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Abstract: Lignin is an abundant renewable macromolecular material in nature, and degradation of lignin to improve its hydroxyl content is the key to its efficient use. Alkali lignin (AL) was treated with Brønsted acidic deep eutectic solvent (DES) based on choline chloride and p-toluenesulfonic acid at mild reaction temperature, the structure of the lignin before and after degradation, as well as the composition of small molecules of lignin were analyzed in order to investigate the chemical structure changes of lignin with DES treatment, and the degradation mechanism of lignin in this acidic DES was elucidated in this work. FTIR and NMR analyses demonstrated the selective cleavage of the lignin ether linkages in the degradation process, which was in line with the increased content of phenolic hydroxyl species. XPS revealed that the O/C atomic ratio of the regenerated lignin was lower than that of the AL sample, revealing that the lignin underwent decarbonylation during the DES treatment. Regenerated lignin with low molecular weight and narrow polydispersity index was obtained, and the average molecular weight (Mw) decreased from 17680 g/mol to 2792 g/mol (130°C, 3 h) according to GPC analysis. The lignin-degraded products were mainly G-type phenolics and ketones, and small number of aldehydes were also generated, the possible degradation pathway of lignin in this acidic DES was proposed.
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1  Introduction

Lignin is a complex three-dimensional amorphous polymer composed of phenylpropane structural units randomly linked by ether bonds or carbon-carbon bonds; 45–50% and 60–62% of the structural units in softwood and hardwood lignin are connected by β-O-4 bonds [1]. The global production of lignin was estimated at 100 million tonnes/year in 2015, but only less than 2% has achieved highly efficient utilization because of the complex composition, structural heterogeneity, and low reactivity of lignin [2]. The degradation of lignin by appropriate methods was considered one of the most important challenges in lignin utilization by reducing the dispersibility of lignin, and afford lignin fragments with lower molecular weights, higher activities, and more homogeneous physical and chemical properties [3]. Degraded lignin can be used to partly replace phenol and formaldehyde to synthesize phenolic resin, partly replace bisphenol A and epichlorohydrin to synthesize epoxy resin, or as a substitute for polyether polyols and polyisocyanate to prepare lignin-based polyurethane foams [4,5]. Traditional lignin degradation methods include alkali catalysis, acid catalysis, metal catalysis and supercritical fluid-assisted degradation, but harsh treatment conditions are required (usually >300°C, 10 MPa), and biodegradation treatment takes a long time (usually several days) [6].

In recent years, deep eutectic solvents (DESs) have attracted extensive attention as a medium to effectively fractionate lignocellulosic material to dissociate lignin and improve the enzymatic hydrolysis rate of cellulosic materials due to their special properties, such as simple preparation, renewability, and excellent solubility of lignin, and they are promising alternatives to ILs in biomass processes [7]. Choline chloride (ChCl)-lactic acid was considered a suitable DES for biomass pretreatment, for example, the delignification rate of rice straw was 60.0% at 60°C for 12 h with ChCl-lactic acid (1:5), 27.8% with 0.5% NaOH at room temperature for 24 h, and 10.0% with 1.5% H2SO4 at 121°C for 60 min [8]. However, acylation, condensation, and depolymerization of lignin occurred during ChCl-lactic acid pretreatment [9]. Hong et al. [10] investigated the chemical transformations of the ChCl-lactic acid lignin by 2D-HSQC NMR spectroscopy and found that acylation occurred between the γ-OH groups in the lignin and the COOH groups in the lactic acid.

Chen et al. [11] found that ChCl and p-toluenesulfonic acid (p-TsOH) could rapidly form Brønsted acidic DES by heating at a molar ratio of 1:1, and this solvent could be used as a hydrogen bond donor and catalyst for the dehydration of fructose [12]. Recently, Wang et al. [13] fractionated wheat straw and miscanthus using a Brønsted acidic DES consisting of ChCl and p-TsOH at low temperature and compared the extracted lignin with that obtained with p-TsOH/H2O. They found that the H+ concentration in the ChCl-p-TsOH system was lower than that in the aqueous p-TsOH/H2O system, and the addition of ChCl facilitated lignin dissolution and decreased lignin condensation. At 80°C for 20 min, the delignification rate was 76.6% for miscanthus and 88.9% for straw with DES consisting of 75% p-TsOH and 25% ChCl.

In the present work, the degradation of alkali lignin (AL) was performed using ChCl-p-TsOH (1:1, molar ratio), a Brønsted acidic DES, as both the solvent and catalyst. The aim of this work was to analysis the chemical structures changes of lignin and to elucidate mechanism of lignin degradation in this acidic DES. The chemical structure and thermal properties of lignin before and after degradation were evaluated by spectroscopy (FTIR, 1H NMR, HSQC-NMR, XPS), GPC and TG analyses, and the small-molecule products from the degradation of lignin were analyzed by GC-MS. Furthermore, the possible degradation pathways of lignin in this acidic DES were proposed, which provides a foundation for further research and utilization of lignin.

2  Materials and Methods

2.1 Materials

Choline chloride (ChCl, C5H14ClNO, >98%), p-toluenesulfonic acid monohydrate (p-TsOH, C7H8O3S·H2O, >98.5%) and alkali lignin (AL) were purchased from Sigma-Aldrich and dried under vacuum at 60°C for 24 h before used. The other chemicals obtained from commercial suppliers were of analytical grade and were used as received.

2.2 Synthesis of DES

ChCl and p-TsOH were mixed at a mole ratio of 1:1 and stirred at 100°C for approximately 40 min, resulting in a colorless liquid, and then stored in a desiccator until use.

2.3 Experimental Procedures

The typical procedure for lignin degradation was as follows. Approximately 1 g of AL was dissolved in 20 g of DES, yielding a lignin concentration of 5 wt%, and then 250 μL of distilled water was added. The degradation reactions were carried out at 130°C in sealed vials for set times. Once the reaction time had elapsed, the reaction flask was immediately transferred into a cold water bath to stop the reaction. Then, lignin was precipitated from the reaction mixture by adding 100 mL of distilled water. After centrifugation, the solid residue was thoroughly washed with 150 mL of water, and the regenerated lignin was dried at 80°C for 12 h to a constant weight. The regenerated lignin samples were labeled L1, L3, L5 and L12 for 1, 3, 5 and 12 h degradation at 130°C, and the recovery yield (wt%) of L1, L3, L5 and L12 was 95.7%, 93.8%, 89.3% and 88.7%, respectively. Collected the supernatant, and then removed water by rotary evaporation, finally the DES can be recovered and reused. The schematic diagram of experimental process was shown in Fig. 1.
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Figure 1: The scheme of degradation of lignin in deep eutectic solvent

2.4 Product Analysis

2.4.1 FT-IR Spectroscopy

The FTIR spectra of the lignin samples were recorded with a Fourier transform infrared spectrophotometer (Nicolet 6700, Thermo Fisher Scientific, USA) within the wavelength range of 4000–500 cm–1 at 4 cm–1 resolution.

2.4.2 Two-Dimensional NMR Spectroscopy

2D 13C-1H HSQC (heteronuclear single quantum correlation) spectra were acquired at room temperature on a Bruker 500 MHz spectrometer. A lignin sample (approximately 80 mg) was dissolved in 0.5 mL of dimethyl sulfoxide (DMSO-d6). The spectral widths for the 1H and 13C dimensions were 10,000 Hz and 30,000 Hz, respectively. The conditions for the hydrogen spectrum acquisition were as follows: 32 scans and a relaxation delay time of 1 s. The acquisition conditions for the carbon spectrum were 28569 scans and a relaxation delay time of 2 s.

2.4.3 Gel Permeation Chromatography (GPC)

The molecular weight and distribution of the lignin samples were determined by gel permeation chromatography (Agilent 1100, USA) with a JASCO UV-1575 detector at 254 nm and a tandem system of two columns (79911GP-101 and 79911GP-104). The concentration of lignin in tetrahydrofuran (THF) was approximately 5 mg/mL. The column temperature was 30°C, and THF was used as the eluent with a flow rate of 1 mL/min. The average molecular weight of the lignin was measured through an external standard method wherein monodisperse polystyrene was applied as a standard compound.

2.4.4 Thermal Properties

The thermal properties of lignin before and after degradation were determined with a thermogravimetric analyzer (PerkinElmer, STA 6000). The heating rate was 10°C/min, the range of heating was 40–800°C, and the flow rate of high purity N2 was 20 mL/min.

2.4.5 GC-MS Analysis

The small molecule degradation products of the lignin were analyzed by gas chromatography-mass spectrometry with an Agilent instrument (789 NA/7000B). An HP-5MS column was used (30 m × 0.25 mm × 0.25 μm). The injection volume was 1 µL, the split ratio was 20:1, the carrier gas was helium, and the flow rate was 1.0 mL/min. The column temperature was kept at 40°C for 5 min, increased to 280°C at a rate of 10°C/min, and held at 280°C for 10 min. The peaks were assigned based on comparison to the mass spectrometry library of the National Institute of Standards and Technology (NIST, 2005).

3  Results and Discussion

3.1 Infrared Spectrum Analysis of the Regenerated Lignin

FTIR spectroscopy was used to characterize the functional groups changes of lignin during the acidic DES treatment, and Fig. 2 compares the FTIR spectra of the lignin samples regenerated at 130°C for different times. The broad band around 3305 cm–1 was assigned to stretching vibrations of lignin’s phenolic and aliphatic hydroxyl group, which increased in intensity and redshifted with increasing reaction time. The peak at 2928 cm–1 was attributed to C-H stretching vibration of -CH3 and -CH2, which showed little change in peak intensity. The absorption band at 1697 cm–1 typically represented C=O stretching vibrations in ketone or aldehyde groups, peak at 1156 cm–1 corresponds to the conjugated ester-based C=O stretching vibration, and the intensity of these two peaks showed a slight increase first and then decrease with elongated treated time. Reasonable speculation is that ketone compounds had been formed, implying that the lignin underwent a partial oxidation reaction during treatment with ChCl-p-TsOH. In addition to oxidized lignin structure, the destruction of carbonyl and carboxyl groups may also take place with prolonged reaction time. Which supported previous studies that oxidation of the Cα alcohol to ketone was crucial to promote the cleavage of the β-O-4 linkages, while the destruction of the conjugated carbonyl structure is the most prevalent mechanism of lignin depolymerization during acidic pretreatment [10,14,15]. The peaks at 1600 cm–1 and 1502 cm–1, assigned to the vibration of the aromatic ring skeleton, remained almost unchanged, indicating that the aromatic structures were preserved during the reaction. Signals at 1078 cm–1 corresponded to the C-O deformation of secondary alcohols and aliphatic esters, which monotonically decreased with increasing reaction time. According to the method of Fox et al. [16], comparing the absorbances of the characteristic lignin peaks with that of the characteristic benzene ring peak at 1502 cm–1 at different treatment times, the change in the functional group content in the lignin can be semiquantitatively analyzed. The ratio of the intensities at 3305 cm–1 and 1078 cm–1 can be used to estimate the relative contents of hydroxy group and ether bond in the regenerated lignin, and the results are shown in Fig. 3. The ratio values of A~3400/A~1502 gradually increased with the extension of treatment time, while that of A~1078/A~1502 decreased sharply with the duration of time, implying the cleavage of the lignin ether linkages during acid-catalyzed degradation and the concomitant formation of hydroxyl groups [9,17]. Overall, the FTIR spectra indicated obvious changes of the chemical structure of lignin taking place during the DES treatment, and the longer reaction times were favorable for the complete cleavage of the lignin ether linkages.
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Figure 2: FTIR spectra of AL and the regenerated lignins
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Figure 3: Ratio of the absorbance intensities of different FTIR bands to that of 1502 cm–1 vs. degradation time

3.2 Hydrogen Spectrum Analysis of the Regenerated Lignin

The 1H NMR spectra of lignin acylated for different degradation times are shown in Fig. 4. The signals from 8.0 to 6.2 ppm belong to the aromatic protons in the guaiacyl (G) units and syringyl (S) units, the signals from 5.0 to 4.1 ppm belong to the Hα, Hβ and Hγ signals in the structure of β-O-4, those from 4.1 to 3.5 ppm are the methoxy proton signals, and the peaks at 3.5–3.3 ppm are the proton signals of water in the solvent. The small peak at 3.4 ppm is the proton signal from ChCl, and the appearance of this peak may be due to the slight reaction between lignin and ChCl during the degradation or a small amount of ChCl remaining in the regenerated lignin. The peak at 2.5 ppm is attributed to the nondeuterated DMSO. The signals from 2.5 to 2.2 ppm belong to the protons of the aromatic acetates, and those from 2.2 to 1.4 ppm belong to the protons of aliphatic acetates. The intensity of the acetate signal of lignin was significantly increased after degradation. According to the literature [18], the methoxy group can be used as a standard peak to analyze the number of protons in each functional group of lignin, as shown in Fig. 5. As we can see, the phenol hydroxyl content increased significantly with the extension of the lignin degradation time, which was nearly two times higher than that of AL, while the alcohol hydroxyl content did not significantly change with time. Since the cleavage of the β-O-4 bond will form new phenolic hydroxyl groups, while the cleavage of the Cα-Cβ bonds will increase the content of alcohol hydroxy groups in the lignin [19], implying that cleavage of the β-O-4 ether bonds is the main reaction of lignin in this acidic DES. According to previous literatures, lignin with abundant hydroxyl groups has a high reactivity toward formaldehyde and dimethylamine, besides, the antioxidant activity is closely related to the amount of the phenolic hydroxyl groups of lignin [20,21]. Thus, the regenerated lignin with a high phenolic hydroxy group content is expected to be a biobased material suitable for producing high-value polymers, such as lignin-based phenolic resin and antioxidants, etc.
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Figure 4: 1H NMR spectra of AL and the regenerated lignins
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Figure 5: Ratio of the areas of the hydroxy and methoxy peaks versus degradation time

3.3 Two-Dimensional NMR Analysis of the Regenerated Lignin

Two-dimensional (2D) heteronuclear single-quantum correlation (HSQC) nuclear magnetic resonance (NMR) spectroscopy can provide qualitative and quantitative information on the basic structural units (G, S, and H) of lignin as well as the connection modes between the units based on the carbon-hydrogen correlation signals in the lignin structure. Fig. 6 shows the HSQC spectra of AL (left) and L5 (right). The assignments of the C-H correlations in the spectra are shown in Tab. 1, and a schematic of the basic connection units and structural units is shown in Fig. 7.
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Figure 6: 2D HSQC NMR spectra of AL (left) and the degraded lignin (right)
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Figure 7: Main initial and acetylated substructures involving different side-chain linkages and aromatic units identified from the 2D NMR spectra of AL: (A) β-O-4 aryl ether linkages with a free-OH at the γ-carbon; (B) resinol substructures formed by β-β, α-O-γ and γ-O-α linkages; (C) phenylcoumarin substructures formed by β-5 and α-O-4 linkages; (F) p-hydroxycinnamyl alcohol end groups; (S) syringyl unit; (S’) oxidized syringyl units with a Cα ketone; (G) and guaiacyl unit

Table 1: Assignments of the 13C-1H correlation signals in the HSQC spectrum of AL
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The 2D-HSQC spectrum of lignin can be divided into three regions: the aliphatic side chain region (δC/δH 40~10/2.5~0.5 ppm), the oxidized aliphatic region (δC/δH 95~50/6.0~2.5 ppm) and the aromatic ring region (δC/δH 135~100/8.0~5.0 ppm). Among these regions, the oxidized aliphatic regions includes the signals characteristic of the linking modes between the lignin macromonomers, and the β-O-4 ether bond was the most abundant interunit linkage detected, including Cα-Hα, Cβ-Hβ and Cγ-Hγ on β-O-4 (A). In addition to the β-O-4 chemical bonds, the hydrocarbon-coupled signals of Cα-Hα, Cβ-Hβ, Cγ-Hγ in the β-β’ resin alcohol unit (B), Cβ-Hβ and Cγ-Hγ in the phenyl coumarin unit (C) and Cγ-Hγ in the end group of hydroxycinnamol (F) were also detected. In the AL material, the signals of the Aβ(G) and Aβ(S) bond structures were obvious, but these signals had basically disappeared in the spectrum of L5, which proves that the ether bond was cleaved in the regenerated lignin. Cleavage of β-O-4 linkages of lignin extracted with p-TsOH from poplar wood was also found in earlier published research [22].

Analyzing the change of the S/G (syringyl/guaiacyl) ratio is helpful for evaluating the structure changes of lignin. According to the calculation method in reference [23], 13C NMR spectroscopy can be used to analyze the S/G unit ratio in lignin. The quantitative method was as follows: S/G was half of the peak area integral of S2,6 divided by the G2 peak area integral, where the S2,6 signal was integrated from 108.9 to 101.0 ppm, and the G2 signal was integrated from 113.0 to 110.0 ppm. According to this method, the S/G value of AL was 0.81, while that of L5 was 1.88. Some studies [15] have suggested that the S-type lignin unit in acidic solvents can easily remove methoxy groups, which leads to an increase in the content of G-type lignin units, therefore, the S/G value of lignin after treatment in acidic solvents decreases. However, in this research, the S/G value of lignin increased after degradation, it was reasonable to deduce that the increase in S/G value was caused because G-type units were preferentially degraded in this acidic DES than S-type unit, and the condensation reaction took place preferably at G units than S units under acidic conditions, through the free C5 or C6 position, which lead to an increase in the S/G ratio [24]. This phenomenon was in line with the previous literature [13], which showed that S/G ratio of lignin increased with fractionation severity of herbaceous biomass during ChCl-p-TsOH treatment. On the other hand, further analysis of the degree of polymerization (DP) before and after lignin degradation showed that the DP of AL was 2.09, while that of L5 was 2.35, indicating that condensation reaction took place during treatment with the acidic DES.

3.4 Surface Analysis of Lignin by XPS Valence Band Spectra

X-ray photoelectron spectroscopy (XPS) measurements were carried out to obtain information about the elemental composition and valence states. There are four C1s valence states on the lignin surface, namely, C1, C2, C3 and C4, which represent different carbon-carbon bonds on the lignin surface, and their electronic binding energies correspond to different functional groups in the lignin. The proportions of C1-C4 in the C1s peak could be expressed by the percentage of the peak area. There are two kinds of valence states of lignin O1s, O1 and O2. O1 corresponds to oxygen atoms in oxygen-carbon single bonds, such as C-OH and C-O-C, O2 corresponds to oxygen atoms in carbon-oxygen double bonds, including the oxygen atoms in aldehydes, ketones, esters and carbonyls (C=O and O-C=O).

The C1s and O1s signals of the regenerated lignin samples treated with this acidic DES for different times were subjected to curve fitting and peaking, and the XPS spectra of carbon and oxygen were obtained (Fig. 8). The results of the oxygen-carbon atom ratio in the lignin and the ratios of the peak areas are listed in Tab. 2. The O/C atom ratio in the lignin treated with DES decreased, and the relative content of the C1 peak increased, which may be due to the increase in the contents of hydrocarbons or carbon-carbon single bonds, and the relative content of the C3 peak notably decreased, we presumed that the proportion of C and O atoms in the combined form was reduced. After degradation, the relative content of O1 in the lignin increased significantly, while the relative content of O2 decreased significantly, it was reasonable to deduce that the decrease in relative content of O2 was caused by decarbonylation reaction.
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Figure 8: The fitting of the high-resolution XPS spectra of the C1s and O1s peaks

Table 2: Atomic O/C ratios and C1s and O1s peak deconvolution of the original and degraded lignins
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3.5 Molecular Weight Analysis of the Regenerated Lignin

To explore the effect of DES treatment on the molecular weight of the degraded lignin, acetylated lignin before and after ChCl-p-TsOH degradation was assessed by GPC. The results are shown in Tab. 3. The Mw (number average molecular weight) values of the regenerated lignin samples were between 2792 and 7783 g/mol, which are much lower than that of the original AL (17680 g/mol). It is generally believed that the lower the content of aryl ether bonds and the condensation structure in the lignin, the smaller the molecular weight of the lignin will be [25]. Based on the FTIR and NMR results, the ether bond content in the regenerated lignin decreases gradually as the reaction time increases, while the molecular weight of the regenerated lignin decreases at first and then increases, this phenomenon could be attributed either to: (1) the depolymerization of lignin fractions was the dominant reaction accompanied by partial condensation reactions between phenolic oligomers in this acidic DES; and (2) the additional decomposition of the lignin coupled to the loss of low molecular weight compounds during the washing and filtration processes [26]. The polydispersity index (Mw/Mn, PDI) of the lignin decreased significantly after treatment, indicating that lignin subunits with relatively small size molecular weight and homogenous structure were regenerated via degradation process. Previous studies reported that lignin with low molecular weight and narrow PDI was of high reactivity and solubility in common organic solvents, such as tetrahydrofuran, acetone, dioxane, which was suitable for the preparation of advanced carbon materials, antioxidant, lignin-based phenol-formaldehyde resins and polyurethane foam [27], etc. Finally, it was concluded that 3 h was the optimum treatment time for lignin depolymerization in this DES at 130°C.

Table 3: Molecular weight and polydispersity of AL before and after degradation
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3.6 Thermal Stability Analysis of the Regenerated Lignin

Generally, the molecular structure of the lignin, including the functional groups, degree of branching and degree of condensation, will all have a direct impact on the thermal stability of lignin. To further study the structure of lignin before and after DES degradation, the thermal stabilities of the original lignin and the regenerated lignin were analyzed, and the results are shown in Fig. 9. In the initial stage of thermal degradation (40–100°C), the mass loss was mainly due to moisture adsorption. In the second stage (100–600°C), rapid degradation occurred, and the main degradation products were organic and phenolic compounds as well as some gaseous substances. The maximum degradation rate of AL was 0.248%/°C, and the corresponding temperature was 340°C, and the maximum degradation rates of L1 and L5 were 0.266%/°C (383°C) and 0.206%/°C (401°C), respectively. The thermal stability of lignin in this stage was improved slightly after degradation and regeneration in DES, and the thermal stability of L5 was higher than that of L1. In this stage, the thermal stability of the lignin was mainly related to the content of aryl ether bonds, which are the weakest bonds in lignin, as well as the content of methyl-aryl ether and C-C bond [28]. With the extension of treatment time, the thermal stability of the regenerated lignin increased in this stage, this may be caused by several factors. Firstly, the thermal stability of lignin improved due to the reduced content of ether bonds, and the longer treatment times resulted in lower contents of β-O-4 ether bonds, which was consistent with the results of the FTIR and NMR analyses. Secondly, the condensation of the lignin during degradation may also form more carbon-carbon bonding structures, the condensed lignin requires more energy input and severe conditions for linkage cleavage, and thus improved the thermal stability of lignin [29,30]. Thirdly, the increase in the hydroxy group content in the regenerated lignin may lead to the formation of more hydrogen bonds between lignin molecules, which may also improve the thermal stability of the regenerated lignin in this stage [31]. In addition, the residual carbon content of AL at 800°C was 43.3%, while those of L1 and L5 were 41.3% and 36.8%, respectively, the decrease in the residual carbon content in the regenerated lignin at 800°C was presumed to be due to its lower molecular weight [14,32].
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Figure 9: TG and DTG curves of AL before and after DES degradation

3.7 Isolation and Identification of the Lignin Degradation Products

To further understand inherent mechanism of lignin degradation in this acidic DES, the degradation products of lignin after DES treatment at 130°C for 5 h were extracted with toluene and then determined by GC-MS analysis, and the results are shown in Fig. 10, the lignin monomer products were listed in Tab. 4. In which, lignin degradation products were mainly G-derived phenolics and ketones, including 2-methoxy-4-propylphenol (12.835 min, 52.14%), 4-hydroxy-3-methoxy phenylacetone (11.505 min, 8.83%) and 4-methoxy-3-hydroxyphenyl acetone (10.869 min, 6.73%). In addition, a small number of aldehydes and ketones, such as vanillin (9.515 min, 1.46%), dibutyl phthalate (16.479 min, 0.816%) and 1-(4-methoxyphenyl)-1-propanol (12.838 min, 0.83%), were also detected, in agreement with the previously reported studies that phenolics compound containing ketones and aldehydes was the mainly degraded product of lignin in acidic solvent [10]. It should be noted that the peak intensity of phenolic compounds was relatively high overall, implying that the yield of aromatic products from the degradation of lignin in this DES system was substantial. Hong et al. [10] observed similar products such as guaiacylacetone in the acidolysis of lignin with ChCl-lactic acid and ChCl-oxalic acid. S-type small molecule degradation products were not detected, which may be due to demethoxylation of the S-type lignin units during acid treatment [33]. In addition, the results revealed that a small number of DES may participate in the degradation of lignin and form chemical bonds with the lignin degradation products (No. 6, Tab. 4).
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Figure 10: GC-MS spectrum of lignin-degraded products extracted with toluene

Table 4: Main lignin-degraded compounds in DES extracted by toluenea

[image: images]

aReaction conditions, 130°C, 12 h

3.8 Possible Depolymerization and Repolymerization Path of Lignin

The FTIR and NMR results indicated that the content of phenolic hydroxyl groups in the regenerated lignin increased gradually with increasing treatment time, while the alcoholic hydroxy group content remained almost constant. The cleavage of the lignin β-O-4 aryl ether bonds would form phenolic hydroxyl groups, while the cleavage of the Cα-Cβ bond would increase the content of alcohol hydroxyl groups in the regenerated lignin [19]. Therefore, it was suggested that cleavage of the β-O-4 bond was the dominant reaction during the pretreatment of lignin in ChCl-p-TsOH. Fraile et al. [34] demonstrated that the lignin model can be protonated on either α-OH or β-OPh groups to yield the corresponding protonated forms in acidic media, and in most cases, the protonation of the α-OH group is favored over that of the β-OPh group. According to the analysis of the molecular weight and the thermal stability of the regenerated lignin, depolymerization and repolymerization of the lignin simultaneously occurred during the treatment process, and the studies found that C-C bonds mainly formed at the free C5 position of G and S units on aromatic rings [30,35]. Finally, the possible degradation pathway of lignin in this acidic DES was proposed based on the chemical structure analysis of the regenerated lignin and the analysis of the small molecule degradation products by GC-MS (Fig. 11). At first, under acidic conditions, protons attack the α-position of the hydroxy groups in the lignin alkyl side chains, and this dehydration forms carbocations, the unstable carbocations can then be deprotonated to form enol ethers, further degradation of the enol ethers to small molecules may occur under acidic conditions. On the other hand, carbocations react with small lignin-degrading products to form new C-C bonds at the C5 position of the aromatic rings [36,37].

[image: images]

Figure 11: Proposed degradation pathway of lignin in acidic DES

4  Conclusions

In this study, the homogenous degradation of AL was performed at a moderate temperature (130°C) using ChCl-p-TsOH, a Brønsted acidic DES, and the effects of treatment time on the structural features of the regenerated lignin and the depolymerized products of lignin have been comprehensively investigated. 2D-HSQC NMR results demonstrated that the cleavage of β-O-4 ether linkages was dominant during the DES treatment, which was in line with the increased content of phenolic hydroxyl found by FTIR and 1H NMR analysis. With prolonged treatment time, the phenolic hydroxy group content in the regenerated lignin increased gradually, while the alcoholic hydroxy group content did not change significantly. The average molecular weight (Mw) of the regenerated lignin ranged from 2792 g/mol to 7783 g/mol, and the molecular weight of the regenerated lignin decreased first and then increased with increasing processing time, concluded that depolymerization and repolymerization of lignin was two competing reactions during this acidic DES treatment, and the ultimate chemical and size of the regenerated lignin is a net effect of the above two pathways. Additionally, the lowest molecular weight of the regenerated lignin was obtained at 130°C after 3 h. The lignin degradation products were mainly G-type phenols and ketones characterized by GC-MS analysis. Based on the results observed, possible pathways for chemical transformations of lignin were proposed: the remove of Cα OH groups to form carbocations and further degradation into small molecules, besides, the repolymerization of carbocations with lignin-degraded products to form new C-C bond would occur simultaneously. Remarkably, it was found that the DES treatment not only afford lignin fragments with low molecular weight and narrow distribution, but also greater amounts of phenolic hydroxyl functionalities, which facilitates the fabrication of lignin-based materials, such as antioxidant, lignin-based phenol-formaldehyde resins, polyurethane foam and aromatic platform chemicals. In short, this study demonstrated that ChCl-p-TsOH was a promising solvent for lignin valorization.
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