector were 300 

°C and 350 °C, respectively. The scan range of the mass spectrum was 10 to 500 m/z, and 

the mass spectra were identified with NIST 14. L. 

 

FE-SEM analysis 

FE-SEM measurements were performed on a MERLIN FE-SEM (Carl Zeiss 

Microscopy, Oberkochen, Germany) after the samples were AU-coated by sputtering 

method using a JEOL JFC-1600 coater sputter (Redding, USA). 

 
 
RESULTS AND DISCUSSION 
 
Characterization of Major Organic Products Generated from SE/AE 
Pretreatments of Corn Stalk 

To elucidate the major constituents of degraded lignin from corn stalk in the SE/AE 

pretreatments, major organic fractions in the pretreatment aqueous products were detected 

by GC-MS. Table 1 details the major organic compounds in the SE pretreatment aqueous 

products at CSF 3.5. The aqueous products contained furans, phenols, aromatic aldehydes, 

organic acids, acetones, and esters. Furans were a large constituent of the aqueous products, 

and mainly consisted of furfural (C5H4O2), 5-methyl furfural (C6H6O2), and 5-HMF 

(C6H6O3), which were formed by pentose and hexose acidic degradation. As expected, 

phenols and aromatic aldehyde compounds were enriched in the aqueous products of SE 

pretreatment indicated lignin depolymerization. There were also organic aromatic acids 

including vanillic acid (C8H8O4), syringic acid (C9H10O5), ferulic acid (C10H10O4), and 
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sinapic acid (C11H12O5). This was probably due to the further oxidation of the side chains 

of lignin under acidic conditions. In addition, esters in the form of methyl vanillate 

(C9H10O4), diphenylacetic acid, and methyl ester (C15H14O2) were probably formed by the 

esterification reaction between aromatic acids and alcohols. 

 
Table 1. Major Organic Compounds in Aqueous Products of Dilute Sulphuric-
acid Catalytic Steam explosion Pretreatments of Corn Stalk at CSF 3.5 

Time (min) Compound Formula Relative Content (%) 

6.933 Furfural C5H4O2 42.46 

7.744 2(5H)-furanone C4H4O2 0.33 

7.953 Acetonyl acetone C6H10O2 0.42 

8.340 5-methyl furfural C6H6O2 0.64 

8.479 Phenol C6H6O 0.16 

9.178 Benzylcarboxaldehyde C8H8O 0.12 

11.191 Benzofuran, 2,3-dihydro- C8H8O 2.40 

11.471 5-HMF C6H6O3 0.80 

13.114 Phenol, 2-methoxy-4-vinyl- C9H10O2 5.57 

13.597 Phenol, 2,6-dimethoxy- C8H10O3 0.30 

13.828 Benzaldehyde, 4-hydroxy- C7H6O2 1.43 

13.962 Phenol, 4-propyl- C9H12O 0.28 

14.365 Vanillin C8H8O3 6.08 

14.725 Phenol,4-acetyl- C8H8O2 0.32 

14.913 Phenol , 2-methoxy-4-propyl- C10H14O2 1.10 

15.187 Apocynin C9H10O3 0.44 

15.530 Vanillyl methyl ketone C10H12O3 0.39 

15.793 Vanillic acid C8H8O4 0.74 

15.981 Butyrovanillone C11H14O3 0.94 

16.341 Vanilethanediol C9H12O4 0.68 

16.502 Syringaldehyde C9H10O4 6.24 

16.642 Methyl vanillate C9H10O4 0.39 

16.953 Coniferyl aldehyde C10H10O3 3.02 

17.071 Desaspidinol C11H14O4 1.86 

17.329 Syringic acid C9H10O5 0.28 

17.378 Aspidinol C12H16O4 1.59 

17.587 3,4-dimethylanisole C9H12O 0.16 

17.668 Ferulic acid C10H10O4 0.37 

18.253 Diphenylacetic acid, methyl ester C15H14O2 2.31 

18.355 Sinapinaldehyde C11H12O4 1.45 

18.666 Sinapic acid C11H12O5 0.25 

Total   83.52 

 

The major lignin degradation products obtained at different CSFs were detailed in 

this study. Phenols and aldehydes, as the main lignin degradation products, are summarized 

in Fig. 2. Phenols, which mainly consisted of phenol, 2-methoxy-4-vinyl- (G), and phenol, 

2-methoxy-4-propyl- (H), were formed rapidly as the CSF increased from 2.65 to 3.47. G 

and H represent guaiacyl and p-hydroxyphenyl units of lignin, respectively. Aldehyde 

compounds mainly included benzaldehyde, 4-hydroxy- (H), vanillin (G), syringaldehyde 

(S), coniferyl aldehyde (G), and sinapinaldehyde (S). S represents syringyl units of lignin. 

Vanillin and syringaldehyde were both found in large quantities in the pretreatment 

products, and the relative contents slightly decreased at higher CSFs, which was probably 

http://www.molbase.com/en/formula-C11H14O3.html
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due to the increased formation of phenols and other aldehydes. Furthermore, lignin 

degradation products contained more amounts of G-type products than S-type, and the S/G 

ratio of lignin degradation products was approximately 0.59. This data revealed a 

preferential removal of G-type lignin over S-type lignin during the SE pretreatment. 

 

 
Fig. 2. Distributions of major lignin degradation products in aqueous products of the SE 
pretreatment of corn stalk at different CSFs 

 

Table 2. Major Organic Compounds in Aqueous Products of Ammonia Catalytic 
Steam Explosion Pretreatments of Corn Stalk 

Time (min) Compound Formula Relative content (%) 

6.38 2-methylpyrazine C5H6N2 3.46 

9.570 Phenol , 2-methoxy- C7H8O2 4.98 

11.148 Benzofuran, 2, 3-dihydro- C8H8O 49.13 

13.028 Phenol, 2-methoxy-4-vinyl- C9H10O2 4.46 

13.576 Phenol, 2,6-dimethoxy- C8H10O3 3.00 

14.264 Vanillin C8H8O3 3.97 

14.961 1,2,4-Trimethoxybenzene C9H12O3 5.98 

15.149 Apocynin C9H10O3 3.10 

16.857 Acetosyringone C10H12O4 1.72 

16.948 (E)-Conipheryl alcohol C10H12O3 14.96 

Total   94.76 

 

Table 2 details the major organic products generated during the AE pretreatment of 

corn stalk. The aqueous products included benzofuran, 2,3-dihydro- (C8H8O), 2-

methylpyrazine (C5H6N2), vanillin, and some phenolic compounds. Benzofuran, 2,3-

dihydro- was largely retained in the pretreatment aqueous products, and the content was 

about 49.13%, which was formed by the breakage of the phenyl coumaric structure of 

lignin. In addition, phenol, 2-methoxy- (g), phenol, 2-methoxy-4-vinyl- (g), phenol, 2,6-

dimethoxy- (s), conipheryl alcohol (g), apocynin (g), and acetosyringone (S) were found 

in the pretreatment aqueous products, and the relative contents ranged from 1.72% to 
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14.96%. Therefore, the S/G ratio of lignin degradation products estimated was about 0.15, 

which suggested that in the AE pretreatment more amounts of G-type lignin were degraded, 

like in the SE pretreatment. Overall, relatively smaller amounts of phenolic compounds 

were released during the AE pretreatment than in the SE pretreatment. 

 
Characterization of Isolated Lignin Samples 
Composition analysis of isolated lignin samples 

The solid compositions of the five lignin samples were analyzed. As shown in Table 

3, the ash contents in AEL and SEL were lower than in the three residue lignin samples, 

which suggested that inorganic compounds were effectively removed by dialysis. This 

result was consistent with the results reported by Fang et al. (2015), who found that dialysis 

was an efficient way to remove inorganic compounds to obtain more pure kraft lignin. 

Moreover, the sugar contents in two of the residue lignin samples, AEML and SEML, were 

both appreciably lower compared with RML. This was mainly due to the fact that both of 

the pretreatments broke down the polymeric matrix that consisted of carbohydrates and 

lignin, which consequently led to the effective removal of carbohydrates by enzymatic 

hydrolysis after ball milling. 
 

Table 3. Solid Composition of Isolated Lignin Samples 

Composition (%) AEL SEL RML AEML SEML 

Arabinose 0.91 0.21 1.02 0.66 0.15 

Galactose 0.43 0.48 0.13 0.20 0.12 

Glucose 1.91 1.18 2.28 0.68 0.42 

Xylose 1.50 1.11 1.46 1.09 0.81 

Mannose 0.25 0 0.26 0.07 0 

Total sugar 5.00 2.98 5.15 2.70 1.50 

Ash 1.04 1.93 3.07 3.60 4.38 

Acid soluble lignin 4.32 0.42 4.86 5.89 1.56 

 

 
Fig. 3. FT-IR spectra of the isolated lignin samples AEL, SEL, AEML, SEML, and the control RML 
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FT-IR analysis 

The FTIR spectra of the isolated lignin samples are represented in Fig. 3. The triplet 

absorption peaks were observed in all of the spectra at 1424, 1513, and 1605 cm-1 due to 

the lignin of aromatic ring vibrations. The peaks at 1327 and 1124 cm-1 corresponded to 

the stretching vibrations (C-O) and aromatic in-plane vibrations (C-H) of syringyl units, 

respectively. AEL and AEML showed peaks with stronger intensities at 1327 and 1124 

cm-1, compared to SEL and SEML, which displayed degradation selectivity in syringyl 

units of lignin during both pretreatments. Moreover, a similar result was obtained in 

aromatic out-of-plane C-H vibrations of syringyl units at 833 cm-1. The strong absorption 

peaks at 1034 and 1168 cm-1 originated from the characteristic peaks of G and H units, 

respectively. Furthermore, after the SE pretreatment (SEML), there was an increase in the 

intensity of the peaks at 899 cm-1, which represented acid-catalyzed lignin condensation 

(Li et al. 2009; Serrano et al. 2010). Similarly, the disappearance of the ester linkages at 

1715 cm-1 indicated the degradation of the β-O-4’ linkages of lignin during the AE 

pretreatment (Xiao et al. 2014). 

 

HSQC NMR analysis 

In the HSQC analysis, signals assigned to the aromatic rings and side chains of 

lignin were mainly in the region of δC/δH 90-155/6.0-8.0 and δC/δH 50-90/2.5-6.0 ppm, 

respectively (Wu et al. 2013). As shown in Figs. 4 and 5, G and S units were observed as 

the most remarkable signals in all lignin samples, which confirmed the results obtained by 

FT-IR analysis. In the aromatic region of the NMR spectra, signals assigned to the G units 

of lignin were at δC/δH 111/6.95 (G2), δC/δH 115.1/6.78 (G5), and δC/δH 118.3/6.80 ppm. 

The signals from S units were found at δC/δH 104.1/6.72 ppm. Additionally, the signals 

from S’ and S’’ units in the pretreated lignin at δC/δH 105.9/7.18 and δC/δH 106.8/7.21 ppm, 

respectively, indicated structural changes in syringyl units of lignin in both pretreatments. 

Consequently, after both pretreatments, there were relatively large increases in the S/G 

ratios, which indicated a preferential removal of G-type lignin. Furthermore, the signal 

located at δC/δH 111.2/7.28 ppm, which corresponded to ferulate (FA), was remarkably 

decreased. This suggested the destruction of lignin-carbohydrate complex (LCC) during 

both pretreatments (Vanderghem et al. 2011; Yang et al. 2016). 

In the side chain region of the HSQC spectra, the predominant signal at δC/δH 

55.6/3.72 ppm was assigned to methoxyl (-OCH3). The signals of the β-O-4 linkages of 

lignin, Aγ, Aα (G), Aα (S), Aβ (G), and Aβ (S), were identified at δC/δH 70.7/4.75, δC/δH 

83.8/4.30, δC/δH 72.0/4.83, δC/δH 84.3/4.31, and δC/δH 86.0/4.08 ppm, respectively. The 

content of the observed β-O-4’ linkages sharply decreased, which directly confirmed that 

both pretreatments mainly led to the breakage of the β-O-4’ structure of lignin. Based on 

the data summarized in Table 4, phenylcoumaran (β-5’), resinols (β-β’), and 

dibenzodioxocin (5-5’) all showed remarkable decreases after the AE pretreatment 

compared to the control RML. In particular, the relative content of phenylcoumaran was 

reduced by approximately 57.6%, which suggested that phenylcoumaran structures of 

lignin were largely degraded under alkaline catalytic thermal conditions. Only a slight 

change of the β-5’ content was observed for the SE pretreatment, which demonstrated that 

under acidic conditions the phenylcoumaran structure was relative stable. In fact, less side-

chain cleavage was seen in the SE pretreatment than in the AE pretreatment (Doherty et al. 

2011).  
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Fig. 4. Aromatic and side chain regions in the HSQC NMR spectra of the degraded lignin 
samples AEL and SEL 
 

 
Fig. 5. Aromatic and side chain regions in the HSQC NMR spectra of the degraded lignin 
samples AEML and SEML 
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Table 4. Data Statistics Obtained from Combination Analysis of 13C and HSQC 
NMR Spectra for Degraded Lignins and the Control RML 

Aromatic Moiety (%) AEL SEL AEML SEML RML 

Syringyl(S) 28.08 32.80 23.91 25.43 21.82 

Guaiacyl(G) 64.72 63.01 70.35 69.47 70.40 

p-Hydroxyphenyl(H) 7.19 4.18 5.73 5.09 7.78 

S/G ratio 0.43 0.52 0.34 0.37 0.31 

β-O-4’ aryl ethers (A) 27.54 20.18 25.45 19.78 36.03 

Phenylcoumarans (β-5’,B) 3.19 8.78 3.55 6.46 7.32 

Resinols (β-β’, C) 0.37 1.64 0 2.77 4.51 

Dibenzodioxocin(5-5’, D) 0.88 1.51 0.18 1.47 1.43 

 

Based on previous reports (Robert et al. 1986, 1988), the depolymerization by 

acidolysis of the β-O-4’ linkages and the acid-catalyzed repolymerization occurred 

simultaneously during the SE pretreatment. The repolymerization occurred between the 

aromatic C6 or C5 and carbonium ions, which were formed by the cleavage of the α-

hydroxyl and α-ether groups in the first reaction of acidic pretreatment. The intermediary 

carbonium ions reacted with the weakly nucleophilic positions of other phenylpropane 

units to form new stable C-C bonds, and the condensation for G-type lignin was more 

vulnerable compared to S-type lignin. As a result, the comprehensive repolymerization led 

to increased molecular mass of the lignin and decreased solubilization of lignin (Li et al. 

2007). 
 

Py-GC-MS analysis 

The pyrolytic performance of all the isolated lignin samples were evaluated by Py-

GC-MS, and the main lignin-derived pyrolysis products are summarized in Tables 5 and 

6. The lignin-derived pyrolysis products of all the lignin samples mainly contained phenols, 

aldehydes, and esters, which were formed by the pyrolysis of G, S, and H units of lignin. 

Remarkably, greater amounts of G lignin pyrolysis products were obtained than S and H 

lignin for all of the lignin samples. Moreover, the product distribution of the AE pretreated 

lignin samples, AEL and AEML, was similar to that of the control RML, but not similar to 

SEL and SEML. For the latter particularly, aldehyde compounds, such as vanillin and 

syringaldehyde, were observed rarely in the pyrolysis products. A possible explanation was 

that the oxidized products were more vulnerable to decomposition, and yielded the 

corresponding alkoxy phenol and methyl-phenol. 

Benzofuran, 2,3-dihydro- (C8H8O), related to the phenylcoumaran structures 

(PCA) of lignin, were found in large amounts in the pyrolysis products of the pretreated 

lignin samples, AEML and SEML, and the control RML. Compared to the control RML, 

the pyrolysis products of the SE degraded lignin (SEML) contained larger amounts of 

phenol. A related experiment was performed by Custodis et al. (2015), who investigated 

fast pyrolysis of soft and hardwood lignin prepared by various methods. Klason lignin 

produced a higher quantity of phenols at temperatures exceeding 550 °C than organosolv 

and kraft lignin. The authors of this study hypothesized that in Klason lignin, the new C-C 

bonds formed by acid-catalyzed condensation between the aromatic C6 or C5 and 

carbonium ions formed stable radicals at higher temperatures, leading to relatively fewer 

rearrangement reactions of phenols (Dorrestijn et al. 2000; Custodis et al. 2015). 
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Table 5. Products Analysis of Lignin Pyrolysis Identified by Py-GC-MS for AE 
Pretreated Lignins and the Control RML 

Time 
(min) 

Compound Formula Origin AEL AEML RML 

7.967 Phenol C6H6O H 2.30 2.18 1.79 

9.692 Benzaldehyde, 2-hydroxy- C7H6O2 G 0.18 - - 

9.906 Phenol, 2-methyl- C7H8O G 0.55 0.62 0.34 

10.512 Phenol, 4-methyl- C7H8O H 2.07 1.5 1.55 

11.022 Phenol, 2-methoxy- C7H8O2 G 2.40 1.84 2.57 

12.887 Phenol, 2, 4-dimethyl- C8H10O G 0.44 0.41 0.29 

13.528 Phenol, 4-ethyl- C8H10O H 1.79 1.53 2.06 

14.515 Phenol, 2-methoxy-4-methyl- C8H10O2 G 2.38 1.57 1.90 

14.851 1, 2-Benzenediol C6H6O2 G 0.92 - - 

15.537 Benzofuran, 2, 3-dihydro- C8H8O  13.31 16.58 22.63 

15.781 Phenol, 2-ethyl-6-methyl- C9H12O S 0.36 0.53 0.43 

16.163 Phenol, 4-ethyl-3-methyl- C7H8O3 S 0.25 - - 

17.132 1, 2-Benzenediol, 3-methoxy- C7H8O3 S 1.39 0.48 0.9 

17.295 
2-methyl-1, 4-

benzenedicarbaldehyde 
C9H8O2 G 0.59 0.50 0.76 

17.752 Phenol, 4-ethyl-2-methoxy- C9H12O2 G 0.78 0.38 0.56 

18.203 Phenol, 2-allyl- C9H10O S 0.39 0.48 0.33 

18.273 1, 2-Benzenediol, 4-methyl- C7H8O2 G 0.65 - - 

19.012 Phenol, 4- (2-propenyl)- C9H10O H 0.21 0.25 0.23 

19.172 Phenol, 2-methoxy-4-vinyl- C9H10O2 G 4.65 6.81 7.60 

19.416 Phenol, 3-methoxy-5-methyl- C8H10O2 S 0.22 - - 

20.209 Phenol, 4- (2-propenyl)- C9H10O H 0.65 0.89 0.75 

20.638 Phenol, 2, 6-dimethoxy- C8H10O3 S 2.36 2.66 2.50 

20.816 Phenol, 4-allyl-2-methoxy- C10H12O2 S 0.40 0.45 0.48 

20.956 Phenol, 3, 4-dimethoxy- C8H10O3 G 0.64 - 0.35 

21.213 
Benzaldehyde, 3- (1-methylethyl)- 

(9CI)- 
C10H12O G 0.39 - 0.65 

22.532 Vanillin C8H8O3 G 2.60 3.72 3.05 

22.793 Isoeugenol C10H12O2 G 0.25 0.29 0.38 

24.364 Phenol, 2, 6-dimethoxy-4-methyl- C9H12O3 S 1.23 0.62 1.19 

24.436 Isoeugenol C10H12O2 S 0.85 1.27 1.69 

25.933 Apocynin C9H1OO3 G 0.78 0.60 0.47 

27.408 5-tert-butylpyrogallol C10H14O3 S 0.28 - 0.29 

29.903 
Benzenepropanoic acid, 4-

hydroxy-, methyl ester 
C10H12O3 H 0.37 - 0.31 

30.91 
Phenol, 2, 6-dimethoxy-4- (2-

propeny)- 
C11H14O3 S 0.46 - 0.56 
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33.129 
Phenol, 2, 6-dimethoxy-4- (2-

propenyl)- 
C11H14O3 S 0.67 0.57 0.64 

33.411 Syringaldehyde C9H10O4 S 0.43 0.60 1.01 

34.272 
Phenol, 2, 6-dimethoxy-4- (2-

propenyl)- 
C11H14O3 S 1.15 1.38 2.13 

34.849 Acetosyringone C10H12O4 S 1.10 0.84 0.91 

35.069 
4-Hydroxycinnamic acid methyl 

ester 
C10H10O3 H 0.21 0.36 0.31 

35.36 
Benzeneacetic acid, 4-hydroxy-3, 

5-dimethoxy- 
C10H12O5 S 0.36 0.39 0.39 

36.088 
2-Propenoic acid, 3- (4-hydroxy- 
3-methoxyphenyl)-, methyl ester 

C11H12O4 G 0.41 0.33 0.26 

40.829 Disyringylmethane C17H20O6 S 0.27 0.19 0.34 
 % S   12.17 9.46 11.79 
 % G   18.61 16.57 19.42 
 % H   7.60 6.71 7.00 

 

Table 6. Products Analysis of Lignin Pyrolysis Identified by Py-GC-MS for SE 
Pretreated Lignins 

Time (min) Compound Formula Origin SEL SEML 

7.989 Phenol C6H6O H 5.36 11.39 

8.218 Benzene, 1-methoxy-4-methyl- C8H10O H - 0.36 

8.976 Benzaldehyde, 2-hydroxy- C7H6O2 G - 1.21 

9.362 Phenol, 2-methyl- C7H8O G 0.9 3.77 

10.076 Phenol, 4-methyl- C7H8O H 3.54 4.18 

10.493 Phenol, 2-methoxy- C7H8O2 G 3.14 0.66 

11.101 Phenol, 2, 6-dimethyl- C8H10O S - 0.80 

11.329 Benzene,1-ethyl-4-methoxy- C9H12O H - 0.28 

12.225 Phenol, 2-ethyl- C8H10O G - 0.58 

12.6 Phenol, 2, 4-dimethyl- C8H10O G 0.48 1.61 

12.749 Benzene, 1-ethenyl-4-methoxy- C9H10O H - 0.28 

13.323 Phenol, 4-ethyl- C8H10O H 3.26 6.00 

13.388 Phenol, 3, 4-dimethyl- C8H10O G - 1.10 

13.51
5 

 

Phenol, 2-methoxy-4-methyl- C8H10O2 S 1.30 - 

13.704 Phenol, 2, 3-dimethyl- C8H10O S - 0.46 

14.324 Phenol, 3, 4-dimethyl- C8H10O S - 0.41 

15.446 Benzofuran, 2, 3-dihydro- C8H8O  19.06 29.66 

15.667 Phenol, 3- (1-methylethyl)- C9H12O G - 1.76 

16.037 Phenol, 4-ethyl-2-methyl- C9H12O G - 1.19 

16.224 Isophthalaldehyde C8H6O2 S - 0.56 

16.82 Phenol, 2-propyl- C9H12O G - 0.64 
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17.154 
2-methyl-1, 4-

benzenedicarbaldehyde 
C9H8O2 S 0.24 0.62 

17.747 Phenol, 4-ethyl-2-methoxy- C9H12O2 G 0.78 - 

18.147 Phenol, 2-allyl- C9H10O S 0.68 2.18 

18.95 Phenol, 4- (2-propenyl)- C9H10O H - 0.47 

19.023 Phenol, 4- (1-methylpropyl)- C10H14O H - 0.36 

19.172 Phenol, 2-methoxy-4-vinyl- C9H10O2 G 6.22 - 

20.167 Phenol, 4- (2-propenyl)- C9H10O H - 1.35 

20.603 Phenol, 2, 6-dimethoxy- C8H10O3 S 2.68 - 

21.193 2, 4-dimethylacetophenone C10H12O G - 0.30 

23.131 Phenol, 2-allyl-4-methyl- C10H12O G - 0.22 

33.128 
Phenol, 2, 6-dimethoxy-4- (2-

propenyl)- 
C11H14O3 S 0.40 - 

34.262 
Phenol, 2, 6-dimethoxy-4- (2-

propeny)- 
C11H14O3 S 0.88 - 

34.849 Acetosyringone C10H12O4 S 0.82 - 

35.36 
Benzeneacetic acid,4-hydroxy-3, 5-

dimethoxy- 
C10H12O5 S 0.58 - 

 % S   8.58 5.03 

 % G   11.76 12.40 

 % H   8.62 13.45 

 

FE-SEM 

Figure 6 shows the surface morphology of lignin samples after extraction by 

acetone/water (9:1). Before and after the AE pretreatment, the lignins exhibited spherical 

and round shaped particles. The collapse surface morphology was observed for SEL and 

SEML, which was probably due to the substantial depolymerization and decreased 

solubilization of lignin in acetone/water.  

 

 
 
Fig. 6. The surface morphology of all the lignin samples performed by FE-SEM 
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Recent interest in lignin is focused on the production of aromatic chemicals (Lee et 

al. 2016), platform intermediates (Wang et al. 2013), polymer filler (Mousavioun et al. 

2010), and water-reducing admixture. In addition, lignin is also expected to be used in 

micro- and nano-structured lignin-based materials (Duval and Lawoko 2014), such as 

aerogels (Perez-Cantu et al. 2014), nanoparticles (Frangville et al. 2012; Yang et al. 2016), 

and microcapsules (Norgren and Edlund 2014). Alkaline lignin is the preferred substrate 

for functionalized lignin-based materials due to its good solubility and formability in 

organic mediums. However, acidic lignin has a potential use as a supplementary source of 

aromatic structures for the production of aromatic chemicals. 

 

 

CONCLUSIONS 
 
1. GC-MS analysis revealed that the G and S units of lignin were partly degraded into the 

phenols and aldehyde compounds, respectively, during the sulphuric acid catalytic 

steam explosion (SE) pretreatment, but rarely in the ammonia catalytic steam explosion 

(AE) pretreatment. G-type lignins were preferentially removed in both pretreatments. 

2. The predominant reactions in lignin during the AE pretreatment were the cleavage of 

the β-O-4’ linkages and side chain linkages, while the latter rarely occurred in the SE 

pretreatment. 

3. The degradation reactions of lignin during the SE pretreatment were mainly the 

depolymerization by acidolysis of the β-O-4’ linkages and the concurrent acid-

catalyzed lignin condensate. 

4. After the SE pretreatment, lignin decomposed to yield higher quantities of phenols, 

which was probably due to acid-catalyzed condensation of lignin alleviating radicals’ 

rearrangement reactions so as to produce more phenols. 

5. The SE pretreated lignins exhibited collapse surface morphology, which indicated there 

was substantial depolymerization and decreased solubilization of lignin during the SE 

pretreatment. 
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