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In this paper, the depolymerization of lignin was successfully achieved by 
the thermal treatment of kraft lignin in butyl-1,8-diazabicyclo[5.4.0]undec-
7-enium chloride ([DBUC4

+][Cl-]) without a catalyst. The thermal treatment 
experiments were performed in an oven at 150, 200, and 250 °C for 1 h. 
The changes in kraft lignin structure over the course of depolymerization 
were characterized by gel permeation chromatography (GPC), Fourier 
transform infrared (FTIR) spectroscopy, and 1H / 31P NMR analyses. GPC 
chromatograms indicated that the retention time of the original kraft lignin 
had shifted toward higher values after the thermal treatment, which 
indicated lignin depolymerization. The average molecular weight of the 
lignin obtained after 1 h reaction time decreased by 23, 70, and 58 wt% 
for the treatment at 150, 200, and 250 °C, respectively. FTIR spectra 
indicated the cleavage of β-O-4 bonds of kraft lignin. The 1H NMR spectra 
showed demethylation of all treated kraft lignins. Moreover, the 31P NMR 
analysis demonstrated that the demethylation phenomenon of the treated 
kraft lignin contributed to the formation of catechol groups. 
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INTRODUCTION 
 

 In recent years, efforts have been devoted to the development of new materials 

derived from renewable bio-based products, which have the potential to replace petroleum-

based resources while providing equivalent assets (Ragauskas et al. 1997). Lignocellulosic 

biomass is a potential renewable resource for the production of fuels and commodity 

chemicals. Over the last few decades, the research community has focused on the 

development of processes for valorizing cellulose and hemicelluloses (Alonso et al. 2010; 

Tuck et al. 2012). However, lignin, an amorphous three-dimensional polymer that 

represents 15 to 30% of biomass, is still underused and is burned for its heat value to 

generate power because of its inherent heterogeneity and recalcitrance. 

The structure of lignin is based on three phenylpropane monomer units: p-

hydroxylphenylpropane, guaiacylpropane, and syringylpropane. Lignin basically consists 

of a variety of linkages irregularly connecting the various phenylpropane monomers to one 

another (Amen-Chen et al. 2001; Zakzeski et al. 2010). The most common functionality, 

which accounts for about one-half of the bonds between the monomers in protolignin, is 

the β-O-4 linkage (Fig. 1) (Kukkola et al. 2004). Therefore, a lignin depolymerization 

strategy may target cleaving the β-O-4 ether linkage while preserving the aromatic 

character of the fragments. 
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Fig. 1. Major linkages found in lignin 
 

In this context, the major challenge in lignin depolymerization is the cleavage of β-

O-4 bonds. For this reason, several approaches have been developed in order to 

depolymerize lignin, such as pyrolysis, hydrogenolysis, hydrolysis, and enzymatic 

reactions (Saisu et al. 2003; Zhang et al. 2014; Long et al. 2014). However, these methods 

require extreme reaction conditions to achieve depolymerization of the lignin. In the same 

context, there have been studies carried out using acid- and base-catalyzed routes to lignin 

depolymerization; as these processes involve the use of strong acids or alkali, these 

chemicals can have negative effects when discharged to the environment (Adler et al. 1957; 

Venica et al. 2008). Investigators have studied various lignin depolymerization methods 

using hydrogenation in the presence of catalysts, such as nickel oxide, chromium, or 

molybdenum, at 400 °C (Oasmaa and Alen 1993; Toledano et al. 2012). Schultz et al. 

(1982) used the alkaline hydrolysis of lignin at 250 °C to produce phenols. Other studies 

depolymerized lignin in the presence of Lewis acid, i.e., ZnCl2, FeCl3, and AlCl3 (Kudsy 

et al. 1995). 

The mechanism of lignin depolymerization during ionic liquid (ILs) pretreatment 

was recently examined, and preferential lignin dissolution was often observed due to the 

chemical nature of lignin according to the inter-unit linkages and the nature of the ionic 

liquid (Varanasi et al. 2012; Long et al. 2013; Long et al. 2015; Ragauskas et al. 2014; 

Sathitsuksanoh et al. 2014; Wen et al. 2014). The advantages of working in ionic liquid 

media are that the volatile aromatic products can be removed by distillation and the by-

products of degradation can be precipitated with water or be separated by selective 

membrane technologies. Ionic liquids (ILs) have been used in many research fields, 

because they are non-flammable, non-volatile, and recyclable (Zhang 2006). ILs have been 

shown to dissolve wood, cellulose, and lignin, which opens new opportunities in biomass 

conversion (Fort et al. 2007; Li et al. 2010). 

In previous research (Diop et al. 2013), the authors have developed a new ionic 

liquid, butyl-1,8-diazabicyclo[5.4.0]undec-7-enium chloride [DBUC4
+][Cl-], to be used as 

an aprotic green solvent to dissolve kraft lignin from black liquor. This IL appeared more 

efficient than other ILs, especially in the dissolution of kraft lignin at 105 °C in proportions 

of 20% (w/w). 
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The present work studied the chemical depolymerization of kraft lignin in ionic 

liquids by characterizing the compounds formed and by observing the cleavage of β-O-4 

ether linkages. Indeed, cleavage of the β-O-4 linkage is a method for both general 

delignification of biomass and utilization of lignin as a raw material for fuel and chemical 

production (Okuda et al. 2008; Cox and Ekerdt 2012). However, most investigators have 

used lignin model compounds to study the delignification phenomenon (Binder et al. 2009; 

Cox et al. 2011). One of the simplest treatments of lignin models in ionic liquids is thermal 

treatment for a desired period of time. Kubo et al. (2008) carried out a series of heat 

treatments at 120 °C with guaiacyl glycerol-β-guaiacyl (GG) in a chloride medium 1-butyl-

3-methylimidazolium (BMIMCl) chloride and 1-3-ethylmethylimid-azolium chloride. Jia 

et al. (2011) used veratryl glycerol ether-β-guaiacyl (VG) as a model for the cleavage of 

the β-O-4 ether linkage of lignin by combining the effect of a catalyst, FeCl3, CuCl2, or 

AlCl3, with the ionic liquid. 

In their research, Nanayakkara et al. (2014) showed that the two lignins (organosolv 

and Klason) can be extensively depolymerized under oxidative conditions using a 

Cu/EDTA complex in ILs at 180 °C. Furthermore, Stärk et al. (2010) developed a method 

for the oxidative depolymerization of lignin in ionic liquid using Mn(NO3)2 as the catalyst. 

To the best of our knowledge, there have been no published works demonstrating 

lignin depolymerization in ILs without the aid of a catalyst. Despite many studies on the 

pretreatment of the lignin in ionic liquid medium, a clear impact of ionic liquid without 

catalyst on lignin structure has not yet been established. To achieve this goal, we studied 

the depolymerization process using kraft lignin instead of lignin models. However, it 

should be possible to more precisely ascertain the effect of the ionic liquid on the structure 

of lignin at different temperatures. 

The main target of this research was to elucidate the mechanisms involved in kraft 

lignin depolymerization in an IL ([DBUC4
+][Cl-]) at relatively high temperatures without 

the aid of a catalyst. After that, the cleavage phenomenon of β-O-4 bonds within the three-

dimensional lignin structure and the change of average molecular weights of lignin was 

investigated through different characterization techniques. Finally, lignin fragments 

obtained from depolymerization could be used as a suitable feedstock for further 

processing into aromatic commodity chemicals or polymers. 

 
 
EXPERIMENTAL 
 

Materials 
Samples of kraft black liquor were supplied by the Kruger mill in Trois-Rivières, 

PQ, Canada. 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU, 98%), 1-chlorobutane (99%), 

ethyl acetate (99%), and tetrahydrofuran (≥ 99.9%) were purchased from Sigma-Aldrich. 

Chloroform, pyridine and 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP, 

95%) were also purchased from Sigma-Aldrich. All solvents and chemicals were 

commercially available, and unless otherwise stated, were used as received without further 

purification. 

 

Methods 
Isolation of the lignin from the kraft black liquor 

 The extraction of the lignin from kraft black liquor was accomplished by following 

a published method (Nagy et al. 2010) that was adapted to be conducted at atmospheric 
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pressure. The black liquor, with a pH of 13.4, was poured into a flask. Then, CO2 was 

bubbled at atmospheric pressure in order to decrease the pH to 9.8 and to further precipitate 

the lignin. The precipitated lignin was first washed with a 0.5 M sulfuric acid solution, and 

then washed with deionized water. 

 

Synthesis of ionic liquid 

 The authors demonstrated the good efficiency of the IL [DBUC4
+][Cl-] for the 

dissolution of the kraft lignin in earlier published research (Diop et al. 2013). The IL butyl-

1,8-diazabicyclo[5.4.0]undec-7-enium chloride [DBUC4
+][Cl-] was synthesized according 

to the method described by Diop et al. (2013). The excess reagents and impurities were 

removed with ethyl acetate. The traces of ethyl acetate were removed by a rotary evaporator 

at 50 °C for about 2 h. At the end, a very hygroscopic orange solid was produced. 

 

Thermal treatment of lignin in ionic liquid 

Kraft lignin (1 g) was added in 10 g of [DBUC4
+][Cl-], and the resulting mixture 

was placed in an oven at 150, 200, or 250 °C for 1 h. This temperature range was chosen 

because the ionic liquid maintains its thermal stability until 300 °C; however, the thermal 

degradation of this IL appeared to be significant for higher temperatures (> 300 °C) (Diop 

et al. 2013). Afterwards, the obtained lignin solution was then cooled down to room 

temperature. The lignin was regenerated by the addition of deionized water to the solution 

under vigorous agitation for 2 h. Finally, the precipitated lignin was collected by 

centrifugation at 3400 RPM, dried, and stored until it could be characterized by different 

analytical techniques. 

 

Analytical method 

The molecular weight distribution analysis of kraft lignin before and after 

depolymerization was carried out using gel permeation chromatography (GPC) after the 

acetylation of the lignin samples. All samples were subjected to acetylation in order to 

enhance their solubility in tetrahydrofuran (THF), which is used as the mobile phase with 

the GPC. Then, the dried and acetylated lignin was dissolved in THF (1 wt %), and injected 

into the GPC apparatus (Agilent HPLC 1200), which included a refractive index (RI) 

detector. Tetrahydrofuran was used as the mobile phase at a flow rate was 0.6 mL/min. 

Calibration curves were obtained by using polystyrene (Ye et al. 2012). The FTIR spectra 

were obtained with a Perkin Elmer System 2000 instrument using pellets of lignin mixed 

with KBr (lignin content of 1 wt %). Spectra were recorded between 400 and 4000 cm-1 

with a resolution of 4 cm-1. 
1H NMR spectra were recorded on a Bruker 500 MHz spectrometer at a frequency 

of 250 MHz with an acquisition time of 0.011 s at 25 °C. Prior to analysis, samples were 

acetylated to improve their solubilities in chloroform, which was used as solvent.  
31P NMR spectra of the lignin samples were obtained using published procedures 

(Granata and Argyropoulos 1995) with 2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphos-

pholane (TMD) as the phosphitylating reagent and N-hydroxynaphthalimide as the internal 

standard. The 31P NMR spectra of the resulting mixtures were obtained by using a Bruker 

500 MHz spectrometer equipped with a broad-band inverse probe dedicated to 31P. An 

acquisition time of 0.2 s, a delay time of 5.00 s, and a number of scan of 512 were used in 

each analysis. The content of hydroxyl groups was obtained by the integration of the 

following spectral regions: aliphatic hydroxyls (149.1-144.6 ppm), syringyl (S) phenolics 

(143.3-141.9 ppm), condensed phenolic units (by difference of 144.3-141.3 ppm from 
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143.3-141.9 ppm, as previously reported by Cateto et al. (2008)), guaiacyl (G) phenolics 

(140.6-138.6 ppm), p-hydroxyphenyl (H) phenolics (138.4-137.2 ppm), and carboxylic 

acids (135.3-134.4 ppm). 

 
 
RESULTS AND DISCUSSION 
 

GPC Analysis 
It is known that the reaction temperature is an important parameter in the 

depolymerization processes (Nowakowski et al. 2010; Lavoie et al. 2011; Ye et al. 2012). 

Raising the IL treatment temperature should simultaneously promote the fragmentation of 

lignin and the condensation of the intermediate fragments. 

In the present work, the influence of the thermal treatment on the distribution of 

lignin fragmentation products was investigated at different temperatures (150, 200, and 

250 °C) with a 10% (w/w) kraft lignin concentration in the ionic liquid [DBUC4
+][Cl-]. In 

order to reduce the contribution of the condensation process, the residence time for 

delignification was fixed to be approximately 1 h. Thus, GPC analysis was performed to 

examine the molecular weight distribution of the kraft lignin before and after 

depolymerization. As shown in Fig. 2, GPC chromatograms (using RI detector) indicated 

that the retention time for the kraft lignin (~27.4 min) had shifted toward higher values 

after the thermal treatment, which was evidence of lignin depolymerization. 

 

 
  

Fig. 2. GPC refractive Index (RI) traces of the depolymerization of kraft lignin in [DBUC4
+][Cl-] at 

different temperatures for 1 h 
 

In addition, the retention time values were significantly increased with increasing 

temperature from 150 to 250 °C, which may be explained by the decomposition of lignin 

into low molecular weight compounds. However, the retention time of the depolymerized 

lignin at 250 °C (~29.5 min) seemed to be lower than that of the lignin treated at 200 °C 

(~30.5 min). Such results could be attributed to the condensation of degraded intermediates 
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at the higher temperature (i.e., 250 °C), which resulted in larger fragments that eluted more 

quickly during GPC analysis and decreased the retention time.  

Average molecular weights (M) and polydispersity indices (PDIs) were determined 

for the samples to confirm the amount of lignin fragmentation that occurred during the IL 

treatments. Results of these analyses, shown in Table 1, clearly demonstrated that the 

average molecular weight (M) of this fraction decreased significantly as the treatment 

temperature was increased up to 200 °C; at treatment temperatures above 200 °C, the 

average M started to increase versus the minimum at 200 °C. It had been reported that 

unsaturated bonds in lignin can undergo condensation reactions when the reaction 

temperature is higher than 240 °C (Ralph and Landucci 2010).  Molecular weight values 

obtained in our study were similar to those obtained by Nanayakkara et al. (2014) for lignin 

fragmentation in an ionic liquid in the presence of a catalyst. 

 

Table 1. Molecular Weight and Polydispersity Index of Kraft Lignin Before and 
After Depolymerization in IL at Different Temperatures 

Depolymerization 
temperature (°C) 

Mw (g/mol) 
(1 h) 

PDI (Mw/Mn) 
(1 h) 

25 6175 2.8 

150 4767 3.4 
200 1868 1.9 

250 2585 2.2 

 

In the same context, the oligomers formed at 150 °C yielded a broad RI peak of 

high molecular weight lignin with a higher PDI (3.4) than the untreated lignin (2.8). 

However, the PDI values decreased from the maximum value (at 150 °C) as the reaction 

temperature was increased from 150 to 250 °C. Of course, this result could be attributed 

either to: (i) the condensation phenomena of several phenolic oligomers (re-

polymerization); and (ii) the additional decomposition of the lignin coupled to the loss of 

low molecular weight compounds during the washing and filtration processes. Our results 

suggest that the fragmentation reactions were more dominant at 200 °C, while the 

condensation reactions became predominant at relatively higher temperatures (≥ 250 °C). 

Thus, it was concluded that 200 °C was the optimum treatment temperature for lignin 

depolymerization in the ionic liquid [DBUC4
+][Cl-]. These results are in accordance with 

earlier published research for lignin depolymerization in an ethanol-water medium (Ye et 

al. 2012). 

In the present study it appears important to point out the contribution of the ionic 

liquid [DBUC4
+][Cl-] on lignin fragmentation without the aid of a catalyst. Contrary to the 

work published by Nanayakkara et al. (2014), the thermal energy supplied to the reaction 

medium of lignin in an IL was clearly sufficient to start lignin fragmentation at 150 °C 

without the use of a catalyst; this was not the case in the work of these authors using 1-

ethyl-3-methylimidazolium xylenesulfonate ([emim][ABS]) and 1-butyl-3-methyl-

imidazolium methylsulfate ([bmim][CH3SO4]) as ionic liquids. This contradiction could 

be attributed to the nature of the ionic liquids used. A likely explanation is the ability of 

the anion of the IL to interact with the hydroxyl groups on the fragments via hydrogen 

bonding. Cox et al. (2011) have demonstrated in their study on the delignification of lignin 

models that the coordination of the IL’s anion with the hydroxyl groups can stabilize the 
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intermediates, which facilitates the cleavage of the ether bond (β-O-4 or α-O-4) and the 

formation of new fragments. Consequently, this coordination decreases the condensation 

of lignin fragments during fragmentation. The basicity of Cl-, Br-, HSO4
-, and BF4

- anions 

has been measured in ionic liquids by Oehlke et al. (2006). The cited authors have shown 

that these ions (Cl-, Br-, HSO4
-, and BF4

-) have a different ability to interact with the 

hydrogen of the phenol. They succeeded in classify them according to their ability to 

develop a hydrogen bond:  Cl- > Br-> HSO4
- > BF4

- (ABS-based ILs were not tested).  

The efficient depolymerization of lignin in the [DBUC4
+] [Cl-] could be explained 

by the interactions of the ionic liquid with the various fragments of lignin. Cleavage of 

bonds seems to be assisted by these interactions. Indeed, the structures of ILs and lignin 

can result in hydrogen bonds and π-π interactions. To further elucidate and explain the 

physical and chemical phenomena that occurs during IL delignification, 1H NMR, 31P 

NMR, and FTIR spectroscopic techniques were used to characterize the kraft lignin before 

and after delignification.  

 

FTIR Analysis 
The infrared spectra recorded for untreated and IL-treated lignins are presented in 

Fig. 3. 

 
 

Fig. 3. FTIR spectra of kraft lignin before and after treatment in [DBUC4
+][Cl-] at 150, 200, and 

250 °C for 1 h 
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The analysis of the FTIR spectra of the untreated kraft lignin revealed 

characteristics that are in agreement with the literature (Xiao et al. 2001; El Mansouri and 

Salvado 2006; Tejado et al. 2007; El Mansouri et al. 2011). These spectra showed a large 

band at 3400 cm-1 that was attributed to phenolic and aliphatic OH groups, followed by 

bands for C-H stretching for methyl and methylene groups (2933 cm-1), C-H stretching for 

methoxy groups (2863 cm-1), unconjugated C=O stretching at 1708 cm-1, aromatic skeleton 

C-C stretching at 1599 cm-1 and 1509 cm-1, and asymmetric C-H deformation of methyl 

groups at 1454 cm-1. The peaks at 1424 cm-1 and 1454 cm-1 are related to C-H asymmetric 

deformations in the CH3 portion of methoxy groups; and the peak at 1271 cm-1 is attributed 

to the C-O stretching of guaiacyl groups. The peak at 1077 cm-1 is assigned to C-H 

deformation in secondary alcohols, as well as aliphatic or aromatic ethers. In addition, the 

C-O(H) and C-O(C) stretching bands of the first order, aliphatic OH and ether groups (1030 

cm-1), as well as aromatic C–H out of plane bending at 817 cm-1, were also present.  

The increase of the treatment temperature from 150 to 250 °C for 1 h had a 

significant effect on the basic kraft lignin structure. The absorption band at 1643 cm-1 could 

be attributed to the C=O conjugate. This band was more pronounced in the IL-treated lignin 

than in the untreated lignin, which suggested that the treated lignin contained more 

conjugated C=O groups than the untreated lignin. This observation could be explained by 

the appearance of electronegative substituents during the treatment, which attach to the 

conjugated lignin units. A reduction in the intensity of the methoxy band at 2933, 2863, 

1454 cm-1, and 1424 cm-1 was also observed in the IL-treated lignins, which implied that 

the kraft lignin was demethylated. This observation is in agreement with the analysis of 1H 

NMR of the IL-treated lignin (Fig. 4). According to Sun et al. (2014), the treatment of the 

lignin at 170, 210, and 230 °C caused demethylation. In addition, the intensity of bands at 

1077 and 1030 cm-1 decreased as the IL treatment temperature increased. This result 

suggested that the ether linkages (β-O-4 or α-O-4) in the lignin were cleaved in significant 

numbers when the IL temperature reached 200 and 250 °C. However, the disappearance of 

the 1030 cm-1 peak at 250 °C, which corresponded to the vibrations of primary alcohols, 

showed a condensation of primary alcohols. This observation was in good agreement with 

the GPC chromatogram (Fig. 2), and could explain the higher amounts of high molecular 

weight lignin at a 250 °C treatment temperature (Table 1).  

 
1H NMR Analysis 

The chemical structure of the kraft lignin treated in an ionic liquid medium at 

different temperatures was examined by 1H NMR. Figure 4 shows the 1H NMR spectra of 

the kraft lignin before and after treatment at temperatures of 150, 200, and 250 °C for 1 h 

in [DBUC4
+][Cl-]. 

As shown in the 1H NMR spectrum of untreated kraft lignin, the signals between 

7.0 and 6.0 ppm were assigned to aromatic protons of guaiacyl units (G), whereas those 

between 0.5 and 1.0 ppm represent the aliphatic protons. Methoxy groups, closely linked 

to the guaiacyl units, afforded a strong signal centered at 3.35 ppm. Acetyl, aromatic, and 

aliphatic groups were offset differently (1.82 and 1.56 ppm, respectively), which resulted 

in separate peaks. This result was in good agreement with the data found in the literature 

(Hoareau et al. 2004; Garcia et al. 2009; Ghatak et al. 2010). After the treatment of the 

lignin in ionic liquid (150, 200, 250 °C for 1 h), the disappearance of the methoxy peaks 

can be clearly observed. This result is attributed to the demethylation of the kraft lignin 

during the IL thermal treatment. A similar change has been previously reported when 

heating alkaline solutions of lignin up to 315 °C (Beauchet et al. 2012). Acetylated 
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aromatic lignins (1.82 ppm) treated in the ionic liquid had the most intense peaks compared 

to those of the untreated lignin. This result could be explained by the appearance of new 

phenolic groups after the cleavage of intramolecular bonds, such as β-O-4, which suggested 

that lignin depolymerization had occurred. Moreover, treated lignins had a higher acetyl 

aromatic-to-acetyl aliphatic ratio than that of the untreated lignin. Such a result could be 

explained by: (i) the formation of catechol groups; and (ii) the condensation of aliphatic 

hydroxyl during the IL treatment of the lignin. 

 

 
  

Fig. 4. Signals assignment for 1H NMR spectrometry of acetylated kraft lignin before and after 
treatment in [DBUC4

+][Cl-] at 150, 200 and 250 °C for 1 h 

 
31P NMR Analysis 

To better explain the delignification during IL treatment, 31P NMR analysis was 

conducted. The 31P NMR spectra of the kraft lignin before and after IL treatment at 200°C/h 

are presented in Fig. 5.  

 

Table 2. Phenolic, Aliphatic, and Carboxylic Hydroxyl Groups, in mmol∙g-1, 
Present in Untreated Lignin and IL-Treated Lignin at 200 °C/1 h using 31P NMR in 
Pyridine/CdCl3 after Phosphitylation 

Sample 

Total Total     Phenolic OH     Total    Total 

COOH 
Aliphatic 

OH 
Ga Ca Sa Ha  

    Non- 
condensed 
Phenolic-OH 

Condensed 
Phenolic-OH 

Untreated 
Lignin 

  0.38 1.80 2.16  0.0        0.0          0.24 
        

2.40 
 1.87 

Lignin-
200°C/1 h 

0.53 0.70 4.72b    4.72  1.85 

a H: Hydroxyphenyl; C: catecholic; G: Guaiacyl; S: Syringyl phenolic groups. 
b Ga + Ca + Ha = 4.72 
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In all spectra, a sharp signal at 153.7 ppm corresponded to N-

hydroxynaphthalimide, which was used as an internal standard, and added at a known 

amount in the NMR tubes of all samples. The hydroxyl content analytical data for the 

untreated lignin and depolymerised lignin are shown in Table 2. 

 

 
  

Fig. 5. 31P NMR spectra of kraft lignin before and after treatment at 200 °C for 1 h in IL (analysis 
occurred in pyridine/CDCl3 after derivatization with TMDP) 

 

The untreated kraft lignin is a softwood lignin, as supported by the high content of 

guaiacyl (G) phenolic groups (Fig. 5; Table 2). The spectrum of the 200 °C/1 h IL-treated 

lignin showed a decreased content of aliphatic OH groups, an up-field shift of condensed 

phenolic groups, and a widening of the G signal towards lower chemical shifts (Fig. 5). 

This is typical of a modified softwood lignin, where the methoxy (OMe) groups of the G 

groups have been demethylated to afford catechol (C) groups (signal at 139 ppm). Beauchet 

et al. (2012) observed a similar change. 

The depolymerization of lignin begins with the cleavage of inter-unit linkages (such 

as β-O-4). The β-O bond is first cleaved because of its low bond dissociation energy (268 

kJ/mol) (Tejado et al. 2007). The disappearance of methoxy groups with the 1H NMR 

spectra (Fig. 3) showed that the demethylation reactions occurred to produce catechol-type 

compounds. 

 
 
CONCLUSIONS 
 

1. The molecular weight of lignin was lowered without the use of catalyst. Delignification 

occurred because of the cleavage of ether bonds and methoxyl bonds. However, it was 

observed that the cleavage of bonds was not sufficient to form monomeric phenolic 

entities. The major products obtained were oligomers.  
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2. The GPC results showed that the molecular weight of kraft lignin decreased by 23% 

(w/w), 70% (w/w) and 58% (w/w) for the IL treatments at 150 °C/1 h, 200 °C/1 h, and 

250 °C/1 h, respectively. 

3. The FTIR, 1H NMR, and 31P NMR analyses suggested the cleavage of the ether bonds 

(such as β-O-4) and the demethylation of kraft lignin. The results also showed that the 

optimum processing temperature is 200 °C. 

4. 31P NMR analyses showed the presence of catechol groups on the oligomers obtained 

after depolymerization.  
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