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Extracted alkali lignin (AL) and organosolv lignin (OL) from sugarcane bagasse were acid-catalyzed liquefied in methanol with the aim of producing oligomeric aromatic oxides. Acids were screened for their effects on the output of oligomeric aromatic oxides from alkali lignin liquefaction. Based on the highest amount of lignin conversion, the order of catalytic efficiency was: p-toluenesulfonic acid (TsOH) > CCl3COOH (TCA) > KHSO4 > AlCl3 > H3O40PW12 > H2SO4. The most alkali lignin conversion was 86.2 wt% when catalyzed by p-toluenesulfonic acid. Optimized liquefaction temperatures indicated that AL liquefaction optimum temperature was 250°C and OL was 175°C. GPC characterized AL, OL and resultant products implied that TsOH could degrade both lignins to about 780 g/mol of molecular weight. HSQC-NMR and GC-MS observations suggested that simultaneous vinyl ether cleavage and intermediate stabilization of phenolic hydroxyl group etherification at high temperatures achieved AL liquefaction. Acidolysis of β-ether linkages at mild temperatures was the mechanism of OL liquefaction.
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INTRODUCTION
Lignin is the most abundant natural aromatic polymer. It consists of methoxylated phenylpropane units, cross-linked by carbon-carbon and ether bonds (Vanholme et al., 2010). This renewable resource is of interest for producing aromatic chemicals (Zakzeski et al., 2013; Ragauskas et al., 2014). Annually, the global paper and pulping industry have over 50 million tons of technical lignin (Lora and Glasser, 2002). Technical lignin is frequently considered a low-value solid fuel and is used to balance production energy needs (Gosselink et al., 2004). In the past two decades, many works on technical lignin valorization have focused on aromatic monomer conversions, like BTX (benzene, toluene, and xylene) and phenol; or as materials (Zakzeski et al., 2013; Upton and Kasko, 2016; Chen et al., 2020). Only small amounts of reports proposed oligomeric lignin (Mousavioun and Doherty, 2010; Yuan et al., 2010; Saito et al., 2014). Unlike polysaccharide, lignin was hardly completely degraded to monomers due to heterogeneous linkages (Jasiukaitytė et al., 2012). The lignin degradation process inevitably generated oligomers (Joffres et al., 2014). Researchers have recognized this problem and conquered further cracking by developing efficiency catalysts or harsh conditions (Tang et al., 2010; Jongerius et al., 2013; Yoshikawa et al., 2014; Kloekhorst et al., 2015). However, confronting the current petroleum market, monomeric chemicals produced from technical lignin by extreme conditions have no obvious economic advantages. Valorizations of dimmer or trimmer lignin, which can use easy-conducted conditions, are potential technical lignin sustainable utilization approaches.
The alcohol-gasoline additive is a potential commercial chemical from lignin liquefaction due to its physical and chemical properties. Alcohol-gasoline is the current and near-term alternative transportation fuel used in spark-ignition engines (Siwale et al., 2014). One obstacle encountered with using this alternative fuel is its tendency to phase separation due to alcohol’s hydrophilicity (Lojkásek et al., 1992). Demirbaş (2000a) has reported a method of biomass glycerin liquefaction for the alcohol-gasoline additive production. The biomass-derived additive proposed to lower the phase separation temperature. The solubility of the final products in gasoline was 1.96% by weight. The octane number increased by 8% when 10% of ethanol was added to gasoline. Wang et al. (2016) argue that aromatic ethers in gasoline are advantageous for improving anti-knock properties. In the upgrading of phenolic-oil by etherification, phenols conversed with methanol to aromatic ethers. Hence, lignin might be a potential resource for gasoline additive production.
Nevertheless, the lignin-derived additive must meet the requirements of solubility in alcohol and chemical stability by degradation. Hydrolytic cleavages of ether linkages were the mechanism of high molecular weight degradation rather than stable bonds of aryl-aryl bonds and C-C bonds between aromatic lignin units (Lin et al., 1997; Lin et al., 2005). Most ether linkages of alkali lignin (AL) are veratryl glycerol-β-guaiacyl ether and organosolv lignin (OL)are guaiacyl glycerol-β-guaiacyl ether (Prinsen et al., 2013; Yang et al., 2013). Mineral acids, Lewis acids, zeolites, and organic acids, have been proved for the degradation of lignin and the related model compounds (Li et al., 2015). Jia et al. (2010) carried out the cleavage of β-O-4 bonds of guaiacyl glycerol-β-guaiacyl ether and nonphenolic veratryl glycerol-β-guaiacyl ether with a catalytic amount of hydrochloric acid. Both ethers degraded to guaiacol in the acid-catalyzed reaction. In acidolysis degradation, the first step is a dehydration reaction, yielding enol aryl ether, different from quinone methide intermediate in the base-catalyzed hydrolysis. The enol aryl ether intermediate rapidly hydrolyzed to guaiacol and α-ketocarbinol (Sarkanen and Hoo, 1981). The reaction rate is usually faster in alcohol than in water due to solvent effects (Miller et al., 1999).
This study aims to produce lignin-derived oligomeric aromatic oxides (OAO) to facilitate alcohol-gasoline additive. The critical problem is discussing the probability of technical lignin conversion. Sugarcane bagasse, which is the main byproduct of the sugar industry, is a potential feedstock for biorefinery because of its availability and low cost. Herein, it was used sugarcane bagasse as feedstock for the AL and OL extraction. Acids, including organic acids, mineral acids, and Lewis acids, were screened for lignin degradation in methanol. Organic solvents have been screened for Kraft lignin fractionation and found that ethyl acetate dissolved only lignin oligomers. In this work, smaller lignin was extracted by ethyl acetate according to the previous study (Wang et al., 2010). Gel permeation chromatography, heteronuclear single quantum coherence spectroscopy-nuclear magnetic resonance spectroscopy (HSQC-NMR), and gas chromatography-mass spectrometry determined the structural changes in lignin observed during the conversion process.
EXPERIMENTAL
Materials
Sugarcane bagasse was kindly provided by Guitang Corporation (Guangxi, China), was water-rinsed and dried at 60°C for 12 h. The dried sugarcane bagasse was grounded to 0.1 mm particles before lignin extraction. The raw material components were 44.63% cellulose, 25.76% hemicelluloses, 22.20% lignin, and 1.45% ash.
Methanol (AR) and ethyl acetate (AR) were purchased from Beijing Chemical Factory and used without further purification. The acids (purchased from Sinopharm Chemical Reagent Co., Ltd.) included TsOH (p-toluenesulfonic acid, AR), (trichloroacetic acid) TCA (CCl3COOH, AR), KHSO4 (AR), H2SO4 (98%, AR), AlCl3 (AR), and H3O40PW12 (AR).
Lignin Extraction
AL extraction: the soda delignification process added 10 g of sugarcane bagasse powders, 100 ml of pH = 11.5 NaOH solution, and 0.5 g anthraquinone. After sealing, the reactor was loaded into a stainless steel tank for rotary stirring, and the reactor was heated at an average of 5°C/min to reach the desired temperature of 160°C. After 1 h of delignification, the reactor was rapidly cooled in water. The insoluble residues were filtrated and washed with 200 ml of water. Delignification solutions and washing water was combined and concentrated to 50 ml and dropped to 500 ml pH = 2 HCl solutions. Obtained AL was acid-solution insoluble parts that were freeze-dried for 48 h.
OL extraction: the organosolv delignification process added 10 g of sugarcane bagasse powders and 100 ml of ethanol and pH = 8.5 NaOH solution mixture (50/50, v/v). After sealing, the reactor was loaded into a stainless steel tank for rotary stirring, and heated at an average of 5°C/min to reach the desired temperature of 140°C for 1 h. After delignification, the reactor was rapidly cooled in water. The insoluble residues were collected by filtration and washed with 200 ml ethanol-water mixture (50:50%, v/v). Delignification solutions and washing solutions were combined and concentrated to 50 ml and dropped to 500 ml pH = 2 HCl solutions. The obtained OL was an acid-solution with insoluble parts that was freeze-dried for 48 h.
Milled wood lignin (MWL), which represents the native lignin released by aqueous dioxane, was prepared according to the typical procedure (Wen et al., 2012). The sugarcane bagasse powders were dried at 60°C in an oven for 24 h before ball milling with a planetary ball mill (FritschGMBH, Idar-Oberstein, Germany). The milling bowl was composed of zirconium dioxide (500 ml) and contained 25 zirconium dioxide balls (1 cm diameter). The milling was conducted at room temperature under N2 atmosphere with a milling frequency of 500 rpm. In the case of overheating, 10 min of ball milling followed 10 min breaks. Typically, 10 g of sugarcane bagasse powders we added into the milling bowl and milled for 5 h. The milled powders were extracted with dioxane/water (96:4, v/v, 50 ml) in the dark, and the extracted solution was collected by centrifugation and concentration, as well as precipitation. MWL was obtained by dropped concentrated solution to pH = 2 HCl solution before freeze-dried for 48 h. Further purification was non-performed to preserve structural features of the isolated MWL, although some carbohydrates remained in the MWL.
Lignin Conversion and Separation
Hydrothermal autoclaves (25 ml) were used as reactors and conducted each group of batch mode tests. Every experiment loaded 10 ml methanol, 0.5 g lignin samples (AL or OL), and 0.05 g acid catalysts in each reactor. Heated reactor to desired reaction temperatures (150°C–250°C) and retained for 30–150 min without any extra gases. After the reaction, the reactors were rapidly quenched in a water bath to cool down. The undissolved residues were dried for 24 h after the slurry centrifugation. The determination of lignin conversion was 100% minus the ratio of undissolved residues. The liquid part was directly analyzed by gas chromatography for monomers detection after being filtered. The obtained soluble lignin was dropped into 90 ml pH = 2 HCl solutions to remove the residual acids. Acid precipitates were dried at room temperature and later dissolved in the ethyl acetate for OAO determination. Herein, OAO yields were product selectivity determined by the amounts of soluble conversed lignin in ethyl acetate.
Characterization of Lignin and Products
The monomer quantification and qualification analyses were detected by gas chromatography-flame ionization detector (GC-FID) (Agilent 7980A) and identified by gas chromatography-mass spectrometry (Shimadzu QP-2010), respectively. The column in the equipment was HP-5MS capillary column (30 m × 0.25 mm × 0.25 mm), and the temperature program was from 50°C to 270°C at 10°C/min with 2 min for the initial time. N-hexadecane was added as an internal standard for quantification. The identification of the compounds was achieved by comparing the mass spectra obtained with those contained in the system’s database (NIST02).
1H-13C HSQC NMR spectra were obtained by using a Bruker-500 MHz NMR. About 80 mg of the lignin samples were dissolved in 0.5 ml DMSO-d6. The quantitative analysis of the HSQC cross-signal intensities was performed according to published methods [16, 17]: the spectral widths were 5,000 and 13,200 Hz for the 1H and 13C dimensions, respectively. The number of collected complex points was 2,048 for the 1H dimension, with a recycle delay of 1 s. The number of transients was 32, and 256-time increments were recorded in the 13C dimension. Before Fourier transformation, the data matrices were zero-filled up to 1,024 points in the 13C dimension. In the aromatic region, the ratio of S/G units can be obtained by integrating the C2, 6-H2, 6 correlations of syringyl (S), guaiacyl (G), and aromatic units. The assignments of signals were according to reports (Wen et al., 2013; Yang et al., 2014).
The weight average (Mw), number average (Mn) molecular weight, and polydispersity index (PDI) were determined by using a Gel permeation chromatography instrument (Waters 2695e, UV detector at 280 nm, PL-gel 10 mm Mixed-Bn 7.5 mm ID column in a Perkin-Elmer instrument) at a column temperature of 35°C and THF as the eluent at a flow rate of 1 ml/min. Liner monodisperse polystyrene standards were employed for the molecular weight calibration curve.
RESULTS AND DISCUSSION
Effects of Acids on Alkali Lignin Conversion
The results of the AL liquefaction at 250°C, both with and without acids, are given in Figure 1. Firstly, AL liquefaction was conducted with the aim of catalyst screening in methanol solvent. It was observed that 49.4 wt% of the lignin was converted in the absence of acid at 250°C in methanol solvent, similar to the literature shown (Singh et al., 2014). The lignin conversion increased significantly upon p-toluenesulfonic acid (TsOH) into the system, with 86.2 wt% of lignin conversion and 64.7 wt% of OAO yield. Among the selected catalysts, TCA showed the best product selectivity, with 71.3 wt% of OAO. Herein, TsOH performed better than TCA in lignin conversion, whereas the OAO yields with TsOH catalysts were less than that of with TCA catalysts.
[image: Figure 1]FIGURE 1 | Effects of catalyst on alkali lignin conversion and oligomeric aromatic oxides (OAO) yielded when the reactions were conducted at 250°C for 60 min with 10 wt% catalysts loading.
Two mineral acids with sulfate of H2SO4 and KHSO4 were compared for lignin conversion and performed differently. The H2SO4 has been proved to be a significant catalyst in wood liquefaction in phenol and polyol solvents when used for phenolic resin and polyurethane synthesis (Wen et al., 2018). Results of AL conversion in methanol solvent with sulfate compounds have been rarely reported previously. In this work, lignin conversion catalyzed by H2SO4 performed unsatisfied results, in which lignin conversion was 13.4 wt% and only obtained 5.8 wt% of OAO. Conversely, KHSO4 outputted acceptable results: 81.7 wt% of lignin conversion and 62.8 wt% of OAO yields. In this acid catalysis process, acid can simultaneously promote both de- and re-polymerization. High hydrogen ion concentration might significantly condensate the liquefied phenolic product (Yao et al., 2018). In this work, the acid dissociation constant (pKa) in water consulted acidity comparison in AL liquefaction. In the water solvent, the pKa1 of H2SO4 was −2.00, and the pKa2 of was +1.99, which was much more significant than pKa1. The pKa of KHSO4 was +1.99 if assumed that potassium ions can completely ionize. It concluded that the acidity of KHSO4 was weaker than that of H2SO4. The dissociative proton might re-polymerize the lignin fragments rather than break linkages of lignin units. It can hence be concluded that mild acid was optimal for AL degradation. It should point out that the pKa of TsOH was −1.34. The TsOH was also confirmed to be a useful catalyst in lignocellulose liquefaction in mild conditions (Demirbaş, 2000b). Therefore, a significant difference in this system’s performance implied that the acidolysis mechanism was not the unique answer of AL liquefaction in methanol.
The catalytic activities of AlCl3 and H3O40PW12 were intermediate between that of organic acids and sulfuric acid, with AlCl3 outperforming H3O40PW12. Lignin conversions catalyzed by AlCl3 and H3O40PW12 were 61.3 and 46.8 wt%, respectively. The OAO yields from AlCl3 and H3O40PW12 catalysis were 56.6 and 18 wt%, respectively. The acid strengths of these two acids were considered responsible for lignin degradation. The higher valence metal increased the number of acidic centers, thereby increasing the catalyst’s acidic strength (Shu et al., 2015). Lewis acids might drive unpredicted reactions in specific systems. For example, aqueous AlCl3 can catalyze delignification reactions (Shen et al., 2016), and H3O40PW12 can oxidize carbonyl groups of lignin (Voitl and Philipp, 2010). In this work, Lewis acids were not applicable unless employed under controlled conditions.
Effect on Reaction Temperatures on Alkali Lignin and Organosolv Lignin Conversion
Figure 2 gives the results of the effects of reaction temperature on lignin conversion. It compared AL and OL liquefactions at different reaction temperatures by using the TsOH catalyst. AL and OL performed different results in the same range of reaction temperatures. Figures 2A illustrated that 81.8 wt% of AL conversion and 8.2 wt% of OAO yield when conducted the reaction at 150°C. Figures 2B gave the results of 96.9 wt% of AL conversion and 87.6 wt% of OAO yield when the liquefaction was completed at the same reaction temperature. With the growth of reaction temperatures, both two lignin conversions achieved peak values at 225°C. The highest lignin conversion of AL was 86.1 wt% and of OL was 98.3 wt%. Both two peak values later decreased when heated at 250°C. Notably, OL conversion was always higher than that of AL.
[image: Figure 2]FIGURE 2 | Effects of reaction temperature on alkali lignin (A) and organosolv lignin (B) conversion and oligomeric aromatic oxides (OAO) yields when TsOH was the catalyst with 10 wt% loading and kept for 60 min.
It can be observed that with the growth reaction, the temperature performed little influence on AL liquefaction but increased OAO yields. It indicated that the temperature was the key to the advanced degradation of lignin. The OAO yield was from 8.2 to 35.7 wt% when the reaction temperature increased from 150 to 200°C. While it grew from 200 to 250°C, the OAO yield was from 35.7 to 62.1 wt%. Conversely, OAO yields of OL performed little change when increased reaction temperature from 150 to 200°C. The peak value of 89.1 wt% emerged at 175°C. This value was closed to 87.6 wt% at 150°C and 88.9 wt% at 200°C. These results indicated that AL and OL were undergoing two different degradation routes. With the growth of the reaction temperature, OAO yields of OL were decreased to 78.5 wt% when conducted reaction at 250°C. These results implied that condensation of OL derived OAO occurred at high temperature. The OAO yields of AL kept growth at high temperature, which indicated that OAO of AL was more stable than that of OL.
Molecular Weight Analysis of Lignin and Liquefaction Products
Table 1 demonstrates the molecular weight results of milled wood lignin, extracted lignin (AL and OL), and OAO (OAO-AL and OAO-OL). It can note that alkali delignification and organosolv delignification processes decreased the weight molecular weight of 5,644 g/mol (MWL) to 1,692 g/mol (AL) and 1,378 g/mol (OL), respectively. The molecular weight of OL was lower than that of AL. The TsOH catalyzed the liquefaction process decreased AL’s molecular weight from 1,692 g/mol to 785 g/mol (Mw). It was observed that the OL-OAO molecular weight was 788 g/mol (Mw) in OL liquefaction, which was close to AL-OAO molecular weight. These results indicated that a molecular weight of about 780 g/mol was the limit of lignin liquefaction by the TsOH catalyst. Further degradation depended on C-C linkages cleavage rather than β-ether linkages cleavage at high temperatures. Group characterizations should provide more information on lignin degradation by TsOH catalysis.
TABLE 1 | Weight-average molecular weights (Mw), number-average (Mn) molecular weights, and polydispersity (Mw/Mn) of milled wood lignin, extracted lignin (AL and OL), and oligomeric aromatic oxides (OAO-AL and OAO-OL).
[image: Table 1]Heteronuclear Single Quantum Coherence Spectroscopy-Nuclear Magnetic Resonance Spectroscopy Analysis of Lignin and Liquefaction Products
Figure 3 illustrated the side chain HSQC-NMR spectra of native lignin, extracted lignin, and their liquefaction products. HSQC-NMR clarified the structural determination of lignin as well as a lignin-carbohydrate linkage to unveil the structural change. The NMR signal assignments of spectra were assigned according to references (Wen et al., 2012; Wen et al., 2013; Yang et al., 2014). OL performed signals on δC/δH 72.0/4.85 ppm and 59.9/3.80 ppm, which were assigned to Cα-Hα and Cγ-Hγ of β-O-4 linkage, respectively. The spectrum performed calls on δC/δH 83.9/4.29 ppm and 85.8/4.10 ppm, which were given to Cβ-Hβ of β-O-4 (G/H) and β-O-4(S), respectively. Signals of resinol (β-β) and phenylcoumaran (β-5) were not obviously in the spectrum. It observed a few amounts of β-O-4(S) linkages in the scope of OL-OAO. These results implied that OL liquefaction was undergoing the mechanism of β-O-4 linkage acidolysis, which could be clarified by many reports on native lignin liquefaction (Li et al., 2015). Also, residue signals of β-O-4(S) linkages confirmed that β-O-4(S) connections were more stable than that of β-O-4(G) in the acidolysis process. In the AL spectrum, 2-O-Ac-X and xylan signals emerged, and of β-O-4 linkage were disappeared. Calls assigned to xylan identified in AL, with its C2-H2, C3-H3, and C4-H4 correlations (X2, X3, and X4) at δC/δH 72.5/3.05, 73.6/3.25, and 75.3/3.56 ppm, respectively. It found correlations of β-D-xylopyranoside units (X1) at δC/δH 101.5/4.30 ppm. Correlation of C2-H2 at δC/δH 73.5/4.64 ppm suggested that the AL has a 2-O-Ac-X linkage. The observations of the AL-OAO spectrum indicated methoxy and aliphatic hydroxyl groups existed, and no native lignin connection after liquefaction. It implied that AL liquefaction was achieved by dehydrated ether linkages cracking rather than typical β-O-4 linkages acidolysis, which should be confirmed by further deduction.
[image: Figure 3]FIGURE 3 | HSQC-NMR spectra of side regions resulted from MWL, organosolv lignin (AL), alkali lignin (OL), and oligomeric aromatic oxides obtained from AL (AL-OAO) and OL (OL-OAO). (The OAO was received by the reactions conducted at 250°C for 60 min with 10 wt% TsOH).
[image: Figure 4]FIGURE 4 | HSQC-NMR spectra of aromatic regions resulted from MWL, organosolv lignin (AL), alkali lignin (OL), and oligomeric aromatic oxides obtained from AL (AL-OAO) and OL (OL-OAO). (The OAO was received by the reactions conducted at 250°C for 60 min with 10°wt% TsOH).
Figure 5 performs the HSQC-NMR spectra of the aromatic region. It observed the significant correlation for the S2, 6 at δC/δH 103.8/6.69 ppm in the aromatic region spectrum of OL, and correlation for the oxidized S units (S’) was at δC/δH 106.1/7.28 ppm. The H2, 6 was at δC/δH 127.8/7.17 ppm, and the pCA2, 6 emerged at δC/δH 130.2/7.48 ppm. It also showed that the signals of pCA3, 5 at δC/δH 115.8/6.83 ppm, overlapped with G5. Also, C-H correlations of G2 and G6 emerged at δC/δH 110.7/7.35 ppm and 118.8/6.77 ppm, and the pCA7 correlation was at δC/δH 144.8/7.51. The signals observed were highly consistent with the data for p-coumarate units. The FA7 correlation coincides with that of pCA7 at δC/δH 144.8/7.51 ppm. After liquefaction, signals of S’ had disappeared, which might be due to TsOH catalyzed α-ketone. Remained calls of S, G, H, pCA, and FA indicated that the aromatic structures remained in the liquefaction process. In AL, signals assigned to H and pCA cannot found on the spectrum. After liquefaction, S, S’ and G’ indications were still existing in AL-OAO because S units and G units were relatively stable compared to that of H units. Accordingly, acid-catalyzation kept the liquefaction of most aromatic structures. Methoxy groups (G-type and S-type) existed in degraded lignin, which allowed OAO to be employed as a methanol gasoline anti-knock additive. (Demirbaş, 2000a).
[image: Figure 5]FIGURE 5 | Monomers analysis of liquefaction products obtained from alkali lignin (A) and organosolv lignin (B) when TsOH was the catalyst with 10 wt% loading and kept for 60 min in each reaction.
Monomer Analysis of Lignin Conversion Products
Figures 5A B, illustrate the monomers detected by AL and OL liquefaction when catalyzed by TsOH, respectively. Lignin liquefaction generated small amounts of aromatic monomers, and these monomers provided evidence of lignin structure change from low molecular weight lignin change. The most prevalent compounds were monomeric phenolic compounds and their derivatives, including phenolic species substituted with methoxyl and ether groups. According to para and ortho substitutions, these aromatics could be divided into four groups: G-phenol, S-phenol, G-ether, and S-ether. The four group products obtained from AL liquefaction were 2.45 wt% of G-phenol, 3.46 wt% of S-phenol, 0.28 wt% of G-ether, and 0.49 wt% of S-ether. The monomers’ total amounts were 6.91 wt%, and phenolic compounds were higher than those of ether groups.
Lee et al. (2015) has classified the products from Kraft lignin ethanol-water mixture liquefaction: direct crack products, secondary crack products, and hydrolysis or esterification products. Herein, G2, 3, and 4 and S2, 3, 4, 5, and 6 in Figures 5A were the direct crack products of AL liquefaction due to their non-ester para-substituents of phenolic hydroxyl groups. Guaiacol and 2, 6-dimethoxy phenol were secondary crack products. Ether and G5 were the etherification and esterification products. Phenolic hydroxyl groups of lignin could undergo O-alkylation in the process of lignin degradation (Sad et al., 2008; Goodarznia and Smith, 2010; Sad et al., 2011). The resulting aromatic ether resisted condensation as the ether group decreased ortho sites activity with formaldehyde in the liquefaction process (Huang et al., 2014; Huang et al., 2015). Secondary crack and etherification products of 2, 6-dimethoxy phenol, and aromatic ethers were more stable than direct crack products at high temperatures.
Figures 5B gave the Monomers of OL liquefaction. The monomers obtained from OL liquefaction were only phenolic compounds. The total amounts of the monomers were 8.87 wt%, and G-phenol was the primary product. The G1, 2, 3, and 4, and S2 and 3 were direct crack products of AL liquefaction. The 2, 6-dimethoxy phenol was secondary crack products, and G5 was the esterification product. No ether monomer emerged after liquefaction. As discussed in Figure 2, optimum conditions for OL-OAO production were at 175°C. This reaction temperature may not meet the requirements of intermediates secondary crack. Additionally, the amounts of 2, 6-dimethoxy phenol from OL liquefaction (0.25 wt%) were lower than AL liquefaction (2 wt%). These results suggested that direct crack was the primary reaction of OL liquefaction. Stable products at high temperatures of aromatic ethers did not exist in the final products.
Accordingly, it suggested that TsOH acts as different roles in two lignin liquefaction processes in this study. As demonstrated in Figure 6, TsOH was the β-ether linkage acidolysis catalyst in the process of OL liquefaction (Duan et al., 2018). The primary step was a dehydration reaction, and the rate-determining step for β-ether hydrolysis, by yielding enol aryl ether. Enol aryl ether intermediate hydrolyzed to guaiacol and unstable α-ketocarbinol (Jia et al., 2010). The unstable intermediate gradually converted to a mixture of ketones called Hibbert’s ketones. Hence, it can be found that are several monomeric ketones in OL liquefaction products. In the process of AL extraction, β-ether linkage cleaved by the conversion of the phenolate unit into the corresponding quinone methide intermediate and further transformed to alkali-stable vinyl ether. Vinyl ether was more stable than native β-ether due to conjugated alkene (Parthasarathi et al., 2015). In AL liquefaction, the TsOH acted as two roles of acidolysis catalyst and etherification catalyst. AL first degraded by C-O bonds cleaved and generated a phenolic hydroxyl group simultaneously. Phenolic groups can link with formaldehyde generated from Cγ hydroxyl groups’ cleavage at high temperatures (Huang et al., 2015). TsOH catalyzed phenolic groups O-alkylation. The formation of undissolved parts and liquid resulted from simultaneous de- and re-polymerization in the process of AL liquefaction at high temperatures.
[image: Figure 6]FIGURE 6 | Liquefaction mechanisms of alkali lignin and organosolv lignin catalyzed by p-toluenesulfonic acid (TsOH) in methanol solvent.
CONCLUSION
Sugarcane bagasse lignin was liquefied for the production of OAO, which will be used as a methanol gasoline additive. The evaluation of acid performance was based on AL conversion; and gave the following order of catalytic efficiency: organic acid > inorganic acid salt > Lewis acid > sulfuric acid. The optimum reaction temperature of AL and OL were 250°C and 175°C, respectively. Lignin conversion and OAO yield of OL conversion were higher than that of AL. HSQC-NMR and GC/MS results showed that the liquefaction mechanisms were different, although they used the same catalyst of TsOH. OL liquefaction was by native ether linkages acidolysis. AL liquefaction was by simultaneous degradation and stabilization of aromatic etherification.
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Mill wood lignin (MWL) 2,987 5,644
Alkali lignin (AL) 1,376 1,692
OAO-AL® 592 785
Organosolv lignin (OL) 747 1,378
OAO-OL® 477 788

PDI
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*The OAQs were oriented from the reactions conducted at 250°C for 60 min with 10 wt%

TsOH.
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