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Editorial on the Research Topic
Advances in the Structural Elucidation and Utilization of Lignins

As one of the most abundant plant-derived aromatic resources on the planet, lignin has drawn increasing attention in the past few decades. Although remarkable progress has been made in lignin structural elucidation and utilization in recent years, lignin valorization remains the most changing topic due to the complexity and inherent heterogeneity of lignin. As an irregular and non-repeated polymer, lignin has long been recognized as the major recalcitrant that hinders the utilization of cellulose.
Normally, native lignin is a highly complex natural polymer formed primarily from three typical monolignol precursors, including p-coumaryl alcohol, coniferyl alcohol, and sinapyl alcohol, that differ in the methoxyl degree of the aromatic ring via a combinatorial radical coupling process. The monoligniols are then displayed as p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) units, so called lignin structural units, that linked by several types of C–O and C–C linkages, including β–O–4, β–5, β–β, 5–5, β–1, and 4–O–5 linkages formed during lignin biosynthesis (Figure 1). Among these linkages, β–O–4 alkyl aryl ethers, accounting for 50–80% of the total linkages in native lignins, are the most predominant interunit linkages in lignin polymer. However, selective fractionation of biomass into different constituents (i.e., carbohydrates and lignin) will cause significant structural changes due to degradation and condensation reactions. The resultant condensed lignin increases the difficulty for its valorization. Therefore, efficient fractionation and characterization are two essential prerequisites of valorizing lignin. Understanding reaction mechanisms involved during lignin isolation and revealing the structure of lignin are crucial for development of new methods for lignin fractionation and valorization, especially for the full valorization of lignocellulosic biomass.
[image: Figure 1]FIGURE 1 | Lignin structure and valorization.
The topic “Advances in the structural elucidation and utilization of lignins” covers isolation, characterization and utilization of lignin. Here we heartily acknowledge all the contributors for their amazing works on this topic. Following are the highlights drawn from the contributions to this special topic. Understanding the structural changes during lignin isolation is important for optimizing the separation or pretreatment processes. Zhang et al. investigated the structural changes of lignin macromolecules of balsa wood during the growth stages by using double enzymatic lignin (DEL) that was isolated from balsa grown for different lengths of time. They found that the balsa lignin was a typical hardwood lignin overwhelmingly composed of C–O bonds (i.e., β–O–4 linkages, 66.33–68.81/100Ar) and elevated with increasing tree-age, which is beneficial for the production of aromatic chemicals from lignin depolymerization. Li et al. reported the structural features and antioxidant performance of lignin fractionated from industrial furfural residue by an alkaline cooking process. They found that such lignin has appropriate radical scavenging capability and could be a promising antioxidant. Wang et al. examined the structural transformation during deep eutectic solvent (DES) treatments of enzymatic mild acidolysis lignin (EMAL) and a series of β–O–4 lignin model compounds. They demonstrated that β–O–4 linkages, existing in either real lignin or model compounds, could be cleaved by DES (ChCl/LA). The cleavage of β–O–4 linkages of EMAL led to the decrease of molecular weights and the rise of hydroxyl groups, which would be beneficial for developing an efficient fractionation process. Hong et al. investigated the structural changes of alkali lignin under choline chloride/formic acid (ChCl/FA) DES pretreatment, and revealed the lignin structural transformation during the DES pretreatment process, which provided new insights into preparation of homogeneous lignin with low molecular weights. Lignin model compounds always play an essential role in lignin characterization and mechanism studies. Yue et al. developed an efficient synthesis method for pinoresinol, an important lignin dimeric model compound and a high-value monolignol-derived lignan, by using 5-bromoconiferyl alcohol to suppress the undesired side-reactions by substitution at the C-5 position. Yang et al. examined the hydrognolysis of phenethyl phenyl ether (PPE) catalyzed by Pd, Ru, and Pt supported on carbon or γ-Al2O3 and proposed a novel strategy to monitor the ongoing reactions with in situ1H NMR and GC-MS. Wang and Ben evaluated the aging mechanism of bio-oils by model compound studies. They found that small acids, aldehydes, and HMF were the most active molecules and acidity was an important factor affecting the aging process of the bio-oils. Incorporating lignin into polymers is one of the most promising way of utilizing lignin, and the properties of the lignin-based polymers highly depend on the structural features of lignin. Wang et al. examined the effects of co-solvent-enhanced lignocellulosic fractionation (CELF) pretreatment severity on lignin structure of CELF-extracted lignin, and analyzed the influence of the structure on the mechanical properties of CELF lignin-based polyurethane. Finally, Dong et al. described the performance of porous carbons produced from lignin nano-particles (LNPs) by two different protocols, and found the combination of hydrothermal carbonization and pyrolysis would improve the specific surface areas and total pore volumes of LNPs derived graphene-like porous carbons.
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Deep eutectic solvents (DESs) can efficiently promote the efficiency of cellulose enzymatic hydrolysis through the removal of lignin component in lignocellulosic biomass pretreatment. Unraveling the fundamental structural variant of lignin during DES treatment would facilitate to understand the DES-based biomass pretreatment in a clear perspective. Herein, an enzymatic mild acidolysis lignin (EMAL) and a series of β-O-4 lignin model compounds were employed to be treated with choline chloride (ChCl)/lactic acid (LA) (1:2) DES, from which the structural variant of all lignin fractions can be realized in a detailed version. The β-O-4 linkages, existing in either realistic lignin or model compounds, could be cleaved by ChCl/LA, thus leading to the decrease of molecular weight and the rise of hydroxyl groups. The influence of reaction temperature and time was also examined in view of some key structural parameters. Experimental evidences from model compounds confirmed that the repolymerization occurs with the depolymerization of lignin, which may account for the low production of monomeric products during DES treatment.

Keywords: lignin, deep eutectic solvents (DESs), β-O-4 mimics, repolymerization, depolymerization


INTRODUCTION

Lignocellulosic biomass, which possesses cellulose (ca. 30–50 wt%), hemicellulose (ca. 20–30 wt%), and lignin (ca. 15–30 wt%), is recognized as a complementary and alternative hydrocarbon resource to fossil feedstocks (Tuck et al., 2012; Galkin and Samec, 2016). In current biorefineries, the pretreatment of biomass, which aims to remove the lignin and promote the efficiency of cellulose enzymatic hydrolysis, remains an essential step (Behera et al., 2014; Rastogi and Shrivastava, 2017). The efforts at developing novel and efficient pretreatment technologies still stay an important one. Recently, deep eutectic solvents (DESs) have gained considerable attention as a new medium for biomass pretreatment due to their significant merits, including ease to prepare, stable chemical property, low cost, recyclability, and environment amity (Mbous et al., 2017; Satlewal et al., 2018). DESs are a mixture of a hydrogen bonding donor (HBD) and a hydrogen bonding acceptor (HBA), which present analogous solvent characteristics with ionic liquids (ILs) (Zhang et al., 2012; Smith et al., 2014). In DESs, the lignin and hemicellulose components can be deconstructed and removed from biomass matrix, while cellulose component can survive because of strong hydrogen bonding networks and stable cohesive energy (Vigier et al., 2015). Pioneering works have indicated that DES pretreatment can significantly promote the efficacy of residue cellulose enzymatic hydrolysis. The plant species, which on the pretreatment with different DESs, have been extended to gramineae [corncob (Procentese et al., 2015; Zhang et al., 2016), wheat straw (Jeong et al., 2015), sorghum (Das et al., 2018), and switchgrass (Chen et al., 2018; Kim et al., 2018)], hardwood [eucalyptus (Shen et al., 2019), willow (Lyu et al., 2018; Song et al., 2019), and poplar (Alvarez-Vasco et al., 2016; Liu et al., 2017)], softwood [pine (Lynam et al., 2017), spruce (Wahlström et al., 2016), and fir (Alvarez-Vasco et al., 2016)], and endocarp (Li et al., 2018).

Lignin is the only renewable aromatic hydrocarbon resource, and biorefinery industries have pursued efficient means for lignin valorization for more than a century (Ragauskas et al., 2014; Sun et al., 2018; Song, 2019; Wu et al., 2019; Zhang et al., 2019). Upon the treatment of biomass with DESs, lignin in lignocellulosic biomass matrix can be cleaved and solubilized (Satlewal et al., 2018). In such a process, more structural complexity has been added to chemical properties of DES-extracted lignin compared to its native version, and this would influence the subsequent upgrading of lignin remarkably. Zhang et al. illustrated that choline chloride (ChCl)/lactic acid (LA) (1:2 molar ratio) DES was capable of extracting lignin with low molecular weight (Mw) from poplar and Douglas fir trees, and they suggested that DES served as an acidic catalyst to rupture β-O-4 lignin linkages without subsequent condensation reactions (Alvarez-Vasco et al., 2016). Shi et al. reported that all ether linkages in sorghum straw lignin were ruptured with ChCl/LA DES, and the resulting lignin could be depolymerized into monophenols with Ru/C catalyst efficiently (Das et al., 2018). Singh et al. used the DESs from lignin-derived monophenols to treat switchgrass; instead, they found that major ether linkages still remained intact in the residual lignin after pretreatment/saccharification (Kim et al., 2018). Wan et al. used ternary DESs to treat switchgrass, which led to the removal of lignin and hemicellulose efficiently; depolymerization and repolymerization of lignin were corroborated on the analysis of NMR spectra (Chen et al., 2019). Obviously, different views on whether repolymerization reaction of lignin occurs or not in DES-pretreated biomass were both taken on in the past. Moreover, it is worthy to point out that only partial lignin fraction could be recovered and characterized in DES biomass pretreatment, thus leaving other lignin fractions in an unknown state. From the pretreatment of biomass and valorization of lignin viewpoints, the deep insight into lignin structural transformation with DES is great of interest and importance.

Herein, we used enzymatic mild acidolysis lignin (EMAL), derived from Eucalyptus tree, as well as dimeric and polymeric β-O-4 lignin models to undergo the treatment of ChCl/LA DES. The whole lignin fractions (i.e., regenerated and fragmented lignin) derived from DES treatment could be retrieved for investigation. Based on the NMR, gel permeation chromatography (GPC), gas chromatography (GC)–mass spectrometry (MS), liquid chromatography (LC)–mass spectrometry (MS), and biomass compositional analysis, the variations of lignin with reaction temperature and time were established in terms of Mw, monomeric products, as well as the abundance linkages and hydroxyl group. The profound comprehension on lignin structural transformation unraveled the depolymerization and repolymerization pathways of lignin during the treatment of DES.



MATERIALS AND METHODS


Materials

Eucalyptus grandis (5 years old) were obtained from Guangxi Province, China. Eucalyptus EMAL was isolated according to the procedure developed by Wu and Argyropoulos (2003). The lignin chemical composition was measured according to NREL/TP-510-42618 protocol described previously (Sluiter et al., 2008). Polymeric and dimeric model compounds were synthesized according to our previous report (Li and Song, 2019), such as: dimeric model compound 1a had a complete β-O-4 structure and a phenolic group, dimeric model compound 1b had a complete β-O-4 structure but lacked a non-phenolic group, dimeric model compound 1c was a phenolic model but was lacking γ-CH2OH in the β-O-4 structure, dimeric model compounds phenethoxybenzene and 2-phenoxy-1-phenylethanol had no complete β-O-4 structure and methoxyl group on aromatic ring. ChCl and LA, purchased from Energy Chemical, were used for the preparation of DES in a 1:2 ratio without further purification. Commercial cellulase and xylanase were obtained from Shandong Longcott Enzyme Preparation Co., Ltd., China.



Treatment of Lignin With Deep Eutectic Solvent

EMAL (0.2 g) and ChCl/LA DES (2.0 g) were loaded in a 20-ml reactor, which was heated to the desired reaction temperature for a certain time with magnetic stirring (500 rpm). After the reaction, the reactor was cooled, and the thick reaction mixture was diluted with ethanol (5 ml). The addition of HCl solution (pH = 2) led to a precipitate, which was on the treatment of centrifugation, washing with ethanol/water (v/v, 1:9), and freeze-drying to afford regenerated lignin (RL). The liquid fraction from centrifugation was extracted with dichloromethane to obtain fragmented lignin samples (FL) in organic phase. The detailed post-processing flowchart of lignin treatment with DES was shown in Figure 1. The obtained regenerated and fragmented lignin samples were characterized by NMR [two-dimensional (2D) heteronuclear single quantum coherence spectroscopy (HSQC) and 31P], GPC, and GC-MS analysis. The used DES existed in the water phase after dichloromethane extraction, which could be recycled by the removal of water under vacuum conditions.


[image: Figure 1]
FIGURE 1. The post-processing flowchart of lignin treatment with deep eutectic solvent (DES).




Analytic Methods

The NMR spectra were acquired on a Bruker AVANCE 400 MHz spectrometer by using a lignin sample (50 mg) dissolved in DMSO-d6 (0.5 ml). HSQC cross peaks and 31P signals were assigned by comparing the spectra with the literatures (Brosse et al., 2010; Mansfield et al., 2012; Wang et al., 2017; Xiao et al., 2017; Meng et al., 2019; Yang et al., 2020). GPC analysis of lignin samples [tetrahydrofuran (THF) solution, ca. 2 mg/ml] was performed on Shimadzu LC-20AD equipped with a PL-gel 10 μm Mixed-B 7.5 mm ID column (mixed) and UV detection detector (254 nm) at 50°C, using THF as the solvent (1 ml/min), which was calibrated with polystyrene standards (peak average Mw values of 96, 500, 1,320, 9,200, 66,000 g/mol; Polymer Laboratories Ltd.). GC-MS analysis of fragmented lignin samples was performed on Shimadzu GC-MS-QP2010SE equipped with an HP-5 MS (30 m × 250 mm × 0.25; Agilent) capillary column and a mass spectroscopy detector. LC-MS analysis of DES-treated dimeric compound was performed on Agilent 1290-6460 equipped with SB-C18 and electrospray ionization (ESI). The column oven was held at 30°C during analysis process. The mobile phase was a gradient methanol/water (with 0.1% formic acid and 5 mM ammonium acetate) at 0.2 ml/min flow rate.




RESULTS AND DISCUSSION


The Treatment of Enzymatic Mild Acidolysis Lignin With Choline Chloride/Lactic Acid Deep Eutectic Solvent

An EMAL isolated from Eucalyptus was selected as a substrate (Guerra et al., 2006; Xiao et al., 2017; Wang et al., 2018). The total lignin and carbohydrate contents were measured as about 87 wt% and 7 wt% based on biomass compositional analysis (Table S1). 2D HSQC NMR spectra analysis indicated this EMAL featured abundant β-O-4 linkages (64%), as well as less β-β (3%) and β-5 (10%) substructures, being kin to native lignin in biomass (Figure 2A). Thereby, this EMAL is a suitable substrate to unravel the lignin structural variation. After the treatment of EMAL with ChCl/LA DES (1:2 of molar ratio), the reaction mixture was diluted with EtOH and HCl solution (pH = 2), thus leading to obtain regenerated lignin (RL, DES-1 to DES-5) as a precipitate. The leftover soluble fraction contained fragmented lignin (FL) species and DES, which could be separated by dichloromethane/water extraction (Figure 1). The analysis of 1H NMR spectra indicated no changing on the recycled DES (90%) (Figure S1). The detailed yields of RL and FL obtained at different reaction temperatures and times were presented in Table 1. With 80°C and 1 h treatment, 86% of RL (DES-1) and 10% of FL were obtained, respectively (Table 1, entry 2). The high mass balance (96%) indicated that all lignin fractions could be basically recovered for characterization. Thereby, the utilization of isolated EMAL can overcome the limitation in the biomass pretreatment by DES, wherein the illustration of the lignin variation is incomplete. With the rise of reaction temperature, the decreasing of RL and increasing of FL were observed simultaneously, as seen in the case of 100°C (83% and 16%; Table 1, entry 3), 120°C (73% and 23%; Table 1, entry 4) and 140°C (71% and 20%; Table 1, entry 5). This scenario may be because the harsher reaction condition enhances the fragmentation of lignin into small and soluble pieces. A similar trend was also observed at variable reaction times at 100°C, that is, prolonging the treatment time led to the low yield of RL and high yield of FL (Table 1, entries 6 and 7). The detailed structural changes to the EMAL were then assessed by GC-MS, GPC, and NMR spectroscopy.


[image: Figure 2]
FIGURE 2. Side chain (δC/δH 45–100/2.8–5.3 ppm) in the two-dimensional (2D) heteronuclear single quantum coherence spectroscopy (HSQC) NMR spectra of regenerated lignin (RL) after deep eutectic solvent (DES) treatment. (A) Enzymatic Mild Acidolysis Lignin (EMAL), (B) DES-1 (Table 1, entry 2), (C) DES-2 (Table 1, entry 3), (D) DES-3 (Table 1, entry 4), (E) DES-4 (Table 1, entry 5), (F) DES-5 (Table 1, entry 6), (G) DES-6 (Table 1, entry 7), (H) main classical substructures and Hibbert's ketone structure in 2D HSQC NMR of the lignins.



Table 1. ChCl/LA DES-treated Eucalyptus EMAL under various reaction conditions (the unit of hydroxyl and carboxylic group: mmol/g)a.

[image: Table 1]



NMR Analysis

The abundance of hydroxyl group (OH) plays a critical role in future lignin valorization (Li and Song, 2019), which would be alternated with the cleavage of β-O-4 linkages and condensation reaction. To assess the variations of OH after DES treatment, regenerated lignin samples were treated with a phosphorylation reagent [2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholate (TMDP)] and analyzed by typical 31P NMR technology (Brosse et al., 2010; Wang et al., 2017; Meng et al., 2019; Yang et al., 2020). The aliphatic OH (145.5–149.5 ppm), condensed phenolic OH (S unit, 143.5–144.5 ppm; G unit, 140.8–141.2), uncondensed phenolic OH (S unit, 141.8–143.5 ppm; G unit, 138.5–140.5) from syringyl and guaiacyl units, as well as carboxylic group (134.5–135.5 ppm) were all measured (Table 1; see also Figure S2). The abundance of aliphatic OH tapered off with the increasing of reaction temperature and time because the cleavage of β-O-4 linkages resulted in the loss of Cα-OH moiety. On the contrary, the total phenolic OH gradually increased with higher reaction temperature or longer time, which derived from the exposing of phenolic OH after the cleavage of β-O-4 linkages. The non-condensed OH for DES-1 (80°C, 0.53 mmol/g) and DES-2 (100°C, 0.60 mmol/g) at a relative low reaction temperature were comparable to initial EMAL (0.66 mmol/g), while significant increase of non-condensed OH was observed in DES-3 (120°C, 1.01 mmol/g) and DES-4 (140°C, 1.46 mmol/g) at high temperatures. In the case of condensed OH, a similar variation trend was also observed, and a maximum value of condensed OH was obtained in DES-4 (140°C, 0.64 mmol/g). These results suggested that the lignin experiences depolymerization and repolymerization upon the cleavage of β-O-4 linkages in a synchronous manner, and both of them would be enhanced under harsh conditions, being in line with a previous report (Chen et al., 2019). Similar variation trends occurred in DES treatment time (DES-5 and DES-6). The carboxylic group, probably generated from oxidation reaction with DES, was also increased, especially with longer reaction time (DES-5, 0.26 mmol/g; DES-6, 0.23 mmol/g).

To elaborate the changes of inter-unit linkages, 2D HSQC NMR analysis for regenerated lignin samples DES-1 to DES-6 were performed (Figure 2; see also Figure S3). The detailed signal peaks were assigned according to previous reports (Mansfield et al., 2012; Xiao et al., 2017). A decline of β-O-4 linkage (46%) was observed after DES treatment 80°C for 1 h, being lower than that from EMAL (64%). This decline was intensified with the rise of reaction temperature and/or time until almost all cross signals for β-O-4 units disappeared in DES-4 and DES-6. The lessening of β-O-4 linkage corresponded to the rise of phenolic hydroxyl groups. In the case of carbon–carbon linkages (β-β and β-5), partial degradation was detected by comparison with those from EMAL. Thereby, the cleavage of β-O-4 linkage occurred preferentially in the DES treatment process. Of note, cross signals for Hibbert's ketone (labeled in red) were also detected in the regenerated lignin samples, which kept consistent in the conclusion that DES treatment process is an acid-catalyzed process (Brandt et al., 2015; Alvarez-Vasco et al., 2016; Das et al., 2018). Further analysis of HSQC NMR spectra showed that the signal intensity of Hibbert's ketone gradually decreased with prolonging reaction time until disappearance in DES-6 (Figure 2G) probably because Hibbert's ketone moiety could be released or retransformed.

The ratios of S/G subunits of regenerated lignin were also measured by semiquantitative integration of cross signals at aromatic/unsaturated region (δC/δH 100–135/5.9–8.0 ppm) (Figure 2 and Figure S3). The increased S/G ratio values were detected after DES treatment by comparison with unreacted EMAL. The high ratios of S/G in regenerated lignin indicated that more guaiacyl subunits have been solubilized in fragmented lignin.



Gel Permeation Chromatography and Gas Chromatography–Mass Spectrometry Analysis

To address changes in lignin polymerization degree during DES treatment, analysis of the resulting samples by GPC was performed, as shown in Figure 3. The average Mw slightly decreased from 8,590 g/mol for initial EMAL to 6,110 g/mol for regenerated lignin sample DES-1, in line with the observation in 2D NMR spectra, where most β-O-4 linkages still remained. The corresponding fragmented lignin recovered from soluble fraction showed a low Mw of 1,890 g/mol. With the elevation of reaction temperature or time, the degree of lignin polymerization declined continuously. DES-4, obtained at 140°C and 1 h, exhibited the lowest Mw values of regenerated lignin (2,350 g/mol) and fragmented lignin (780 g/mol). Under such a condition, GPC corroborated the prevalence of full dissociation of lignin biopolymer, in alignment with NMR analysis, wherein highest abundance of hydroxyl groups and lowest content of β-O-4 moiety were both detected. In addition, the polydispersity values (Mw/Mn) for regenerated lignin (1.35–1.57) and fragmented lignin (1.12–1.38) were both decreased compared to initial EMAL (2.08), indicating that the resulted lignin samples have a narrow distribution.
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FIGURE 3. Average molecular weight of regenerated lignin (RL) and fragmented lignin (FL).


In view of the low polymerization degree in fragmented lignin, we speculated that some monomeric products have been generated. Product distributions based on GC-MS analysis showed that vanillin and syringaldehyde were produced as the major monomeric phenols in all cases. Interestingly, syringyl- and guaiacyl-derived monoketones and diketones were also detected (Figure S4), which were promoted with the rise of reaction temperature. It should be noted that either aldehyde or diketone derivatives from lignin depolymerization proceeded through an acid-catalyzed reaction according to previous reports (Lundquist and Hedlund, 1967; Deuss et al., 2015). Unfortunately, the combined yield of total monomers is less than 3 wt% by comparison with the authentic samples, which is rather lower than that from metal-catalyzed hydrogenolysis of EMAL (Xiao et al., 2017). The severe recondensation, which accompanies the depolymerization of lignin, may account for this scenario.



Treatment of β-O-4 Mimics With Deep Eutectic Solvent

Currently used EMAL contained 7 wt% carbohydrate, which, together with β-β and β-5 linkages, will exhibit in the 2D NMR spectra after DES treatment and will disturb the distinction of lignin structure changes. To recognize the lignin-derived signals in a clear version, a synthetic polymer composed exclusively of the β-O-4 substructure was treated with ChCl/LA DES at 100°C for 4 h (Figure 4A). The detailed workup procedure to acquire the soluble and insoluble fractions is similar with realistic lignin sample. For the case of insoluble fraction, the changes in 2D NMR spectra proceeded in a fashion akin to EMAL, that is, the sharp decline of β-O-4 signals and the emergence of Hibbert's ketone specie (Alvarez-Vasco et al., 2016; Das et al., 2018). Additionally, the cross peaks at aliphatic area (62.1/3.6 ppm, 64.3/3.5 ppm, 80.6/4.6 ppm), as well as at aromatic (114.6/6.7 ppm, 120.0/6.8 ppm), were emerged and detected (Figure 4B). Some of these signals could be found in NMR spectra of DES-treated EMAL (Figure 2). Taking into consideration the decline of β-O-4 moiety, together with current polymeric state, these new signals may be ascribed to the recondensation product (Shuai et al., 2010). This observation is different with previous report by using lignocellulosic biomass as substrates, where no condensation structures were distinguished probably because of the overlapping of signals (Alvarez-Vasco et al., 2016). The DES-treated β-O-4 polymeric mimics also led to a decrease in Mw from 3,200 g/mol to 2,100 g/mol (insoluble fraction) and 590 g/mol (soluble fraction) (Figure 4C). Further analysis of the soluble fraction suggested the vanillin, guaiacyl-derived monoketones, and diketone were all generated, being in line with scenario of realistic lignin (Figure S5).
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FIGURE 4. Two-dimensional (2D) heteronuclear single quantum coherence spectroscopy (HSQC) spectra of (A) synthetic lignin polymeric compounds and (B) insoluble fraction after deep eutectic solvent (DES) treatment. (C) The molecular weight distribution.


A series of dimeric lignin mimics were also tested in DES at 100°C for 2 h, and some representative results were summarized in Table 2 and Figure S6. Compound 1a, having a complete β-O-4 structure and a phenolic group, underwent a full conversion after DES treatment. By comparison with authentic samples on GC-MS, some monophenols, such as vanillin (3a, 0.1%), guaiacyl-derived and Hibbert's ketone (7a, 2%), coniferol (8a, 1%), and guaiacol (2, 10%), were identified. It is worth mentioning that an enol ether derivative from dehydration reaction of 1a, which is often generated through an acid-catalyzed hydrolysis reaction and considered as intermediates toward Hibbert's ketone or aldehyde, was also observed in DES treatment (Table 2, entry 1) (Lundquist and Lundgren, 1972; Lundquist, 1976). Compared to metal catalysis systems (Hossain et al., 2019; Li and Song, 2019), the rather low mass balance from monomeric and dimeric products suggested that a severe repolymerization has occurred in DES treatment. The analysis of resulted mixture on LC-MS showed that trimers, tetramers, and oligomers with corresponding mass values have been generated, despite that the exact structures of the resulting products were hard to identify (Figure S7). GPC analysis of the resulting mixture indicated a broader polydispersity after compound 1a was treated with DES (Figure 5). A broad peak with a longer retention time (from 13.22 to 14.51 min) appeared, which is assigned to oligomers in accordance with their larger molecular structure by comparison with compound 1a. The peak also having two shorter retention times (15.86 and 16.79 min) corresponded to the monophenols. The above results confirmed that the depolymerization of β-O-4 units and the repolymerization reactions occurred concurrently during DES treatment, being in accordance with realistic lignin and synthetic polymer. Given that few free phenolic groups exit in lignin before the cleavage of β-O-4 unit, a non-phenolic model compound 1b with β-O-4 structure was also tested by DES. This reaction gave similar monomeric products in lower yields (Table 2, entry 2), albeit a full conversion of 1b was observed. In the case of another phenolic lignin model 1c, which lacks γ-CH2OH in β-O-4 structure, aldehyde derivatives were generated as dominated monomers (Table 2, entry 3). Dimeric compounds that do not contain complete β-O-4 structure and methoxyl group on aromatic ring, i.e., phenethoxybenzene and 2-phenoxy-1-phenylethanol, were also treated with ChCl/LA DES, while no obvious conversion was detected (Figure S8).


Table 2. Product distribution of lignin β-O-4 dimeric compounds treatment with DES (ChCl/LA)a.
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FIGURE 5. Gel permeation chromatography (GPC) spectra of deep eutectic solvent (DES)-treated 1a, compound 1a and standard compounds [guaiacol: molecular weight (Mw) = 124 g/mol and dihydroeugenol: Mw = 166 g/mol].




Plausible Reaction Pathway

Based on the above results acquired from realistic lignin and model compounds, a plausible reaction pathway for the DES-treated lignin was proposed in Figure 6. β-O-4 units in lignin should be efficiently cleaved probably through an acid-catalyzed process during DES. The reaction starts from a hydrogen ion attack on the α-hydroxyl group in A, which gives a carbocation species B via the release of one molecular unit of H2O (Lundquist and Lundgren, 1972; Lundquist, 1976; Ito et al., 2011; Sturgeon et al., 2014). The elimination reaction between α positive charge and β-H results in an enol ether intermediate C, together with regeneration of a hydrogen ion. Following hydrolysis of C leads to the cleavage of C-O bond, thus affording Hibbert's ketone moiety E (Lundquist and Lundgren, 1972; Lundquist, 1976; Ito et al., 2011; Sturgeon et al., 2014). Alternatively, allylic rearrangement of C forms isomeric enol ether G1 through D, and G1 can also be generated from the rearrangement reaction of E and F under acidic conditions (Lundquist and Hedlund, 1967). The isomerization of G1 intermediate gives G2 probably via an enediol, and an equilibrium is proposed between G1 and G2 (Lundquist and Hedlund, 1967; Lundquist and Lundgren, 1972). Finally, an oxidoreduction of the mixture G1 and G2 leads to the formation of monoketone H and diketone I (Lundquist and Hedlund, 1967; Lundquist and Lundgren, 1972). Experimental evidences have substantiated the formation of oligomers rapidly during DES treatment, which may derive from the fact that the carbocation B or enol ether C is most likely responsible for the repolymerization rather than depolymerization (Lohr et al., 2015; Li and Song, 2019).
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FIGURE 6. Possible reaction pathway of deep eutectic solvent (DES)-treated lignin.





CONCLUSION

The detailed structural transformation of lignin during DES (ChCl:LA, 1:2) treatment was systematically unraveled by means of experiments using isolated lignin and a series of β-O-4 lignin model compounds. Entire fractions derived from lignin which were recovered from DES-treated EMAL showed different characteristics. The cleavage of β-O-4 linkages of EMAL is exacerbated with the increasing of reaction temperature and/or time, which leads to a sustained fall of insoluble lignin fraction and average Mw values, as well as a sustained rise of hydroxyl groups. The monomeric phenols derived from EMAL, polymeric and dimeric β-O-4 mimics were also identified, albeit in low combined yields. Experimental evidences from the reactions of β-O-4 models substantiated that the repolymerization reaction is accompanied by the depolymerization process. Mechanistic study suggested the main steps during DES-treated wood lignin, such as the cleavage of β-O-4, the repolymerization of active species, the production and derivation of mono products, should involve acid-catalyzed processes. This contribution provided a clear and beneficial information on lignin variation during DES treatment, which would be beneficial to design new DES-based pretreatment tailored for biorefinery and biotransformation.
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Bio-oil, obtained from the pyrolysis of biomass, is identified as a potential material for producing transportation fuels and value-added chemicals. However, the physical and chemical properties of bio-oil change with time, known as “aging,” and the instability of bio-oil brings a critical hurdle to the commercial application of bio-oil. Therefore, expanding and deepening the understanding of the aging mechanism of bio-oil is the key to later efficient application of bio-oil. In addition, the extreme complexity of pyrolysis bio-oil composition brings great difficulties in studying the aging mechanism. Thus, this study tries to better understand the aging mechanism by evaluating the aging performance for 39 model compound aging tests performed at 80°C for 72 h. Four kinds of reactions (self-condensation, esterification, aldol condensation, and phenol, and aldehyde reaction) were investigated to understand the contribution of various compounds and reactions during the aging process. It has been found that acids played an important role in the aging process, as these acted as the reactant in the esterification reaction and acted as the catalyst for aldol condensation and phenol and aldehyde reaction. Acids and alcohols reacted via the esterification reaction, resulting in the decline of aliphatic C-O bonds. Due to the absence of acids, aromatic compounds were relatively stable in these tests. In comparison, aldehydes and HMF were active since self-condensation reactions for these chemicals were observed in the absence of acids. Moreover, with the aid of acids, HMF showed high tendency toward polymerization during the accelerated aging process.

Keywords: bio-oil, aging mechanism, model compounds, 1H NMR, accelerated aging process


INTRODUCTION

Biomass is viewed as a promising renewable energy source, which can produce various forms of biofuels and biomaterials without contributing to new CO2 in the atmosphere (Ragauskas, 2006; Yang et al., 2015). Among different types of conversion methods for biomass, pyrolysis, performed in an anaerobic environment, is one of the most effective and convenient strategies to convert biomass feedstock into useful products (Zhang et al., 2018). Bio-oil, derived from the thermal breakdown of cellulose, hemicellulose, tannin, and lignin, is a mixture of multiple organic substances. Moreover, bio-oil, with characteristics of low sulfur and nitrogen, is considered the precursor of biofuel, owing to its relatively high energy density and ease of transportation and storage.

However, the application of bio-oil is limited due to a number of undesirable properties; one is its aging problem, which results in chemical and physical changes of bio-oil such as high and changing water content, acidity, and molecular weight. Due to the dehydration reaction during the pyrolysis process, typically, pyrolysis bio-oil contains relatively high levels of water content, and the water content increases during bio-oil storage as water is produced by bio-oil aging reactions (Chaala et al., 2004). Chemically, bio-oil has high acidity (pH ~2–3) (Alsbou and Helleur, 2014), and this acidic environment and the various organic compounds present in bio-oil play an important role in the bio-oil aging process. Therefore, several upgrading processes have been applied to optimize the deleterious properties of pyrolysis oil. The upgrading technologies, including hydrodeoxygenation (HDO), catalytic cracking, hydrogenation (HYD), and selective ring opening (SRO), show strong abilities to improve the quality of raw bio-oil, since these technologies can convert oxygen-enriched pyrolysis oil into renewable fuels and increase the content of valuable chemicals in bio-oil (Ma et al., 2018; Ben et al., 2019). However, it was found that during the hydrodeoxygenation process, polymerization, and hydrogenation have comparative reaction rates and even the polymerization process is relatively faster than the hydrogenation process, which could result in the deactivation of catalysts and bring more difficulties in the upgrading process (Hu et al., 2013; Luo et al., 2018). Therefore, expanding the knowledge of the bio-oil aging process, which brings changes in the physical and chemical properties of bio-oil and bring more problems in the upgrading process, is important for later application of bio-oil and the upgrading process. The study of the aging process of raw bio-oil can help understand how and why aging occurs, which later is crucial in taking any possible actions to plan for the upgrading process of bio-oil. To reveal the underlying mechanism of the aging process, great efforts have been made. Meng et al. (2014) proposed that the increasing temperature and presence of acids are responsible for the increase in the molecular weight of bio-oil. Increasing water content is observed during the aging process, as water is a by-product of the condensation reaction (Joseph et al., 2016). Reactive substances such as aldehydes, alcohols, and olefins reacting via the condensation reaction result in chemical changes of bio-oil (Alsbou and Helleur, 2014). This knowledge plays a very important role in expanding our understanding of aging and studying the aging process of bio-oil. However, the extreme complexity of bio-oil has brought great difficulties in studying the aging of bio-oil since there are more than 300 chemicals in bio-oil, and the aging mechanism of bio-oil is still not totally understood. Compared with the complex environment of bio-oil, the model compound simplifies the aging process of bio-oil, which is beneficial in analyzing the changes of single substances. Therefore, applying model compounds in bio-oil aging study helps provide more insights into the bio-oil aging mechanism at the molecular level, which few studies focused on.

In this work, an investigation on bio-oil aging reactions at a specified temperature has been performed to reveal the contribution of main reactive compounds and main reactions that cause bio-oil aging. To simplify and get specific information about the bio-oil aging mechanism, a number of model compounds representing the bio-oil derived from the cellulose and hemicellulose part and bio-oil derived from the lignin and tannin part were applied in this study. The use of these model compounds offer advantages for elucidating the role of each compound during the aging process. Additionally, deepening the understanding of this is essential in stabilizing bio-oil and optimizing the desirable properties of bio-oil.



EXPERIMENTAL SECTION


Materials

Hundreds of ingredients, produced from major components of biomass—lignin, tannin, cellulose, and hemicellulose—are found in bio-oil, which complicates the aging mechanism of bio-oils. Cellulose and hemicellulose make a significant contribution to sugar and sugar derivative formation, and lignin, and tannin are the main sources of aromatics (Wu et al., 2009; Ben and Ragauskas, 2011; Qu et al., 2011; Kibet et al., 2012; Vinu and Broadbelt, 2012; Mu et al., 2013; Huang et al., 2014). Therefore, a series of typical bio-oil model compounds, which are divided into two categories, cellulose and hemicellulose part (Figure 1A) and lignin and tannin part (Figure 1B), was chosen to simplify and get specific information about the bio-oil aging mechanism. 5-Hydroxymethylfurfuraldehyde (HMF), 2-furaldehyde (furfural), hydroxyacetone, glycolaldehyde dimer, and 4-allyl-2-hydroxybenzaldehyde contain more than one oxygen-containing functional group, which activates these compounds during the aging process. Therefore, these substances are individually heated for aging experiments named self-condensation test. Ben and Ragauskas (2012) observed a decrease in aliphatic C-O bonds and aromatic C-H bonds and an increase in aliphatic C-C bonds and aromatic C-C and C-O bonds during the accelerated aging process for various types of bio-oils at 80°C. Alcohols and acids, present in large quantities in bio-oil, can react via the esterification reaction, which consumes C-O bonds. It is well known that bio-oil has high acidity, and novolak resin and water could be formed since aldehyde hydrates can react with phenols and substituted phenols under acidic conditions (Yu et al., 2018). This reaction leads to increases in C-C bonds and water content, which affect the aging performance of bio-oil. Moreover, aldol condensation is catalyzed by acids, during which the number of C=O bonds declines and the number of C-C bonds increases (Patil and Lund, 2011; Patil et al., 2012; Hu et al., 2013). Therefore, four kinds of reactions (Figure 2), self-condensation, esterification, aldol condensation, and phenol and aldehyde reaction, were employed to study the bio-oil aging mechanism and the roles of all these reactions. All experimental materials used in this study were bought from Sigma-Aldrich and were used directly without further processing.


[image: Figure 1]
FIGURE 1. Model compounds for the (A) cellulose and hemicellulose part and (B) lignin and tannin part.



[image: Figure 2]
FIGURE 2. Specific details of the (A) self-condensation test, (B) esterification test, (C) aldol condensation test, and (D) phenol and aldehyde reaction test (all experiments were heated at 80°C for 72 h).




Experimental Procedure

The experiment was performed in a 2 ml threaded brown sample vial (11.6*32 mm). Typically, model compounds (0.001 mole for each model compound) were mixed 1: 1 (by mole) and loaded in the sample vial at room temperature. The mouth of the sample vial was sealed to ensure that the internal materials would not overflow during the experiment process and the external gas would not affect the reaction. Then, the vial was placed in an oil pan and heated at 80°C for 72 h (Diebold and Czernik, 1997; Oasmaa and Kuoppala, 2003; Elliott et al., 2012; Meng et al., 2014). All model compound aging tests were repeated three times to ensure accuracy.



Analytical Method
 
1H NMR Analysis

The products were analyzed by using a Bruker Avance/DMX 400 MHz NMR spectrometer. Quantitative 1H NMR results were acquired with eight transients and a 5-s pulse delay. The MestReNova software was used to analyze the results of the experiments. In addition, the MestReNova software has the capacity to predict the 1H NMR results of model compounds, which allows us to compare the changes in the model compounds before and after aging to clarify the aging mechanism. However, during the data analysis process, the inaccuracy of some 1H NMR predictions of model compounds was found. In order to correct these errors, additional quantitative 1H NMR tests of HMF, glycolaldehyde dimer, furfural, hydroxyacetone, levoglucosan, furfuryl alcohol, 4-allyl-2-hydroxybenzaldehyde, and glyceraldehyde were performed.



GC-MS Analysis

A Shimadzu GC-MS (GCMS-QP2010 SE) spectrometer was used to analyze the products. During the analysis process, the initial temperature was set as 40°C, and this temperature was maintained for 4 min. Later, the temperature was increased to 250°C at a heating rate of 25°C/min. Each compound was identified by comparing its mass spectrum with the standard mass spectrum in the spectral library.





RESULTS AND DISCUSSION


Self-Condensation Test

1H NMR results for HMF before and after the accelerated aging process for 72 h are provided in Figure S1 and Figure 3. Different from HMF that did not undergo aging processing, the aged HMF had three more peaks (4.62, 6.74, and 9.57 ppm) in the 1H NMR spectrum, which were slightly shifted to the left compared with the original peaks (4.51, 6.59, and 9.54 ppm). These left-shifted peaks indicate that the overall structure of HMF did not change a lot, and only a part of the structures reacted. In addition, a decrease of the peak at 5.56 ppm, representing the hydroxyl functional groups of HMF, was observed after the aging process. This reduced functional group content is evidence that the hydroxyl functional group was chemically active and reacted with other parts of HMF. Table S1 lists the identified compounds in HMF aging; it could be found that HMF decreased in abundance with aging. In contrast, 2,5-furandicarboxaldehyde and cirsiumaldehyde had an increase in abundance, and cirsiumaldehyde was the dehydration product of HMF, which is consistent with the observation of a decrease in hydroxyl groups found in 1H NMR results.


[image: Figure 3]
FIGURE 3. 1H NMR results for HMF after the aging process.


For the glycolaldehyde dimer, significant changes have taken place in this chemical after the aging process. When comparing the spectra of the glycolaldehyde dimer before (Figure 4A) and after (Figure 4B) the aging process, it can be seem that all hydrogen signals for the glycolaldehyde dimer greatly decreased. In addition, after careful comparison of the 1H NMR results before and after the aging process, it can be observed that the peaks of the aged glycolaldehyde dimer coincided with the peaks of the original impurities in the glycolaldehyde dimer (Figure 4C depicts an enlarged view of the bottom of the glycolaldehyde dimer spectrum, showing the peaks for impurities in the glycolaldehyde dimer), which suggests that almost no glycolaldehyde dimer was left after the aging process and polymerization may occur between glycolaldehyde dimers.


[image: Figure 4]
FIGURE 4. (A) 1H NMR results for the glycolaldehyde dimer after the aging process, (B) 1H NMR results for the glycolaldehyde dimer without the aging process, and (C) an enlarged view of the bottom of the glycolaldehyde dimer spectrum.


Interestingly, different from HMF and the glycolaldehyde dimer, although furfural, hydroxyacetone, and 4-allyl-2-hydroxybenzaldehyde have many active functional groups such as hydroxyl and carbonyl, these substances were stable after the aging process. 1H NMR results before and after the aging process for furfural, hydroxyacetone, and 4-allyl-2-hydroxybenzaldehyde are listed in Figures S2–S7.



Esterification Test

In the case of ET1 (Figure 5A) and ET2 (Figure 5B), levoglucosan (1H NMR result for levoglucosan without the aging process is shown in Figure S8) was mixed with acetic acid or formic acid; the disappearance of hydroxyl groups (4.77, 4.83, and 4.90 ppm) was observed and a number of new peaks appeared. Although hydrolysis was the main reaction for levoglucosan to form glucose, this product appeared only when the temperature exceeded 90°C (Hu et al., 2013), which suggests that levoglucosan reacted with acids as the alcohol at 80°C. Therefore, these three disappearing peaks and new peaks represent the occurrence of the esterification reaction. The number of aliphatic C-O bonds was greatly reduced due to the esterification reaction of levoglucosan, present in high abundance in pyrolysis (Helle et al., 2007; Yu et al., 2016).


[image: Figure 5]
FIGURE 5. 1H NMR results for (A) ET1 after the aging process, (B) ET2 after the aging process, (C) ET5 after the aging process, (D) ET8 after the aging process, (E) ET9 after the aging process, and (F) ET10 after the aging process.


ET5 examined the aging performance of the mixture of HMF and acetic acid, and the result is depicted in Figure 5C. It is shown in the spectrum that parts of the peak at 2.08 ppm for acetic acid and the peak at 9.54 ppm for HMF were shifted to the left side of their original peaks, meaning that both these substances were involved in the reaction. Moreover, these left-shifted peaks coincided with the peaks of the methyl (2.14 ppm) and carbonyl groups (9.61 ppm) on the esterification products of HMF and acetic acid, which was the evidence of the occurrence of the esterification reaction between these two reactants. Interestingly, in the case of ET8 (Figure 5D), although 4-hydroxy-3-methoxybenzoic acid contains a carboxyl group, no esterification reaction was observed between this substance and HMF. In this case, 4-hydroxy-3-methoxybenzoic acid was stable and the change of HMF was the same as the change of HMF aged alone, representing that the addition of 4-hydroxy-3-methoxybenzoic acid had no effect on HMF. In the presence of acetic acid, furfuryl alcohol (the 1H NMR result for furfuryl alcohol without aging processing is shown in Figure S9, and the result for ET9 is shown in Figure 5E) was catalyzed to polymerize, as all signals for furfuryl alcohol greatly declined compared with the signals for acetic acid. Under the catalysis of acids, a carbocation would be formed from furfuryl alcohol, attaching another furfuryl alcohol via the electrophilic substitution reaction, as presented in Figure 6A (Hu et al., 2013). HMF was catalyzed by formic acid toward polymerization since no HMF was left after aging treatment (Figure 5F). In addition, the formation of humins, a kind of dark-colored and tarry solids, was observed during the aging process. Patil et al. (2012) discovered the most likely pathway for humin formation, which showed that under acid catalysis, HMF formed 2,5-dioxo-6-hydroxyhexanal (DHH), an important intermediate for humin growth, and later via aldol addition/condensation, polymerization between DHH and HMF occurred (Figure 6B). In addition, the acid only played the role of a catalyst and did not participate in the reaction since no reduction in formic acid hydrogen signals was observed. Almost no reaction occurred in the case of ET3, ET4, ET6, and ET7, and these results are presented in Figures S10–S13.


[image: Figure 6]
FIGURE 6. Reaction mechanism of (A) furfuryl alcohol in the presence of acetic acid and (B) HMF in the presence of formic acid.


Comparing ET5, ET8, and ET10, it can be found that the reaction mechanisms of HMF with different acids were different. 4-Hydroxy-3-methoxybenzoic acid, formic acid, and acetic acid have different pKa values (acidity), which may be the reason for the different reaction mechanisms (Hu et al., 2013; Meng et al., 2014). Compared with formic acid and acetic acid, 4-hydroxy-3-methoxybenzoic acid is so weak that it will not react with HMF. The acidity of acetic acid is stronger than that of 4-hydroxy-3-methoxybenzoic acid but weaker than that of formic acid, and it undergoes esterification with HMF. Moreover, formic acid shows high acidity; it can catalyze HMF toward polymerization. A similar situation can be observed in ET6 and ET9. Thus, it can be hypothesized that furan derivatives containing hydroxyl groups such as HMF and furfuryl alcohol are active compounds in bio-oil and the reaction mechanism of these substances with acid changes with the acidity of the acid. With increasing acidity, the following reactions occur in order: no reaction, esterification (consume aliphatic C-O bond and form water), and condensation reaction (tend to polymerize and form water).



Aldol Condensation Test

As shown in Figure 7, reactions between glyceraldehyde (Figure S14) and hydroxyacetone were observed, as almost all peaks for glyceraldehyde disappeared and a decrease in the methyl peak of hydroxyacetone was observed (the integration of the peak at 4.03 ppm: the integration of the peak at 2.03 ppm = 1: 1.27). These changes also suggest that a condensation reaction may occur in the mixture via aldol condensation reaction since the dual functionality of glyceraldehyde and hydroxyacetone (aldehyde and alcohol) made these chemicals active toward condensation reactions. Hydroxyacetone and the glycolaldehyde dimer contain various active functional groups such as hydroxyl and carbonyl, and it seems that the reaction between these two chemicals is very easy. However, the 1H NMR result (Figure S15) showed that these two substances did not react with each other after the 72-h aging process. Although the hydroxyacetone and the glycolaldehyde dimer were mixed together, these two substances did not react with each other, and the spectrum of AC2 was like combining the spectra of aged hydroxyacetone and aged glycolaldehyde dimer together. 1H NMR results for AC3, AC4, AC5, AC6, AC7, and AC8 are presented in Figures S16–S21, which show that these mixtures were stable after aging. Although phenolic compounds can be regarded as weak acids, they are too weak to catalyze the aldol condensation reaction as shown in AC3, AC4, AC7, and AC8, suggesting that the presence of carboxylic acids may be the key to aldol condensation reactions (Patil and Lund, 2011; Patil et al., 2012). Interestingly, in AC5 and AC7 tests, no left-shifted peaks were discovered for HMF and almost no reaction occurred for it, indicating that HMF was relatively stable in these mixtures. The mechanism of this phenomenon is still unclear, and further research is needed.


[image: Figure 7]
FIGURE 7. 1H NMR result for AC1 after the aging process.


Almost no obvious aldol condensation reaction was observed in these chosen tests; it seems that the acidic environment was very important during the reaction. The original low pH value of bio-oil and increasing acidity during the bio-oil aging process provided good reaction conditions for aldol condensation (Joseph et al., 2016; Jo et al., 2018), during which the number of C=O bonds decreased. It was found that benzaldehyde could be added to HMF via aldol condensation during acid-catalyzed conversion, which demonstrates the possibility of increasing the values of humins (Patil and Lund, 2011). In addition, water was formed as a by-product of aldol condensation or other condensation reactions of aldehydes and ketones, explaining the increase in water during the aging process (Naske et al., 2012).



Phenol and Aldehyde Reaction Test

After the 72-h aging process, phenol was found to be stable in the PA1 test since the hydrogen signals for it did not change after aging treatment, which evidently meant that phenol did not react with glyceraldehyde, as shown in Figure 8A. Furthermore, the reaction for glyceraldehyde itself is observed in Figure 8A, but to a limited extent, as the peaks for glyceraldehyde (2.50, 3.23, 4.52, and 9.63 ppm) decreased and a few small new peaks (1.0–5.5 ppm) appeared in the spectrum. Due to the dual functionality of glyceraldehyde (alcohol and aldehyde), different kinds of reactions would occur, which could explain the appearance of these new peaks. Moreover, although phenol could play the role of a weak acid, no cross-linking reaction was found in the PA1 test, indicating that phenol was too weak to catalyze the reaction. The same phenomenon was also found in PA3 (Figure 8B) and PA5 tests (Figure 8C), where phenolic compounds were stable and glyceraldehyde had the same peak distribution as that of glyceraldehyde in PA1. Thus, all these three tests indicated that the reaction between phenol and aldehyde required strong acids or a higher temperature (>80°C). From the 1H NMR results of PA2 (Figure S22), PA4 (Figure S23) and PA6 (Figure S24), it could be concluded that phenolic components would not react with the glycolaldehyde dimer and they have no catalytic effect on the glycolaldehyde dimer, as the spectra of these three tests, after removing the hydrogen signals for phenolic compounds from the spectra, were basically consistent with the spectrum of the glycolaldehyde dimer self-condensation test. No more reaction was found in PA7-16, presented in Figures S25–S34. However, the stability of HMF was also discovered in PA9, PA11, PA13, and PA15, which was the same as the observation in AC5 and AC7. To examine whether HMF is stable in phenolic mixtures, an additional GC-MS test has been done for the aging test of the mixture of HMF and guaiacol. Table S2 lists the identified compounds in PA15 aging; from the analysis, it can be seen that HMF is stable in guaiacol, a typical model compound for lignin pyrolysis bio-oil. Therefore, it can be suggested that it is easy for HMF to maintain stability in phenolic mixtures.


[image: Figure 8]
FIGURE 8. 1H NMR results for (A) PA1 after the aging process, (B) PA3 after the aging process, and (C) PA5 after the aging process.


Same as the aldol1 condensation test part, due to the absence of an acid catalyst, no obvious reaction between phenol and aldehyde was found in this section. It is well known that with the aid of an acid, the formation of phenolic resins could be observed from the reaction between phenol and formaldehyde, furfural, or HMF, and this could be the reason for the increase in C-C bonds and the decrease in C=O bonds. In addition, under the catalysis of a proper acid, glycolaldehyde was found to react with phenol to a limited extent (Meng et al., 2014). All this existing knowledge indicates that in the acidic environment of bio-oil, the phenol and aldehyde selected in this section are likely to react with each other, which could explain the increase in C-C bonds and the decrease in C=O bonds during the aging process.



The Role of Different Model Compounds

Different kinds of model compounds played significantly different roles in various reactions. Acids, especially formic acid and acetic acid, were the most reactive compounds in bio-oil, as acids could act as both reactants and catalysts in various reactions. For example, at a low temperature (80°C), formic acid can react with levoglucosan via esterification (Figure 6). In comparison, at a high temperature (>90°C), it is well known that with the aid of formic acid, levoglucosan tends to undergo hydrolysis to form glucose and glucose further reacts to form small molecules (Hu et al., 2013). Due to the different acidities of different acids, their catalytic abilities present in reactions are also different. The 1H NMR results of HMF in the presence of acetic acid, 4-hydroxy-3-methoxybenzoic acid, or formic acid are presented in Figures 5C,D,F. In addition, phenolic compounds, as a kind of weak acid, show little catalytic effect at a low temperature (80°C). It can be concluded that removing acids from bio-oil and increasing the pH value of bio-oil would effectively slow the aging rate of bio-oil.

Aldehydes, sugars, and their derivatives, with different kinds of oxygen-containing functional groups, are the main components of bio-oils produced by pyrolysis of cellulose and hemicellulose, which contribute a lot to the aging of bio-oil. From the experiments above, HMF and the glycolaldehyde dimer are found to be highly reactive compounds in bio-oil, since reactions can be observed when these two substances are heated alone. Moreover, for furan and furan derivatives, with the presence of proper acids, these chemicals showed high tendency toward polymerization, which is closely related to the furan ring that they have. Moreover, under the catalysis of acid, a condensation reaction such as aldol condensation reaction can be observed for aldehyde, resulting in a decrease in C=O bonds and increases in the water content and molecular weight of bio-oil.

Aromatic compounds are found to relatively stable at a low temperature (80°C). Although phenolic compounds can be viewed as weak acids, the catalytic effect of phenolic compounds is not obvious, which indicates that a higher temperature may be needed. Even aromatic compounds containing carboxyl groups do not show significant catalytic effect. However, with the proper treatment of acids, new C-C bonds formed between phenolic compounds and aldehydes can be found and this reaction would significantly accelerate the aging of bio-oil.

In the case of model compound aging tests, the aging mechanism of bio-oil was investigated at the molecular level, which was rarely studied. Due to the use of model compounds, reactive substances have been identified and some possible reaction pathways have been proposed. However, there are still shortcomings of this study since none of these aging reactions can be verified in bio-oil or a similar environment. For example, aldol condensation and phenol and aldehyde reaction are expected to occur in bio-oil during the aging process, but due to the absence of acids, no obvious reactions are found in this work. If acids are added in these two kinds of reactions, it can be expected that the number of C=O bonds will decrease, as both of these two reactions consume C=O bonds. Therefore, considering that bio-oil contains hundreds of compounds, more aging tests related to bio-oil should be examined in future research to gain more insights into the bio-oil aging mechanism.




CONCLUSION

To elucidate the roles of different components of bio-oil and various reactions that may occur in the bio-oil aging process, pyrolysis model compounds have been employed to explore more information about the aging process. Thirty-nine model compound aging tests have been chosen to deepen the understanding of aging mechanism, which were divided into four parts, self-condensation, esterification, aldol condensation, and phenol and aldehyde reaction, and these tests were performed at 80°C for 72 h. It can be concluded from the experiments that small acids, aldehydes, and HMF are the most active molecules in the model compound study. Acids play an important role in aging process, as these can be used not only as a reactant but also as a catalyst for the reaction. Therefore, it can be concluded that acidity is an important factor affecting the aging process of bio-oil. In the esterification test section, a decrease in the number of aliphatic C-O bonds was observed since acids and alcohols reacted via the esterification reaction. Although in this study, due to the absence of acids, no obvious reaction was observed in the aldol condensation reaction section and phenol and aldehyde reaction section; the reactions for aldehydes were observed. Sugar and sugar derivatives showed high tendency toward condensation reaction in the presence of acids. Especially for HMF, this chemical presented totally different reaction mechanisms with the aid of different acids due to the multiple functional groups of HMF.
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Furfural, a versatile platform compound, is produced from the hydrolysis of pentose (hemicellulose) in lignocellulosic biomass. The manufacturing of furfural results in the production and accumulation of cellulose- and lignin-rich furfural residue, simultaneously. Reasonable and effective utilization of furfural residue would provide both environmental and economic benefits. In this work, alkali cooking technology was applied to extract lignin from industrial furfural residue. The effects of different alkali treatment conditions on the composition and chemical structure of extracted lignin and solid residue were studied. The results showed that extracted lignin contained abundant guaiacyl (G), syringyl (S), and p-hydroxyphenyl (H) structural units, among which the G-type lignin structural unit accounted for the main proportion. The extracted lignin samples were rich in hydroxyl, and the highest content of hydroxyl was 4.02 mM/g under the condition of T3 (135°C−0.35 M). An oxidize resistance test showed that extracted lignin showed a high inhibition effect on DPPH. The increase of lignin content in solid residue was due to the carbonization of cellulose into a lignin-like substance under the condition of a high temperature alkali treatment. This alkali cooking technology is suitable for extracting lignin from furfural residue, which has a promising application as a potential antioxidant in the food and cosmetic industry.
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GRAPHICAL ABSTRACT. Extraction of lignin from industrial furfural residue by alkali cooking technology.



INTRODUCTION

Furfural, a versatile industrial chemical, is regarded as a renewable, indispensable platform compound that is used for organic synthesis, solvents, petroleum refining, and pharmaceuticals. In general, furfural is derived from the dehydration of pentose (hemicellulose) in corncob, bagasse, rice husk, and other agricultural waste (Sun et al., 2008). The demand of market and industrial development drives the huge production of furfural, as about 12–15 t of furfural residue is produced for each ton of furfural production (Sun et al., 2008; Wang et al., 2019). At present, furfural residue is mostly used in the fields of heat generation, soil improvement, plant cultivation, and activated carbon synthesis (Ren et al., 2009; Wang et al., 2017), which is based on the overall utilization of

furfural residue solid waste, regardless of its composition and content. However, furfural residue is rich in cellulose (30 wt%) and lignin (63 wt%), each component having promising applications for the production of biofuels, chemicals, and materials (Wang et al., 2019). Furthermore, industrial furfural residue is a kind of organic waste with a high salt content and acidity, while the massive accumulation and unreasonable use would result in serious environmental pollution. Therefore, the reasonable and effective utilization of furfural residue would provide both environmental and economic benefits.

Most research has focused on the physical, chemical, and biological treatment of furfural residue to obtain cellulose for further utilization. However, the separation and utilization of lignin from furfural residue is scarce because of its complex structure. Lignin is a biopolymer with a three-dimensional network structure formed by three phenylpropane units, including p-hydroxyphenyl (H), guaiacyl (G), and syringyl (S). Lignin in furfural residue has the potential to be used as a reinforcing agent, antioxidants, a mineral powder binder, scale inhibitor, corrosion inhibitor, and in pharmaceuticals. At present, the main industrial methods to obtain lignin are dilute acid pretreatment, alkali pretreatment, ionic liquid treatment, and organosolv methods. The G and S-type lignin is extracted and purified by citric acid treatment from pulping black liquor (Liu Z. et al., 2009). Structural changes of corn stover lignin were studied during acid pretreatment, and the results showed that the condensation reaction became the main reaction of lignin at high temperature, which limited the depolymerization and subsequent utilization of lignin (Moxley et al., 2012). Olive residue lignin was extracted by ionic liquid triethylammonium hydrogen sulfate in Cequier's report, and the recovery yield of lignin reached 40% (Cequier et al., 2019). Two organosolv methods involving formic acid/acetic acid and sulfuric acid/ethanol solvent mixtures were investigated for lignin extraction from banana rachis biomass residue, and the obtained lignin fraction had a higher purity of 76.5 and 71.0% (Tiappi et al., 2019). Nitsos explored the characteristics of lignin isolated from spruce and birch with the use of alkaline or ethanol organosolv pretreatment, and the result showed that the molecular weight of alkaline lignin was higher than that of organosolv lignin (Nitsos et al., 2016). In summary, the cleavage of the C–O bond of lignin occurred in dilute acid treatment, and then the C–C bond was formed, which is more difficult to depolymerize. This phenomenon poses a huge challenge to the subsequent depolymerization and high value utilization of lignin. Although the higher yield and purity of lignin could be obtained by ionic liquid and organic solvent methods, the two methods are difficult to adapt to industrial production. In addition, in recent years, the acid-free pretreatment has attracted more interest to further improve lignin properties for high-value utilization (Tao et al., 2012). The condensation of lignin in raw materials could be avoided and high-performance lignin products could be obtained using alkali treatment technology, which is conducive to the utilization and development of lignin downstream industries. As an effective and simple way of lignin depolymerization, homogeneous alkaline catalysis technology has attracted the attention of researchers. Among them, alkaline cooking is a pulping method with NaOH as the catalyst and anthraquinone as the auxiliary catalyst to depolymerize lignin through the whole lignocellulosic biomass (Karp et al., 2014). Thring et al. proposed that up to 30% of small phenolic molecules could be achieved by the depolymerization of Alcell lignin with NaOH (Thring, 1994). Shabtai, Chornet, and Johnson reported that abundant small molecules were obtained by alkali depolymerization of lignin, and then the aromatics fuels such as gasoline were prepared by catalytic hydrogenation, realizing the high value utilization of lignin in the field of biofuel (Vigneault et al., 2007). Miller et al. reported the effect of alkaline strength on the depolymerization of lignin, and the results showed that strong alkali (NaOH, KOH) could produce more small molecular, than weak alkali (LiOH) (Miller et al., 1999, 2002). Katahira et al. systematically studied the structure and properties of lignins obtained from the alkali extraction residue derived after the acid and enzyme hydrolysis, deacetylation disk mill treatment, and deacetylation twin-screw treatment. Different raw materials and alkali treatment methods would lead to different depolymerization degrees and small molecule types of lignin (Katahira et al., 2016). High quality lignin could be obtained through alkali treatment technology, which is conducive to the utilization and development of downstream industries.

In this work, alkali cooking technology was applied to extract lignin from industrial furfural residue. The treatment condition was investigated as follows: 165°C−0.35 M NaOH-60 min (T1), 135°C−0.35 M NaOH-60 min (T2) and 135°C−0.20 M NaOH-60 min (T3). The structure and properties of lignin were comparatively studied under different alkaline cooking methods to examine the impact of alkali severity, and the treated solid residues were also investigated. The structural properties of extracted lignins and treated solid residues were determined using elemental analysis, gel permeation chromatography (GPC), fourier transform infrared (FTIR) spectroscopy, 2D HSQC NMR spectra, quantitative phosphorus spectrum (31P NMR), gas chromatography-mass spectrometry (GC-MS), and oxidation resistance test.



MATERIALS AND METHODS


Materials

Furfural residue was obtained from the Henan biotechnology company (Henan, China), a solid residue was produced in the preparation of furfural from corncob by sulfuric acid hydrolysis. Furfural residue was washed to neutral, with a large amount of deionized water before being used, and then dried in an oven at 60°C for 12 h. The component content of the dried furfural residue was measured by NREL method (Zhang et al., 2010). The furfural residue contains 29.56% cellulose, 62.97% lignin, and 7.47% others. Deuterium pyridine, cyclohexanol, deuterium chloroform, 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP), 1,1-diphenyl-2-trinitrophenylhydrazine (DPPH), and 2,6-di-tert-butyl-4-methylphenol (BHT) were purchased from Mecklin Reagent Co., Ltd. (Shanghai, China). Sodium hydroxide, sulfuric acid and tetrahydrofuran were purchased from Guangzhou Chemical Reagent Co., Ltd. (Guangzhou, China). All reagents were of analytical pure grade, without any treatment before being used.



Separation and Recovery of Lignin From Furfural Residue

Furfural residue and a certain concentration of NaOH aqueous solution were fully stirred according to the solid-liquid ratio of 1:20 g/mL, and then transferred to a 100 mL Parr reactor (YZPR-100, Shanghai Yanzheng Instrument Co., Ltd.). The mixture was treated at a certain temperature for 60 min. After the reaction, the mixture was filtered. The filtrate was added to acid to precipitate lignin. The solid residue was washed repeatedly to neutral by a large amount of deionized water, and then dried in an oven at 60°C for 12 h. Based on the previous work and the screening of experimental data (Moghaddam et al., 2017), the alkali treatment conditions were determined with the yield of three components as the goal. In order to investigate the impact of the severity of alkali treatment on the extraction of lignin, three different reaction conditions were selected: 165°C−0.35 M NaOH-60 min (T1), 135°C−0.35 M NaOH-60 min (T2), and 135°C−0.20 M NaOH-60 min (T3). At the same time, in order to compare the structure of lignin in the black liquor during the pulping process, soda lignin was also extracted from corncob. Corncob was mixed with an aqueous sodium hydroxide (1 M NaOH) solution and the mixture was reacted at 170°C for 90 min in a 100 mL Parr reactor according to the solid-liquid ratio of 1:20 g/mL.

The precipitation process of lignin by adding acid was as follows: the pH value of the reaction liquid was adjusted by 2 M H2SO4 solution to precipitate the alkali extracted lignin. The steps were as follows: 2 M H2SO4 solution was added to the alkali treatment solution until the pH value was about 4.5, and stirred at room temperature for 15 min. Then 2 M H2SO4 solution was added until the pH value was about 3, and the alkali treatment solution was vibrated in an air constant temperature oscillator (THZ-C, Jiangsu Taicang experimental equipment factory) at 65°C for 30 min. The solid and liquid mixture were filtered and separated after the vibration was completed. The solid mixture was washed to neutral with deionized water and then dried in a vacuum drying oven at 40°C for 24 h. The dried solid was the precipitated lignin.



Characterization of Lignin
 
Component Analysis

The contents of the cellulose, hemicellulose, and lignin in the sample were measured by the standard method (NREL) of American Renewable Energy Laboratory (Zhang et al., 2010). 0.3 g of the sample was mixed with 3 mL of 72 wt% H2SO4 solution and reacted at 30°C for 60 min. Eighty four milliliter of deionized water was then added to the mixture. The mixture was transferred to a high-temperature autoclave (DSX-280kb24, Shanghai Shenan medical instrument factory) and reacted at 121°C for 60 min. After the reaction, the solid mixture and liquid were separated by G3 filter. The sugar content of liquid was detected after being filtered by a 0.22 μm aqueous filter membrane. The solid was dried to a constant weight and calcined in a muffle furnace at 575°C for 6 h. The reduced mass was the content of acid insoluble lignin. The acid soluble lignin was calculated by the absorption value of ultraviolet spectrophotometer at 205 nm. The total amount of lignin was the sum of acid soluble lignin and acid insoluble lignin. Cellulose and hemicellulose were calculated according to the following formula:
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CGlu and CXyl+Ara represent the concentrations of glucose, xylose, and arabinose, mg/L, respectively; 0.90 and 0.88 are the coefficients of the conversion of cellulose and hemicellulose into glucose, xylose, and arabinose, respectively (Zhang et al., 2010).

The yield of extracted lignin samples was calculated according to the following formula (3):

[image: image]

YieldLignin, WLignin, and WFR represent the yield of extracted lignin, the mass of extracted lignin, the mass of furfural residue.



Molecular Weight Analysis

The 10 mg lignin sample was dissolved in 10 mL tetrahydrofuran and the mixture was filtered by an 0.22 μm organic filter membrane. The filtered liquid was injected into the gel chromatograph (Agilent 1260, USA) to determine sample molecular weight. The column was PL-gel 5 μm 103 Å and PL-gel 3 μm Mixed-3 (Series connection), the mobile phase was tetrahydrofuran, the flow rate was 1 mL/min, and the standard sample was 800–49,400 g/mol polystyrene.



Functional Group and Element Analysis

The infrared spectrum was determined by TENSOR27 (Bruker company Germany). A certain amount of sample was mixed with potassium bromide according to the mass ratio of 1:100. The scanning range was 4,000–400 cm−1. The contents of carbon (C), hydrogen (H), nitrogen (N), sulfur (S), and oxygen (O) in the lignin samples were determined by element analyzer (Vario EL cube, Germany). At the same time, according to the alkane formula CnH2n+2 and the relative content of elements, the C9 expression of lignin samples were calculated (Moghaddam et al., 2017).



2D HSQC NMR Spectra Analysis

More detailed chemical structure information for lignin samples could be provided by 2D HSQC NMR spectra. The lignin samples were analyzed on a 600 MHz Bruker AVANCE III (Karlsruhe, Germany) spectrometer. Thirty milligram of lignin was dissolved in 1-mL DMSO-d6, and then transferred to an NMR tube for testing. The spectrum width of the hydrogen spectrum and carbon spectrum were 5,000 and 20,000 kHz, respectively. The total number of samples collected in the one-dimensional hydrogen spectrum was 1,024, and the relaxation time was 1.5 s. The total number of acquisition points of one-dimensional carbon spectrum was 256 and the cumulative number is 64 times. The software used for data processing was mestrenova 6.1.1. It should be noted that the 2D HSQC NMR spectra of corncob and the furfural residue were tested according to the reference (Kim et al., 2008a). Eighty milligram of the sample, after full milling, was swelled in 0.75 mL DMSO-d6. The data was measured according to the above set parameters.



Quantitative Phosphorus Spectra Analysis

According to the reference (Granata and Argropouls, 1995; Akim et al., 2001), the content of hydroxyl in lignin samples were determined by quantitative phosphorus spectroscopy (31P-NMR). Twenty milligram of the lignin sample, 100 μL solution B, and 0.5 mL solution A were mixed. After full dissolution, 0.1 mL solution C was added, and then 0.1 mL of phosphating agent (TMDP) was added until the above mixture mixed well. The mixture was measured immediately after 15 min. Solution A was a mixture of deuterium pyridine and deuterium chloroform with the volume ratio of 1.6:1. Solution B was internal standard reagent, which was made using the following method: 54.25 mg of cyclohexanol was accurately weighed and then fixed with 5 mL solution A. Solution C, as a relaxation agent, was a 5 mg/mL chromium acetylpyruvate solution.



Pyrolysis Analysis

The fast pyrolysis of lignin samples was performed using a high temperature Tandem u-Reactor RX-3050TR pyrolyzer, and the pyrolysis products were characterized by gas chromatography-mass spectrometry (GC-MS, Agilent 7890B/5977A, USA). The 0.50-mg lignin sample was pyrolyzed at 500°C. The initial temperature was set at 50°C and maintained at this temperature for 1 min. The temperature then rose to 280°C at 6°C/min and was maintained at this temperature for 5 min. The pyrolyzed gas was put into gas chromatography for detection under helium purging. The carrier gas flow was 50 mL/min, and the split ratio was set as 30:1. After pyrolysis, the mass spectrum peaks were compared with the results in the National Institute of Standards and Technology (NIST), and the identified chemicals were analyzed quantitatively according to the literature.



Oxidation Resistance Test

According to Lu et al. (2012), DPPH (1,1-diphenyl-2-trinitrophenylhydrazine) was used to determine the antioxidant capacity of lignin. Different amounts of lignin were dissolved in a 0.1-mL water/dioxane (1/9, V/V) mixture to prepare 0.05–5 mg/mL of lignin solution. 3.9 mL DPPH ethanol solution (25 mg/L) was then added to the above solution. The absorption of the sample at 517 nm was determined by ultraviolet visible spectrophotometer (UV-1800, Shimadzu, Japan). The inhibition rate of lignin on DPPH was calculated according to the following formula (4):
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A0 was the absorbance of the control sample, A1 was the absorbance after reaction with lignin.




Characterization of Solid Residues
 
Component Analysis

The solid residues obtained by different alkali treatment conditions were defined as R1, R2, R3, and R4, respectively. The procedure for determining the lignin composition were the same as those for the above extracted lignin samples. The yield of solid residues was calculated according to the following formula (5):
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YieldSR, WSR and WFR represent the yield of solid residue, the mass of solid residue, the mass of furfural residue.



Functional Group Analysis

The infrared spectrum of corncob, furfural residue, and the solid residue were determined by attenuated total reflection fourier transform infrared spectroscopy (ATR-FTIR). The infrared spectrum of the sample was determined by vertex 70 (Bruker company, Germany). A certain amount of the sample was mixed and ground with KBr according to the mass ratio of 1:100. Thirty-two scans were performed at a resolution of 2 cm−1 with a scanning range of 4,000–400 cm−1.



Solid State NMR Spectra Analysis

The solid-state NMR spectra (CP/MAS 13C NMR) of the samples were determined by the 400 M Bruker NMR (AVANCE III HD 400). The 4-mm rotary tube was used, and the speed was 5 kHz. The contact time and pulse delay time were 1.5 ms and 3.16, respectively (Dong et al., 2013).





RESULTS AND DISCUSSION


Composition Analysis

The element content, empirical formula, and C9 form structural formula of corncob furfural residue and NaOH extracted lignin samples were studied (Table 1). The C9 form structural formula indicated that the sample was a hydroxyphenyl structure, which was calculated from six carbon benzene rings and three carbon propane side chains. The components content of corncob, furfural residue and extracted lignin samples were also measured (Table 2). As shown in Table 1, compared with corncob, the content of hydrogen (H) and oxygen (O) in furfural residue were significantly reduced, because corncob was composed of three major components: cellulose (C6H12O6), hemicellulose (C5H10O5), and lignin (C10H14O). In view of the structural formula of the three components, the proportion of hydrogen and oxygen in cellulose and hemicellulose were relatively high, and the proportion of carbon in lignin was relatively high. Combined with the thermal stability of these three components and the proportion of the content in biomass, the decrease of H and O content in furfural residue was attributed to the conversion of hemicellulose into furfural (Gallo et al., 2013), which was in accordance with the fact that no xylan was detected in furfural residue (Table 2). Compared with furfural residue, the content of carbon (C) and hydrogen (H) in the alkali extracted lignin sample were increased, while the content of oxygen (O) was decreased. According to the proportion of C, H, and O elements in the three components, the alkali treated lignin samples didn't contain or contained a small amount of xylan and glucan (T1 and soda lignin contained a small amount xylan and glucan, Table 2), which showed that cellulose and hemicellulose were completely removed from lignin. The content of hydrogen in the lignin samples was higher than that in the furfural residue, meaning that the lignin samples may contain relatively high hydroxyl content.


Table 1. Elemental analysis and formula of corncob, furfural residue, and extracted lignin samples.
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Table 2. Yield and chemical composition of corncob, furfural residue and extracted lignin samples.

[image: Table 2]

The yield and component content of lignin samples obtained by alkali cooking technology were shown in Table 2, T1 and soda lignin contained 6.7 and 0.5% cellulose, while no cellulose was detected in other lignin samples (T2 and T3), which may be related to the more lignin-carbohydrate complex (LCC) in alkali extract liquor of corncob and furfural residue. LCC and lignin with a higher molecular weight were easily extracted by a stronger alkali solution (Zhu, 2008). The content of acid insoluble lignin in soda lignin was higher than that in other samples. The cell wall of corncob was easily damaged by strong alkaline treatment, and more lignin with a high molecular weight was dissolved to form soda lignin (Phongpreecha et al., 2017). Moreover, another reason was that H2SO4 was industrially used to remove the most hemicellulose and a part of lignin from corncob, so furfural residue was lower for acid insoluble lignin. The lignin content of furfural residue after alkaline cooking treatment also confirmed this phenomenon. The yields of lignins obtained from T1, T2, and T3 were in the order of T1 > T2 > T3. The high yield of lignin was obtained by severe alkali treatment of furfural residue.

It could be explained that the higher molecular weight lignin was dissolved with harsh alkali treatment conditions, further accumulated and precipitated in the acid precipitation method, thus more acid insoluble lignin was obtained. The order of the molecular weight of lignin samples was T1 > T2 > T3, which also showed that lignin with a larger molecular weight could be dissolved in a strong alkaline environment (Table 3) (Thring, 1994; Phongpreecha et al., 2017). The precipitation of the above alkali extracted lignin was related to the molecular weight of lignin. A large amount of alkali soluble lignin could not be precipitated due to its small molecular weight. Only a small amount of high molecular weight lignin extracted by strong alkaline conditions could be precipitated (Zhu, 2008). Therefore, a higher lignin yield could be achieved under stronger alkali treatment conditions.


Table 3. Molecular weight distribution of the extracted lignin samples.
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Functional Group Analysis

In order to better understand the structure changes of samples during the preparation of furfural, the attenuated total reflection (ATR) of corncob and furfural residue are shown in Figure 1A. The vibration peak at 896 cm−1 is the characteristic peak of the β- glucoside bond (Sun et al., 2012), which was obviously weakened after acid treatment, indicating that cellulose was destroyed or degraded during the preparation of furfural from corncob catalyzed by strong acid (H2SO4). Hemicellulose is a kind of polymer composed of many monosaccharides, its infrared characteristics come from the C=O stretching vibration in acetyl and carboxyl groups. The vibration peak of corncob at 1,725 cm−1 assigns to the C=O stretching vibration in hemicellulose, the vibration peaks at 1,371 and 1,248 cm−1 assign to the C–O stretching vibration in polysaccharide, and the C–O stretching vibration in hemicellulose acetyl, and the vibration peak at 996 cm−1 is the typical absorption peak of the arabinose based xylan structure, which disappeared or weakened after acid treatment. The C–O stretching vibration appeared at 1,025 cm−1 and decreased sharply to 1,158 cm−1. The changes of the above vibration peaks indicated that hemicellulose was degraded to a large extent (Rahimi et al., 2016). After acid treatment, the vibration peak of furfural residue at 1,057 cm−1 belongs to C=O and OH vibration. Lignin is a kind of aromatic polymer with many complex functional groups. In Figure 1A, the vibration peak at 1,513 cm−1 belongs to the aromatic skeleton vibration of lignin, and the vibration peak at 1,602 cm−1 assigns to the stretching vibration of the aromatic skeleton and C=O. After acid treatment, the two vibration peaks increased significantly, which was attributed to the increase of lignin relative content in corncob after the conversion of hemicellulose to furfural (Liu L. et al., 2009; Xu et al., 2015), indicating that the residual solid residue of corncob, after the preparation of furfural by acid catalysis, contained lignin and retained the basic structure of lignin.


[image: Figure 1]
FIGURE 1. ATR spectra of corncob, furfural residue (A) and extracted lignin samples (B).


The infrared spectra of alkali extracted lignin samples are shown in Figure 1B. The infrared spectra of lignin samples under different alkali treatment conditions were very similar. The three main characteristic peaks of the lignin structure, such as 1,601, 1,509 and 1,424 cm−1, were obviously present in the infrared spectra of lignin samples, indicating that the basic lignin structure existed in the samples. The vibration peak at 1,695 cm−1 belongs to the C=O stretching vibration in the non-conjugated ketone or carbonyl compounds (Yang et al., 2013). The vibration peak intensity of the lignin samples was similar, indicating that the lignin obtained from corncob and furfural residue were oxidized, and a similar degree was observed (Yang et al., 2013). The vibrations at 1,601, 1,509, 1,456, and 1,424 cm−1 are attributed to the vibration of lignin aromatic skeleton and C–H deformation vibration (Xu et al., 2013; Rodríguez-Gutiérrez et al., 2014). Compared with the vibration peak of the lignin sample in furfural residue, the signal peak of the soda lignin sample was stronger, which indicated that the soda lignin sample contained a greater benzene ring structure. The signal peaks at 1,329 and 1,116 cm−1 are derived from the C–H vibration in syringyl based structural units (Villaverde et al., 2009). These characteristic peaks disappeared or weakened in lignin samples, indicating that there was a relatively rich syringyl in soda lignin. In addition, the signal peaks at 832 and 1,035 cm−1 belong to the C–H vibration in the p-hydroxyphenyl structural unit. The signal peak at 1,162 cm−1 is the characteristic peak of p-hydroxycinnamic acid. The vibration at 1,262 cm−1 is related to the C=O stretching vibration in the guaiacyl structural unit. The peak at 1,211 cm−1 belongs to the vibration of C–C, C–O, and C=O in the condensed guaiacyl structural unit (Barsbay and Güner, 2007; Miao et al., 2014).



2D HSQC NMR Spectra Analysis

The 2D HSQC NMR spectra and the main structure of corncob and furfural residue are displayed in Figure 2, and the assignment of signal peaks of lignin and carbohydrate in 2D HSQC NMR spectra are summarized in Table 4. The 2D HSQC NMR spectra of Figure 2A shows that the carbohydrate found in corncob was mainly xylan, and the signal peak of cellulose was weak or even disappeared, which was due to the decrease of the fluidity of crystalline cellulose in the corncob and the overlap of some signal peaks (Kim et al., 2008b). The signal peaks of X2, X3, X4, and X5 in corncob are attributed to C2/H2, C3/H3, C4/H4, and C5/H5 in β-D-xylopyranoside of corncob xylan. The signal peaks at X2'and X3' are derived from the partial acetylation of C2 and C3 in xylan (Rencoret et al., 2009). The signal peaks of other carbohydrates including X1, X1', and GL1(hem) belong to β-D-xylopyranoside, 2-O-acetyl-β-D-xylopyranoside, and C1/H1 in (1 → 3) + (1 → 6)-β-D-glucopyranoside (Van Erven et al., 2017). The 2D HSQC NMR spectrum of furfural residue was obviously different from that of corncob, and the results are illustrated in Figure 2B. The signal peaks of xylose (X1, X2, X3, X4, X5) or acetylated xylose (X1', X2', X3') disappeared completely in furfural residue, because hemicellulose was hydrolyzed and dissolved during the preparation of furfural from corncob. There were some carbohydrate signal peaks in furfural residue, which came from cellulose or modified cellulose. GlI, Gl(R), and Gl(NR) belong to unchanged cellulose or cellulose containing reducing and non-reducing end groups in furfural residue, respectively (De Menezes et al., 2017). These changes indicated that the cellulose of corncob was modified or degraded in the production process of furfural.
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FIGURE 2. 2D-HSQC NMR spectra and the main structures of the corncob (A) and furfural residue (B).



Table 4. Assignment of 13C/1H correlation of signals in the 2D HSQC NMR spectra.

[image: Table 4]

Figure 3 presents the 2D HSQC NMR spectra of alkali extracted lignins and soda lignin. In Figure 3, the H, S, G, and PCA structural units were mainly distributed in the aromatic regions of these lignin samples. Although clear signals of lignin units were observed in the aromatic regions, no signals were detected in the lignin linkages regions. The reason is as follows: the signal of lignin linkages regions and side chain structure were lost due to the serious damage caused by alkali treatment, while the strong signals of lignin were observed because the benzene ring structure of lignin was not damaged. The signal peaks at δC/δH 106.4/7.19 were observed in all lignin samples, which belong to the oxidation structure (S') of the S structural unit at C2, 6/H2, 6, indicating that the structure of lignin samples was partially oxidized (Kaparaju and Felby, 2010). The signal peaks of the lignin samples at δC/δH 114.9/6.77 belong to the C3, 5/H3, 5 structure in the H structural unit, and were also related to C5/H5 in the G unit and C3, 5/H3, 5 in PCA. C2, 6/H2, 6 in H structural units were also observed at δC/δH 127.9/7.19. In addition, the signal peaks at 110.8/6.97, 114.5/6.70, and 119.0/6.78 of δC/δH belong to C2/H2, C5/H5, and C6/H6 structures in the G-type unit (Mousavioun and Doherty, 2010; Rönnols et al., 2015), indicating that G-type units existed in all lignin samples and the content was relatively rich, which was closely related to the types and characteristics of raw materials. The lignin samples extracted from furfural residue contain abundant G, H, S units, and the S-type unit was easy to oxidize.


[image: Figure 3]
FIGURE 3. 2D-HSQC-NMR spectra of the extracted lignin samples.




Quantitative Phosphorus Spectra Analysis

The quantitative phosphorus spectra of alkali extracted lignins and soda lignin are illustrated in Figure 4. Based on the analysis of quantitative phosphorus spectra, the functional groups on the lignin samples of TMDP phosphating were quantified (Table 5). From Table 5, there was no significant difference between the hydroxyl content of the soda lignin sample and that of the alkali extracted furfural residue lignin, and the hydroxyl content of lignin from T3 was significantly higher than that of soda lignin. The order of hydroxyl content in lignin samples was T3 > T2 > T1, which was due to the different severities of the alkali treatment conditions. Compared with soda lignin, the hydroxyl content of guaiacyl (non-condensed) in the alkali extracted lignin samples decreased while that of p-hydroxyphenyl increased. Moreover, with the harsh conditions of alkali extraction, the hydroxyl content of guaiacyl (non-condensable) in the obtained lignin samples decreased more and more seriously, which was related to the loss of methoxyl in the guaiacyl structural units during alkali extraction (Rönnols et al., 2015). However, compared with the soda lignin sample, the content of carboxyl and hydroxyl groups in the alkali extracted lignin samples increased significantly, which may be related to the oxidation of lignin in the production process of furfural or the impurities of fatty acids in lignin (Constant et al., 2016). Thus, the highest content of hydroxyl in the lignin samples was 4.02 mM/g under T3, which was higher than that in the soda lignin samples (3.41 mM/g). Therefore, lignin samples with rich hydroxyl content could be obtained from furfural residue in the appropriate alkaline extraction condition. The lignin could be used as additives of some antioxidants (Mousavioun and Doherty, 2010), which is of great significance for the efficient utilization of lignin in furfural residue.
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FIGURE 4. 31P-NMR spectra of the extracted lignin samples.



Table 5. 31P-NMR results of the extracted lignin samples (mM/g).
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Pyrolysis Analysis

The samples of corncob, furfural residue, and extracted lignin were analyzed by pyrolysis gas chromatography-mass spectrometry (PyGC-MS). The degradation products and relative abundance of lignin samples are listed in Table S1. It is obvious that the main small molecules produced in the pyrolysis of lignin samples were p-hydroxyphenyl (H), syringyl (S), and guaiacyl (G). The relative contents of phenols derived from lignin and the contents of H, G, S, and S/G are listed in Table S1. The high content of 4-vinylguaicol was produced in the pyrolysis of corncob, furfural residue, and lignin samples, which had a significant impact on the content of the G unit in the pyrolysis products. However, it should be noted that 4-vinylguaicol was mainly derived from the decarboxylation of ferulic acid in gramineous materials (Del Río et al., 2012; Río et al., 2015). In other words, this part of the guaiacyl structural unit was from ferulic acid. Therefore, this part of guaiacyl could not be used as a part of the G-type structural unit to calculate the ratio of H, G, S. After the removal of 4-vinylguaicol, the ratio of H, G, S and the ratio of H, G, S containing 4-vinylguaicol are also listed in Table S1. Obviously, there were significant differences in the composition of lignin in different samples. Taking 4-vinylguaicol into account, corncob and furfural residue contained abundant G-type unit (46.5 and 49.3%). After 4-vinylguaicol was not considered, the G-type structural unit in corncob decreased to 30.5%, which confirmed that 4-vinylguaicol was released from the G-type structural unit and ferulic acid. However, the change of the G-type structural unit in furfural residue was not significant at 41.5%, implying that there was an abundant G-type structural unit in furfural residue, which could also be seen from 2D HSQC NMR spectra. Many small phenolic molecules were released from lignin samples, according to the degree of treatment, and the contents of H, G, and S were obviously different. As the treatment conditions become more and more severe, the content of the H-type unit increased gradually, and the proportion of the G-type unit and S-type unit decreased, which may be related to the removal of methoxyl in the G-type and S-type units under severe conditions (Harman-Ware et al., 2013). The content of the G-type unit of lignin samples under T1, T2, and T3 was 29.9, 36.9, and 42.3%, respectively. The results of Py-GC/MS showed that similar S/G (1.0–1.1) values and a high proportion of the G-type unit were present in the three lignin samples. Therefore, the extracted lignin could be applied in many chemical fields based on the chemical properties. Lignin, which contains a lot of hydroxyl, could be used to scavenge free radicals, develop antioxidant products, and to provide reactivity for the synthesis of phenolic resin. Lignin with a large number of G-type units could activate the benzene ring, which has potential in the synthesis of benzene ring structures containing methoxy groups.



Antioxidant Analysis

Figure 5 displays the inhibition of different lignin samples on DPPH. The clearance rate of lignin samples to DPPH was significantly related to its concentration. The inhibition rate of DPPH increased with the increase of lignin concentration. Among them, the antioxidant activity of the lignin sample extracted under T3 was the best one, and the scavenging rate of the DPPH radical was 91.5%. The order of the antioxidant strength of samples was as follows: T3 > soda lignin > T2 > T1 > BHT > furfural residue > corncob, shown in Figure 5. Obviously, the antioxidant activity of lignin samples obtained by alkali extraction was higher than that of commercial antioxidant BHT, which was related to the hydroxyl content in lignin samples by alkali extraction, and the conclusion was consistent with the results of the phosphorus spectrum test. However, the oxidation resistance of corncob and furfural residue was weak, which may be related to the characteristics of the sample itself and the undissolved lignin. Therefore, lignin samples extracted under different alkali conditions have a promising application as potential antioxidants in food and cosmetics.
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FIGURE 5. Scavenging activity of lignin samples compared with commercial antioxidants for DPPH radical.




Solid Residue Analysis
 
Component Analysis

The components of corncob, furfural residue, and the alkali treated solid residue were analyzed, and the results are shown in Table 6. Obviously, 77.25% glucan was observed in the alkali treated corncob solid residue, and the yield of the solid residue was 28.11%. The glucan content was significantly higher than that of the corncob and furfural residue because lignin in the raw material was removed by alkali extraction. However, after alkali treatment of furfural residue, the content of glucan in solid residues were 7.89, 10.55, and 12.70%, and the corresponding yields were 63.4, 64.7, and 75.4 under T1, T2, T3. This result showed that the content of glucan in alkali treated furfural residue was significantly reduced, and with the severity of alkali treatment, the content of glucan in furfural residue decreased. This results were contrary to the increase of glucan content in alkali treated corncob, which was attributed to the removal of hemicellulose in the process of preparing furfural by acid catalysis. The removal of hemicellulose further resulted in the exposure of cellulose to the alkali solution, so partial cellulose was degraded into small molecules in the reaction solution (Yang and Pei, 2001). In addition, the increase of acid insoluble lignin content in solid residue was mainly due to the carbonization of partial cellulose into lignin-like substances under the condition of high-temperature alkali treatment. Furthermore, the harsh alkali treatment conditions lead to the aggravation of cellulose carbonization (Hoekman et al., 2011). As shown in Table 2, the dissolution rate of lignin also increased when increasing the severity of reaction conditions. The dissolution rates of lignins were 27.7, 26.6, and 22.9% under T1, T2, and T3, while the content of acid insoluble lignin in solid residues were 82.41, 74.78, and 70.43%, respectively (Table 6), which also indicated that some lignin-like black carbon may be produced under the condition of a high-temperature alkali treatment. These results showed that the removal of lignin by alkaline cooking technology was not suitable for cellulose utilization from industrial furfural residue.


[image: Figure 6]
FIGURE 6. FT-IR spectra of the alkali treated furfural residue.



Table 6. Chemical composition of the corncob, original and alkali treated furfural residues.
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The total mass balance of extracted lignin samples and alkali treated solid residues in the separation and recovery process is shown in Table 7. The reduction of total mass after separation was mainly due to the hydrolysis of cellulose in the reaction solution and the carbonization of cellulose to form lignin-like substances. The components of solid residue were mainly cellulose and lignin-like substances generated by cellulose.


Table 7. The total mass balance of extracted lignin samples and alkali treated solid residues in the separation and recovery process.
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Functional Group Analysis

The infrared spectra of solid residues extracted from furfural residue under different alkali treatment conditions are shown in Figure 6. There was a similar structure in solid residues under different alkali treatments. The absorption peaks at 1,587 and 1,510 cm−1 are attributed to C=C stretching vibration on the skeleton of the lignin benzene ring, which indicated that there were lignin-like structure substances in solid residues. Vibrations at 2,899, 1,425, 1,371, 1,159, 1,106, 1,027, and 896 cm−1 are related to the cellulose in solid residues. Among them, the vibration at 1,425 cm−1 is attributed to the asymmetric bending vibration of C–H in methyl –CH3 and methylene –CH2. The absorption peak at 1,371 cm−1 is –CH bending vibration and C–O stretching vibration in cellulose (Ma et al., 2015). The strength of characteristic peaks (1,425, 1,159, 1,027, and 896 cm−1) of cellulose in furfural residue solid residue was significantly lower than that of cellulose in corncob solid residue, indicating that partial cellulose in furfural residue was degraded, dissolved, or carbonized into lignin-like structure substances, which was consistent with the results of the component analysis in Table 6. Moreover, the characteristic peak intensity of lignin (1,587 and 1,510 cm−1) in the furfural solid residue was significantly higher than that in corncob solid residue, implying that the lignin of corncob was effectively dissolved in the alkali solution, but the lignin dissolution of furfural residue was poor, and could even not be dissolved.



Solid State NMR Spectra Analysis

The structure of corncob, furfural residue, and solid residue was analyzed by solid-state NMR spectra, and the results are shown in Figure 7. Compared with untreated corncob and furfural residue, the relative strength of the cellulose signal peak in alkali treated solid residue was weakened, and the lignin signal peak was enhanced, which was consistent with the results of the component and functional group analysis. The intensity of signal peaks at 89.1 or 88.9 ppm was weakened, indicating that the crystalline cellulose in furfural residue was destroyed and the relative content of cellulose was reduced under alkali treatment. The decrease of signal peak at 83.4 or 84.2 ppm showed the decrease of amorphous cellulose, which was due to the destruction of the cellulose structure by alkali treatment, indicating that partial cellulose had undergone a peeling reaction and gradually dissolved into small molecules (Liu et al., 2006a). The signal peaks at the chemical shifts of 126.9 or 128.9 ppm and 148.3 or 147.5 ppm are attributed to the carbon in the benzene ring structure of lignin and the carbon in the β-O-4 structure of the syringyl group, respectively (Liu et al., 2006b). The signal peak at 56.4 ppm is attributed to the carbon of the methoxy group in the lignin aromatic structure (Dong et al., 2013). Compared with the untreated corncob and furfural residue, the signal relative intensity of lignin or lignin-like substances in the solid residue was enhanced, indicating that the relative content of lignin-like substances increased after alkali treatment, which was related to the carbonization of partial cellulose.


[image: Figure 7]
FIGURE 7. 13C CP/MAS NMR spectra of corncob, alkali treated corncob, original (A), and alkali treated furfural residue (B).






CONCLUSION

This study has provided insightful information on the composition and structural characteristics of alkali extracted lignin from furfural residue and its solid residue. The basic structural units (G, S, and H) were present in extracted lignin, in which the G-type unit accounted for the main proportion. The hydroxyl content was rich in lignin, and the highest hydroxyl content was 4.02 mM/g by T3. Moreover, the alkaline cooking treatment had little influence on the structure of the obtained lignin, and the extracted lignin had a great inhibition effect on DPPH free radicals, which give them special properties for different applications, particularly as potential antioxidants in food and cosmetic industry.
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A key challenge in studying the upgrading process for the thermochemical conversion of biomass, such as lignin, is to understand the underlying mechanisms of catalytic conversion at the atomic scale. In this study, a method combined with in situ 2H NMR and GC-MS was proposed for investigating the conversion of phenethyl phenyl ether (PPE) in the hydrotreating process, as catalyzed by Pd, Ru, and Pt loaded onto C or γ-Al2O3. The results indicated that Pd/γ-Al2O3 prefers to produce more ether bond-cleaved products, while Pt prefers to produce more hydrogenation products from PPE. Furthermore, based on this new strategy, a possible reaction mechanism of PPE with Pd/γ-Al2O3 was presented from the atomic point of view, showing the potential of this in situ detection method for reaction mechanism studies. Besides, mechanistic investigations by GC-MS were accomplished for the hydrothermal treatment of PPE for comparison with the new method. The results showed that the in situ 2H NMR combined with GC-MS provided a deeper understanding of the catalytic mechanism compared to GC-MS alone.

Keywords: lignin, in situ 2H NMR, GC-MS, mechanism, upgrading process


INTRODUCTION

Lignin is a waste material from the paper industry and a by-product from second-generation bio-ethanol production processes. Lignin is also abundant in waste biomass from agriculture, as well as yard and forestry wastes (Barton et al., 2018). Furthermore, lignin is the only renewable aromatic resources in nature (Konnerth et al., 2015). However, as low-heat fuels or additives of concrete, the commercial utilization rate of lignin is still <10%, which is far lower than that of cellulose and hemicellulose (Li et al., 2015; Wang et al., 2019). Under this circumstance, by converting lignin into fuel or valuable chemicals through appropriate methods, reducing use of fossil fuel and lower emissions of carbon dioxide could be achieved (David and Ragauskas, 2010). Thus, how to make more reasonable use of lignin has attracted the attention of researchers around the world.

At present, common conversion methods of lignin include pyrolysis, acid or alkali catalysis, hydrocracking, gasification, and reductive transformation (Katahira et al., 2016; Shuai et al., 2016; Fan et al., 2018; Santana et al., 2018; Sirousrezaei et al., 2018). Among these, the premise of the efficient utilization of lignin is the depolymerization of lignin (Chio et al., 2019; Zhang and Wang, 2020). In terms of structure, lignin is a three-dimensional polymer which is mainly composed of basic phenylpropane units, such as p-hydroxyphenyl, guaiacyl and syringyl (Zakzeski et al., 2010). These basic units are connected by C-C or C-O bonds. From Table 1, the reported abundance of C-O bonds is more than that for C-C bonds in softwood and hardwood (Chakar and Ragauskas, 2004; Zakzeski et al., 2010). Besides, the theoretical calculation of a C-O bond's dissociation energy is usually smaller than that of a C-C bond in lignin model compounds, which indicates that the dissociation of lignin usually starts with a C-O bond. Therefore, the cleavage of C-O bonds is of great significance for the depolymerization of lignin (Elder and Beste, 2014).


Table 1. Reported abundance of major linkages in softwood and hardwood lignin (Chakar and Ragauskas, 2004; Zakzeski et al., 2010).

[image: Table 1]

Hydrogenolysis, where H2 is used at high temperature and high pressure with metal catalysts, is regarded as an effective way to cleave the bond of C-O for the purpose of converting lignin into high-value liquid precursors (Yan and Dyson, 2013). Thus, it is crucial to find a suitable catalyst for breaking C-O bonds effectively. However, lignin has a relatively complex structure albeit without a defined one. Thus, model compounds have been employed to represent some typical structures of lignin. Phenethyl phenyl ether (PPE) has been commonly used to represent the β-O-4 linkage, which is one of the major linkages in the lignin structure. Recently, Mauriello et al. (2018) applied the co-precipitation technique to synthesize Pd/Ni to catalyze the conversion of PPE. In 2013, Song et al. (2013) employed Pd/C, Ru/C, and Ni/C for hydrogenation and cracking reactions of PPE. Most of the research focuses on the catalytic effect of different catalysts on PPE but less on the catalytic mechanism. However, the study of catalytic mechanism is also of considerable importance in the synthesis of catalysts and the design of production processes (Shuang et al., 2019).

To study inner mechanisms, choosing appropriate techniques to monitor the reaction is important. GC-MS has been most widely used in various chemical reactions in order to speculate the reaction process. However, some specific reaction process and intermediate products cannot be effectively recorded and studied with GC-MS. Recently, in situ monitoring using NMR has attractive attention. Richter et al. (2019) used in situ 13C NMR spectra to identify final products, intermediates, and by-products during the whole reaction, which in turn helped to reveal the inner mechanism of electrocatalytic oxidation of alcohol. An in situ 1H NMR technique was also employed by Wang et al. in order to follow the reaction of inulin biomass (Wang et al., 2015). The above-mentioned studies showed that in situ detection is an effective way to understand the reaction mechanism. Isotope labeling combined with 2H NMR is another effective means for investigating the reaction mechanism. Wang et al. (2018) employed CD4 to trace the hydrogen atoms of methane in the co-pyrolysis of methane and cellulose, providing evidence of methane incorporation into aromatic compounds by 2H NMR characterization. In our previous research, the ring-opening mechanism of lignin model compounds was investigated by 2H NMR as well (Ben et al., 2016).

In this study, we proposed a strategy of isotopic (deuterium) labeling combined with in situ 2H NMR monitoring and GC-MS to detect and analyze the catalytic upgrading process of PPE. Pt, Pd, and Ru on two commonly used supporting materials (carbon and Al2O3) served as catalysts. For comparison, our strategy and GC-MS alone were separately applied in the hydrotreating process and hydrothermal treatment of PPE. Furthermore, based on the data from the whole reaction, a possible transformation mechanism at the atomic scale was proposed and discussed. This research showed the potential of a high-pressure in situ 2H NMR monitoring method using isotopic labeling for studying the upgrading process of biomass model compounds.



MATERIALS AND METHODS

Materials

PPE, tetramethylsilane-d12(TMS-d12), chloroform, phenol, ethyl benzene, phenylethyl alcohol, cyclohexanone, cyclohexanol and cyclohexane ethanol were purchased from Sigma-Aldrich (St. Louis, MO) and used as received. Pt/Al2O3(5%), Pt/C(5%), Pd/Al2O3(5%), Pd/C(5%), Ru/Al2O3(5%), and Ru/C(5%) were purchased from Sigma-Aldrich and dried to remove moisture before use. Deuterium gas was purchased from Airgas.



Experiment and Experimental Procedure


Hydrotreating Process

A reaction mixture was prepared in a 5 mm NMR tube (Wilmad), with 100 μL of PPE, 0.5 μL of TMS-d12 and 2 mg of catalyst. The NMR tube was purged five times with D2 to remove the air. The initial pressure in the NMR tube was set to 700 kPa, after which it was inserted into the preheated NMR spectrometer where the temperature was 100°C. The spectra were recorded every hour for 16 h. Finally, the samples which reacted in the NMR tube were dissolved in chloroform for subsequent GC-MS analysis.



Hydrothermal Treatment

5 mg of PPE, 0.3 mg of catalyst and 5 ml of water were added to the reaction tube. The reactor was purged with H2 three times to exclude air and then pressurized to 700 kPa with H2. The reactor was kept at 100°C for 12 h. The products were filtered and extracted with 1 mL of chloroform for GC-MS analysis. The external label method was used for the quantitative analysis of products.




Characterization of Products

The products from hydrotreating process were analyzed by 2H NMR and GC-MS, while the products from hydrothermal treatment were analyzed by GC-MS.

All 2H NMR data were recorded with a Bruker Avance/DMX 600 MHz NMR spectrometer. 2H NMR spectra were detected with 1.5 s of acquisition time, 2 s of relaxation delay and 1,024 scans by Bruker's pulse program “zg2h” with the lock channel in a Bruker's BBO probe. Then, data were processed by MestReNova 11.0 with automatic phase correction and six-order Bernstein polynomial. The chemical shift for 2H NMR was referenced to 0.00 ppm of TMS-d12.

The analysis of GC-MS was accomplished by an Agilent G1530A gas chromatograph (GC) interfaced with a HP 5973 mass spectrometer. The GC injector was operated at 280°C. 61.3 mL/min of constant He flow was applied to the capillary column (Agilent 190915-433). The GC oven was programmed as follows: hold at 50°C for 1 min, heated up to 280°C with a ramp of 10.0°C/min and hold at 280°C for 1 min.



Theoretical Chemical Calculation Method

All theoretical chemical calculations were conducted by Gaussian09. For the calculation of chemical shifts, model compounds were optimized with B3LYP/6-31g+(d, p) while frequency calculations were performed on the optimized model to ensure that there was no virtual frequency. Gauge-independent atomic orbital (GIAO) methodology combined with B3LYP/6-311g+(2d, p) was used to acquire the NMR isotropic shielding tensors. In order to reduce the error, linear regression was employed to convert the calculation results to chemical shifts. The relevant formula is as follows where the intercept is 31.8884 and the slope is −1.0481 (Jain et al., 2009; Pierens, 2014).

[image: image]

The M06-2X method and the 6-31G+(d, p) basis set were employed to calculate the C-H bond dissociation energy (BDE) of PPE at 100°C and 700 kPa (Wang and Liu, 2016).




RESULTS AND DISCUSSION

The hydrotreating process and hydrothermal treatment were conducted as the two common approaches to the lignin upgrading process. For insights into the catalytic mechanism of PEE, a milder condition (100°C and 700 kPa) was used in this study, which allowed for the preservation of potential intermediates.


Hydrotreating Process

Figures 1, 2 and Figures S1–S4 show the results of the deuterium-traced reaction of PPE as catalyzed by Pd, Ru, and Pt which were loaded onto C or γ-Al2O3.


[image: Figure 1]
FIGURE 1. In situ 2H NMR monitoring of the deuterium traced upgrading reaction of PPE on Pd/γ-Al2O3 (5 wt%).



[image: Figure 2]
FIGURE 2. In situ 2H NMR monitoring of the deuterium traced upgrading reaction of PPE on Pt/γ-Al2O3 (5 wt%).



The Analysis of the Chemical Shift of Products

In 2H NMR analysis, the chemical shifts in the functional groups refer to Table S1 (Mullen et al., 2009; Naik et al., 2010; Bordoloi et al., 2015; Ardiyanti et al., 2016; Tessarolo et al., 2016). Accordingly, the peaks from 0.4 to 1.8 ppm belong to aliphatic deuterium. Besides, the possible reaction pathway of PPE in the hydrotreating process is shown in Figure S5, according to the products of GC-MS. Therefore, aliphatic deuterium should derive from deuterium labeled ethylbenzene, cyclohexanol, ethyl cyclohexane, and the hydrogenation products of PPE. Based on the GC-MS data (Figures S6–S8), deuterium labeled ethyl cyclohexane cannot be detected. Furthermore, the content of deuterium labeled cyclohexanol was limited. Thus, the detected aliphatic deuterium mainly belonged to deuterium labeled ethylbenzene and hydrogenation products of PPE. The existence of deuterium labeled ethylbenzene represents a break in the β-O-4 bond while the other products containing aliphatic deuterium point to the hydrogenation of PPE (Figure S5). By comparing the products catalyzed by Pd/γ-Al2O3 and Pt/γ-Al2O3 (Figures S6–S8), we see that Pd/γ-Al2O3 can promote the cleavage of ether bond better, while more hydrogenation products could be produced under the catalysis of Pt/γ-Al2O3.

The difference in the conversion products of PPE under different catalysts was also reflected in 2H NMR. The areas of the two peaks around 1.43 ppm and 2.01 ppm in Figure 1 (Pd/γ-Al2O3) were much larger than in the case of Figure 2 (Pt/γ-Al2O3). Besides, these two peaks had similar areas and appeared simultaneously 3 h after the start of reaction (Figure 1). From Table S1, the peak at 2.01 ppm did not belong to deuterium labeled ethylbenzene nor to the hydrogenation products of PPE. The peak at 1.43 ppm belonged to the range of β-CH3 attached to the aromatic ring, which may have been produced by deuterium labeled ethylbenzene. Meanwhile, according to the data from the Gaussian simulation (Table S2), the terminal aliphatic deuterium of ethylbenzene was assigned to the peak around 1.33 ppm, which is close to the chemical shift of 1.43 ppm. Combined with GC-MS data, the peak at 1.43 ppm should belong to deuterium labeled ethylbenzene and the peak at 2.01 ppm should belong to deuterium labeled phenol. Thus, the remaining peaks in the range from 0.4 ppm to 1.8 ppm were mainly assigned to the products from the hydrogenation of PPE. From Figure S9, the relative aliphatic deuterium content under Pt/γ-Al2O3 was greater than that under Pd/γ-Al2O3. This means that the Pt/γ-Al2O3 can better promote the hydrogenation of PPE. The result was also consistent with the GC-MS data (Figure S8).



Pd

The data above have shown that Pd/γ-Al2O3 can effectively catalyze the cleavage of the β-O-4 bond. Further study of the data reveals the mechanism. In Figure 1, there are two special peaks around 6.89 and 2.89 ppm which do not belong to the conversion products of PPE. First, the peak at 6.89 ppm belongs to aromatic deuterium (Table S1), which should come from the exchange of H/D. Consistently, the products from the H/D exchange of PPE molecules were detected in GC-MS as well (Figure S10). It can be inferred from Figure S10 that the hydrogen which was exchanged with deuterium was the hydrogen 13(14) (the number of atoms can be found in to the Figure 3) and the hydrogen of benzene.


[image: Figure 3]
FIGURE 3. Model structure of PPE.


To further determine the location of H/D exchanges in PPE, Gaussian simulations of chemical shifts and BDE calculations were introduced to this study. The predicted chemical shift in hydrogen 13(14) was about 3.10 ppm, while that for hydrogen 16(17) was around 3.79 ppm (Table S3). Besides, Barton's research showed that the chemical shift in hydrogen 13(14) was 3.00 ppm, while that for hydrogen 16(17) was 4.05 ppm in 1H NMR (Barton et al., 1987). This means that hydrogen 13(14) might be exchanged with the deuterium. In addition, as the BDE of C-H13 is far lower than that of C-H16 according to Gaussian simulation, the bond of C-H13 can more easily perform an H/D exchange (Table S4). Therefore, the chemical shift of 2.89 ppm should be assigned to the deuterium exchanged with H13(14). Furthermore, based on the predicted value of the chemical shift (Table S3) and Barton's research, the peak at 6.89 ppm should belong to the deuterium exchanged with the hydrogen atom on the benzene ring attached to the oxygen atom (Barton et al., 1987). However, the exact hydrogen atom has not thus far been determined. The result of Gaussian optimization illustrated that the PPE molecules were usually configured as shown in Figure 4. Considering H13(14) exchanged with deuterium at the surface of Pd/γ-Al2O3, it can be inferred that the Pd/γ-Al2O3 could hold PPE molecules in this special position (Figure 4) to perform H/D exchanges. Hence, H23 was more likely exchanged with deuterium at the surface of Pd/γ-Al2O3 than the other hydrogen atom on the benzene ring. Besides, through semi-quantitative analysis, it was found that using Pd/γ-Al2O3 led to more H/D exchanges compared with other catalysts (Figure S11).


[image: Figure 4]
FIGURE 4. Possible cleavage mechanism of PPE Pd/γ-Al2O3.


Additionally, it is noteworthy that this special position in Figure 4 allows the β-O-4 bond to be fully exposed to the surface of Pd/γ-Al2O3, facilitating the cleavage of the ether bond. It is the possible mechanism that Pd/γ-Al2O3 can more effectively catalyze the cracking of the ether bond (Figure 4). This help us understand the catalytic mechanism from the aspect of atomic scale.

The in situ 2H NMR results from the deuterium traced upgrading reaction of PPE on Pd/C showed that the peaks were concentrated on the products from the hydrogenation of PPE (Figure S1). Compared with Pd/γ-Al2O3, which can catalyze the cleavage of ether bonds, Pd/C tended to exhibit catalytic hydrogenation. It is reported that the noble metals mainly show the function of hydrogenation while the acidic support could exhibit the function of cracking the C-O bond (Robinson et al., 2016; Funkenbusch et al., 2019; Kim et al., 2019). Therefore, Pd/γ-Al2O3 which has a noble metal on an acidic support should exhibit better cleavage function than Pd/C which has a noble metal on an inactive support. This may be the reason why Pd/γ-Al2O3 can catalyze the cleavage of ether bonds more effectively than Pd/C. Besides, the results show that the substrate of Pd had a certain influence on the upgrading process in this condition.



Ru

From Figures S3, S4, the chemical shift in the products catalyzed by Ru was mainly around 1.0 ppm, thus belonging to the hydrogenation products of PPE. By comparing the relative aliphatic deuterium content, the efficiency of Ru supported by carbon and γ-Al2O3 was both lower than for the two other noble metals in the upgrading of PPE (Figure S9). Meanwhile, the products from the H/D exchange by Ru were also limited (Figure S11). Thus, the catalytic activity of Ru was not satisfied under this reaction conditions.



Pt

For Pt/γ-Al2O3 and Pt/C, the detected results indicated that Pt can promote the hydrogenation of the benzene ring in PPE. Due to overlaps in the chemical shift between the hydrogenation products in 2H NMR, further detailed characterizations for the hydrogenation products were accomplished by GC-MS. The GC-MS results (Figure S8) indicated that, compared with Pd/γ-Al2O3, Pt/γ-Al2O3 performed a better hydrogenation process in realizing more partial and full hydrogenation products, while the conversion ratio of PPE was similar under Pd/γ-Al2O3 and Pt/γ-Al2O3 (Figure S12). Another interesting phenomenon was that Pd/γ-Al2O3 preferred to promote hydrogenation on the aliphatic attached aromatic ring (the left benzene ring in the PPE structure in Figure 5), while Pt/γ-Al2O3 preferred to promote hydrogenation on the oxygen-attached aromatic ring (the right benzene ring in the PPE structure in Figure 5) or on both rings.


[image: Figure 5]
FIGURE 5. Tentative reaction pathways for in situ 2H NMR monitoring of deuterium traced upgrading reaction of PPE on Pd or Pt/γ-Al2O3.


Obviously, the products of Pd/γ-Al2O3 and Pd/C were different based on the data. However, the products upgraded by Pt/γ-Al2O3 (Figure 2) and Pt/C (Figure S2) did share similar peaks. Analogously, the products upgraded by Ru/γ-Al2O3 (Figure S3) and Ru/C (Figure S4) were nearly the same. This means that the supporting materials affect the reaction pathways differently for diverse catalysts. Besides, the carbon supported catalysts appeared to have lower activity to upgrade PPE in this condition compared with γ-Al2O3 supported catalysts (Figure S9).

Based on the discussion above, the tentative reaction pathways were proposed as Figure 5. In general, Pd/γ-Al2O3 promoted the cleavage of the ether bond, while Pt/γ-Al2O3 was beneficial for hydrogenation. Our detection strategy captured valuable information in the upgrading reaction of PPE, which is meaningful for understanding the catalytic mechanism and the design of new catalyst. For example, in order to achieve better hydrogenolysis of the ether bond, Pd/γ-Al2O3 can be used as a catalyst. Further, a bimetallic catalyst of Pd/γ-Al2O3 combined Pt/γ-Al2O3 may be able to realize an ideal upgrading for PPE or even real lignin, in turn promoting the production of cycloparaffin.




Hydrothermal Treatment

Although the effects of catalysts were different, the composition of the products was similar in the hydrothermal treatment of PPE catalyzed on Pd, Ru and Pt loaded onto C or γ-Al2O3 (Table S5). It was reported that the dissociation energy of C19-O was higher than that of C15-O (101.1 vs. 69.9 kJ/mol), which indicated that C15-O was more susceptible to be cleaved, producing phenol and ethylbenzene by hydrogenolysis (Gomez-Monedero et al., 2017). But, in this study, the yield of phenol was far more than for ethylbenzene. Meanwhile, phenethyl alcohol was detected. The research conducted by Gomez-Monedero et al. (2017) showed that the C19-O bond of PPE can be cleaved in methanol solution by hydrogenolysis generating benzene and phenethyl alcohol. However, benzene was not found in this reaction system, indicating that the hydrogenolysis of C19-O did not occur. Thus, phenylethyl alcohol in the product component was primarily derived from the hydrolysis of the ether bond. Therefore, both hydrogenolysis and hydrolysis reactions were involved in the hydrothermal process.

Among reaction products, there were also some products from hydrogenation. The hydrogenation ratio under hydrothermal conditions (Figure S13) shows the order of hydrogenation ability: Pd/C>Pt/γ-Al2O3>Pd/γ-Al2O3>Pt/C>Ru/C>Ru/γ-Al2O3. Although Pd/C had the highest conversion ratio for PPE, the hydrogenation ratio was more than 50%, which suggests that the reaction process was not selective. For Ru/γ-Al2O3, the hydrogenation ratio for PPE was the lowest and the cleavage ratio of ether bond was around 70%. This indicated that Ru/γ-Al2O3 had the best capacity for the cleavage of the ether bond under this condition. Besides, Pt/γ-Al2O3, Pd/γ-Al2O3, Ru/C and Pt/C had similar catalytic effects. For these catalysts, the ability to catalyze the cleavage of C-O bonds was better than the ability to promote hydrogenation. 4-(2-(cyclohexyloxy)ethyl)cyclohex-1-ene and 5-(2-(cyclohex-2-en-1-1-yl)ethoxy)cyclohexa-1,3-diene were detected in the reaction system, which indicated that the hydrogenation of the reactants was not sufficient. The yields of cyclohexanol, ethyl cyclohexane and 2-cyclohexylethanol were also limited. These may be explained by the low pressure of H2.

The possible reaction paths for PPE in the hydrothermal treatment upgrading reaction are shown in Figure 6. However, if merely based on the results of GC-MS, the initial reaction cannot be identified, neither can the microscopic mechanism. Compared with using GC-MS alone, in situ 2H NMR monitoring combined with GC-MS acquired much more information. For the hydrotreating process, we first proposed the mechanism for the catalytic cracking of PPE by Pd/γ-Al2O3 at the atomic scale, which underlines the superiority of this method in micro-mechanism analysis. Compared with the use of GC-MS alone, in situ 2H NMR monitoring combined with isotope labeling and GC-MS can predict the reaction process and the mechanism for the catalyst more effectively.


[image: Figure 6]
FIGURE 6. Tentative reaction pathways for the hydrothermal treatment upgrading reaction of PPE.





CONCLUSIONS

This study proposed a novel reaction monitoring strategy which is high-pressure in situ 2H NMR and GC-MS for the upgrading process. This strategy exhibited powerful capabilities for identifying reaction products and provided deeper insights into the mechanisms. By employing this method, investigations into catalytic mechanisms for the hydrotreating process of PPE using Pd, Ru and Pt loaded onto C or γ-Al2O3 were accomplished. The results indicated that Pd/γ-Al2O3 was found to have better capacity for catalyzing the break in ether bonds, while Pt tented to produce more hydrogenation products. In addition, two special positions in PPE have been found to have a significantly higher H/D exchange ratio when using Pd/γ-Al2O3, which indicated that Pd/γ-Al2O3 may be able to hold PPE molecules in this special conformation in order to better perform ether bond cleavage. The possible catalytic mechanism of PPE by Pd/γ-Al2O3 was given from an atomic point of view. By comparing with GC-MS used alone, the superiority of this method in predicting the reaction process and catalyst mechanism was further shown. We believe that this method could open up a new direction in exploring the mechanism behind many kinds of reactions.
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Effects of CELF Pretreatment Severity on Lignin Structure and the Lignin-Based Polyurethane Properties

Yun-Yan Wang1†, Priya Sengupta2,3, Brent Scheidemantle2,3, Yunqiao Pu4,5†, Charles E. Wyman2,3,5, Charles M. Cai2,3,5† and Arthur J. Ragauskas4,5,6*†

1Department of Forestry, Wildlife, and Fisheries, Center for Renewable Carbon, The University of Tennessee Institute of Agriculture, Knoxville, TN, United States

2Department of Chemical and Environmental Engineering, Bourns College of Engineering, University of California, Riverside, Riverside, CA, United States

3Center for Environmental Research and Technology (CE-CERT), Bourns College of Engineering, University of California, Riverside, Riverside, CA, United States

4Joint Institute for Biological Science, Biosciences Division, Oak Ridge National Laboratory, Oak Ridge, TN, United States

5The Center for Bioenergy Innovation (CBI), Oak Ridge National Laboratory, Oak Ridge, TN, United States

6Department of Chemical and Biomolecular Engineering, The University of Tennessee, Knoxville, Knoxville, TN, United States

Edited by:
Junyong Zhu, United States Forest Service (USDA), United States

Reviewed by:
Peter Deuss, University of Groningen, Netherlands
Somnath D. Shinde, Sandia National Laboratories (SNL), United States

*Correspondence: Arthur J. Ragauskas, aragausk@utk.edu

†ORCID: Yun-Yan Wang, orcid.org/0000-0002-0866-4640; Yunqiao Pu, orcid.org/0000-0003-2554-1447; Charles M. Cai, orcid.org/0000-0002-5047-0815; Arthur J. Ragauskas, orcid.org/0000-0002-3536-554

Specialty section: This article was submitted to Bioenergy and Biofuels, a section of the journal Frontiers in Energy Research

Received: 11 March 2020
Accepted: 16 June 2020
Published: 08 July 2020

Citation: Wang Y-Y, Sengupta P, Scheidemantle B, Pu Y, Wyman CE, Cai CM and Ragauskas AJ (2020) Effects of CELF Pretreatment Severity on Lignin Structure and the Lignin-Based Polyurethane Properties. Front. Energy Res. 8:149. doi: 10.3389/fenrg.2020.00149

Conversion of technical lignin into performance biopolymers such as polyurethane offers environmental and economic advantages when combined with production of biofuels from biomass sugars, presenting significant interest toward studying the role of pretreatment on lignin structure and functionality. Co-solvent enhanced lignocellulosic fractionation (CELF) pretreatment, employing acidic aqueous tetrahydrofuran (THF) mixtures, was developed to effectively break down the lignin-carbohydrate matrix and promote extraction of lignin from lignocellulosic biomass with desirable purity and yield. In this study, we report the effects of CELF pretreatment reaction severity on the molecular structure of CELF-extracted lignin and its impact toward the mechanical properties of the resulting lignin-based polyurethanes. Reaction temperature was found to play the most significant role, compared to reaction time and acidity, in manipulating structural features such as molecular weight, functionality and intra-polymer structure. At the severe reaction conditions at 180°C, the order of reactivity for primary lignin interlinkages characterized by semiquantitative HSQC NMR analysis were found to be β-ether > phenylcoumaran (β−5′) > resinol (β−β′) facilitating a high degree of depolymerization and yielding a high frequency of free phenolics and reduced aliphatic hydroxyl groups. All side-chain interlinkages were depleted converting guaiacyl subunits into condensed forms, while still retaining uncondensed syringyl subunits. Under the mild 150°C temperature reaction, CELF lignin had higher molecular weight and retained more β-ether interlinkages. The results from CELF lignin-based polyurethane synthesis indicated that the tensile properties depended on the miscibility of CELF lignin with other components and low molecular weight cuts improved the dispersion of lignin in the polyurethane network. Pre-mixing of CELF with poly(ethylene glycol) (PEG) reduced the brittleness and improved the ductility of the CELF lignin-PEG polyurethanes.

Keywords: poplar lignin, NMR, lignin-based polyurethanes, pretreatment conditions, mechanical properties
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GRAPHICAL ABSTRACT. The impact of pretreatment severity on the structure of CELF lignin and tensile properties of CELF lignin-based PU.




INTRODUCTION

Lignin found in lignocellulosic biomass is a class of heterogeneous biopolymers typically derived from three types of phenylpropanoid subunits: guaiacyl (G), syringyl (S), and p−hydroxylphenyl (H) (Higuchi, 2003). Angiosperm poplar lignin is composed of S, G with a varying S/G ratio depending on the species and a small amount of H subunits which are connected by six predominant interlinkages: β−O−4′, β−β′, β−5′, 5−5′, β–1′ and 4–O–5′ (Sannigrahi et al., 2010). In the plant cell wall, about 3% of the lignin subunits are covalently bonded with hemicelluloses to form lignin-hemicellulose matrix and lignin provides drought-resistance and a protective barrier against pathogen invasion (Balakshin et al., 2007; Giummarella et al., 2019). The recalcitrance of plant cell wall is designed by nature to be resistant to biological and chemical degradation. Therefore, in order to reduce the costs associated with processing lignocellulosic biomass to biofuels and biochemicals, pretreatment is often employed to modify the plant cell wall to improve accessibility of cellulolytic enzymes to the crystalline cellulose domains from which fermentable glucose can be released (Mostofian et al., 2016).

In order to improve upon conventional aqueous biomass pretreatment methods, the addition of miscible co-solvents greatly improves the dissolution of lignin that is critical in maximizing utilization of all major biomass fractions by subsequent catalytic and biological conversion methods. Co-solvent-based pretreatment technologies employing tetrahydrofuran (THF), γ-valerolactone (GVL), and Cyrene in aqueous solutions have been shown to provide significant functional advantages in improving microbial and enzymatic accessibility of cellulose while also achieving clean extraction of lignin and high total sugar recovery, merits that are important toward improving the competitiveness of liquid fuels from biomass (Shuai et al., 2016; Smith et al., 2017; Liu et al., 2018; Petridis and Smith, 2018; Meng et al., 2020). The pretreatment method that employs THF as a co-solvent is known as Co-solvent enhanced lignocellulosic fractionation (CELF). THF has uniquely lower boiling point so that it can be simply boiled out of the solution after pretreatment in order to induce lignin precipitating out of solution and to recover THF. This avoids potentially more complicated and energy-intensive solvent recovery methods, such as CO2-induced phase modification or anti-solvent extraction, that have been proposed for the recovery of high boiling co-solvents (Wyman et al., 2016). In previous studies, CELF has demonstrated wide operating flexibility in terms of reaction conditions such as temperature, solvent ratio, duration, and acid loading to finely control the extent of cellulose and lignin dissolution independently to support sugar hydrolysis at lower severities and to support tandem sugar hydrolysis and dehydration to furfurals at higher severities (Cai et al., 2013; Nguyen et al., 2016; Seemala et al., 2018). THF is non-pernicious and is considered a toxicologically safer alternative to dioxane and can be classified as a green chemical if produced from furfural by catalytic decarbonylation followed by hydrogenation (Cai et al., 2013; Fowles et al., 2013; Meng et al., 2018). Recently, all-atom molecular-dynamics (MD) simulation studies have probed the functionality of THF-water mixtures to “relax” native lignin globules into non-aggregated random-coils under the CELF pretreatment reaction environment to facilitate both lignin solvation and depolymerization, offering a wider operating range to alter the structure and degree of polymerization of lignin during pretreatment (Mostofian et al., 2016; Smith et al., 2016). This high degree of lignin tunability opens a broad range of potential pathways for upgrading lignin such as biopolymers, carbon substrates, antioxidants, resins, and hydrocarbon fuels (Ragauskas et al., 2006, 2014). While structural characterization of CELF lignin resulting from reaction conditions identified for achieving optimal total sugar recovery or high furfural yields have been reported previously (Meng et al., 2018, 2019b; Wang et al., 2018), a systematic study focused on elucidating the impact of pretreatment temperature, reaction time, and acid loading on lignin structure is needed to understand the potential spectrum of chemical moieties and inter-unit components that would be available to serve future lignin valorization efforts. Herein, the correlation between CELF pretreatment severity and resultant CELF lignin characteristics from hardwood poplar was established quantitatively by using 31P nuclear magnetic resonance (NMR), heteronuclear Single Quantum Coherence (HSQC) NMR, gel permeation chromatography (GPC), thermal gravimetric analysis (TGA) and differential scanning calorimetry (DSC). To improve our understanding of lignin fragmentation by acidolysis under CELF conditions, we tracked potential side-reactions such as lignin condensation and loss of monosaccharides as well as the primary acidolysis reaction on the lignin β–O–4′ interlinkages. Lignin has been considered as a sustainable and low-cost replacement for petrochemical polyols in the production of commercial polyurethanes products (Wang et al., 2017a). In the study of Kraft lignin-based polyurethanes, it was found that the mechanical strength of the polyurethane network was dependent on the molecular weight of Kraft lignin cuts prepared by sequential precipitation, and the presence of long-chain polyethylene glycol was able to improve the ductility of the materials (Wang et al., 2019). The understanding of CELF lignin molecular features, in return, facilitated the screening of lignin species for producing CELF lignin-based polyurethane (CL-PU) products such as adhesives.



MATERIALS AND METHODS


Materials

The poplar wood chips used for this study is known as BESC standard poplar. It was determined through compositional analysis (NREL protocol TP-510-42618) to contain 21.2% acid-insoluble lignin (Sluiter et al., 2012). Before pretreatment, the poplar chips were knife-milled and passed through a 1 mm particle screen. Chemicals reagents such as THF, sulfuric acid, poly[(phenyl isocyanate)-co-formaldehyde] (PMDI, Mn∼340) and dibutyltin dilaurate were purchased from Sigma-Aldrich and Fisher Scientific.



CELF Pretreatment

Poplar wood chips were loaded into a 1 L Hastelloy Parr autoclave reactor (236HC Series, Parr Instruments Co., Moline, IL, United States) equipped with twin pitched-blade Rushton impellers at a solid to liquid loading of 7.5 wt%. The chips were soaked overnight at 4°C in a 1:1 (w/w) THF-water solution containing dilute mixtures of sulfuric acid (0.025 M to 0.1 M or 0.25–1% in liquid). The pretreatment reactions were carried out at temperatures of 150, 160, and 180°C for durations of 15 and 30 min. All reactions were maintained at target temperature (±1°C) by convective heating by using a 4 kW fluidized sand bath (Model SBL-2D, Techne, Princeton, NJ, United States), and the reactor temperature was measured directly by using an internally fixed thermocouple (Omega, K-type). To arrest the reaction after the allotted duration, the reactor was submerged in a large room-temperature water bath. The pretreated solids were then vacuum filtered and separated from the pretreatment liquor at room temperature through a paper filter. Finally, the dry mass of the solids and the mass of the liquor was recorded.



CELF Lignin Recovery and Purification

The liquid fraction collected from post filtration was poured in a beaker and titrated to pH ∼7 using ammonium hydroxide. THF was then boiled out of solution at 80°C under a hot plate with continuous stirring at 130 rpm for about 4 h. The beaker and contents were then allowed to cool to room temperature overnight and the liquor was then poured out. Lignin that had precipitated onto the beaker after the removal of THF and liquor was rinsed with water and then placed in a dark oven at 65°C to dry overnight. The resulting lignin was collected and placed onto a glass fiber filter paper. The lignin was then washed with diethyl ether followed by a water wash to remove soluble impurities and placed in an oven at 65°C to dry overnight to a moisture content of <3% (determined by gravimetric analysis at 105°C). The lignin was then ground to a fine powder by a mortar and pestle.



Structural Characterization of CELF Lignin

Quantitative 31P NMR and the heteronuclear single quantum coherence (HSQC) NMR spectra were acquired on a Bruker Avance III HD 500-MHz spectrometer according to a previously published literature (Wang et al., 2018; Meng et al., 2019a). In the quantitative 31P NMR experiments, a 90° pulse width, 1.2 s acquisition time, 25 s pulse delay were used in collecting 64 scans. 20∼30 mg (accurately weighed) CELF lignin sample was dissolved in 700 μL pyridine/CDCl3 (1.6:1, v/v) with 1 mg/mL chromium(III) acetylacetonate and 2.5 mg/mL N-hydroxy-5-norbornene-2,3-dicarboximide (internal standard). The lignin sample was subjected to NMR analysis promptly after phosphitylating with 60 μL 2-chloro-4,4,5,5 tetramethyl-1,3,2-dixoaphospholane (TMDP). The obtained 31P NMR spectra were calibrated by using the TMDP-water phosphitylation product (δ132.2 ppm) as the internal reference. The HSQC NMR spectra were processed and analyzed by using TopSpin software (version 3.5pl7, Bruker).



Gel Permeation Chromatography

Dried CELF lignin sample (∼2 mg) was acetylated and processed according to a previous literature (Wang et al., 2018). The acetylated CELF lignin was dissolved and then incubated in tetrahydrofuran for 24 h. The molecular weight analysis was performed on an Agilent GPC SECurity 1200 system equipped with several Waters Styragel columns (Water Corporation, Milford, MA, United States), an Agilent UV detector (λ = 280 nm) at a flow rate of 1.0 mL/min at 30°C.



Thermal Analyses

The thermal gravimetric analysis (TGA) of lignin was operated on a TA Q50 thermogravimetric analyzer (TA Instruments) heating in a nitrogen atmosphere. The sample (∼10 mg) was initially incubated at 105°C for 15 min to remove the last trace of moisture and THF. Then, the temperature was raised from 105 to 900°C at 10°C/min. The differential scanning calorimetry (DSC) measurements were performed in heat-cool-heat mode on a TA Q2000 DSC (TA Instruments) with a heating/cooling rate of 20°C/min.



CL-PU Synthesis and Characterization

The CL-PUs were synthesized by polycondensation as described in a previous literature, and they were denoted according to the corresponding CELF lignin samples (Wang et al., 2019). In this work, the selected CELF lignin samples, CELF2, CELF3 and CELF4, were disolved in THF with or without poly(ethylene glycol) (PEG, Mw = 4,000, Alfa Aesar) (1:1, w/w). The polyol/THF mixture was incubated in a thermal shaker (Alkali Scientific Inc.) at 140 rpm, 60°C for 1 h, and then it was combined with a THF solution containing PMDI with NCO/OH ratio at 1:1 and 1.5% dibutyltin dilaurate. After 3-day curing at room temperature, the CL-PU samples were kept at 150°C for 3 h. The tensile testing was carried out on a dual column Instron 5567 universal testing system equipped with a 500 N static load cell. For each CL-PU sample, three dog-bone specimens were tested according to ASTM D638 standard (Type V) at a strain rate of 0.1 mm/min.




RESULTS AND DISCUSSION


Delignification in Acidic CELF Pretreatment

Poplar wood meal was pretreated under five CELF pretreatment conditions varying in catalyst dosage, temperature and duration time as summarized in Table 1. The THF-water content was fixed at 1:1 (w/w) which has been determined to be the minimum THF needed to achieve high delignification (Cai et al., 2013). The resultant CELF lignin samples were denoted “CELF1 – CELF5” referring to the degree of pretreatment severity. During the CELF pretreatment, the macromolecular lignin was degraded into fragments and dissolved in the THF-water mixture. Below 180°C, the removal of lignin increased steadily when the poplar biomass was pretreated at elevated temperature or with higher catalyst dosage. However, total CELF lignin yield after 180°C reaction was significantly higher for CELF5 (142.1% of total lignin in poplar biomass) as compared to CELF4 (94.4% of total lignin in poplar biomass). The mass in excess of 100% for the CELF5 sample was likely due to cross-polymerization reactions between soluble sugars and lignin during pretreatment and the formation of pseudo-lignin, a polyphenolic compounds derived from carbohydrates subjected to dilute acid reaction (Sannigrahi et al., 2011; Hu et al., 2012; Shinde et al., 2018). For example, Hu et al. found that up to 87% of the holocellulose was converted into acid insoluble pseudo-lignin including approximately 30% aqueous-dioxane-soluble pseudo-lignin after a severe two-step dilute acid pretreatment at 180°C (Hu et al., 2012). Pseudo-lignin preferentially forms via polymerization or polycondensation of carbohydrate degradation products at high temperature in the presence of oxygen during acid pretreatment (Hu and Ragauskas, 2014). It consumes valuable fuel precursors such as furfural, 5-hydxoylmethylfurfural, and levulinic acid; moreover, similar to lignin, pseudo-lignin absorbs on the surface of biomass and creates a recalcitrant barrier against cellulosic enzymatic hydrolysis (Hu et al., 2012). Therefore, the generation of pseudo-lignin should be suppressed during CELF pretreatment to provide higher yields of reactive intermediates from both the sugars and lignin in biomass.


TABLE 1. CELF pretreatment conditions and mass yield (%) of CELF lignin in total poplar lignin.
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Another index to evaluate the efficiency of CELF pretreatment is the molecular weight of the CELF lignin. The GPC profiles presented in Figure 1 showed the typical bimodal molecular weight distribution pattern for all five CELF lignin samples, and the impact of pretreatment severity on lignin depolymerization can be visualized by the intensity changes of high- and low-molecular weight peaks. At low pretreatment temperature (150°C), the high molecular-weight peaks were found to be predominant for CELF1 and CELF2, and mild degradation of lignin occurred as its Mw was reduced by 20∼25% compared with the reported value of poplar cellulolytic enzyme lignin (CEL) (Mw ∼ 12,000) (Meng et al., 2018). The most dramatic changes in molecular weights and polydispersity (PDI) were observed between CELF2 and CELF3: more than 50% reduction of Mw was achieved by increasing the pretreatment temperature from 150 to 160°C while other variables remained the same. However, Mw of CELF4 obtained at 180°C was decreased by an additional 17% compared with CELF3 (160°C). At 180°C, the reduction in molecular weight was caused by β–O–4′ acidolysis which was, however, partially compensated by the repolymerization of degraded lignin fragments via condensation.
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FIGURE 1. GPC profiles, weight-average and number average molecular weights of CELF lignin obtained under different pretreatment conditions.




Impacts of Pretreatment Severity on the Structural Features of CELF Lignin

Acid-catalyzed delignification preferentially starts from β–O–4′ linked alkyl aryl ethers with a free phenolic end, and the cleavage reaction proceeds along the polymer chain until reaching more recalcitrant bonds (Sturgeon et al., 2014). Under the acidic condition, the Cα position of beta ether loses a water molecule and forms a benzylic carbocation. The beta ether cleavage involves two pathways giving two end products: phenylacetaldehyde and Hibbert ketone (Scheme 1A), when sulfuric acid is used as the catalyst, forming Hibbert ketone is thermodynamically favored (Lundquist and Lundquist, 1972; Imai et al., 2011; Sturgeon et al., 2014). In addition to lignin depolymerization at low pH, C–C crosslinking between lignin components occurs via condensation reactions such as the one occurring on Cα as depicted in Scheme 1B (Li et al., 2018).
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SCHEME 1. Mechanisms of acid-catalyzed β−O−4′ cleavage (A) and Cα condensation (B).


The multifunctionality of lignin macromolecules includes aliphatic, phenolic and carboxylic –OH groups. The phenolic -OH group can be classified into guaiacyl, C5-substituted and p-hydroxyphenyl. The hydroxyl contents of CELF1∼5 determined by 31P NMR analysis and the corresponding spectra are shown in Table 2 and Figure 2A, respectively. As the CELF pretreatment adopts more severe conditions, more free phenolic hydroxyl groups were released as a result of acid-catalyzed β–O–4′ cleavage, and they became the major functional groups (∼70%) found in CELF lignin when the pretreatment temperature was raised to 180°C (Figure 2B). Meanwhile, the relative content of aliphatic hydroxyl groups decreased from 74 to 26%. In the predominant lignin substructure, β–O–4′ alkyl aryl ether, the loss of aliphatic -OH groups arises from several factors including the cleavage of the monomeric components, oxidation of hydroxyl groups, and dehydration of side chain Cα and Cγ leading to Cα condensation or formation of stilbene structures (Hallac et al., 2010; Meng et al., 2018). The contents of syringyl and guaiacyl phenolic -OH groups increased comparably with the release of free phenolic ones (Table 2 and Figure 2C). However, unlike the former two, the p-hydroxyphenyl end units mainly derived from p-hydroxybenzoate were found to be more vulnerable to cleavage as its corresponding hydroxyl content decreased from ∼20 to ∼5% of the phenolic hydroxyl content.


TABLE 2. CELF lignin hydroxyl contents determined by quantitative 31P NMR analysis.
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FIGURE 2. (A) Quantitative 31P NMR spectra of TMDP phosphitylated CELF lignin samples. (B) The relative quantities (%) of aliphatic, phenolic and carboxylic hydroxyl groups in total lignin hydroxyl groups. (C) The relative contents (%) of syringyl, guaiacyl and p-hydroxyphenyl hydroxyl groups in total lignin phenolic hydroxyl groups.


Detailed structural evolution of CELF lignin in relation to the pretreatment severity can be mapped by semiquantitative HSQC NMR analysis. As shown in Figure 3, the 2D HSQC spectra of CELF1, 3 and 5 prepared under mild, medium and harsh pretreatment conditions, were distinguishably different based upon the appearance and disappearance of some specific structural features. In the aliphatic region, CELF1 possessed clear and intensive characteristic cross-peaks such as β–O–4′ alkyl aryl ether (A), β–β′ resinol (B) and β–5′ phenylcoumaran (C) substructures, but it showed much fewer traces of carbohydrate signals compared with the poplar CEL (Meng et al., 2018). In the aromatic region, in addition to those well-defined cross-peaks of S and G subunits, and p-hydroxybenzoate substructure (PB), new cross-peaks of Scondensed and G2,condensed representing condensed S and G subunits, can be found around δ105.7∼106.9/δ6.46∼6.53 ppm and δ112.8/δ6.78 ppm, respectively. In the G subunits, condensation reactions can occur on open aromatic C5 or C6 and cause chemical shift migration of C2–H2 in the HSQC spectrum. In the spectrum of CELF3, the peak areas of Scondensed and G2,condensed expanded, and a weak cross-peak of Cγ–Hγ in lignin-bound Hibbert ketone (HK) end group can be observed. Under extreme pretreatment condition (1 wt% H2SO4, 180°C and 30 min duration time), CELF5 lost all side-chain interlinkages. The missing G2 and G6, remaining G5 cross-peaks indicated that all G subunits were in a condensed form and substitution on C6 was preferred at 180°C. Moreover, 5-hydroxymethylfurfural, a dehydration product of glucose, was found in CELF lignin, given that the cross-peaks of its C3–H3 (δ122.8∼124.2/δ7.50∼7.55 ppm), C4–H4 (δ109.6∼110.1/δ6.43∼6.62 ppm) and C6–H6 (δ55.8/δ4.55 ppm) can be clearly observed in the spectra of CELF4 and CELF5 (Constant et al., 2016).
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FIGURE 3. HSQC spectra of CELF1, 3 and 5. Structure (A) β–O–4′ linked alkyl aryl ether substructure; (B) β–β′ linked resinol substructure; (C) β–5′ and α–O–4′ linked phenylcoumaran substructure; (G) guaiacyl unit; (S) syringyl unit; (S′) oxidized syringyl unit; (PB) p–hydroxybenzoate substructure; (HK) Hibbert ketone; (F) etherified 5-(hydroxylmethyl) furfural.


The quantified impacts of pretreatment severity on lignin structure is summarized in Figure 4. Compared with other CELF lignin samples, CELF1 underwent minimal structural modification and preserved most of the native lignin structural features such as high frequency of β–O–4′ interlinkages [41 per 100 (S + G) units] and high molecular weight (Figure 4A). The content of β–O–4′ decreased rapidly from CELF1 to CELF5; on the other hand, β–β′ and β–5′ interlinkages were more resistant to acidolysis, but they were eventually cleaved or transformed at 180°C, and β–5′ that can only be formed from G subunits was removed more rapidly. Due to the presence of C5-methoxyl group, S subunits are favorably linked through β–O–4′. It was found that the transgenic poplar lignin composed of ∼98% S subunits possessed similar β–O–4′, but higher β–β′ content compares with wild poplar species (Stewart et al., 2009). Interestingly, in this work, the change of S/G with increasing pretreatment severity indicated that only at 180°C the loss of S subunits started to surpass the G ones accompanying with the removal of β–β′ (Figure 4B). Below 180°C, S2,6condensed/S was higher than G2condensed/G, but under harsh pretreatment conditions (180°C), the trend was reversed, and less than 80% of the S subunits were in condensed form. In the HSQC spectra of CELF lignin samples (Figure 3), the cross-peak at δ106.3/δ7.25 ppm is assigned to C2,6 in the oxidized S subunits, and Sox/S was hardly affected by pretreatment severity (Figure 4B). It has been reported that oxidation of Cα or Cγ–OH in β–O–4′ substructure can lower the C–O–aryl bond strength, and consequently facilitate lignin depolymerization (Guo et al., 2018). Therefore, the oxidized S subunits were presumably located at the end of the CELF lignin polymer chain.


[image: image]

FIGURE 4. Semiquantitative HSQC analyses of CELF lignin interunit linkages and subunits. (A) Changes of β–O–4′, β–β′ and β–5′ interunit linkage contents [per 100 (S + G) units] with increasing pretreatment severity; (B) Changes of condensed guaiacyl (G2cond), condensed syringyl (S2,6cond) and oxidized syringyl (Sox) subunit contents with increasing pretreatment severity.




Correlation Between Thermal Behaviors and Molecular Structure of CELF Lignin

One of the pathways to the valorization of lignin isolated from CELF process is to incorporate them into polymeric materials; therefore, it is essential to have a deep fundamental understanding of their thermal behaviors. The DSC profiles in Figure 5A exhibited two distinct glass transition patterns for CELF lignin depending on the molecular structure that can be tuned by pretreatment severity. Below 180°C (CELE1∼3), glass transition temperature (Tg) of CELF lignin is positively correlated to molecular weight. The CELF lignin samples obtained at 180°C are highly condensed and crosslinked through rigid C–C bonds rather than C–O bonds. Although their molecular weights were significantly lower than CELF1∼3, no clear glass transition state can be observed for CELF4 and CELF5 within the experimental temperature range. In Figure 5B, the TGA thermograms indicated that the CELF lignin samples underwent three degradation steps. The most prominent peak arising from breaking C–C interlinkages and demethoxylation of aromatic rings at 350∼400°C can be observed for all CELF lignin samples (Wang et al., 2018). However, the peak was shrinking as the pretreatment becomes harsher, and such phenomenon is consistent with the decreasing S/G ratio caused by demethoxylation. The peak around 280°C is mainly caused by the bond rupture of ether interlinkages and aliphatic side chains, which release phenolic compounds, aldehydes, and carboxylic acids (Zhao et al., 2014). Its decay reflected lignin molecular structure evolving from flexible and native-like to a rigid and highly condensed under elevated pretreatment severity. The mass loss around 150°C is mainly attributed to dehydration of aliphatic hydroxyl groups (Hirose et al., 1998).
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FIGURE 5. (A) DSC and (B) TGA analyses of CELF lignin samples obtained under different pretreatment conditions.




Screening CELF Lignin for CL-PUs

The CELF lignin samples, CELF2, CELF3 and CELF4 prepared under 150, 160, and 180°C pretreatment temperatures, were selected for producing CL-PUs. As shown in Table 3, the CL-PUs (CL2, CL3, and CL4) using lignin as the solo polyol were brittle materials with elongation at break (ϵb) hardly exceeded 5%, and their Young’s modulus (E), ultimate stress (σmax) increased as higher pretreatment temperature was employed. The aliphatic -OH groups in lignin are found more reactive in polyurethane synthesis, and urethane formation on the aromatic ring are less favorable due to steric hindrance effect and acidic character of phenolic -OH groups (Cateto et al., 2011). However, in this work, the mechanical properties of CL-PUs were determined by the miscibility between CELF lignin and PMDI in THF. In the sequential precipitation study, it was found that CELF lignin cuts with higher molecular weight inclined to precipitate out from the THF-methanol co-solvent as the solvent polarity decreased (Wang et al., 2018). Similarly, in this work, the solvation behavior of CELF lignin was manipulated by its molecular weight. CELF2 (Mw = 8800 g/mol) and CELF3 (Mw = 3900 g/mol) were not completely soluble in THF at 60°C, and further precipitation occurred when they were mixing with PMDI in THF. Compared to CELF3, CELF 4 (Mw = 3250 g/mol) possessed higher proportion of lower-molecular-weight lignin species as shown in the GPC profiles (Figure 1). CELF4 was fully soluble in THF at room temperature, and as a result, CL4 exhibited better E and σmax given the fact that CELF4 is structurally highly condensed and rigid. It was reported that PEG was able to form strong hydrogen bonds with lignin aliphatic and phenolic -OH groups, and thus disrupt the non-covalent intermolecular interaction between macromolecular lignin species (Kadla and Kubo, 2003; Wang et al., 2017b). Herein, 50% (w/w) PEG was pre-mixed with CELF lignin samples aiming to promote the solvation of the latter ones in THF. In general, the soft segments formed by PEG reduced the brittleness and improved the ductility of the CL-PEG PUs (Table 3). Consistent with the control set, the variation of ϵb for CL-PEG PUs indicated that the efficacy of PEG depended on the solvation behavior of CELF lignin.


TABLE 3. The tensile properties of CL-PUs: Young’s modulus (E), ultimate stress (σmax) and elongation at break (ϵb).
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CONCLUSION

Poplar biomass was pretreated in the CELF process under different conditions, in which lignin was depolymerized and extracted with acidic aqueous THF. The pretreatment severity strongly influenced the molecular weight, multifunctionality and intra-polymer structure characteristics of the co-product lignin. Mild CELF pretreatment at low temperature was conducted to reduce the changes on lignin chemical structure and preserve high molecular weight, high β–O–4′, and aliphatic hydroxyl contents. When the pretreatment temperature was increased from 150 to 180°C, the content of aliphatic hydroxyl groups was reduced 4-fold, which had a negative impact on the multifunctionality of CELF lignin. The studies of CELF lignin thermal behaviors confirmed that CELF lignin isolated from high-severity pretreatment was composed of hetero-oligomers with rigid and highly condensed molecular structure. Considering the efficiency of CELF process, high temperature (180°C) should be avoided given that monosaccharides can be wasted on the massive side-reactions forming pseudo-lignin and etherification between lignin and 5-hydroxymethylfurfural during the pretreatment. On the other hand, the synthesis of CL-PU indicated that the tensile properties depended on the miscibility of CELF lignin with other components such as PMDI, and the presence of PEG would disrupt the strong hydrogen bonding between lignin macromolecules and improve the dispersion of CELF lignin in the PU network. Therefore, for CELF lignin prepared under mild pretreatment conditions such as at 150 and 160°C, fractionation to separate out high molecular weight cuts will be required to improve its dispersion in the CELF lignin-based polyurethanes.
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Lignin nano-particles (LNPs) exhibit properties that distinguish them from the production of other lignin-based materials. However, little research has been performed to investigate whether porous carbons produced from LNPs exhibit a performance superior to those derived from untreated lignin. In this study, lignin was fabricated into LNPs and used to prepare high-performance porous carbons with enhanced thermal conductivities compared to that of carbons from neat lignin. Two different preparation protocols were employed: direct pyrolysis and hydrothermal carbonization followed by pyrolysis. Carbons obtained from 100 to 300 nm LNPs possessed more graphene-like structures than carbons from unaltered lignin. In addition, carbons prepared using a combination of hydrothermal carbonization and pyrolysis exhibited higher specific surface areas (108.81–220.75 m2/g) and total pore volumes (0.098–0.166 cm3/g) than those prepared via direct pyrolysis. In addition, LNP-derived carbons exhibited superior thermal conductivities (0.45 W/mK) and thermal conductivity rates (0.51°C/s). This work provides the useful finding that superior graphene-like porous carbons can be produced by transforming lignin into LNP and then hydrothermally carbonizing the resulting material prior to pyrolysis.

Keywords: lignin nano-particles, porous carbon, thermal conductivity, hydrothermal carbonization, graphene


INTRODUCTION

Graphene is a type of two-dimensional material composed of sp2-structured monolayer carbon. Graphene continues to garner significant attention and utilization due to its extraordinary properties, such as its high theoretical surface area, exceptional thermal conductivity, and elevated Young’s modulus (Lee et al., 2008; Yu et al., 2011). Based on these remarkable properties, graphene has been used to prepare materials including solar cells, high-performance supercapacitors, sensors and biosensors, polymer composite reinforcement fillers, and hydrogen storage materials (Hou et al., 2011; Huang et al., 2011; Sun et al., 2019). Various methods can be used to prepare graphene, including the redox of graphene oxide, chemical vapor deposition, and surface separation of graphite (Xu et al., 2011; Liu et al., 2017). Although high-quality graphene can be obtained via the aforementioned methods, urgent technical and biological issues remain. These issues include a lack of mass production capacity, as well as environmental and human health concerns due to a reliance on toxic or hazardous reagents (Vlassiouk et al., 2013). To avoid these issues while maintaining the desired graphene properties, researchers have developed several graphene-like materials such as carbon nitride sheets, activated porous carbon (Ojha et al., 2017), carbon nanotubes (Araujo et al., 2012), and MoS2 nanoplates (Hwang et al., 2011). These materials offer performances that are comparable to that of graphene for various applications.

Activated or porous carbons stand out among the previously mentioned graphene-like materials. This promising carbon material has tunable porosity, a large surface area, and intriguing electrical conductivity properties (Vinu, 2008). Depending on the preparation conditions and catalysts used, a variety of carbons can be fabricated to exhibit high specific surface areas and porosities that make them applicable as either high-performance supercapacitors or photocatalytic additives (Lv et al., 2015; Zhu et al., 2017; Foong et al., 2020). These carbons are generally produced from fossil sources such as coal and petroleum, or biomass sources such as rice husks, corn stalks, and bamboo residues (Abioye and Ani, 2015; Chen et al., 2018, 2019; Han et al., 2020). The material is generated from a feedstock via carbonization or pyrolysis, which are considered to have high techno-economic feasibilities due to their relatively low costs and good environmental compatibilities.

Of the various precursors used to prepare porous carbons, lignin is attractive because of its high carbon content (∼55–65%) and abundant supply from the pulp and paper industries. Lignin is a byproduct of wood pulp delignification (Pang et al., 2020b; Yoo et al., 2020). Dissolved lignin (typically in a solution called black liquor) is commonly burned to recover pulping chemicals and provide steam for power production (Shuai et al., 2016; Pang et al., 2020a). However, some manufacturers have begun to develop lignin products of lignosulphonate, adhesive, and foam as additional revenue streams for pulp and paper mills (Li and Ragauskas, 2012; Pang et al., 2020b; Pei et al., 2020). Lignin is also chemically well-suited to transformation into graphene-like porous carbons, particularly because they contain functional groups and have an abundance of benzene rings (Liu et al., 2017; Dong et al., 2020; Wang et al., 2020). In addition, the plentiful aromatic carbon atoms in the guaiacyl and syringyl groups in lignin are sp2 hybridized, which is the basic unit of graphene (Liu et al., 2017). Hence, lignin is speculated to have great potential as a feedstock for activated carbon production. However, investigation of this topic has been limited.

Several methods have been investigated as a means of producing porous carbons with high specific surface areas and pore volumes from various biomass sources. In general, methods include physical activation (steam, CO2, and air), chemical activation (H3PO4, ZnCl2, and KOH), and combined physicochemical methods (Kılıç et al., 2015; Salehin et al., 2015; Demiral et al., 2016). The chemicals used in these processes inevitably cause environmental pollution and equipment corrosion. Hence, physical treatments are the preferred facile, green approaches to producing porous carbon. High pressure homogeneous (HPH) technology is a conventional approach that offers high efficiency, reproducibility, and ease of industrial scale-up (Donsi et al., 2010). It has been reported that HPH technology can be regarded as nanotechnology because of its ability to prepare nano-scale products (e.g., nano-crystalline cellulose and nano-lignin particles) from biomass resources (Li et al., 2012). All of these nano-scale products exhibit interesting properties, such as high mechanical strengths, large specific surface areas, and low thermal properties. We hypothesize that the use of nano-lignin particles as a feedstock may generate porous carbons with better performance than those derived from untreated lignin. Importantly, no work has been done to investigate such materials as precursors for porous carbon preparation.

The high thermal conductivity of graphene suggests that it can be applied to microelectronics and thermal management. Since Balandin (2011) discovered that graphene exhibited remarkably better thermal conductivity than conventional carbon nanotubes, graphene has been applied to heat management of high-power electronics, including thermal dissipation systems for chips and batteries in smartphones, tablets, smart VR systems, and wearable devices (Wu et al., 2019; Zheng et al., 2019; Yang et al., 2020). Many studies have shown that polymer composite thermal conduction capabilities can be improved significantly via the blending or grafting of graphene (Yu et al., 2007; Ji et al., 2014). Hence, if graphene-like carbon prepared from lignin exhibits better thermal conductivity than lignin, it may be valuable as a thermally conductive filler for polymer composites.

In this study, porous carbons were produced from both kraft lignin and lignin nano-particles (LNPs) in an effort to investigate whether the differences between these raw materials could positively affect the properties of the resulting materials. Porous carbons were pyrolyzed via two protocols: one-step direct pyrolysis and a two-step procedure in which hydrothermal carbonization was performed prior to pyrolysis. The resulting carbon samples were characterized using various instruments. The thermal conductivities of the prepared carbons were analyzed using an infrared thermal imager. This work investigates processing variables that can be applied to lignin carbonization in order promote the valorization of lignin.



MATERIALS AND METHODS


Materials

The kraft lignin used in this study was obtained from bamboo black liquor via acid precipitation according to the method in our previous work (Huang et al., 2019a,b; Lin et al., 2020). The obtained lignin was purified by diethyl ether. After purification, a lignin suspension was prepared by adding the lignin powder to distilled water at a solids content of 0.5% (w/w). The suspension was then homogenized using a laboratory high-pressure homogenizer at 30°C and 500 bar to obtain LNP. All chemicals were purchased from their manufacturers and were used without further purification.



Fabrication of Carbon From Lignin

Two protocols were used to fabricate porous carbon from LNP and precipitated lignin. The first procedure (protocol 1) was a one-step method in which powdered materials were placed in a ceramic ark. This ark was then loaded into a tube furnace and subjected to pyrolysis under nitrogen. The heating procedure was as follows: (1) heating from 30 to 180°C at 2°C/min, followed by 1 h at the final temperature; (2) heating from 180 to 450°C at 2°C/min, followed by 1 h at the final temperature; and (3) heating from 450 to 1100°C at 2°C/min, with the final temperature maintained for 3 h. The carbons produced from untreated lignin and LNP were termed GN-1-LIN and GN-1-LNP, respectively.

The second procedure (protocol 2) involved two steps. First, a lignin solution (20 g in 100 g of water) was hydrothermally carbonized at 250°C and 150 MPa for 3 h. The resulting hydrothermally carbonized solids were then subjected to pyrolysis using the same tube furnace and heating procedure as protocol 1. The pyrolyzed carbons produced from untreated lignin and LNP were termed GN-2-LIN and GN-2-LNP, respectively.



Characterization

Lignin and prepared carbon morphologies were characterized using scanning (SEM, S4800, Hitachi, Japan) and transmission electron microscopy (TEM, JEM 2100, JEOL Ltd., Japan) at accelerating voltages of 200 and 15 kV, respectively. Fourier transform infrared (FTIR) analysis was performed using a Nicolet 6700 spectrometer (Nicolet Instrument Company, United States). Signals were recorded over a scanning range of 4000–400 cm–1. X-ray diffraction (XRD) patterns were obtained using a diffractometer (Rigaku Ultima IV, Japan) and Cu Ka radiation. The operating parameters were a 40 kV voltage, 40 mA of current, a 5°/min scan speed, and a 2 theta range of 5°–80°. Raman spectra were obtained using a confocal Raman microscope (T64000, Horiba Scientific, France) with an excitation wavelength of 532 nm, power of 22 mW, integration time of 30 s, and three accumulations. X-ray photoelectron spectroscopy (XPS) was carried out by a Thermo Escalab spectrometer with an Al-Ka (hv = 1486.6 eV). Nitrogen adsorption and desorption were performed and the Brunauer–Emmett–Teller (BET) method was used to analyze the specific surface area using a Micromeritics ASAP 2020 instrument. Pore size distributions were evaluated via the Barrett–Joyner–Halenda method.



Thermal Conductivity Analysis

Thermal conductivity analysis was performed using a hot disk thermal constant analyzer (TPS 2500, Hot Disk AB Company, Sweden) via the transient plane heat source method. Temperature distribution images were captured using an infrared thermal imager during heating.



RESULTS AND DISCUSSION


Morphologies of Lignin and Graphene-Like Porous Carbons

Industrial kraft lignin is typically a powder with a microscopic three-dimensional structure (Dallmeyer et al., 2014). Fabrication of LNPs has been reported as an attractive avenue for generating new, valuable applications for lignin (Ma et al., 2019). In this study, a solvent-free, high-pressure homogeneous technology was used to fabricate LNP from kraft lignin. The purpose of this effort was to explore whether LNP could be pyrolyzed into graphene-like porous carbons with better properties than those made from untreated lignin. Lignin and LNP morphologies were observed via SEM and TEM and are shown in Figures 1a,b,2a,b, respectively.
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FIGURE 1. SEM images of kraft lignin (a), LNP (b), and prepared carbons GN-1-LIN (c), GN-2-LIN (d), GN-1-LNP (e), GN-2-LNP (f), and commercial graphene (g).
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FIGURE 2. TEM images of kraft lignin (a), LNP (b), and prepared carbons GN-1-LIN (c), GN-2-LIN (d), GN-1-LNP (e), GN-2-LNP (f), and commercial graphene (g).


Figure 1a shows that neat lignin has a disordered micro-structure comprised of various shapes. Figure 1b shows that the LNPs produced are spherical particles with mostly uniform morphologies. Similar results are seen via TEM (Figure 2b). Nano-particle sizes are in the 100–300 nm range. Interestingly, this is similar to the sizes of LNPs derived from commercial lignin using solvent (tetrahydrofuran and dimethylsulfoxide) exchange and sonication (Ma et al., 2019; Sipponen et al., 2019).

Both lignin and LNP were used as precursors for preparation of four different activated carbons via two different production protocols. The morphologies of the prepared carbons were observed via SEM and TEM and are shown in Figures 1c–f, 2c–f, respectively. In Figures 1c,d, agglomerated architectures of thick flakes and particles are observed from GN-1-LIN (first protocol) and GN-2-LIN (second protocol) carbons made from untreated lignin. This observation is in agreement with the work of Foong et al. (2020). It can also be seen that the formation of sheet-like surfaces is generally favored among LNP-derived carbons. Specifically, carbons made from LNPs via protocol 1 (GN-1-LNP) and protocol 2 (GN-2-LNP) exhibit prominent wrinkled surface textures with curling and sharp edges (Figures 1e,f). These properties are intrinsic graphene features of graphene, which can be more clearly observed in commercial graphene (Figure 1g). It is well known that corrugation and scrolling of the lamellae and edges are intrinsic graphene properties, which can clearly be observed in the TEM image of commercial graphene (Figure 2g; Barone et al., 2006; Tang et al., 2013). These properties were absent in the TEM images of carbons made from lignin (Figures 2c,d). Figure 2e showed that GN-1-LNP possessed some lamellae and edges similar to graphene, which can more clearly observed in the TEM image of GN-2-LNP (Figure 2f). The GN-2-LNP shows the in-plane lattice spacing of 0.31 nm corresponding to the (0 0 2) and (0 0 2) planes, and the spacing is closer to the 0.34 nm of graphene. Meanwhile, the GN-2-LNP shows a more similar diffraction pattern to the graphene, indicating the GN-2-LNP has a more similar polycrystalline structure with the graphene. According to the aforementioned results, it can be seen that the LNP-based carbons produced via protocol 2 contain more desirable features, such as smooth surfaces with creases and multi-layers with thin lamels (Figure 2f), than those produced via protocol 1. These results indicate that the combination of hydrothermal carbonization and pyrolysis generates porous carbons with greater morphological similarity to graphene-like structures than pyrolysis alone.



FTIR Spectra of Prepared Graphene-Like Porous Carbons

Fourier transform infrared was used to investigate the differences between the chemical structures of the porous carbons that we prepared and commercial graphene. The FTIR spectra are shown in Figure 3. The obvious peak at 1631 cm–1 is attributed to the graphene sheet C=C skeletal vibration (Song et al., 2012). The broad intense bands around 3432 and 1163 cm–1 correspond to the stretching vibrations of O–H and C–O functional groups, respectively, at the edges of graphene (Fernandes et al., 2018). The vibration peaks at 2918 and 2853 cm–1 correspond to the symmetric and antisymmetric stretching vibrations of CH2 groups in graphene (Spitalsky et al., 2011). Importantly, the main graphene peaks are also visible without shifts in the FTIR spectra of our porous carbons. This indicates that graphene-like structures may be formed in lignin-based carbons manufactured using our protocols.
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FIGURE 3. FTIR spectra of the prepared carbons and commercial graphene.




XRD Patterns of Prepared Graphene-Like Porous Carbons

X-ray diffraction patterns are an effective way to study the crystalline structures and layers comprising graphene (Morgan and Gilman, 2003; Vinodhkumar et al., 2018). The XRD spectra of the prepared carbons were obtained and compared to that of commercial graphene (Figure 4). It is well known that the (0 0 2) plane of graphene can exhibit a sharp reflection at 2θ = 25.5° (Vinodhkumar et al., 2018). In Figure 4, both peaks at 25.6° are found in the patterns of commercial graphene, GN-1-LNP, and GN-2-LNP samples. This indicates that these carbons contain stacked graphene layers. However, GN-1-LIN and GN-2-LIN exhibit broad (0 0 2) graphitic plane diffraction peaks that are slightly shifted to a lower angle of 24.5°. In addition, GN-1-LNP and GN-2-LNP exhibit sharper (0 0 2) plane intensities than GN-1-LIN and GN-2-LIN. The work of Yan et al. (2018) also found that the degree of lignin graphitization can be improved via application of a treatment that forms nanoparticles. However, it should be pointed out that the XRD spectra of lignin derived carbons shows broader peaks than that of commercial graphene at around 25°. This can be explained as the lignin-derived carbons show small sheets and relatively low crystal structure, which are the inherent characteristics of biomass-based carbon materials that can show the broader (0 0 2) peaks around 25° (Han et al., 2017; Liu et al., 2017). Overall, from the aforementioned results, it can be seen that LNP appears to be the ideal starting material for the preparation of porous carbon based on the similarity of the resulting graphene-like structures to those in commercial graphene.
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FIGURE 4. XRD patterns of the prepared carbons and commercial graphene.




Raman Spectroscopy of Graphene-Like Porous Carbons

The aforementioned FTIR and XRD analyses reveal that the prepared carbons possess graphene-like structures. However, these results do not help one to understand specific differences between carbons that correlate with performance. Hence, Raman spectroscopy, a technology used to investigate edge strain and defects in graphene and graphitic materials (Vinu, 2008), was used to analyze the prepared porous carbons and commercial graphene.

Figure 5A shows that graphene exhibits two strong peaks at 1347 and 1597 cm–1, which are attributed to the characteristic graphene D- and G-bands, respectively (Vinodhkumar et al., 2018; Sun et al., 2019). The G band is typically an in-plane stretching vibration of sp2 hybrid carbon atoms in graphene. The D band is derived from disorder or defect vibration peaks in graphene (Dresselhaus et al., 2010; Sun et al., 2019). It can also represent a ring adjacent to a graphene edge or defect. Figure 5 shows that the prepared carbons also exhibit G- and D-band vibrations. These edge strain and defect commonalties indicate that the prepared carbons exhibit structural properties analogous to those of graphene.


[image: image]

FIGURE 5. Raman spectra of the prepared carbons and commercial graphene (A), deconvoluted Raman spectra of GN-1-LIN (B), GN-2-LIN (C), GN-1-LNP (D), GN-2-LNP (E), and commercial graphene (F).


In Raman spectroscopy, the intensity of the G band can be used to determine the graphene thickness (Foong et al., 2020). Figure 5A shows that GN-1-LNP exhibits the same intensity as commercial graphene, which is lower than that of GN-2-LNP. These intensities indicate that the carbon derived from LNP via a combination of hydrothermal carbonization and pyrolysis possesses more graphene layers. The deconvolutions of Raman spectra are applied for all samples, and four Lorentzian functions are used to fit the D1, G, D3, and D4 bands (Lu et al., 2020), as shown in Figures 5B–F. In the fitted curves, D1-band and G-band are representative of the sp2 hybridized carbon with structural defects or at plane edges and sp2 hybridized carbon bond stretching in an ideal graphitic lattice (Hoekstra et al., 2016). Hence, the intensities ratio between the D1-band and G-band (ID1/IG) is indicative of the degree of graphitization (Dresselhaus et al., 2010; Liu et al., 2017; Lu et al., 2020). As shown in Table 1, the ID1/IG ratio of graphene is 0.93, which is lower than those of GN-1-LIN (1.62), GN-2-LIN (1.77), GN-1-LNP (1.66), and GN-2-LNP (1.36). These results indicate that using nano-particular lignin as a starting material can decrease the extent of disorder and defects in the prepared carbons, compared to that from the untreated lignin. Hence, it is hypothesized that the nano-lignin subjected to a combination of hydrothermal carbonization and pyrolysis possesses showed the potential ability to prepare the carbons with an enhanced degree of graphitization.


TABLE 1. The ID/IG ratios, pore structures, and thermal conductivities of lignin, LNP, and the prepared carbons.
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XPS Spectroscopy of Graphene-Like Porous Carbons

To further understand the elemental composition of samples, the XPS spectra were obtained and shown in Figure 6. The survey XPS spectrum of the prepared porous carbons and commercial graphene (Figure 6A) shows strong peaks of C 1s at 284.4 eV and O 1s at 530.1 eV. The high resolution C 1s spectra (Figures 6C–F) showed the prepared carbons have two types of carbon, graphitic carbon (C–C) and oxygenated carbon (C–O, C=O, and O–C=O), which are also found in the C 1s curves of commercial graphene at the same binding energy (Figure 6B). The deconvolution of the C 1s can provide the relative amount of C–C (sp2) in the sample (Kang et al., 2017). As shown in Table 1, the amount of C–C in commercial graphene was 49.6%, which was higher than those of GN-1-LIN (31.8%), GN-2-LIN (31.8%), GN-1-LNP (41.9%), and GN-2-LNP (49.5%). Among the prepared carbons, GN-2-LNP possessed the highest value of the relative amount of C–C, indicating it had the better graphitization (Mendes et al., 2020). These results are in accordance with the results from Raman analysis, which again indicate that using the combination of hydrothermal carbonization and pyrolysis show more potential to prepare the carbon with an enhanced degree of graphitization from nano-lignin than that from untreated lignin.
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FIGURE 6. XPS spectra of the prepared carbons and commercial graphene (A), deconvoluted C 1s spectra of commercial graphene (B), GN-1-LNP (C), GN-2-LNP (D), GN-1-LIN (E), and GN-2-LIN (F).




Pore Structure Analysis of Prepared Graphene-Like Porous Carbons

In this study, we sought to prepare porous carbons from LNP that are more similar to graphene than those prepared from untreated lignin. To further investigate the pore structures of the prepared carbons, N2 sorption and desorption isotherms were measured. The BET model is used to calculate the specific surface areas shown in Table 1.

Table 1 shows that the BET specific surface area and pore volume of lignin are 18.75 and 0.027 cm3/g, respectively. These values increase to 30.35 and 0.045 cm3/g once a sample is homogenized to form LNP. The carbons obtained via protocol 1, GN-1-LIN and GN-1-LNP, both exhibit similar BET specific surface areas (62.26 and 67.95 m2/g, respectively) and pore volumes (0.061 and 0.063 cm3/g, respectively). In contrast, protocol 2 (hydrothermal carbonization followed by pyrolysis) clearly produces porous carbons with larger surface areas and pore volumes. The BET specific surface area and pore volume of GN-2-LIN are 108.81 and 0.098 cm3/g, respectively. Those of GN-2-LNP are 220.75 and 0.166 cm3/g, respectively. These results indicate that the application of hydrothermal carbonization prior to pyrolysis produces better pore structures than pyrolysis alone. In addition, GN-2-LNP exhibits better pore structure properties than GN-2-LIN, which indicates that LNP has more potential than lignin for porous carbon production. This phenomenon may be explained by pore structure enlargement by flake- and sheet-like structures in GN-2-LNP. A similar finding was reported by Ojha et al. (2017). Although the BET specific surface area of GN-2-LNP are lower than those reported for carbons (1100 and 3775 m2/g) in the aforementioned work (Zhang et al., 2015; Hu and Hsieh, 2017), our results are valuable because they reveal that nano-scale lignin and the combination of hydrothermal carbonization and pyrolysis show more potential for porous carbon preparation.



Analysis of the Thermal Conduction Capabilities of Prepared Graphene-Like Porous Carbons

It is well known that graphene exhibits better thermal conductivity than other thermally conductive materials (Yu et al., 2011). This has supported its use in modern electronics and other daily necessities. As the prepared carbons derived from the nano-lignin possessed the graphene like structures, it is important to also evaluate the thermal conductivity of lignin-derived carbons if they are intended to prepare the conductivity-based materials. The thermal conductivities of all samples are shown in Table 1. In addition, thermal images of samples taken during heating are shown in Figure 7. Finally, real-time temperature curves and thermal conductivity rate curves derived during heating are shown in Figures 8A,B, respectively.
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FIGURE 7. Temperature distributions in the samples during heating.
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FIGURE 8. (A) Real-time temperature and (B) rate of thermal conductivity curves.


Table 1 shows that GN-1-LIN and GN-2-LIN exhibit similar thermal conductivities (0.21 W/mK). This value is slightly improved to 0.28 W/mK in a carbon prepared from LNP using protocol 1. However, the thermal conductivity increases significantly from 0.22 W/mK to 0.45 W/mK when the carbon is prepared from LNP using protocol 2. This increase is also observed via the infrared thermal images in Figure 7, which show the temperature responses that occur during heating of GN-2-LIN and GN-2-LNP. The temperature of GN-2-LNP increases much more rapidly than that of GN-2-LIN, which indicates that the former material has a higher thermal conductivity. Overall, it can be concluded that the LNP treated by protocol 2 showed a higher ability to prepare the carbons with enhanced thermal conductivity.

Thermal conductivity rate curves, which are derived from the real-time temperature curves in Figure 8A, are shown in Figure 8B. GN-2-LNP exhibits the highest rate of thermal conductivity (0.51°C/s at 15 s). This is higher than those of the other three samples at double the time (0.38°C/s at 30 s). This means that GN-2-LNP has the best thermal diffusion capabilities of the prepared carbons. This superior performance might be due to its higher proportion of graphene-like structures (Yu et al., 2011). Overall, the thermal conduction ability analysis reveals that the graphene-like carbon made from nano-scale lignin has better thermal conduction capabilities than the carbon made from un-treated lignin. This is in line with our initial expectations. The higher thermal conduction rate of GN-2-LNP indicates that it has potential thermal management applications.



CONCLUSION

Lignin nano-particles with a size range of 100–300 nm were prepared from lignin using a high-pressure homogenizer with the intention of fabricating them into graphene-like carbon. LNP treated by a combination of hydrothermal carbonization and pyrolysis showed more potential for porous carbon based on its high proportion of graphene-like structures and degree of graphitization. Application of hydrothermal carbonization prior to pyrolysis made a strong contribution to the resultant carbon’s higher specific surface areas and total pore volume. In addition, the LNP showed a better capacity to prepare the carbon with higher thermal conductivity (0.45 W/mK) and rate of thermal conductivity (0.51°C/s) compared to un-treated lignin.
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Lignin is the most abundant aromatic biomacromolecule on the earth, which is an attractive raw material for producing bio-based chemicals, materials, and fuels. However, the complexity, heterogeneity, and variability of the lignin structure always hinders the value-added application of different sources of raw materials. In this study, double enzymatic lignin (DEL) was isolated from balsa grown for different lengths of time to understand the structural variations of lignin macromolecules during the growth of balsa for the first time. Confocal Raman microscopy and component analysis were used to monitor the lignin accumulation in balsa. Meanwhile, the structural characteristics and chemical reactivity of DELs were synthetically characterized by advanced 2D-HSQC and 31P-NMR techniques. It was found that the balsa lignin is a typical hardwood lignin and it is overwhelmingly composed of C–O bonds (i.e., β-O-4 linkages), whose content is elevated with increasing tree-age. Interestingly, carbon–carbon linkages (e.g., β-β and β-5) in these DELs isolated from 3-and 5-year-old balsa are gradually disappearing. Considering the increasing molecular weight of DELs with tree-age, it was concluded that lignin macromolecules in balsa wood were gradually polymerized within the growth period. Furthermore, abundant C–O linkages with less C–C linkages in the DELs from 3 and 5-year-old balsa wood suggested that these feedstocks are promising in current lignin-first biorefinery and will facilitate the conversion of aromatic chemicals from the lignin macromolecule. In short, a comprehensive understanding of native lignin during the growth of balsa wood will not only advance the understanding of biosynthetic pathways of lignin biopolymer, but also facilitate the deconstruction and value-added applications of this kind of feedstock.
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INTRODUCTION

Lignin is the most abundant natural biopolymer in the plant cell wall of the lignocellulosic biomass. Structurally, it is a heterogeneous and aromatic macromolecule polymer, which is mainly comprised of three kinds of component units, syringyl (S) units, guaiacyl (G) units, and p-hydroxyphenyl (H) units by biosynthesizing under the regulation of different kinds of enzymes (Ralph et al., 2004; Rinaldi et al., 2016; Baruah et al., 2018). These units are linked by ether (e.g., β-O-4) and carbon–carbon (β-5, β-β, etc.) bonds via free radical coupling reactions (Ralph and Landucci, 2010). Besides these lignin substructures, lignin and hemicelluloses are also linked by ether and ester bonds, forming the common lignin-carbohydrate complexes (LCC), such as phenyl glycoside, benzyl ether, and γ-ester (Balakshin et al., 2011; Yuan et al., 2011; Huang et al., 2018). However, the native structure of lignin varies with tree species (Wang et al., 2017), growth stages (Wang et al., 2020), different cell wall tissues (Wen et al., 2013a), leading to challenges in the utilization of lignocellulosic feedstocks. Therefore, detailed investigation of microscopic distribution of lignin in cell wall and molecular structures of lignin in the lignocellulosic biomass will facilitate deconstruction and value-added applications of the plant cell walls in the current biorefinery (Ragauskas and Yoo, 2018).

Balsa wood (Ochroma pyramidale) grows in tropical forests of the Americas, and is the lightest and fastest-growing tree in the world (O’Dowd, 1979). The diameter of the balsa wood trunk changes quite dramatically as it grows (Supplementary Figure S1). Balsa wood was introduced into southern China in the 1950s and 1960s (Shu, 1998), and it has also been planted on a large scale in Fujian, Yunnan, Guangdong, and southern districts in China. Balsa wood is currently used in the production of aero models, adsorption materials, and heat insulation materials (Fu et al., 2017; Guan et al., 2018). Lignin plays an important role in plant growth. Due to its fast growth rate and high wood yield during the balsa growing process, understanding the lignin accumulation and structural variations of lignin macromolecules in the balsa plant cell wall is of great importance. From the perspective of the utilization of lignocellulose, the presence of lignin in the plant cell wall is deemed to be a major biomass recalcitrance (Yuan et al., 2013; Huang et al., 2019). Thus, lignin is generally removed in the preliminary steps of biorefinery (Ding et al., 2012; Zeng et al., 2014). Moreover, during the different processing methods for balsa wood, a lot of processing leftovers were produced. Therefore, understanding the chemical composition and structural features of native lignin in balsa wood will facilitate the deconstruction of the compact cell wall and value-added applications of the fractionated components (lignin, hemicelluloses, and cellulose) in the current biorefinery.

Based on the above considerations, it is necessary to illustrate the structural features of native lignin. The basic knowledge available for isolation methods (MWL, CEL, EMAL, and their improved form) of native lignin were reported by some pioneers (Björkman, 1954; Chang et al., 1975; Wu and Argyropoulos, 2003; Zhang et al., 2010). Recently, a native lignin named double enzymatic lignin (DEL) was developed for isolating native lignin from different biomasses due to the ideal yields and unaltered structures (Chen et al., 2017; Wang et al., 2017, 2020). In the present study, balsa wood with different growth years (1, 3, and 5 years) were used to reveal structural changes of lignin macromolecules. Herein, DEL samples were isolated from the different growth stages of wood for the first time, NMR and GPC techniques were performed to investigate the structural changes of lignin during the different growth stages. Furthermore, Raman microscopy was performed to investigate the lignin distribution in the cell walls of balsa wood.



MATERIALS AND METHODS


Materials

The balsa wood was prepared from 1-, 3-, and 5-year-old trees, harvested from one Forestry Center in Fujian Province, China. The raw materials were harvested in summer and then underwent air-drying. The air-dried wood was smashed into powder (20–60 mesh), dried in an oven at 60°C for 24 h, then extracted in a Soxhlet extractor for 6 h with ethanol/benzene (1:2, v/v). The chemical compositions of the different balsa woods were analyzed according to the method from the National Renewable Energy Laboratory (NREL; Sluiter et al., 2008). To isolate the native lignin DEL, the pre-extracted balsa woods were air-dried and then milled in the planetary ball mill (450 rpm, 5 h) to obtain the ball-milled powder (Wang et al., 2020). The chemicals were purchased from Sigma-Aldrich (Shanghai), and the commercial cellulase (Cellic CTec2, 100 FPU/mL) was provided by Novozymes (Beijing, China).



Preparation of DELs From Different Growth Stages of Balsa Wood

The isolation of DEL was performed according to our previous publications (Chen et al., 2017; Wang et al., 2020). In detail, ball-milled balsa wood (1, 3, and 5 years) powders were subjected to enzymatic hydrolysis in the acetate buffer (0.05 mol/L, 200 mL, pH 4.8), then cellulase (50 FPU/g) was added. The reaction mixtures were incubated in a rotary shaker (50°C, 150 rpm) for 48 h. The enzymatic residues were washed repeatedly with hot water to remove the hydrolyzed carbohydrates, centrifuged, and freeze-dried. The obtained solids underwent ball-milling for 2 h and then underwent the same enzymatic hydrolysis. After the purification and freeze-drying process, the DEL samples were achieved, labeled as DEL-1, DEL-3, and DEL-5.



Characterizations of Lignin

The characterizations of the lignin were described in detail in the Supplementary Material section.



RESULTS AND DISCUSSION


Chemical Composition of Balsa Wood During Different Growth Stages

Biomass characterization of balsa wood is crucial to understand the component changes of balsa wood during growth stages. The characterization of lignin not only enhance the understanding of structural changes during the growth process of balsa wood, but also facilitate the subsequent dissociation, utilization, and conversion of balsa components into chemicals, energy, and biomaterials in the current biorefinery scenario. The chemical compositions of balsa wood with different growth stages (1, 3, and 5 year) are displayed in Table 1. As shown, the content of cellulose in balsa wood decreased from 45.0 to 42.0% as the growth years increased. This is in disagreement with other hardwood species, such as poplar wood, at early growth stages (3–18 months) (Wang et al., 2020). However, the relatively high contents of cellulose in balsa woods at different growth stages suggested that balsa woods are more likely to release more cellulose for cellulose-based materials and fermentable glucose production. By contrast, the content of hemicelluloses in balsa wood was slightly elevated with increased tree-age. Correspondingly, the lignin content was first increased from 22.1% for 1-year-old to 25.0% for 3-year-old balsa wood, then the lignin content in 5-year-old balsa wood was slightly decreased to 24.1%. This revealed that the accumulation of lignin increased with the growth of balsa wood and eventually stabilized in the mature period. In short, investigating the chemical composition of balsa wood and the detailed structural features of lignin macromolecules from balsa wood will facilitate the subsequent fractionation and conversion of the main components.


TABLE 1. Chemical composition of different growth years of balsa wood (w/w, %).
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Confocal Raman Microscopy Characterization of Lignin and Carbohydrate Distribution

Confocal Raman Microscopy (CRM) is a useful tool that can provide an intuitionistic observation of lignin and carbohydrates in cell walls with a high resolution (Chen et al., 2017). The spatial dynamic distribution of lignin and carbohydrates in the cell walls from different growth stages of balsa woods can be monitored by CRM. Different concentrations of lignin in corner middle lamella (CCML), compound middle lamella (CML), and secondary (S) can be reflected by different intensities in CRM (Agarwal, 2006; Li et al., 2015). Raman images of lignin and carbohydrate distribution in the plant cell wall from balsa wood (different tree-age) are shown in Figure 1. Obviously, it was found that distributing concentrations of lignin and carbohydrates in different regions were quite different. The richest lignin was observed in CCML, followed by CML, and the lowest concentration of lignin was found in SW. This distribution patterns are verified in the different growth stages of balsa wood. In addition, it was observed that the relative concentration of lignin in the CCML, CML, and SW regions become higher from 1 to 3 years and slightly reduced in 5-year-old balsa wood, which was in line with the content of lignin in different growth stages of balsa wood (Table 1). In fact, the increased concentration of lignin in the CCML and CML regions of cell walls implied that lignin macromolecules can serve as a natural adhesive to further support plant cell walls during balsa growth. Contrary to the distribution of lignin in the cell wall, carbohydrate distribution was abundant in the SW layer, while carbohydrate concentration was lowest in CCML regions. Furthermore, it was observed from CRM images that the cell wall thickness obviously increases with the growth stages of balsa wood.


[image: image]

FIGURE 1. Raman images of the lignin (by integrating from 1547 to 1707 cm–1) and carbohydrates (by integrating the band at 2889 cm–1) distributions in the different growth years of balsa wood cell walls.




Yields and Associated Carbohydrates of Lignin Fractions

Prior to structural characterization of native lignin in plant cell walls, it is hoped that the yield of isolated native lignin would be high enough so that the characterization of lignin could truly reveal the lignin composition and structural features in the cell wall. In the current study, the structural variations of lignin from different growth years of balsa wood can be achieved via isolation and characterization of DEL. From Table 2, it was found that the crude yields of the three DEL samples are more than 100% (from 102.6 to 105.4%). It should be noted that the content of associated carbohydrates in these DELs is from 5.84 to 8.02% (based on the total weight of lignin). Among the associated carbohydrates, xylose and glucose are the dominant sugars. The phenomenon is easy to explain because DEL is a residual lignin after removing xylans and cellulose by the enzymatic hydrolysis process. However, as the main components in a plant cell wall, hemicelluloses (xylans) and cellulose could not be totally removed. Meanwhile, a small amount of galactose also contributed to the total associated carbohydrates in these DEL samples. After eliminating the effect of carbohydrates on yield, the yield of lignin without carbohydrates is from 96.7 to 98.0%. In short, DEL with a high yield is a better representation of the entire lignin in the plant cell walls and can reveal the structural changes of native lignin from balsa wood with different tree-age.


TABLE 2. Yields and carbohydrate content of lignin fractions.
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Molecular Weights Analysis of DELs

In order to improve the solubility of DEL in tetrahydrofuran for GPC determination, acetylation of DEL was performed as previously reported (Wang et al., 2017). The molecular weights (Mw and Mn) and polydispersity index (PDI, Mw/Mn) of acetylated DEL samples are shown in Table 3, which were calculated from the GPC curves (relative values related to polystyrene). GPC results showed that Mw of DEL gradually elevated from 8460 g/mol (1-year-old balsa) to 8800 g/mol (3-year-old balsa) and then further climbed to 10,050 g/mol (5-year-old balsa). These results suggested that polymerization degrees of lignin macromolecules increase gradually as balsa wood grows. The increased trend has also been observed in our recent study (Wang et al., 2020). Meanwhile, the PDI (about 1.5) is less than those (1.8–2.0) of DELs from poplar wood (Wang et al., 2020). This implied that the lignin macromolecules from balsa are more homogeneous, which is beneficial to the utilization of this kind of lignin. In fact, the homogeneous lignin is mostly related to the inherent structure of lignin, which will be verified in the subsequent NMR section.


TABLE 3. Weight-average molecular weights (Mw) and number-average molecular weights (Mn), and polydispersity (Mw/Mn) of the lignin fractions.
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2D-HSQC Spectra of DELs

To obtain the chemical composition and detailed structural characteristics of native lignin from balsa wood, the DEL samples were characterized by the 2D-HSQC NMR and the spectra were analyzed according to previous publications regarding the 2D-HSQC characterizations of different lignin sources (Kim and Ralph, 2010; del Río et al., 2012; Wen et al., 2013b). In addition, the recent advances in characterization of lignin polymer by solution-state NMR (especially 2D-HSQC spectra) have been reviewed in detail in our previous publication (Wen et al., 2013b). The side-chain and aromatic regions in 2D-HSQC NMR spectra of the DELs as well as the main identified substructures are depicted in Figure 2. It was found that the 2D-HSQC NMR spectra of lignin from balsa wood are analogical to those from other hardwood species, such as eucalyptus wood (Wang et al., 2017). However, the DELs from different growth stages of balsa wood presented impressive spectral characteristics. Based on these NMR spectra, it was found that the native lignin samples from balsa wood under different tree-ages exhibited gradually changing structural features, which is also the important basis for subsequent utilizations of balsa wood.
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FIGURE 2. Side-chain and aromatic regions in the 2D-HSQC NMR spectra of the DELs isolated from balsa wood.


In general, the side-chain regions in the 2D-HSQC spectra provided useful information on the substructures in the lignin macromolecules. In this study, it was found that the structural characteristics of different DEL samples exhibited distinct spectra, suggesting that native lignin in different growth years of balsa wood are fundamentally different. These different lignin structures also laid a foundation for the oriented pretreatment and processing of balsa wood. Regarding to the spectral assignments, it should be noted that all the spectra presented the prominent signal corresponding to β-O-4 aryl ethers (A). However, the carbon–carbon (C–C) substructures (e.g., β-β and β-5), which are very common in most wood species, only partly appeared in native lignin from the 1-year-old balsa wood. By contrast, the DEL samples from 3-year and 5-year-old balsa wood are predominantly composed of β-O-4 aryl ethers (A), only a minor amount of β-5 linkages and p-hydroxycinnamyl alcohol end group (I) substructures were detected in these DEL samples. In fact, the native lignin with abundant C-O bonds (β-O-4 linkages) and less carbon–carbon (C–C) bonds (β-β, β-5, and β-1) is a promising feedstock for the current biorefinery process. As we known, some transgenic poplar wood (up-regulation of F5H in poplar wood) also achieves this purpose and obtains the native lignin with high C–O and less C–C bonds (Rinaldi et al., 2016; Shuai et al., 2016), however, the transgenic technology is high-cost and there is still instability in the cultivation of forest resources at present. Thus, the utilization cost of large amounts of naturally occurring biomass resources would be significantly reduced and availability would be much higher. Additionally, protective lignin extraction strategies were successfully proposed to protect the C–O linkages and simultaneously suppress the formation of C–C linkages, which is beneficial to subsequent production of lignin monomers with high-yield via catalytic hydrogenolysis (Luterbacher et al., 2015; Shuai et al., 2016; Lan et al., 2018). Therefore, it can be concluded that 3- and 5-year-old balsa wood has great potential for the subsequent lignin-first biorefinery scenario.

In the aromatic region, syringyl (S) and guaiacyl (G) were clearly presented. In more detail, the S units showed a visible signal for the S2,6 correlations, and the minor signal for the Cα-oxidized S-units (S’) also appeared. Besides, there are three distinct cross-signals of G units: C2–H2, C5–H5, and C6–H6. For the aromatic region of the spectra, there seems to be no obvious difference between these DEL samples. However, quantification of characteristic correlated signals in different DELs can provide detailed information regarding the chemical composition and relative content of different linkages (Wen et al., 2013b). As we all known, understanding the S/G ratio of DEL will not only help to reveal the rule of lignin accumulation and deposition in plant cell walls, but will also facilitate the subsequent delignification and deconstruction of this kind of feedstock (Rinaldi et al., 2016; Akinosho et al., 2017).

In the present study, it was observed that the S/G ratio of DEL from different growth stages (1, 3, and 5-year-old) of balsa wood is 1.25, 2.49, and 2.95, respectively. These continuously increasing S/G ratios suggested that S-type lignin is naturally synthesized in the late stage of the plant cell wall formation of balsa wood. In addition, the existence of S units preferentially promoted the formation of β-O-4 linkage in a hardwood biomass (Ralph and Landucci, 2010). This prediction was also demonstrated in the present study since the abundance of β-O-4 linkages is positively related to the S/G ratios of these lignin macromolecules (Table 4). For example, the abundance of β-O-4 linkages based on 100Ar in DEL-1, DEL-3, and DEL-5 was 66.33, 66.76, and 68.81/100Ar, respectively. Meanwhile, relative abundance of linkages based on total side chains also exhibited a similar trend, the relative abundance of β-O-4 linkages in DEL-1, DEL-3, and DEL-5 was 84.92, 98.19, and 99.29%, respectively. Additionally, the gradually decreasing β-5 linkage is also related to the increased S/G ratio because β-5 linkage is mainly synthesized by the G units during the biosynthesis of the lignin macromolecule (Ralph and Landucci, 2010). Similarly, researchers have developed a toolkit for simulating lignin biosynthesis in silico and they found that increasing S-content drastically increases β-O-4 content under slow monomer addition conditions (Orella et al., 2019). This phenomenon also appears to be similar to what has been observed with F5H up-regulated lignin, in which the content of β-O-4 content is positively related to the ratio of S units in lignin (Stewart et al., 2009). In general, the structural characteristics of lignin components obtained from a feedstock biomass and biorefinery processes have a direct effect on the outcomes in future conversion processes. According to previous studies (Rinaldi et al., 2016; Schutyser et al., 2018), the abundant β-O-4 linkages in these DEL samples are conducive to the downstream conversion of lignin into aromatic molecules. However, apart from S/G ratios and β-O-4 abundance in lignin, the chemical reactivity (i.e., different functional groups) of the different lignin fractions is also the most important molecular feature that determines its availability in the conversion process of these lignin feedstocks (Wang et al., 2020).


TABLE 4. Quantification of lignin fractions by quantitative 2D-HSQC NMR method.
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31P-NMR Analysis of DELs

The 31P NMR technique can accurately quantify the content of functional groups (such as OH and COOH groups) of lignin with the aid of the internal standard (Argyropoulos, 1995). The functional groups in these lignin fractions can be determined by the 31P NMR technique (Supplementary Figure S2) and the results are shown in Table 5. Based on the obtained data, it was found that the detected amount of phenolic OH is less and the content of S-type phenolic OH is similar to that of G-type phenolic OH. This fact suggested that β-O-4 linkage in these lignin macromolecules were mainly composed of S-type and G-type lignin units, thus only less phenolic OH was determined by the 31P NMR spectra. Additionally, the continuously decreasing contents of phenolic OH groups (S-type phenolic OH, condensed G-type phenolic OH, and non-condensed G-type phenolic OH) from these lignin macromolecules were observed with the increasing age of the trees. This fact suggested that phenolic OH groups in DELs from 3 and 5-year-old balsa wood are occupied in the form of β-O-4 linkage and possible LCC bonds, such as phenyl glycoside bonds, which can be revealed by the high content of β-O-4 linkage and carbohydrates in DEL-3 and DEL-5. Therefore, deducting the possible effects of carbohydrates in lignin, the content of the phenolic OH group is inversely related to the amount of β-O-4 linkage in the lignin extracted from same feedstock using the same method. In general, if a native lignin contains less content of S-type and G-type phenolic OH groups, the content of β-O-4 linkage is abundant. With regard to the COOH groups, it was found that the COOH in DEL-1 was higher than those from DEL-3 and DEL-5. Considering the difference of aliphatic OH and COOH groups in these lignin fractions, it should be realized that the amounts of aliphatic OH and COOH groups is not only related to the different lignin substructures, but also affected by molecular weights of lignin.


TABLE 5. Quantification of lignin fractions by quantitative 31P-NMR method (mmol/g).
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Possible Structural Models and Its Implications

Lignin is generally separated and collected through different pretreatments and can be further developed into the renewable biomaterials or value-added chemicals, which depend on the structural characteristics of the raw material lignin (Schutyser et al., 2018). In the present study, the potential structural models (Figure 3 and Supplementary Figure S3) of native lignin macromolecules from different growing years of balsa feedstocks were proposed based on the structural characteristics of balsa lignin macromolecules such as molecular weights, C9 units, S/G ratios, and the relative contents of different interunit linkage. Although the structural models are not the authentic structures of native lignin, it can intuitively reflect the structural characteristicsof the native lignin from balsa trees. In short, this kind of native lignin has abundant β-O-4 linkages and such linear structure, which is conducive to the current reductive catalytic fractionation (RCF) process (Renders et al., 2017, 2019). Alternatively, to better utilize this kind of feedstock and achieve biomass valorization, a pretreatment is needed to effectively isolate high-quality lignin from this kind of feedstock prior to carbohydrate conversion, which is beneficial to the subsequent lignin-oriented biorefinery. Based on the obtained lignin, the structural characteristics and chemical reactivity of the obtained lignin should be further analyzed prior to final conversion of the isolated lignin into value-added chemicals (lignin monomers) and materials (lignin-based polymers). If the ultimate purpose of this lignin is to produce aromatic chemicals (lignin monomers), the isolation/fractionation method therefore should meet the following requirements, (1) maximally retaining the native β-O-4 bonds in lignin; (2) decreasing the formation of carbon–carbon bonds; and (3) identifying the structural features of lignin during the pretreatment method. The chemical composition and structural features of the isolated lignin can be investigated by reliable and powerful 2D-HSQC methodology, which can provide qualitative and quantitative information on lignin structure (Wen et al., 2013b). If the final application of lignin focuses on the development of lignin-based polymers, isolated lignin fractions with abundant OH groups are desired because most chemical modifications rely on the amount of OH groups (Laurichesse and Avérous, 2014). The 31P-NMR technique is a powerful technique to quantify the amount of different hydroxyl groups in lignin, which will be beneficial to the chemical modification of isolated lignin in developing lignin-based materials. These advances in lignin structural analysis contribute to the subsequent value-added utilizations of lignin. In short, the above-mentioned structural information of native lignin from balsa wood will also bring new opportunities for current “lignin-first” biorefinery.
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FIGURE 3. Potential structural models of lignin macromolecules in 3-year-old balsa wood.




CONCLUSION

In the present study, the representative native residual DELs from different growth years of balsa wood were first used to characterize the structural variations and evolution of balsa lignin during the growth process. At the micro level, the accumulation of lignin in the plant cell wall is reinforced in the 3- and 5-year-old balsa wood. NMR results showed that the DELs from different growth years of balsa trees have abundant β-O-4 linkages (66.33–68.81/100Ar) and increasing S/G ratios (1.25–2.95). Remarkably, it was found that the lignin from 3- to 5-year-old balsa wood is overwhelmingly composed of β-O-4 linkages with fewer C–C linkages, which is beneficial for the production of aromatic chemicals from lignin. Thus, the linear lignin having a high content of β-O-4 linkages in the lignin is essential to achieve a high-yield of aromatic monomers in the lignin catalytic hydrogenolysis process. Alternatively, this kind of feedstock with abundant β-O-4 linkages is promising for the current RCF process. In short, investigating the balsa lignin not only broadens the current understanding of structural changes of lignin during the growth process of the balsa tree, but also facilitates the downstream utilization of balsa lignin in the current “lignin-first” biorefinery process.
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Understanding lignin structural transformations during DES pretreatment would facilitate to produce lignin with tailor-made properties based on intended applications. To unravel the structural variant of lignin in the DES, the alkali lignin (AL) was pretreated in choline chloride/formic acid (ChCl/FA) (the ratio of 1:2) at 80–120 °C. Characterization of the AL and regenerated lignin samples were determined to understand lignin structure, such as linkage in lignin, phenolic OH content, molecular weight, and aromatic products. ChCl/FA DES pretreatment resulted in large amounts of the dissociation of β-O-4′ bonds, partial cleavage of carbon-carbon bonds (i.e., β-β′, β-5′), dehydration of hydroxyl radicals in lignin’s side-chain, and demethoxylation reaction. Furthermore, various monomeric phenols derived from AL were also determined in spite of low combined yields, which facilitate the production of fine chemicals in the future. Detailed unmasking of lignin structural transformation during the DES process is conducive to the optimizing preparation of homogeneous lignin with low molecular weight.
Keywords: lignin, deep eutectic solvents, pretreatment, nuclear magnetic resonance, structural transformation
INTRODUCTION
Lignocellulose, mainly consisting of carbohydrates (cellulose and hemicellulose) and aryl-biopolymers (lignin), is the richest, green and renewable bioresource, which can be used to produce various fuels, materials, and fine chemicals (Zhang et al., 2017; Liu et al., 2019b; Dong et al., 2020). The transition from fossil fuels to biomass-based products using renewable lignocellulose has recently been gained considerable interest in biorefinery industries. However, biomass recalcitrance, especially the presence of lignin, would always hinder the successful conversion of lignocellulose to a variety of valuable co-products (Himmel et al., 2007; Ragauskas et al., 2014). Biomass pretreatment, which aims to destroy the inner recalcitrance, is an important step (Rastogi and Shrivastava, 2017; Huang et al., 2019; Soltaniana et al., 2020). Among pretreatment processing, lignin fractionation from lignocellulose remains the key step.
Recently, deep eutectic solvents (DES) have drawn increasing interest, which can be used as promising green solvents for lignocellulosic biomass process and delignification (Chen et al., 2018b; Lin et al., 2019; Lin et al., 2020). DES are considered to be a eutectic mixture made up of hydrogen bond acceptor and hydrogen bond donor through hydrogen bond interactions, and its melting point is much lower than the individual components (Smith et al., 2014). As compared to conventional solvents and ionic liquids, DES owns some superiourities, such as ease of synthesis, availability, cost effectiveness in raw materials, good recyclability, and biocompatibility (Satlewal et al., 2018). Francisco et al. first showed high lignin solubility and low cellulose solubility in a range of DESs (Francisco et al., 2012). After that, various types of DES, such as ChCl/FA, ChCl/lactic acid, and ChCl/glycerol, have been prepared and applied to improve the saccharification efficiency of cellulose and delignification (Zhang et al., 2016; Hou et al., 2018; Tan et al., 2019). Yu and co-workers designed a microwave-assisted DES pretreatment method to achieve ultrafast fractionation of lignocellulose in 3 min (Liu et al., 2017a; Liu et al., 2017b). Wan and co-workers further revealed that ChCl/lactic acid pretreatment can extract 65–72% lignin from lignocellulose for only 45 s with microwave irradiation (Chen and Wan, 2018). Meanwhile, Song group systematically investigated the structural transformation of lignin during ChCl/lactic acid process via the experiments of isolated lignin and a series of β-O-4′ lignin model compounds and unraveled multiple pathways simultaneously occur during ChCl/lactic acid process, such as cleavage of β-O-4′, the repolymerization of active species, the production and derivation of mono products (Wang et al., 2020). Numerous DESs, especially carboxylic acid DES, have achieved the extraction of high-yield lignin among mild conditions. However, a significant amount of DES extracted lignin is still underutilized.
As the only renewable aromatic biopolymer in nature, lignin (ca.15–40 wt%) consists of three phenylpropanoid units linked through various ether bonds and carbon-carbon bonds (Sun et al., 2018). To achieve the upgrading of lignin extracted in the DES, it is necessary to unmask lignin structural transformation during DES pretreatment. Zhang and co-workers reported that ChCl/lactic acid pretreatment fractionated a large amount of lignin fragments with high purity from woody biomass, due to the breakage of β-O-4′ bonds in lignin and the suppression of lignin recondensation (Alvarez-Vasco et al., 2016). After that, Shen et al. illustrated that acidic DES pretreatment resulted in not only the depolymerization but also the condensation of the lignin fraction (Shen et al., 2019a; Shen et al., 2019b). However, Wan group found that acidified DES was able to remove more than 76% lignin under mild conditions, and the resulting lignin preserved β-O-4′ bonds and the structure was similar to the native lignin (Chen et al., 2018a, Chen et al., 2018b). As stated above, lignin suffered different chemical and structural changes via diverse DES pretreatment.
To investigate the lignin structural transformation during DES pretreatment, ChCl/FA was applied to pretreat AL at different temperatures (80, 100, and 120°C) for 6 h. The structure of the regenerated lignin was comprehensive analysis by nuclear magnetic resonance (NMR), gel permeation chromatography (GPC), and Fourier Transform Infrared (FT-IR) to verify the structural transformation of lignin in the selected DES. The depolymerized products of lignin were systematically determined via gas chromatography-mass spectrometry (GC-MS).
METHODS AND MATERIALS
Materials
Triploid of Populus tomentosa Carr (6 years old) were obtained from the Shandong province, China. The poplar was ground, then extracted in a Soxhlet extractor with toluene-ethanol (2:1 v/v) for 6 h, finally milled for 1 h in ZrO2 bowl. Ball-milled wood (100 g) was treated with 1,500 ml of sodium hydroxide (1%) at 75°C for 3 h. The alkali lignin (AL) was separated based on the previous literature (Wen et al., 2014). The chemical composition of AL was analyzed according to NREL standard analytical procedure (Sluiter et al., 2008). The AL is composed of lignin (97.3%), total carbohydrates (1.1%), and others (1.6%). Choline chloride (ChCl) and formic acid (FA), purchased from Sigma-Aldrich, were used to synthesize DES at molar ratios of 1:2.
The Dissolution of Alkali Lignin
0.3 g AL and 6.0 g DESs were loaded in a pressure tube, which was treated at different temperatures (80, 100, and 120°C) for 6 h with 500 rpm. After finishing, samples were cooled down to room temperature. Then, the mixture was slowly added to acidic water (pH = 2) (40 ml) with 800 rpm for 20 min. Finally, the solid was collected via centrifugation at 10,000 rpm for 20 min, and then washed with acidic water for triplicate. The solid sample was lyophilized for 24 h to gain the regenerated lignin sample that was labeled as FA-X (e.g., FA-80). Meanwhile, the 50 ml supernatant was extracted with 400 ml ethyl acetate at room temperature. The mixture was stratified to take the organic phase. Subsequently, after removing the ethyl acetate at 35°C by rotary evaporation, lignin oil was obtained and label as F-X (e.g., F-80). FA and F referred to DESs type. X referred to the DES reaction temperature. All experiments were conducted two times.
RESULT AND DISCUSSION
The alkali lignin (AL) under the mild alkaline treatment was used as lignin model compounds due to the relatively low carbohydrates, no significant structural changes to the polymer backbone, nor condensation, which was close to the structure of protolignin in lignocellulose (Sun et al., 2000). Meanwhile, NMR analysis showed that AL remained various chemical linkages (e.g., 62.0% of β-O-4′ linkages) and no condensation occurred in the mild alkaline condition (Figures 1 and 2), which was similar with Liu group’s AL in mild alkaline treatment (Liu et al., 2019a). ChCl/FA was selected to treat AL, due to its high delignification ability (Muley et al., 2019; Kohli et al., 2020). Herein, AL was pretreated with ChCl/FA DES at different temperatures, and then precipitated as the regenerated lignin. Results suggested that 58% of the regenerated lignin was obtained at 80°C after DES pretreatment (Table 1). The relatively low recovery yield indicated that some lignin fragments were degraded to small and soluble lignin fragment during DES pretreatment. Moreover, with the rise of pretreatment temperature, the recovery yield of lignin after DES pretreatment slightly decreased. The detailed structural transformation of the regenerated lignin was characterized by NMR, GPC, and FT-IR. The depolymerized products acquired after ChCl/FA DES processing were analyzed by GC-MS technology.
[image: Figure 1]FIGURE 1 | Side-chain regions in the 2D-HSQC spectra of lignin samples.
TABLE 1 | Recovery yield of regenerated lignin samples and molecular weight of the lignin.
[image: Table 1]Structural Analysis of the Regenerated Lignin
Fourier Transform Infrared Analysis
FT-IR spectra were used to assess the lignin structural changes during DES pretreatment (Supplementary Figure S1). The peaks were assigned according to previous literatures (Faix, 1991). All of the regenerated lignin presented a similar peak pattern, while the intensity of these peaks was diminished as compared to that of AL. The wide FT-IR band at 3,448 cm−1 (hydroxyl groups) did not change strikingly, thus needing further analysis by 31P spectra. Supplementary Figure S1 showed that the peak intensity at 2,938 cm−1 (C-H stretch in methyl and methylene group) started to decrease slightly after pretreatment, implying that the DES pretreatment could result in demethoxylation reaction. The intensity of bond at 1,657 cm−1 (conjugated carbonyl absorption) became weak, whereas the newly appeared absorption peak around 1739 cm−1 (unconjugated ketone carbonyl and carboxyl carbonyl groups) was observed in the regenerated lignin. The possibility is that the acidic DES pretreatment resulted in the breakage of β-O-4′ bonds, thus appearing the unconjugated carbonyl groups, which is agreement with the subsequent GC-MS result of forming of Hibbert’s ketone (unconjugated carbonyl chemicals). Recently, Song group proposed reaction pathway of β-O-4′ bonds breakage in lignin using acidic DES, and also found the monoketone compound with the unconjugated carbonyl groups (Wang et al., 2020). Another reason was that esterification may also occur between COOH group in FA and OH groups of γ position in lignin. The typical characteristic peaks at 1,600, 1,502, and 1,459 cm−1 represent aromatic skeletal vibrations, and 1,416 cm−1 corresponds to the C-H deformation combined with aromatic ring vibration. Particularly, the intensity of bonds at 1,330, 1,120, and 835 cm−1 decreased greatly, suggesting that S-type units could be degraded after the DES pretreatment. In addition, the signal at 1,024 cm−1 (aromatic C-H in-plane deformation) gradually got weak after the pretreatment, suggesting that condensation reactions prevented the in-plane deformation of aromatic C-H. The results indicated that DES pretreatment can destroy the lignin structure. However, the detailed transformations of the lignin structure need further confirmation by NMR spectra.
2D-HSQC Analysis
The interunit linkage changes of lignin samples before and after DES pretreatment can be characterized by 2D-HSQC. This technology is able to measure the specific carbon-hydrogen functionalities, which cannot be determined in 13C NMR. According to the previous literatures, the detailed signals of lignin were assigned in Supplementary Table S2 (Marita et al., 2001; Hallac et al., 2010; Sette et al., 2011; Meng et al., 2019).
In the side-chain regions (Figure 1), the peaks of β-O-4′ substructures and methoxyl groups were dominant in the regenerated lignin. After ChCl/FA DES process, the interunit linkages of lignin fragments changed. When comparing the spectra of AL and FA-80, the novel signals (marked with black) were observed, which was attributed to DES components. The signals of Cα-Hα in A substructures got weak at 80°C, and then completely disappeared at the high temperature, indicating that Cα in AL during DES pretreatment was modified. Moreover, the signals of Cβ-Hβ in the A substructures declined with the elevated temperature under DES pretreatment, indicating dissociation of β-O-4′ bonds. Note that the signal of Cγ-Hγ in A′ substructures was observed at 80 °C, suggesting that acylation could occur between γ-OH groups of lignin and COOH groups of FA. Nevertheless, the signal of A′γ substructures entirely disappeared at the harsh condition, possibly due to the deacylation reaction. Besides, the signals of the B and C substructures became weak with the increased temperature, which implied that partial C-C bonds (e.g., β-β′ and β-5′) were degraded. Some studies also reported that C-C bonds could break down during DES pretreatment (Shen et al., 2019a; Hong et al., 2020; Wang et al., 2020). The quantitative analysis of the interunit linkages revealed that amounts of ether bonds and C-C bonds decreased when the pretreatment temperature increased (Figure 2).
[image: Figure 2]FIGURE 2 | Aromatic regions in the 2D-HSQC spectra of lignin samples.
In aromatic regions (Figure 2), signals of syringyl (S) and guaiacyl (G) substructures were detected. After DES pretreatment, the chemical shift of S units were altered, which implied that condensation could occur. Meanwhile, the signal of C2-H2 in G units gradually diminished as the increased temperature, indicating the possible formation of the condensed G units. Furthermore, S/G ratio of lignin was also a reliable method to evaluate the structural variant of the regenerated lignin samples. Supplementary Table S1 clearly showed that S/G ratio in the regenerated lignin was relatively higher as compared to that in AL, and sharply raise when the temperature elevated. The possible reason for this result was that G-type units in lignin were prone to degraded or removed during DES pretreatment. Besides, it probably indicated that G-type units in lignin degraded more quickly than the S-type units. However, under the acidic lithium bromide trihydrate system at 110 °C, native lignin was depolymerized in the solid state with minimal condensation (Li et al., 2018). To effectively separate depolymerized lignin with a less condensed form from biomass, it is necessary to optimize DES pretreatment conditions.
31P-NMR Analysis
The depolymerization and condensation reaction in lignin significantly influence the content of hydroxyl groups (OH) that have a significant effect on lignin valorization. The variations of OH content in lignin before and after pretreatment can be probed by 31P NMR (Table 2; Supplementary Figure S2). It was found that the COOH amount in the regenerated lignin samples slightly increased after ChCl/FA DES pretreatment, suggesting that aliphatic OH may be oxidized into COOH. On the contrary, the content of aliphatic OH declined as the temperature increased, because of the dehydration and acylation reaction. For AL, the amount of guaiacyl OH was more than that of syringyl OH, which indicated that S-type substructures were inclined to form ether bonds. In addition, the significant increase of condensed guaiacyl OH was clearly observed. The result indicated that lignin experienced repolymerization, being in line with 2D-HSQC result. Furthermore, the amounts of phenolic OH in the regenerated lignin were more than that of AL. This was mainly because of the dissociation of β-O-4′ bonds, which was consistent with the result of 2D-HSQC analysis. However, the temperature did not significantly influence on the content of phenolic OH. This implied that significant amount of ether bonds was cleaved at the low temperature. In short, depolymerization and repolymerization of lignin could simultaneously occur during ChCl/FA DES processing, likewise observed in 2D-HSQC analysis.
TABLE 2 | Quantification of the functional groups in the lignin samples by quantitative 31P-NMR method.
[image: Table 2]13C-NMR Analysis
To deeply explore the structural change of lignin in DES system, 13C NMR was used for the determination of AL and the regenerated lignin. The distinct peaks were identified as follows, such as 119.4 ppm (G6), 115.1 ppm (G5), 111.3 ppm (G2) and 104.4 ppm (S2,6), confirming that the lignin from poplar is S-G type lignin (Supplementary Figure S3. The Cα, Cβ, and Cγ of β-O-4′ bonds in lignin were located in 86.2, 72.4, and 59.8 ppm. These signal intensity of β-O-4′ bonds, etherified S4 (138.4 ppm) and S3,5 (152.7–152.3 ppm) units declined after DES pretreatment, while the increased intensity of non-etherified S3,5 and G3 units (147.2–147.4 ppm) were observed as compared to that of AL. The results proved that the ether linkages were dissociated during DES pretreatment. It was speculated that the signal located at 162.7 ppm was assigned to FA according to 2D-HSQC analysis. Quantification analysis of 13C NMR showed that the content of aromatic C-C in AL was relatively lower (1.66/Ar) than that in FA-120 (1.98/Ar), while the content of aromatic C-H was also observed to reduce from 2.40/Ar in AL to 2.13/Ar in FA-120 (Table 3). This result proved that ChCl/FA DES pretreatment also can result in repolymerization reaction, which was according to 2D-HSQC and 31P NMR analysis. Besides, the content of -OCH3 in FA-120 was relatively lower (1.40/Ar) than that in AL (1.65/Ar). The reduced content of -OCH3 indicated that demethoxylation reaction occurred during DES pretreatment.
TABLE 3 | The assignment and quantification of the signals of the 13C-NMR spectra (results expressed per Ar).
[image: Table 3]Molecular Weights Analysis
The changes of molecular weights in lignin have the great effect on the structure of lignin. The depolymerization reactions are conducive to decreasing molecular weights of lignin, while the formation of heterogeneous lignin structure with the increasing molecular weight is mainly attributed to the condensation reaction. In the present study, the weight average molecular weights (Mw), number average molecular weight (Mn), and the polydispersity index (PDI) in lignin were showed in Table 1. Herein, Mw of AL was 5,080 g mol−1and PDI was 1.59. However, the Mw of the lignin samples after ChCl/FA DES pretreatment sharply declined (2,230–1,640 g mol−1) with respect to that of AL, implying that depolymerization of lignin during DES pretreatment was the dominating reaction. Furthermore, PDI of lignin fragments after pretreatment was lower (1.17–1.20) with relation to that of AL, which showed the formation of more homogeneous lignin structure. In brief, ChCl/FA DES pretreatment can obtain the homogeneous lignin with the relatively low molecular weight.
Analysis of Lignin Oil
To improve the understanding of lignin structural transformation during DES pretreatment, the depolymerized compounds generated at the different temperature were identified by GC-MS analysis. After separating the regenerated lignin, the leftover liquid was extracted by ethyl acetate. After removing ethyl acetate, lignin oil containing degradation products of lignin was obtained (Supplementary Figure S4). The results were summarized in Supplementary Table S3. The depolymerized products were determined based on the previous literatures (Xiao et al., 2017; Lan et al., 2019; Li et al., 2019). These lignin oil included guaiacylacetone, guaiacyldiketone, syringaldehyde, syringylacetone, syringyldiketone and methylparaben, which were mainly composed of syringyl and guaiacyl derived phenolic compounds. Further, guaiacyldiketone and syringyldiketone were generated, indicating that the cleavage of ether bonds and oxidation reaction occurred after DES process. As depicted in Fig S5, the identified compounds enormously contained guaiacyl units with few syringyl units. This result indicated that G-type lignin could be prone to depolymerize than S-type lignin. However, the yield of depolymerized compounds was still low overall, due to the weak depolymerization of lignin in DES pretreatment. In addition, it was found that the reaction temperature notably impacted on the degraded products. The results showed that few degraded products were formed at a mild reaction pretreatment (i.e., 80°C), while the amount and kinds of degraded products increased when the temperature rose. This result implied that the higher temperature favored the depolymerization of lignin.
CONCLUSIONS
The present study deeply investigated the impact of the temperatures of ChCl/FA DES pretreatment on the structure and depolymerized products of lignin. The recovery yield of the regenerated lignin samples was around 44–75%, indicating a portion of lignin fraction was decomposed after pretreatment. Large amounts of β-O-4′ bonds with a fraction of carbon-carbon bonds (i.e., β-β′, β-5′) were cleaved when the reaction temperature increased, thereby leading to the increased phenolic OH groups and the decreased molecular weights. Besides, the decrease in aliphatic OH and OCH3 groups was attributed to dehydration and demethoxylation, respectively. Furthermore, the γ-OH in regenerated lignin can be reacted with formic acid into γ-acetylated groups in the mild condition; however, high temperature led to further deacylation reaction. Various monomeric phenols derived from AL were also determined in spite of low combined yields, which facilitate the production of fine chemicals in future. The homogeneous lignin with the high phenolic OH and low molecular weight was obtained after DES pretreatment, which is readily transformed into high value-added materials and chemicals. This study provided a systematic and comprehensive knowledge on lignin transformation during DES pretreatment, which would be conducive to lignin extraction and valorization.
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Pinoresinol is a high-value monolignol-derived lignan used in plant defense and with human health-supporting effects. The synthetic yield and isolation efficiency of racemic pinoresinol from coniferyl alcohol by conventional radical coupling methods is sub-optimal. In this work, a facile and efficient synthetic approach was developed to synthesize pinoresinol with much higher yield. By using 5-bromoconiferyl alcohol, which was synthesized in high yield from 5-bromovanillin, to make 5,5′-bromopinoresinol via a peroxidase-mediated radical coupling reaction takes advantage of the smaller variety of radical coupling products from the 5-substituted monolignol, producing simpler product mixtures from which 5,5′-bromopinoresinol may be readily crystalized with good yield (total yield of 44.1% by NMR; isolated crystalline yield of 24.6%). Hydro-debromination of the crystalline 5,5′-bromopinoresinol to pinoresinol was essentially quantitative. Gram quantities of pinoresinol were conveniently synthesized by using this approach. This simple alternative pathway to make pinoresinol will impact pinoresinol-related research including structural characterization and modification of lignins, as well as clinical applications of pinoresinol and its derivatives.

Keywords: 5-bromoconiferyl alcohol, bromopinoresinol, coniferyl alcohol, radical coupling, lignin


INTRODUCTION

Pinoresinol structures with a β-β′-linkage between two monolignols are important structures in the lignins from softwoods, dicots, and monocots, especially in some technical lignins from hardwood (Yue et al., 2012b; Li et al., 2020). Not only do they affect the lignification pathway, but also have implications for the biorefinery. Pinoresinol is also a vital lignan, a usually optically-active dimerization product of two coniferyl alcohol monolignols, that displays important physiological functions in planta, as well as in human nutrition and medicine (Lewis et al., 1995; Pellegrini et al., 2010). Lignans have drawn enormous attention because of their abundance in nature and their various biological activities including antibacterial, antifungal, antiviral, antioxidative, and/or cytotoxic properties (Paska et al., 2002; Min et al., 2003; Umezawa, 2003; Milder et al., 2005; Suzuki and Umezawa, 2007; Lin et al., 2016). Such lignans are commonly found as optically active β-β′-linked dimers (Davin et al., 1992; Pare et al., 1994), such as pinoresinol and syringaresinol as shown in Figure 1. Some lignans are structurally similar to dilignols, or units in oligolignols, that are metabolites involved in lignification (Eberhardt et al., 1993; Pare et al., 1994; Morreel et al., 2004). Chiral (+)-pinoresinol and (–)-pinoresinol are formed through a dirigent-protein-mediated radical coupling of coniferyl alcohol (Halls et al., 2004). However, racemic pinoresinol and oligomers containing pinoresinol are often found in plant metabolites destined for lignin, a racemic polymer that contains significant amounts of pinoresinol substructures, especially for softwood lignins or plants that are down-regulated in syringyl-specific genes (Eberhardt et al., 1993; Ralph et al., 1999).


[image: Figure 1]
FIGURE 1. Traditional pathways for synthesis of pinoresinol and syringaresinol.


As one of the structurally simplest lignin dimers, pinoresinol is an important nucleation site formed by the self-coupling of coniferyl alcohol during lignification (Umezawa, 2003; Zhang et al., 2003; Ralph J. et al., 2004; Schroeder et al., 2006; Ralph et al., 2008; Yue et al., 2012a). The structure is frequently present in the lignin of woody and fibrous plants, but the amount varies significantly in different plants. Because of its wide range of bioactivities and its chemical structure related to lignin, pinoresinol and its lignan analog play very important roles in pharmaceutical research, lignin biosynthesis, and other related studies (Umezawa, 2003; Zhang et al., 2003; Ralph J. et al., 2004; Jung et al., 2006; Ralph et al., 2008; Yue et al., 2012a; Tamura et al., 2014). Moreover, substantial amounts of resinol (β-β′) structures, including pinoresinol and syringaresinol, remained and can be identified in several technical lignins, which is crucial to the phenolation of alkaline lignin, for example (Li et al., 2020; Zhao et al., 2020). Studies on the biosynthesis of pinoresinol structures in lignin, technical lignin modifications, pinoresinol-related lignans, and pinoresinol contributions to a healthy human diet or for disease prevention require easy access to pinoresinol. Normally, commercially available pinoresinol is isolated from natural sources, such as seeds of flax, sesame, whole-grain cereals, legumes, fruits, and some vegetables. Although pinoresinol is widely distributed in vascular plants, the content is at low level (Umezawa, 2003; Ralph et al., 2008; Li et al., 2019). The isolation processes, which involve a series of time-consuming and costly separation/purification steps, are not efficient and at very low yields (such as, 2.6 mg pinoresinol isolated from 8 kg of dried cinnamon) (Milder et al., 2005; Li et al., 2019). It is difficult to isolate sufficient pure pinoresinol and its derivatives from plant materials due to its low content and the complexity of plant extractives. Therefore, current commercial pinoresinol that is isolated from natural sources is expensive [$281 for 10 mg (>95%), Sigma-Aldrich]. Although many synthetic routes have been proposed to make optically active pinoresinol (Davin et al., 1992; Pare et al., 1994; Umezawa, 2003; Feng et al., 2006, 2007; Kim et al., 2010), racemic pinoresinol has been more often prepared from radical coupling of coniferyl alcohol catalyzed by various oxidants including silver oxide, ferric chloride, manganese acetate, or copper acetate, as well as oxidative enzymes (peroxidase or laccase) (Brezny and Alfoldi, 1982; Vermes et al., 1991; Quideau and Ralph, 1994; Zhang et al., 2003; Saliu et al., 2011; Yue et al., 2012a; Tamura et al., 2014). The yields of syringaresinol (analog of pinoresinol) from radical coupling reactions has always been much higher than those of pinoresinol because the occupied C5-position on sinapyl alcohol prevents the production of dimers from other coupling modes (Zhang et al., 2003). Therefore, the difficult access to pinoresinol limits its further exploration in research and clinical applications, and therefore a low-cost, environmentally friendly method is required to address this issue.

Herein we report an efficient synthetic strategy for pinoresinol. In this method, we used 5-bromoconiferyl alcohol for the radical coupling reaction to produce the β-β′-coupled compound as the main product. It is readily crystallized and subsequently hydrodebrominated to produce clean racemic pinoresinol.



EXPERIMENTAL


Materials and Methods

5-Bromovanillin (98%) was purchased from Acros Organics (New Jersey, USA). Horseradish peroxidase (HRP) (EC 1.11.1.7, 181 purpurogallin units per mg solid, type II) was purchased from Sigma Aldrich. All other chemicals and solvents used in this study were purchased from Aldrich (Milwaukee, WI, USA) and used as supplied.

Flash-chromatography was performed on a Biotage® Isolera One (Biotage, Charlottesville, VA) flash-chromatography instrument, using pre-packed (or re-packed) SNAP cartridges (50 or 100 g of silica-gel). Thin-layer chromatography separation was performed on 1 mm normal-phase silica-gel plates, UniplateTM (UV 254, 20 × 20 cm). All synthesized compounds were characterized by the usual array of NMR. NMR spectra were acquired on a Bruker Biospin (Billerica, MA, USA) AVANCE 500 (500 MHz) spectrometer fitted with a cryogenically cooled 5 mm TCI gradient probe with inverse geometry (proton coils closest to the sample). Spectra were processed using Bruker's Topspin 3.5 (Mac) software. Standard Bruker implementations of one- and two-dimensional (gradient-selected COSY, HSQC and HMBC) NMR experiments were used for routine structural assignments of all synthesized compounds. Typically, 5–10 mg of sample was dissolved in about 0.5 mL deuterated solvent (acetone-d6), and the central solvent peak (δH/δC 2.04/29.80) was used as the internal reference.



Synthesis of Pinoresinol

As shown in Figures 2, 3, pinoresinol was synthesized via a simple multi-step route.


[image: Figure 2]
FIGURE 2. Synthesis of 5-bromoconiferyl alcohol 4. (a) pyridine, acetic anhydride; (b) NaH, triethyl phosphonoacetate, THF; (c) diisobutylaluminum hydride (DIBAL-H), cyclohexane.
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FIGURE 3. Synthesis of pinoresinol from 5-bromoconiferyl alcohol 4. (d) H2O2, peroxidase; acetone-buffer; (e) FeCl3, acetone-buffer; (f) Et3N, Pd/C, H2, methanol.


5-Bromovanillin acetate 2 was prepared by acetylation of 5-bromovanillin 1 with pyridine and acetic anhydride (1:1, v/v), which was accomplished in the traditional way using acetic anhydride in pyridine (~100% yield). Compound 2, NMR (acetone-d6, Supplementary Figure 1) δH: 2.35 (3H, s, OAc), 3.95 (3H, s, OMe), 7.60 (1H, d, J = 1.61, A2), 7.80 (1H, d, J = 1.61, A6), 9.97 (1H, s, Hα); δC: 20.19 (OAc), 56.99 (A-OMe), 111.73 (A2), 118.45 (A5), 127.21 (A6), 136.71 (A1), 143.48 (A4), 154.33 (A3), 167.60 (OAc), 190.87 (α).

Compound 3 was synthesized via a Horner-Wadsworth-Emmons reaction (HWE reaction) from compound 2 (Ralph et al., 1992; Brandt et al., 1998; Touchard, 2004). Briefly, NaH (sodium hydride 60% dispersion in mineral oil, 3.62 g, 90.42 mmol) was washed with 50 mL cyclohexane by stirring more than 10 min in the reaction flask and the supernatant was carefully removed, to which 100 mL THF (tetrahydrofuran anhydrous, 99.9%) was added. The resultant slurry was continuously stirred for more than 5 min at 0°C (ice-water bath) before triethyl phosphonoacetate (10.14 g, 45.22 mmol) was added dropwise. After the addition of triethyl phosphonoacetate, the resulting solution was well-stirred at 0°C for 20 min until gas evolution ceased. 5-Bromovanillin acetate 2 (11.23 g, 41.11 mmol) dissolved in 10 mL THF was slowly added to the yellow solution in ice-water bath. The reaction mixture was kept stirring at 0°C for 1 h and monitored by TLC (n-hexanes/EtOAc, 5:1, v/v). After the reaction was completed, the excess agent was quenched by adding 1 M aqueous HCl solution to a pH value <3. Then, the reaction mixture was evaporated to remove THF. The resultant product was re-dissolved in EtOAc and water, and extracted with EtOAc (300 mL × 2). The combined organic phase was washed with distilled water and saturated NH4Cl solution, dried over anhydrous MgSO4, filtered, and concentrated under reduced pressure at 40°C. The total recovery of crude product was 13.45 g (39.33 mmol, 95.7%). The crude product was dissolved and recrystallized in n-hexanes/EtOAc (5:1, v/v) to obtain crystalline compound 3 with a yield of 70.9%. Compound 3, NMR (acetone-d6, Supplementary Figure 2) δH: 1.27 (3H, t, J = 7.09, Aγ-OCH2Me), 2.31 (3H, s, OAc), 3.92 (3H, s, OMe), 4.20 (2H, q, J = 7.13, Aγ-OCH2Me), 6.62 (1H, d, J = 15.96, β), 7.49 (1H, d, J = 1.81, A2), 7.55 (1H, d, J = 1.81, A6), 7.60 (1H, d, J = 15.96, α); δC: 14.53 (Aγ-OCH2Me), 20.21 (OAc), 56.87 (OMe), 60.90 (Aγ-OCH2Me), 111.64 (A2), 118.02 (A5), 120.81 (β), 125.08 (A6), 135.21 (A1), 140.10 (A4), 143.08 (α), 153.84 (A3), 166.68 (Aγ), 167.87 (OAc). Melting point, 104.5–106.0°C.

Compound 4 was produced via DIBAL-H (di-iso-butyl-aluminum hydride) reduction of ethyl 5-bromoferulate 3 in n-hexanes as previously described (Quideau and Ralph, 1992). Ethyl 5-bromoferulate acetate 3 (6 g, 17.54 mmol) was added into a 500 mL reaction vessel and dissolved in 50 mL cyclohexane after which it was kept stirring for 5 min in an ice-water bath (to make sure reaction mixture at 0 °C). DIBAL-H (105 mL, 1.0 M solution in n-hexanes) was slowly added into the vigorously stirring solution via syringe, reaction vessel was sealed immediately with plastic cap after the addition. The reaction mixture turned clear in about 10 min, and was kept stirring at 0°C (ice-water bath) for 1 h. After the consumption of starting material 3 (monitored by TLC), the reaction was carefully quenched by with ethanol (5 mL) added dropwise at 0°C and released the gas generated at the same time. Subsequent addition of 1 M aqueous HCl solution until the mixture turned clear and colorless. The final pH value of the solution was <3, and then extracted with EtOAc (200 mL × 2). Combined extracts were washed with saturated brine, dried over anhydrous MgSO4, filtered, and evaporated under reduced pressure at 40°C to result in compound 4 as light yellow oil with the isolated yield over 90%. Compound 4, NMR (acetone-d6, Supplementary Figure 3) δH: 3.88 (3H, s, OMe), 4.20 (2H, dd, J = 5.35, 1.68, γ), 6.29 (1H, dt, J = 15.90, 5.27; β), 6.47 (1H, dt, J = 15.90, 1.55; α), 7.06 (1H, d, J = 1.88, A2), 7.11 (1H, d, J = 1.88, A6); δC: 56.56 (OMe), 63.07 (γ), 108.86 (A2), 109.27 (A5), 123.58 (A6), 128.77 (α), 129.80 (β), 130.96 (A1), 144.29 (A4), 149.04 (A3).

5,5′-Bromopinoresinol 5 was then prepared via two different coupling reactions catalyzed by peroxidase or FeCl3 from 5-bromoconiferyl alcohol 4 (Figure 3).


Catalyzed by Peroxidase

5-Bromoconiferyl alcohol 4 (207 mg, 0.80 mmol) was dissolved in acetone (20 mL), to which phosphate buffer (200 mL, pH 5.0) was slowly added while kept stirring. (Note: We recognize that the buffering capacity is low for this system, but it is non-nucleophilic, so doesn't produce undesired quinone-methide-trapping products, and has been used reproducibly over many decades for radical coupling reactions, including for the preparation of synthetic lignins.) Then, H2O2-urea complex (38.2 mg, 1.02 eq. relative to the phenols) dissolved in buffer (~2 mL) was added into the acetone-buffer system and followed by the addition of peroxidase (0.1 mg in 1 mL buffer). The solution turned light yellow and then became cloudy immediately after the addition of peroxidase. The reaction mixture was continuously stirring at room temperature for 45 min until the starting material 4 disappeared (monitored by TLC, n-hexanes/EtOAc, 1:1, v/v). The reaction was quenched by adding 1 M aqueous HCl solution (2 mL) to pH <3. 4,4′-Ethylenebisphenol (20.9 mg, 0.098 mmol) was then added as internal standard for quantification, and the resultant mixture was extracted with EtOAc (80 mL × 3). The combined organic phase was washed with saturated brine, dried over anhydrous MgSO4, and concentrated under reduced pressure at 40°C. One part of the crude product mixture (20–30 mg dissolved in 0.6 mL acetone-d6) was used for NMR directly. The calculated yield of product 5,5′-bromopinoresinol 5 was 44.1%, based on 1H NMR integration. Another fraction of the products (about 55 mg) was loaded onto a 1 mm silica-gel plate and developed twice with EtOAc/n-hexanes (1:1). Each isolated product was characterized by NMR. Internal standard (5 mg) and 15 mg of 5,5′-bromopinoresinol 5 were isolated from the TLC plate. The yield of 5,5′-bromopinoresinol 5 was 30.4% after TLC purification.



Catalyzed by FeCl3

5-Bromoconiferyl alcohol 4 (104 mg, 0.4 mmol) was dissolved in acetone (12.5 mL) to which phosphate buffer (125 mL, pH 5.02) was added. Then, iron (III) chloride (FeCl3, 65 mg, 1.0 eq. relative to the phenols) dissolved in buffer (1–2 mL) was added into the acetone-buffer system. The reaction system was kept stirring at room temperature for 60 min until TLC (n-hexanes/EtOAc, 1:1, v/v) showed no starting material 4 remaining. Then, 4,4′-ethylenebisphenol (10.51 mg, 0.049 mmol) was added into the reaction mixture as an internal standard. Following the same workup procedure as for the peroxidase-catalyzed reaction, the crude product was used for NMR measurement and TLC purification. The calculated yield of product 5,5′-bromopinoresinol 5 was 30.1% (based on 1H NMR integration) whereas the isolated yield was 20.4% (by TLC plate separation).



Scaled-Up Coupling Reaction of 5-Bromoconiferyl Alcohol 4

Scaled-up coupling of 5-bromoconiferyl alcohol 4 was carried out under the peroxidase-catalyzed condition as abovementioned. Briefly, 5-bromoconiferyl alcohol 4 (4.08 g, 15.75 mmol) was dissolved in acetone-phosphate buffer system (500 mL/2 L, v/v), followed by the addition of H2O2-urea complex (814 mg, 8.66 mmol) and peroxidase (10 mg) dissolved in the buffer, respectively. After the addition of peroxidase, the solution turned bright yellow immediately and then became a yellow slurry in 2 min. The reaction mixture was kept stirring at room temperature and monitored by TLC (n-hexanes/EtOAc, 1:1, v/v). The reaction was quenched when it was completed by adding 1 M aqueous HCl to pH <3 and then the acetone was evaporated. The resulting mixture was extracted with EtOAc (400 mL × 3). The combined organic phase was washed with brine, dried over anhydrous MgSO4, and concentrated under reduced pressure. The crude product was purified by flash-chromatography (Biotage, 100 g silica gel column × 2) using n-hexanes/EtOAc (1:1, v/v) to obtain compound 5,5′-bromopinoresinol 5. Compound 5 was then re-dissolved and crystallized from ethanol, with an isolated crystalline yield of 24.6%. Compound 5, NMR (acetone-d6, Supplementary Figure 4) δH: 3.10 (2H, m, β), 3.84 (2H, d, J = 3.68, γ1), 3.85 (6H, s, OMe), 4.22 (2H, m, γ2), 4.69 (2H, d, J = 4.10, α), 6.99 (2H, d, J = 1.86, A2), 7.11 (2H, dd, J = 1.88, 0.51; A6); δC: 55.03 (β), 56.60 (OMe), 72.29 (γ), 85.77 (α), 108.99 (A5), 109.38 (A2), 122.64 (A6), 134.99 (A1), 144.05 (A4), 148.91 (A3). Melting point, 210.2–211.5°C.

Pinoresinol 6 was produced via debromination of compound 5 under catalytic hydrogenation conditions at the presence of palladium on activated carbon (Pd/C, 10 wt% loading) and Et3N in methanol (Sajiki et al., 2002). 5,5′-Bromopinoresinol 5 (810 mg, 1.57 mmol) was dissolved in 80 mL methanol (1% solution of compound 5) with stirring, followed by the addition of Et3N (381.3 mg, 3.77 mmol, 1.2 eq. vs. bromine) and Pd/C (24.3 mg, 10% Palladium on activated carbon, 3% of the weight of the aromatic bromide). The resulting mixture was kept stirring under a hydrogen-filled balloon for 2 h until TLC (CH2Cl2/MeOH, 20:1, v/v) showed that all compound 5 had been consumed. The solid catalyst was filtered off using a polyamide membrane (Whatman, 0.2 μm). The resulting filtrate was evaporated to remove methanol, then extracted with distilled water and EtOAc (100 mL × 2). The combined organic phase was washed with saturated NH4Cl, dried over anhydrous MgSO4, and concentrated under reduced pressure at 40°C to obtain pinoresinol 6 (560 mg, 1.57 mmol) as a light-yellow oil with the isolated yield of ~100%. The obtained pinoresinol could be crystalized from the oily state (kept in refrigerator for a long time) or recrystallized in ethanol/n-hexanes and gave white crystals. Compound 6, NMR (acetone-d6, Supplementary Figure 5) δH: 3.07 (2H, m, β), 3.79 (2H, dd, J = 9.05, 3.80, γ1), 3.83 (6H, s, OMe), 4.19 (2H, m, γ2), 4.66 (2H, d, J = 4.32, α), 6.78 (2H, d, J = 8.01, A5), 6.83 (2H, dd, J = 8.15, 1.94; A6), 6.98 (2H, d, J = 1.93, A2), 7.53 (Ar-OH); δC: 55.16 (β), 56.14 (OMe), 72.12 (γ), 86.56 (α), 110.47 (A2), 115.46 (A5), 119.54 (A6), 134.08 (A1), 146.76 (A4), 148.21 (A3). The NMR data of compound 6 are consistent with the previously published data (Ralph S. et al., 2004). Melting point, 113.5–114.5°C.





RESULTS AND DISCUSSION


Synthesis of 5,5′-Bromopinoresinol 5

As described above, pinoresinol can be produced by dehydrodimerization of coniferyl alcohol in lignin biosynthesis. Many synthetic routes have been proposed to make optically active or racemic pinoresinol via chemical or enzymatic syntheses by radical coupling of coniferyl alcohol (Brezny and Alfoldi, 1982; Vermes et al., 1991; Davin et al., 1992; Pare et al., 1994; Umezawa, 2003; Zhang et al., 2003; Kim et al., 2006; Saliu et al., 2011; Yue et al., 2012a; Tamura et al., 2014; Ricklefs et al., 2015). Currently, the most commonly used approaches for the synthesis of pinoresinol are using oxidative enzymes (peroxidase or laccase) to catalyze coniferyl alcohol dimerization, though with poor selectivity and yield. The highest yield of pinoresinol that can be achieved by coupling of coniferyl alcohol is reported to be no more than 13% (Ricklefs et al., 2015). The low yield and selectivity resulted in difficult isolation and purification of pinoresinol from the crude mixtures (Sih et al., 1976; Vermes et al., 1991; Davin et al., 1992; Fukuhara et al., 2013). Another reason for the high cost of pinoresinol is that the starting material (coniferyl alcohol) of these reactions is also expensive. On the other hand, syringaresinol that results from homo-coupling of sinapyl alcohol was at much better selectivity and yield. The logical reason is that the substitution by the methoxyl group on the aromatic C-5 position prevents coupling reactions at this site and therefore reduces the number of possible coupling routes, leading to higher selectivity (Vermes et al., 1991; Zhang et al., 2003). This indicates that an ideal way to improve the synthesis of pinoresinol is to suppress the undesired side-reactions by substitution at the C-5 position. We therefore decided to use the 5-bromo analog as a starting substrate anticipating the subsequent efficient elimination of aryl bromine.

Accordingly, an efficient synthetic approach was designed to synthesize pinoresinol with higher yield than that of the conventional radical coupling pathway from coniferyl alcohol (Figures 2, 3). 5-Bromoconiferyl alcohol 4 was used to make 5,5′-bromopinoresinol 5 via a peroxidase-mediated radical coupling reaction for the purpose of producing less complex product mixtures. In this study, we used 5-bromovanillin 1 as starting material as the bromine protects the aromatic C-5 position. Acetylation of 5-bromovanillin 1 using pyridine and acetic anhydride gave a quantitative conversation yield of bromovanillin acetate 2. Next, an HWE reaction (using triethyl phosphonoacetate) was carried out to produce ethyl 5-bromoferulate 3 from compound 2. The HWE reaction is a variation of the Wittig olefination reactions (Brandt et al., 1998). It is a chemical reaction of stabilized phosphonate carbanions with aldehydes (or ketones) to produce predominantly (E)-alkenes, and is most commonly applied to triesters of phosphono-acetic acid that leads to α,β-unsaturated esters. In contrast to phosphonium ylides used in the Wittig reaction, phosphonate-stabilized carbanions are more nucleophilic and more basic. Likewise, phosphonate-stabilized carbanions can be alkylated, unlike phosphonium ylides the dialkylphosphate salt by-product is easily removed by aqueous extraction (Maryanoff and Reitz, 1989). In this approach, excess triethyl phosphonoacetate was added to the reaction solution to ensure the complete conversion of compound 2 as the phosphonate can be easily removed during a workup procedure. After the reaction, the obtained product was pure enough for the next step without requiring further purification. The total recovery yield of ethyl 5-bromoferulate 3 achieved 95.7%, and the yield for crystalline products was 70.9%. The following step was DIBAL-H reduction of ethyl 5-bromoferulate 3 to produce 5-bromoconiferyl alcohol 4 with a yield of over 90%. DIBAL-H, being a liquid and miscible in numerous solvents, is a unique and versatile organometallic hydride that has been widely used as reduction reagent for the preparation of fine organic chemicals and pharmaceuticals (Self et al., 1990; Quideau and Ralph, 1992; Yue et al., 2012a). For the reduction of compound 3, DIBAL-H in n-hexanes (1.0 M solution in n-hexanes) solution was used instead of DIBAL-H in toluene. Although no significant difference on reaction activity between DIBAL-H hexane solution and toluene solution, using the n-hexanes solution simplifies the work-up procedure since it can easily form phase separation from water during extraction (Quideau and Ralph, 1992). It is important to note that the reaction should be slowly quenched with ethanol first, and then fully quenched with dilute HCl (1 M). Both ethanol and dilute HCl were added carefully and slowly while the reaction mixture was placed in ice-water bath and stirred vigorously. Ethanol was first added to degrade excess DIBAL-H and cleave the aluminum-oxygen bond. No precipitates can be observed during the ethanol quenching stage. Aqueous 1 M HCl was then slowly added and white precipitates quickly generated, and continued until the precipitates disappeared (normally when pH <3). In particular, the reaction during quenching process, to some extent, was delayed when adding ethanol and dilute HCl, Slow additions of ethanol and dilute HCl are therefore necessary to avoid the rapid generation of gas. Concentrated HCl is not recommended for the quenching process as it will destroy the product. This step provided a high yield and purity of 5-bromoconiferyl alcohol 4 in 90% of yield with almost 100% for purity. As the 5-bromoconiferyl alcohol 4 is not stable to long-term storage, it should be used immediately for the next coupling reaction.

For the synthesis of pinoresinol and syringaresinol, radical coupling of coniferyl alcohol and sinapyl alcohol catalyzed by peroxidase(s) in the presence of H2O2 are the traditional methods (Vermes et al., 1991; Davin et al., 1992; Zhang et al., 2003). In this study, for a better comparison purpose, coupling reactions of 5-bromoconiferyl alcohol 4 catalyzed by two different catalysts, peroxidase and FeCl3, were studied. Quantitative 1H NMR characterization showed that the yield of 5,5′-bromopinoresinol 5 catalyzed by peroxidase was 44.1%, which was much higher than that of coupling of coniferyl alcohol (at most 10–12%) (Vermes et al., 1991; Quideau and Ralph, 1994; Ricklefs et al., 2015). The 5,5′-bromopinoresinol 5 can be purified by TLC separation to give 30.4% isolation yield and by recrystallization in hexane/ethanol to give 24.6% crystal yield. For the radical coupling catalyzed by FeCl3, the yield of 5,5′-bromopinoresinol was 30.1% from 1H NMR, not 58% as reported previously (Brezny and Alfoldi, 1982). In this case, the isolated yield from TLC purification was 20%, accounting for about 66% of the total obtained 5,5′-bromopinoresinol, which was consistent with the case using peroxidase as catalyst.

By comparison, the yield of 5,5′-bromopinoresinol obtained via peroxidase-catalyzed radical coupling was higher, about 1.5 times, than that from FeCl3 catalyzed coupling. Nevertheless, in contrast to sinapyl alcohol, the β-β′ bond formation was not the dominant radical coupling pathway for the coupling reaction of 5-bromoconiferyl alcohol. More side-reactions than expected still occurred even with the aromatic C-5 position blocked by bromine, such as β-O-4 dimer, etc. (see Supplementary Figure 6). Additionally, it is worth pointing out that, the molar equivalents of H2O2 used and the reaction time are two key variables in the radical coupling reactions. There will be no pinoresinol formed if H2O2 was omitted, whereas the product will be polymerized (deeply colored precipitates) with sharply decreased pinoresinol yields (lower than 10%) as reaction time increased once the H2O2 was overcharged. In this study, 1.1 equivalents (relative to the phenols) of H2O2 were used to ensure full conversion of 5-bromoconiferyl alcohol 4 but to avoid further coupling reactions beyond dimerization. The reaction was quenched after 45 min to minimize formation of oligomers. After the normal workup procedure, crystalline product 5,5′-bromopinoresinol 5 was easily obtained after column purification.



Debromination of 5,5′-Bromopinoresinol 5

In the last step, a mild and efficient one-pot method was modified and used for the hydrodebromination of 5,5′-bromopinoresinol 5 (Sajiki et al., 2002). The reaction proceeded at room temperature under catalytic hydrogenation conditions, which gave a nearly 100% yield of the required product. It is worth pointing out that the pinoresinol obtained after hydro-debromination was pure enough to crystalize without initial purification. No side-reactions occurred during the debromination, and the NMR spectra of the final product confirmed the near 100% purity of the pinoresinol.




CONCLUSION

In summary, we have developed a feasible method for the synthesis of pinoresinol with higher yield than that of previous studies. The formation of the β-β′ bond during radical coupling was greatly improved by using 5-bromoconiferyl alcohol, an aromatic compound in which the C-5 position is protected by bromine, over the conventional use of coniferyl alcohol. The yield of 5,5′-bromopinoresinol 5 (which can be quantitatively converted into pinoresinol) obtained via peroxidase-catalyzed radical coupling was much higher than that via an FeCl3-catalyzed reaction. With the relatively higher yield, it provides a feasible way to obtain pinoresinol on a large scale, which will benefit the various research activities on pinoresinol structural characterization in lignins, in human nutrition, and for pharmacological applications.
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Samples AL FA-80 FA-100 FA-120

Yield (%) 100 58 54 44
M, (g mol ") 5,080 2,230 1,640 1,650
Mo (g mol ™) 3,190 1900 1,360 1,360
PDI° 1.59 1R 1.20 1.21

“The yield was the mass ratio of ignin before and after the DES pretreatment.
“PDI = M,/M,, polydispersity index.
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Samples

AL
FA-80
FA-100
FA-120

Carboxylic group

0.18
0.22
0.25
0.29

Aliphatic OH

3.81
372
295
152

Syringyl OH

0.18
0.76
1.24
2.41

Guaiacyl OH

c NC®
004 038
015 079
022 059
048 1.06

p-hydroxylphenyl OH

0.02
0.13
0.1
0.28

Total phenolic OH

443
5.56
6.12
5.75
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Samples Aliphatic OH S-type phenolic OH G-type phenolic OH Carboxylic Group
ca NCP

DEL-1 4.21 0.42 0.08 0.43 0.12

DEL-3 3.60 0.33 0.05 0.29 0.07

DEL-5 2.85 0.27 0.05 0.23 0.08

aC, condensed. PNC, non-condensed.
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Entry Samples T(C) t(h) Yield® Aliphatic OH  Syringyl OH  Guaiacyl OH  Total phenolic OH  Carboxylic group

(Wt%)
RL® FL® NC/C Nc/C
1 EMAL - - - - 4.40 0.26/0.08 0.40/0.06 0.80 0.04
2 DES-1 80 1 86 10 3.90 0.22/0.09 0.31/0.07 0.69 0.08
3 DES-2 100 1 83 16 3.02 0.26/0.09 0.34/0.07 0.76 0.13
4 DES-3 120 1 73 23 276 0.53/0.18 0.48/0.15 1.34 0.19
5 DES-4 140 1 Il 25 1.29 0.92/0.39 0.54/0.25 210 0.15
6 DES-5 100 2 74 " 3.20 0.30/0.10 0.34/0.12 0.86 0.26
7 DES-6 100 4 65 18 3.00 0.31/0.13 0.36/0.19 0.99 0.23

@Reaction condtion: EMAL (0.2g), DES (2.0).
®The yield was calculated based on the mass ratio of RL or FL to corresponding EMAL.

¢The RL (regenerated lignin) was obtained from precipitation with acid water (oH = 2) after DES treatment; FL (fragmented lignin) was extracted with dichloromethane from soluble
fraction after DES treatment.

C, condensed; ChCl, choline chloride; DES, deep eutectic solvent; EMAL, enzymatic mild acidolysis lignin; LA, lactic acid; NC, non-condensed.





OPS/images/fenrg-08-00048/fenrg-08-00048-t002.jpg
R, /@ - omy OR, OR, HO. Ho; Ry Q
HO. ! OMe OMe Z
o ON ChCELA=1:2 ™ OMe OMe oS o 7o
e — + + + + + + & OMe
2 CHO CHO 2 o 2 OMe. "OMe OMe
ORy OR, OR on
1 2 3 4 5 6 7 8 9
Entry Substrate R1 Rz Yield (%)
2 3 4 5 6 7 8 °
1 1a H CH,OH 10 0.1 (3a) nd. Trace Trace 2(7a) 1(8a) 1(0a)
(5a) (6a)
2 1b OMe CH,0H 4 0.3 (3b) nd. nd. Trace 4(7b) nd. 2(9b)
(6b)
3 1c H H 17 2(3c) 6 (4c) nd. nd. nd. nd 4(9¢)

#Reaction condition: substrate (0.1g), DES (1.0g), 100°C, 2h; Compound 1a has a complete f-O-4 structure and a phenolic group; Compound 1b has a complete p-0-4 structure
but lacks a non-phenolic group; Compound 1¢ is a phenolic model but s lacking y-CH2OH in the p-0-4 structure.
bThe yield was calculated based on the mole ratio of products to corresponding substrate by gas chromatography (GC)-mass spectrometry (MS).
ChCl, choline chioride; DES, deep eutectic solvent; LA, lactic acid: n.d., not detected.
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OH content, mmol/g lignin

Aliphatic
Phenolic
Carboxylic

Total
Cs-substituted
Guaiacyl
p-Hydroxyphenyl

CELF1

4.55 4+ 0.04
1.56 £ 0.05
0.08 £ 0.01
6.19 £0.08
0.76 £0.03
0.50 £0.02
0.30 £ 0.01

CELF2

3.94 &+ 0.01
1.71£0.06
0.07 & 0.01
5.72 + 0.05

0.940.02
0.54 £0.03
0.28 & 0.01

The error values were obtained from standard deviation of duplicate results.

CELF3

2.45 £ 0.05
2.18 £0.03
0.10 £ 0.01
4.72 £0.08
1.30 £ 0.01
0.67 £0.02
0.21 £0.00

CELF4

1.11+£0.02
3.05 £0.01
0.156 +0.00
4.31 £0.03
1.71 £0.01
1.02 £0.00
0.22 +0.00

CELF5

1.07 £0.02
2.81 +£0.05
0.17 +£0.02
4.04 &+ 0.09
1.71 £0.02
0.97 4+ 0.00
0.13 & 0.01
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CL-PU?

cL2
CL3
CL4
CL2-PEGP
CL3-PEGP
CL4-PEGP

E (GPa)

0.80 £0.16
0.97 £ 0.09
1.04 £0.10
0.21 +£0.03
0.21 £+ 0.01
0.07 £0.00

omax (MPa) e (%)
22.01 £6.35 3.46 £ 0.80
27.85 + 13.19 4.50 £ 0.46
39.92 +8.92 4.47 £1.06
9.23+£2.04 713+ 1.96

13.20+1.18 24.23 +5.05
8.87 +1.90 89.77 + 26.3

Lignin (%)

59.6
61.7
62.9
36.5
37.4
37.9

The error values were obtained from standard deviation of triplicate results.
aNCO/OH = 1:1. PCELF lignin/PEG = 1:1 (w/w).
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Samples B-0-4 B-p B-5 S/G2

DEL-1 66.33° (84.92%)° 5.31 (6.80%) 6.47(8.28%) 1.25
DEL-3 66.76(98.19%) T 1.23(1.81%) 2.49
DEL-5 68.81(99.29%) T 0.49(0.71%) 2.95

aS/G ratio obtained by this equation: S/G ratio = 0.51(Sp,e)/ (Go). PResults
expressed per 100 Ar based on quantitative 2D-HSQC spectra. CRelative
abundance of linkages (% of total side chains involved). 9Tr, trace.





OPS/images/fenrg-08-00181/fenrg-08-00181-g003.jpg
OCH,

HO, OCH,
Crars
OH
OCH, 0 OCH,
OCH; o
'OH
HO.
OCH, 'OCH; ~OH
o. OH ; OH
6 OCH, H,CO. OCH, OH
OH  OCH, HO.
0" OH
OCH,
HO
OCHs OCH; ~OH H,CO OCH,
o.
ocx, e
H;CO. OCH, HO OCH,
OH o
OCH, OCH OH
HO' OCH;, 0.
OH
OH
0. HO
@ HOWH,CO.
HyCO OH R H,CO OCH,
. HO. OCH, e
OH o OH
9 OCH;, H;CO.
H,CO, OCH, OCH, OH
OCH; 0
s " o HO, OCH,
s
o HOH,CO, HO”H,CO'
8 b
o Ho, 5 oH 0
H,CO, OCH, H,CO. OCH;
s @ s OCH, ¥ H,CO' OCH,
Carb.
OH ~o
H,CO' OCH, OH
OH 0, OCH,
OCH N
? ) OH HO
HO, 0
Lo OCH,
HO. s
'OCH, @ o e ocu, H,CO'
? OH OH
(] OCHy OH H,CO OCHy
OH OCH,
3 Years: $/G:2.49 Mw=8800 ",
HO' OH 0
I 0-4:66.76/100Ar N
- )=
H,CO. OCH, ® g HO
OH
p-5:1.23/100Ar T
i 4. 0, OCH,

O

CH,
HyC o 0
H;CO b : OCH OH

OH E
H,CO, ,OCH, H,CO' 'OCH,
0
HO'
e H,co OH
Hco  HO

(o}
H,CO, OCH; HO, o OCH,
OH
H,CO, HyCO, ,CO
OH H;CO, HO
o @j— OCH,
H,CO  HO OH H,CO  HO





OPS/images/fenrg-08-00181/fenrg-08-00181-t001.jpg
Materials Cellulose Hemicelluloses? KLb ASL® TLd Total
1 45.04 £0.9 16.93 £0.3 18.03 £0.5 4.04 £ 01 2207 84.04
3 4457 +£1.2 17.16 £ 02 19.67 £ 0.4 525 +0.1 24.92 86.64
5 42.03+1.0 18.02 £0.2 18.60 £ 0.5 5.45 + 0.1 24.05 84.10
aHemicelluloses are composed of xylose, mannose and uronic acid. PKiason lignin. ¢Acid soluble lignin. @ Total lignin.
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Samples Yield (%)2 Total carbohydrates (%) Yield (%) Carbohydrates content (%)

Gal°® Glu® Xiy®
DEL-1 103.7 5.84 98.0 0.56 2.84 2.44
DEL-3 102.6 6.10 96.7 0.52 3.22 2.36
DEL-5 105.4 8.02 97.6 0.60 3.67 3.75

aThe yield of lignin was calculated based on the Klason lignin of different balsa wood (with carbohydrates). PThe yield of lignin was calculated based on the Klason lignin
of different balsa wood (without carbohydrates). °Gal, galactose; Glu, glucose; Xyl, xylose.
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Samples My, M, My /M,

DEL-1 8460 + 40 5740 + 60 1.47
DEL-3 8800 + 60 5790 £ 70 1.62
DEL-5 10050 + 90 6710 £ 50 1.50
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Ipi/lg Specific Total pore Thermal Amount of

surface area volume conductivity C-CintheC

(m2/g) (cm®/g) (W/mK) 1s (%)
GN-1-LIN 1.62 62.26 0.061 0.21 31.8
GN-2-LIN i 108.81 0.098 0.22 31.8
GN-1-LNP 1.66 67.95 0.063 0.25 41.9
GN-2-LNP 1.36 22075 0.166 0.45 49.5
graphene 0.93 / / / 49.6
lignin 7 18.78 0.027 0.11 /

LNP / 30.35 0.045 0.18 /





OPS/images/fenrg-08-00181/cross.jpg
3,

i





OPS/images/fenrg-08-00181/fenrg-08-00181-g001.jpg
Lignin

intensity






OPS/images/fenrg-08-00181/fenrg-08-00181-g002.jpg
1 Years i 3 Years i S Years
i &

— 60 - 60 - 60

70 70 - 70

- 80 - 80 - 80

- 90 90 - 90

S5 S0 45 40 35 3.0

1 Years = S Years g
«««@)7))»)} 52,6 [ i ' m«@ S2,6 :
2,6 —_ —105 L 105 S’'2,6 = L 105

@;@)ﬁ& :—110 :—110 :_110

- 120
- 125

- 130

7.5

- 120
- 125

-130

- 120
- 125

-130

_8c(ppm)

6.0
oH(ppm)






OPS/images/fenrg-08-00148/fenrg-08-00148-g008.jpg
A 8
70 -
G 60 -
°v
=
= 50
- ]
s ° @ GN-2-LNP
2 / o GN-1-LNP
g 40+
= —@— GN-2-LIN
= @  GN-1-LIN
30 @ LNP
@ Lignin
2’0 | | | | | I I )
30 60 90 120 150 180 210 240

Time (S)

W

Rate of thermal conductivity (°C/s)

0.6
05 @ GN-2-LNP
=1 @ — o GN-1-LNP
" @ GN-2-LIN
0.4 - ) ~—@ GN-1-LIN
°o ¥ o83 @ LNP
034 / \e\o\ @  Lignin
// [* ] S e
024/ K i
Q/ °
o
0.1,
0.0-9
-0°1 I | | | 1 I I | |
0 30 60 90 120 150 180 210 240

Time (s)






OPS/images/fenrg-08-00114/fenrg-08-00114-g004.gif





OPS/images/fenrg-08-00114/fenrg-08-00114-g005.gif
1D exchany | etherbond.
O st () @
ydrogenation T peerd proucts

o @iﬁg‘;

[ g

[ op
2 nol

a ANy B o

o M e
b b

ideal products for fuels

o, o. o

o > >

o o
Ptprefered products





OPS/images/fenrg-08-00114/fenrg-08-00114-g006.gif





OPS/images/fenrg-08-00114/fenrg-08-00114-t001.jpg
c-0
Abundance
Per 100 Co-units

age

Softwood
Hardwood

C-C linkage
Abundance
Per 100 Co-units

Softwood
Hardwood

p-0-4

45-50
60-62

3-12

405

47
79

19-22
39

Dibenzodioxocin

5-7
0-2

1-7

9-12
311





OPS/images/fenrg-08-00114/crossmark.jpg
©

2

i

|





OPS/images/fenrg-08-00114/fenrg-08-00114-g001.gif





OPS/images/fenrg-08-00114/fenrg-08-00114-g002.gif





OPS/images/fenrg-08-00114/fenrg-08-00114-g003.gif





OPS/images/fenrg-08-00083/math_4.gif
DPPH inhibition rate (%) =

Ao— A1
A,

@





OPS/images/fenrg-08-00083/math_5.gif
Yieldsp (%) =

xmms

)





OPS/images/back-cover.jpg
Advantages
of publishing
in Frontiers






OPS/images/fenrg-08-00149/fenrg-08-00149-g005.jpg
-——0X3

120 140 160 180
temperature, °C

100

80

—— CELF2
—— CELF3
—— CELF4
—— CELFS

—— CELF1

TGAIn N,

)

(2)

(1)

@ Do/% ‘WbIem “Auep

800

600

400

200

temperature, °C





OPS/images/fenrg-08-00149/fenrg-08-00149-g006.jpg
CHO
Ho. 7 0 .
N OMe +H,0 h
®, 0 s - .
o i
OMe y/ - OMe HO
e
HO OMe
HO

OMe phenylacetaldehyde
HO % -
g Ho_ L
‘.,
0
Tho
OMe —_— +
HO
OMe OMe OMe
HO HO

Hibbert ketone

HO

+H', - H,0 OMe OMe

_ T .
ES
“H,+ H0

OMe

HO





OPS/images/fenrg-08-00149/fenrg-08-00149-t001.jpg
Lignin sample H2S04 Temperature  Duration Lignin

(wt%) (°C) (min) yield (%)
CELF1 0.25 150 15 65.2
CELF2 0.5 150 15 69
CELF3 0.5 160 15 75.5
CELF4 0.5 180 15 94.4

CELF5 1 180 30 1421
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Sample Yield (%)
Comcob -

FR -

R1 63.42 £ 0.07
R2 64.73 £ 0.09
R3 76.41 £0.10
R4 28120,

Cellulose

34.10 £0.99
29.56 + 0.80

7.89 £0.08
10.56 £ 0.11
12.70 +£0.11
7725 £0.12

Hemicellulose

31.92+0.15

10.35+0.1

not detected: AlL, acid insoluble lignin; ASL, acid soluble lignin; FR, furfural residue.

Component (%)

AlL

10.85 £ 0.25
62.97 £ 0.45
82.41 £ 0.80
74.78 £ 0.10
70.43 +0.10
0.63 £ 0.02

ASL

5.95 £ 0.08
1.60 £ 0.08
0.14£001
0.18£0.01
0.21+0.02
031001

Ash

1.46 £ 0.04
286 + 0.06
336 £0.11
3.44 £0.70
0.32 +0.01
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Yield® (%)

sample Lignin Solid residues Total (%)
T 27.73£008 63.42 +0.07 91.15
T2 2662 +0.45 64.73 +0.09 91.36
1] 2294%0.17 75.41 £0.10 98.35
Soda lignin 14.34 007 28.12:£0.1 42.46

aThe yield of lignin and solid residues were based on the mass of furfural residue.
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Samples

Comncob
FR
™
T2
3
Soda lignin

“" not detected; Hemi.,

Yield (%)

27.73 £0.08
26.62 +0.45
2294 +0.17
14.34 £0.07

hemicellulose; AlL, acid insoluble lignin; ASL, acid soluble lignin; FR, furfural residue.

Cellulose

34.10 £0.99
29.56 + 0.80
6.71£0.12

062 £0.05

Hemi.

31.82+0.15

1.21 £0.06

Component (%)

AL

10.85 +£0.25
62.97 4 0.45
80.92 +£0.32
79.43 £0.37
78.31 +£0.09
91.82 +£0.09

AsL

5.95 £0.08
1.60 £0.03
312011
3.34 £0.06
3.72+0.11
4.01 £0.07

Ash

1.46 + 0.04
2.86 + 0.06
0.11 £0.02

0.72 £ 0.07
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T
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T3
Soda lignin

My

2273
1,894
1,600
1,952

Mn

960

864
846

My/My

239
212
1.85
231
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Label Sc/8n
LIGNIN SIGNALS
~OCHg 55.6/3.73
Ags) 86.9/4.12
S26 103.8/6.69
S'26 106.4/7.19
FA 11.4/7.32
PCA/FAy 113.5/6.27
Hs 114.6/6.62
Go 118.7/6.77
PCAgs 115.5/6.77
FAs 123.3/7.20
Hoo 128.0/7.06
PCAz6 130.8/7.46
PCAG/FAC 144.4/7.45
CARBOHYDRATE SIGNALS
Gl 60.6/3.60
and 3.80
Gl 62.7/3.35
and 3.47
Xs 62.8/3.20
and 3.86
Glavry 70.1/3.02
X 72.6/3.02
Gl 73.2/3.05
Xe! 73.1/4.25
Xs 73.7/3.23
Glsy 74.6/3.35
Xs' 74.7/4.41
X 75.3/3.52
Gl 76.4/3.15
Gl 80.5/3.32
oGl 92.1/4.92
BGhe 96.6/4.25
X'y 99.3/4.50
Xi/X'q 101.6/4.29
Gligsnmy 102.6/4.31
Glirem) 108.0/4.26

Assignment

C/H in methoxyls
Cy/Hy in B-O-4" substructures inked to a S
unit ()

Ca/My and Ce/Hs in etherified syringyl units (S)
oMy and Ca/Hs in a-oxidized syringyl units
®)

Co/My in ferulates (FA)

Cy/Hy in p-coumarates (PCA) and ferulates
(FA)

Ca/H3 and Cs/Hs in p-hydroxyphenyl units (H)
Co/Hs in guaiacyl units (G)

Ca/M and Cs/Hs in p-coumarates (PCA)
Co/Hg in ferulates (FA)

Ca/H, and Ce/Hg in p-hydroxyphenyl units (H)
CaHy and C/Hs in p-coumarates (PCA)
CuMa in p-coumarates (PCA) and ferulates
(FA)

Co/Hs in (1 4)-B-D-glucopyranoside (1+R)
Ce/Hs in B-D-glucopyranoside (NR)
GCs/Hs in B-D-xylopyranoside

Ca/Ha in p-D-glucopyranoside (NR)
GCalH in B-D-xylopyranoside

Ca/Hy in (1> 4)-p-D-glucopyranoside ()
Ga/H in 2-O-acetyl--D-xylopyranoside
Ca/Hs in B-D-xylopyranoside

Ca/Hs in (1-> 4)-B-D-glucopyranoside ()
Cs/Hs in 3-O-acetyl-B-D-xylopyranoside
Ca/Ha in p-D-xylopyranoside

Cs/Hs in (1> 4)-p-D-glucopyranoside ()
Ca/Hy in (1> 4)-B-D-glucopyranoside ()
Cy/Hy in a-D-glucopyranoside (R)

Gy/H in B-D-glucopyranoside (R)

Cy/Hy in 2-O-acetyl--D-xylopyranoside
Cy/H in B-D-xylopyranoside +

3-O-acetyl-B-D-xylopyranoside
Ci/Hy in (1 4)-p-D-glucopyranoside (I+-NR)
Ci/Hyin

(1— 3)+{(1— 6)-B-D-glucopyranoside (in
hemicelluloses)

I, internal units; R, reducing end units; NR, non-reducing end units.
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Assignment

Aliphatic OH
Syringyl OH
Condensed
guaiacyl OH
Non condensed
guaiacyl OH

p-hydroxyphenyl
OH

Carboxylic acid
OH

Total OH

Soda, soda lignin.

3 P-NMR

149.0-146.0
144.7-142.1
142.1-1415

140.2-138.8

138.4-137.1

185.5-134.0

Soda

0.62
0.70
0.14

0.90

0.44

0.61

3.41

Furfural residue treatment

™

0.24
0.63
0.16

0.71

0.54

0.88

3.06

T2

017
0.60
017

0.72

0.66

0.89

321

T3

057
0.80
027

0.86

0.65

087

4.02
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Samples

Corncob
FR
T
T2
T3

N%

0.26
0.36
0.79
0.82
0.78

Soda lignin 0.26

FR, furfural residue.

C%

4142

H%

726

0%

51.05

54.65 6.39 38.59

54.67
54.72
55.87
59.64

674
7.04
713
7.44

38.28
37.96
36.22
32.66

Empirical formal

Cs.asH7.2603.10Noo1o
CassHe.s902.41Noozs
CassHe.7402.30Nooss
Cas6H7.0402.57Nooss
CapsHr.1302.28No.0se
Ca.o7H7.4402,04Nooto

C, formula

CoHig.0408.32Noos
CoHi26404.77Noos
CoHia.310472No.11
CoHi3.8004.63No.11
CoHi3.780437No.11
CoHi.4803.70Noos





