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Abstract: 

The aim of this study is to explore the reaction mediums and conditions for 

producing high yield of valuable monomers from concentrated sulfuric acid hydrolyzed 

lignin. The solvent, temperature and time effects on the hydrogenolysis of hydrolyzed 

lignin were investigated under the catalysis of Pd/C and CrCl3. Supercritical methanol 

exhibits the best depolymerization performance, because of its unique diffusion, 

dissolution and acid-base properties. Afterwards, the influence of reaction temperature 

and time on depolymerization, repolymerization and coking during hydrogenolysis was 

examined in methanol. The high temperature is found to favor the depolymerization, 

with the β-O-4 linkages cleaved significantly. However, the repolymerization is 
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promoted simultaneously, and a high amount of β-β groups form. These reactions are in 

constant competition with each other and the repolymerization is preferred at excessive 

high temperature, producing bulk char residues, that is coking. This study will provide a 

beneficial reference for the maximization of lignin waste valorization. 

Keywords: hydrogenolysis, hydrolyzed lignin, solvent effect, temperature effect, 

repolymerization. 

1.  Introduction 

Catalytic conversion of lignocellulosic biomass, have demonstrated promise for 

replacing petroleum derived chemicals with more sustainable alternatives (Huber et al., 

2006). Among the three components of cellulose, hemicellulose and lignin in 

lignocellulosic biomass (Zakzeski et al., 2010), cellulose and hemicellulose have been 

widely converted into high quantities of liquid fuels and chemicals (such as bioethanol, 

glucose and 5-hydroxymethyl furfural) through hydrolysis catalyzed by enzyme, acid or 

base (Shi et al., 2014; Yuan et al., 2015). Some of these technologies have been 

industrialized. But the lignin component is resistant to degrade due to its compact 

network structure and a high amount of hydrogen bonds (Shu et al., 2015). This part is 

usually kept as residual waste after the biomass refining process. However, lignin is a 

potential alternative resource for petroleum with high energy sustainability (Shu et al., 

2016b), due to that it consists of phenylpropane units. This residual waste can be 

valorized into value-added biofuels under proper catalytic systems. 



  

Hydrolyzed lignin is referred to the residual byproduct from the biomass 

hydrolysis, composing up to 60% of lignin, together with the unreacted cellulose and 

oligosaccharides (Mahmood et al., 2015). The structure of hydrolyzed lignin consists of 

methoxylated phenylpropane units, which are interlinked with C-O and C-C bonds and 

offer various functional groups like ethers, methoxyl and hydroxyl groups (Zakzeski et 

al., 2010). By breaking down these linkages, the phenolic monomers such as coniferyl, 

sinapyl, p-coumaryl alcohol and their derivates can be acquired. These phenols are the 

precursors of value-added chemicals and high-grade biofuels (Long et al., 2014a; Long 

et al., 2015c). Unfortunately, the hydrolyzed lignin from the acid-catalyzed hydrolysis 

of biomass has a more condensed structure compared to the original lignin component 

in the biomass, and thus is more difficult to be depolymerized (Mahmood et al., 2015; 

Riaz et al., 2016). Therefore, currently the majority of hydrolyzed lignin is burnt for 

energy as a low value fuel or even disposed instead of valorized. 

In order to realize the valorization of lignin waste and achieve high yield of 

valuable monomers, various solvents have been tested including water, alcohols and 

biphasic systems. Different solvents exhibit quite different results. For example, Wang 

et al. (Wang et al., 2015) employed water as a solvent for the alkali lignin 

hydrodeoxygenation in a one-pot reaction, where a yield of 21.8% cycloalkanes was 

obtained. Long et al. (Long et al., 2014b) reported tetrahydrofuran had a good 

performance on the catalytic conversion of organosolv lignin, generating 13.2% 

phenolic monomers. Huang et al. (Huang et al., 2014) applied supercritical ethanol as a 



  

solvent for the alkali lignin depolymerization and obtained about 23 wt% monomers at 

300 °C. Moreover, our previous study demonstrated that methanol also showed a lot of 

promise as an outstanding solvent in the catalytic depolymerization of alkali lignin (Shu 

et al., 2015). Nevertheless, little effort is made to find out the mechanism behind solvent 

effects. 

Besides the reaction solvent, the reaction parameters, such as temperature and time, 

are also very important for the lignin depolymerization. During the process of lignin 

conversion, depolymerization, repolymerization, as well as derivatizations (e.g. 

alkylation) occur simultaneously and compete intensively (Huang et al., 2014; Long et 

al., 2015c; Shu et al., 2016a; Shu et al., 2015). Particularly, the repolymerization of 

low-molecular-weight products limits the monomer yield to a great extent (Long et al., 

2015b). By adjusting the reaction conditions, these reactions can be selectively favored, 

which decide the eventual depolymerization products. Recently, many researchers 

focuse on finding out the appropriate reaction conditions, but the underlying 

mechanisms are still unclear. 

In this study, an efficient hydrogenolysis process of hydrolyzed lignin was 

proposed using a Pd/C catalyst in corporation with CrCl3. Different solvent, reaction 

temperature and time were applied to understand their effects on depolymerization, 

repolymerization and coking. The starting hydrolyzed lignin and its depolymerized 

products were carefully characterized to reveal the mechanisms of reaction temperature 

and time influences.  



  

2.  Materials and Methods 

2.1.  Materials 

Hydrolyzed lignin used in this study was provided by Guangzhou Institute of 

Energy Conversion, Chinese Academy of Sciences (Guangzhou, China). It was obtained 

from energy sorghum straw using a strong acid hydrolysis process. A pilot-scale 

hydrolysis reactor was filled from the top with energy sorghum straw. In the main 

hydrolysis step, the substrate was treated using a 8 wt% sulfuric acid solution, and the 

reaction time was set to 120 min at 180 °C. After the hydrolysis reaction was complete, 

the precipitated lignin at the bottom of the reactor was separated from the liquid product 

by filtration. The filter cake was washed several times with deionized water and dried 

overnight at room temperature for several days. Then, the hydrolyzed lignin was 

obtained. According to the National Renewable Energy Laboratory (NREL) analytical 

method (Yuan et al., 2015), the original hydrolyzed lignin composed of 61.47 wt% 

lignin, 16.56 wt% cellulose and hemicellulose, 5.27 wt% ash, 7.18 wt% water and 9.52 

wt% others. In addition, this material had an elemental composition of 50.40 wt% 

carbon, 4.54 wt% hydrogen, 0.78 wt% nitrogen, 1.95 wt% sulfur and 42.33 wt% others 

(mainly oxygen). The molecular weight of original hydrolyzed lignin was believed at 

least 20,000 g mol−1, but unpredictable by using GPC due to its insolubility in common 

organic solvents (Mahmood et al., 2015). 

5 wt% Pd/C and CrCl3 were purchased from Aladdin Reagent Co., Ltd (Shanghai, 

China). Other chemicals used including methanol, ethanol, n-propanol, isopropanol, 



  

tetrahydrofuran, were analytical grade and provided by Tianjin Fu Yu Fine Chemical 

Co., Ltd (Tianjin China). 

2.2.  Pretreatment for hydrolyzed lignin 

In order to improve the lignin content in the substrate and remove the ash 

component, the hydrolyzed lignin was pretreated using the organosolv extracting 

process according to the previous study (Cai et al., 2015; Long et al., 2014b). In brief, 

30 g hydrolyzed lignin, 350 mL 75 vol% ethanol solution and 10 g concentrated sulfuric 

acid were added into a 500 mL stainless autoclave equipped with a mechanical agitation. 

After air displaced by N2 for three times, the reactor was heated to 180 °C for 30 min. 

When the reaction was finished, the mixture was cooled down to room temperature. The 

product mixture was first filtered, and then equal volume of deionized water was added 

into the filtrate to precipitate the lignin. After that, the lignin was isolated by filtering of 

the solvent and freeze dried under vacuum overnight. This obtained pure lignin was 

direct used for the hydrogenolysis experiments without further treatment.  

2.3.  Typical process for lignin hydrogenolysis 

In a typical catalytic test, 0.5 g lignin, 0.1 g 5 wt% Pd/C, 1 mmol CrCl3 and 40 mL 

CH3OH (solvent) were charged into a 100 mL stainless autoclave (316L stainless, 

Weihai Chemical Machinery Co., Ltd. Shandong, China) equipped with a mechanical 

agitation. After air displaced by H2 for three times, the reactor was heated to 280 °C or 

300 °C (rate of 4 °C min
-1

) for 4 h. When the reaction was finished, the mixture was 

cooled down to room temperature during 30 min using flowing water. 



  

2.4.  Products separation and analysis 

The typical separation for the depolymerization products was conducted as follows. 

The product mixture was first filtered. Solid fraction (include catalysts and residues) 

was first washed three times with methanol, 1 M HCl solution and water, respectively. 

After that, solid fraction was dried at 60 °C until a constant weight. The filtrate was 

collected together with the methanol which was used for solid fraction washing. And 

then, it was centrifugated (8000 r/min) to recover the unreacted lignin. The remained 

liquid phase was divided into two parts. One was diluted by CH3OH to a given volume 

for the qualitative and quantitative analysis of the volatile product. The other was 

concentrated by a rotary evaporator, and then freeze dried under vacuum overnight. This 

part was the nonvolatile product, namely oligomers.  

Qualitative analysis of the lignin-derived compounds was carried out on a gas 

chromatography/mass spectrometry (GC–MS) equipped with a HP-INNOWAX column 

(30 m× 0.25 mm × 0.25 um). The oven temperature was programmed as 60 °C hold 2 

min, and then ramped up to 260 °C with 10 °C min
-1

 and hold for another 10 min. The 

injector was kept at 280 °C in spit mode (5:1) with helium as the carrier gas. 

Quantitative analysis of the volatile products was determined by SHIMADZU GC 

2014C with a FID and a HP-INNOWAX column. The oven temperature program was 

the same as the GC-MS analysis. Acetophenone was used as internal standard chemical. 

The conversion of lignin, the degree of liquefaction and the yield of residues are 

calculated according to Eqs. 1-3 through the weight comparisons of pure dry lignin, 



  

unreacted lignin, residues and feed lignin. The yields of monomers and other volatile 

products are evaluated according to the following equations (Eqs. 4 and 5) based on the 

GC results. The yields of oligomers and mass balance are measured as Eqs. 6 and 7. 

Conversion of lignin (%) = (1 - WU / WL) × 100%                     ( 1 ) 

Degree of liquefaction (%) = (WF - WU - WR) / WF × 100%              ( 2 ) 

Yield of the residues (%) = WR / WF × 100%                          ( 3 ) 

Yield of the monomers (%) = WM / WL × 100%                       ( 4 ) 

Yield of other volatile products (%) = WV / WF × 100%                 ( 5 ) 

Yield of the oligomers (%) = WO / WF × 100%                        ( 6 ) 

Mass balance (%) = (WU + WM + WV + WO + WR) / WF × 100%          ( 7 ) 

WL: the weight of pure dry lignin; WU: the weight of unreacted lignin; WF: the weight 

of feed lignin; WR: the weight of residues; WM: the weight of monomers; WV: the 

weight of other volatile products; WO: the weight of oligomers. 

2.5.  Characterization of the original lignin and the hydrogenolysis product 

The molecular weights were determined by gel permeation chromatography (GPC) 

on Agilent 1260 Infinity with two 7.8 × 300 mm columns (HR 4E THF). 

Tetrahydrofuran was used as the mobile phase and the average molecular weight of the 

samples was measured according to the external standard method with narrow 

polystyrene as the standard compound. Fourier translation infrared spectroscopy (FT-IR) 

spectra were measured on a Nicolet is50 FT-IR spectrometer, using KBr pelleting 

method. The measurement of main elements of the original lignin and depolymerized 



  

products were carried out on a vario EL III element analyzer. 
1
H Nuclear Magnetic 

Resonance (
1
H NMR) and Heteronuclear Single Quantum Coherence (2D HSQC NMR) 

were conducted on a Bruker AVANCE III 400 WB spectrometer (7.05 T) with 

d6-DMSO as the solvent. The scanning electron microscope (SEM) images were 

obtained on a Hitachi S-4800 instrument (10 kV). 

3.  Results and Discussion 

3.1.  Effect of solvents on the lignin hydrogenolysis 

3.1.1.  Lignin hydrogenolysis performance in different solvents 

Generally, the hydrogenolysis process of the hydrolyzed lignin gives various 

products, which can be divided into the volatile products, the nonvolatile products 

(namely the oligomers) and the residues. The synergistic catalysts of Pd/C and CrCl3, 

which exhibit an excellent performance on lignin depolymerization (Shu et al., 2016a; 

Shu et al., 2015), were selected for catalyzing hydrolyzed lignin hydrogenolysis in this 

work. With high electronegativity, Cl
-
 is an excellent polarization reagent for C-O 

bonding, which weakens the ether bonds. Besides, CrCl3 acts as a Lewis acidic catalyst 

to promote the cleavage of ether bonds. Moreover, Pd is an excellent hydrogenation and 

hydrogenolysis catalyst, with an outstanding adsorption capacity of H (Shu et al., 2015). 

Under the synergistic catalysis of Pd/C and CrCl3, the ether bonds in lignin molecule are 

cleaved through hydrogenolysis, and the degraded products are stabilized though 

hydrogenation. This can prevent the products from repolymerizing and a high yield of 



  

valuable monomers can be obtained (Shu et al., 2016a). 

Table 1 shows the lignin hydrogenolysis results in different solvents catalyzed by 

Pd/C and CrCl3. It indicates that the reaction solvent has a great influence on the 

hydrogenolysis performance and products distribution. Water is a common solvent used 

in the biomass conversion. In this process, although high conversion of lignin (99.8%) 

is achieved, only 27.9% degree of lignin liquefaction and 9.6 wt% yield of monomers 

are obtained. Most of the lignin was converted to residues, due to the poor solubility of 

lignin fragments in water. Tetrahydrofuran also exhibited a poor performance, with a 

monomer yield of 13.3 wt%. On the other hand, in the alcoholic solvents, the lignin 

liquefaction degree and the monomer yield are both improved significantly. As for the 

propanols, isopropanol shows a better performance than n-propanol. Although the lignin 

conversion and the monomer yield are nearly the same, the liquefaction degree in 

isopropanol reachs 64.6%, which is higher than that in n-propanol (55.4%). Meanwhile, 

more oligomers are achieved in isopropanol, with less residues formed. This may be 

contributed to the better hydrogen transfer property of isopropanol (Morrison & Boyd, 

1972), which promotes the occurrence of hydrogenolysis and results in higher degree of 

lignin liquefaction. Ethanol was also tested and performed well, obtaining 97.9% lignin 

conversion and 18.9 wt% yield of monomers. The best performance on this lignin 

hydrogenolysis process is exhibited in methanol. 98.7% conversion and 82.1% 

liquefaction degree are achieved, with 22.4 wt% yield of monomers and only 16.7% 

yield of residues. The polarity, solubility and acid-base-characteristics all can influence 



  

the solvent effect on the reaction. Methanol, ethanol and propanols are excellent polar 

solvents, and they possess acidity and basicity at the same time (Marcus, 1993). The 

interaction between alcohol solvents and polar groups of lignin can increase the lignin 

solubility, which faciliates its contact with the catalysts (Wang & Rinaldi, 2012). 

Meanwhile, the degraded monomers and oligomers are soluble in alcohols, which 

suppresses the repolymerization. Therefore, the alcohols are the best among all the 

tested solvents. For different alcohols, it should be noted that the monomer yield 

increases with the shortening of alcohol alkyl chain, and methanol exhibits the best 

performance. As for the reason, the Lewis acidity of the alcoholic solvent is increased 

with the decrease of alcohol alkyl chain (Wang & Rinaldi, 2012), and the strong Lewis 

acidity can assist in promoting the cleavage of ether bonds (Shu et al., 2015). Methanol 

also possesses a good solubility of CrCl3, which can realize a homogeneous catalysis 

and improve the catalytic efficiency. Moreover, it should be noted that the mass balance 

might be over 100%. This is because the alkylation, alcoholysis and coupling reactions 

between lignin-derived compounds and solvents occur inevitably at high temperature 

(Huang et al., 2014; Shu et al., 2016a; Shu et al., 2015). 

3.1.2.  GPC analysis of the oligomers 

The average molecular weights of the oligomers from lignin depolymerization in 

different solvents are compared with that of the original lignin (Table 2). 

Tetrahydrofuran exhibits almost no degrading effect and the molecular weights of 

obtained oligomers are still the same as the original lignin. As for the alcohol solvents, 



  

the average molecular weights of oligomers all sharply decrease, indicating the 

occurrence of depolymerization. The oligomers with a weight average molecular weight 

of 590 g mol−1 are able to achieve in isopropanol, while those obtained in n-propanol 

exhibit a weight average molecular weight of 867 g mol−1. Besides the hydrogen 

transfer property, the higher solubility towards organic compounds in isopropanol also 

contributes to the better degrading performance (Morrison & Boyd, 1972). Ethanol 

presents a similar performance to isopropanol, obtaining the oligomers with weight 

average molecular weight of 596 g mol−1. Moreover, methanol has the best degradation 

performance with a oligomer weight average molecular weight of only 404 g mol−1, due 

to its high solubility to the catayst CrCl3 and the degraded products. These results are all 

in good agreement with the lignin hydrogenolysis performances as listed in Table 1. 

3.2.  Effect of reaction temperature in methanol 

3.2.1.  Lignin hydrogenolysis performance at different temperature 

The effect of reaction temperature on the lignin hydrogenolysis performance was 

investigated (Fig. 1). It can be found that this lignin hydrogenolysis process is highly 

temperature dependent. Both the liquefaction degree and the monomer yield are 

sharply increased with the elevation of reaction temperature. Remarkably, a sharp rise 

is exhibited in the temperature range of 220 °C to 240 °C. Wherein, the degree of 

liquefaction is increased from 32.7% to 65.6%, and the monomer yield increases from 

9.6% to 21.1%. The amount of residues also sharply decreases from 61.3% to 29.8%. 

This great promotion is probably caused by the change of solvent status from normal to 



  

supercritical (Macala et al., 2009), with better characteristics of diffusion, dissolution 

and activity (Morrison & Boyd, 1972). The supercritical methanol also exhibits acidity 

and basicity, which promotes the cleavage of ether bonds in lignin significantly 

(Kusdiana & Saka, 2004). Furthermore, methanol has a lot of hydrogen bonds at 

normal temperature. At supercritical temperature, the amount of those will decrease 

sharply (Asahi & Nakamura, 1998). Most of methanol molecules exist as single 

molecules, accelerating the diffusion and promoting the occurrence of reaction. 

Moreover, based on the formation of alkylated benzene and phenolic monomer 

products, the supercritical methanol probably acts as a reactant to realize the 

alcoholysis and alkylation, which is favourable to accelerate the reaction rate.  

With the reaction temperature further increased, the lignin hydrogenolysis 

performance becomes better. The yield of degraded products reachs a summit at 

300 °C, where the degree of liquefaction is 85.9%, and the monomer yield is as high as 

26.3 wt% based on the dry weight of lignin. Meanwhile, the amount of residues gets to 

the bottom, as little as 14.0%. However, with the temperature further increased to 

320 °C, the residue yield increases to 15.6%, where the aggravation of the 

repolymerization is considered to be responsible for this (Huang et al., 2015). It means 

that the depolymerization through hydrogenolysis process is favored at high 

temperature, meanwhile the repolymerization is also promoted. Both these reactions 

are in constant competition with each other and the repolymerization is preferred at 

excessive high temperature. A mediate temperature is needed to optimized the 



  

monomer products yield. 

3.2.2.  Analyses of the volatile products 

For the lignin utilization through catalytic hydrogenolysis, the yield of volatile 

products (mainly including monomers) is the measure standard for its performance 

generally (Ragauskas et al., 2014). Fig. S1 and Table S1 show the representative 

GC-MS curve and the components of the main volatile products obtained from catalytic 

reaction of the extracted hydrolyzed lignin in methanol at 300 °C for 4 h using the Pd/C 

catalyst cooperated with CrCl3. The results exhibit that a variety of monomers are 

formed, which mainly consist of alkylbenzenes and alkylphenols. Methyls account for 

the major alkyl substitutes, together with a small amount of ethyls and propyls. It 

indicates that the alkylation probably occurs for the products stabilization. Moreover, 

there are no chloride contained compounds detected, indicating that the dissolved metal 

chloride does not react with the feedstock. No deep hydrogenated products are found 

and the benzene rings are intact, which is in accordance with other studies 

(Kaewpengkrow et al., 2014; Long et al., 2015c).  

The quantitative analysis of volatile products was also carried out and the results 

are displayed in detail in Table 3. 6.0 wt% yield of alkylbenzenes are achieved, mainly 

consisting of methyls substituted aromatics, together with a small amount of ethyl and 

propyl substitutes. Also, the alkylphenols are produced with a high yield of 12.5 wt%, 

and the methyls substituted phenols account for the most. These confirm the occurrence 

of methylation in supercritical methanol, which explains well the mass balance over 100% 



  

in Table 1. Moreover, among the 12.5 wt% yield of phenols, guaiacols and syringols are 

not detected, which is probably due to the promotion of demethoxylation at high 

temperature (Lin et al., 2011). The alkylphenols are also able to transform into 

alkylbenzenes through the dehydroxylation (Jongerius et al., 2013). Overall, 26.3 wt% 

yield of monomers based on the dry weight of lignin can be achieved from the catalytic 

hydrogenolysis of hydrolyzed lignin. 

3.2.3.  Analyses of the oligomers 

GPC was used to measure the average molecular weights of oligomers obtained at 

different temperature. Compared with the original lignin (Fig. S2), the molecular 

weights of oligomers are decreased gradually with the elevation of reaction 

temperature. Remarkably, there is a sharp reduction appearing in the range of 220 °C to 

240 °C. It confirms the significant promotion of supercritical methanol on the 

degrading process. Furthermore, it should be noted that there are two main peaks in 

every sample. The high molecular weight peak has a similar position with the original 

lignin, which is represented for the remained original lignin and the repolymerized 

degraded products. This part of products have a relative low repolymerization degree, 

because the products with high repolymerization degree will exhibit as residues. The 

low molecular weight peak is on behalf of the degraded products. Obviously, the peak 

area of this low molecular weight is much larger than that of large molecular weight, 

indicating the degraded product with about 400 g mol
−1

 accounts for the most of 

oligomers. It confirms the depolymerization of hydrolyzed lignin has performed well 



  

in this hydrogenolysis process. Moreover, with the increase of temperature, the area of 

high molecular weight peak becomes smaller, and the low molecular weight peak is 

moving to the lower position apparently. This demonstrates that the depolymerization 

is favored at high temperature. When the temperature reached 300 °C, this change 

trend reachs the summit and the high molecular weight peak is nearly disappeared. 

While unexpected, this peak shows up again as the temperature is further elevated. It 

demonstrates that the repolymerization of the degraded products is aggravated at 

excessive high temperature. The reduction of monomer yield at elevated temperature 

(Fig. 1) also certifies it. 

The FT-IR investigation was carried out to understand the transformation of 

oligomers (Fig. S3). The peak at 3429 cm
-1

 is designated to the phenolic O–H 

stretching vibration. 1705 cm
-1

 and 1606 cm
-1

 peaks are regarded as the characteristic 

absorption of the carbonyl group and the benzene structure respectively (Shu et al., 

2015; Sun et al., 2015). It can be seen clearly that the original lignin possesses a large 

amount of carbonyl group. As the product components (Table S1) shown, the benzene 

ring remains intact after the reaction. Therefore, it can be supposed that the peak of 

1606 cm
-1

 represented for benzene structure is constant. Considered that peak as a 

reference, the carbonyl group (1705 cm-1) is decreased gradually with the elevation of 

the temperature. As Rahimi reported (Rahimi et al., 2014), the carbonyl is the key 

group to accomplish the cleavage of ester bonds. So that the decrease of carbonyl 

groups is probably due to the occurrence of lignin depolymerization. The increase of 



  

monomer yield (Fig. 1) also provides a supporting proof to it. Besides, the saturation 

may contribute to this decrease as well, due to the hydrogenation catalyzed by Pd/C.  

The elemental analysis was used to measure the main element composition of 

original lignin and oligomers at different temperatures. As listed in Table 4, the 

original lignin composes of high C and H content (65.23% C and 6.44% H) with a little 

N and S content (0.45% N and 1.33% S respectively). After the hydrogenolysis 

treatment, the obtained oligomers have changed significantly. The C content is going 

higher and the O content is going lower with the increase of temperature, which leads 

to a higher high-heating value (HHV). Moreover, with the increase of temperature, the 

unsaturation degree becomes higher. These results demonstrate well that the 

occurrence of repolymerization is promoted at high temperature. 

The 
1
H-NMR was further used to characterize the oligomers (Fig. S4). According 

to the reported literatures (Joffres et al., 2014; Kleinert & Barth, 2008; Long et al., 

2015a), the appearance of peaks at 7.90-6.20 ppm is due to the presence of the phenolic 

protons. The peaks at 3.73-3.59 ppm and 3.43-3.36 ppm are assigned to the protons in 

β-O-4 substructure and phenylcoumarane substructures respectively. The chemical 

shifts at 3.10-2.90 and 2.29-1.81 ppm can be respective assigned to the presence of the 

protons in β-β substructure and the alkyl group on the aromatic ring. The results 

exhibited in Fig. S4 demonstrate that the structure and functional groups of oligomers 

are varied after the thermal treatment at different temperatures. Generally, the β-O-4 

bonds (3.73-3.59 ppm) exhibit a decreasing trend with the increase of reaction 



  

temperature, even disappeared at 320 °C, confirming their breakages are favored at high 

temperature. The intensity of the alkyl group peaks (2.29-1.81 ppm) increases with the 

elevation of the temperature, suggesting the methylation tends to occur at high 

temperature, which is responsible for the increase of methylated monomer yield (Fig. 1). 

Moreover, the phenylcoumarane (3.43-3.36 ppm) and β-β (3.10-2.90 ppm) structures 

are exhibited obviously, demonstrating the formation of these two structures in the 

lignin hydrogenolysis process. 

To gain further information on the conversion of lignin as a function of the process 

temperature, 2D HSQC NMR, which has been widely used for elucidating lignin 

structure, was employed for the characterization of original lignin and oligomers at 

different temperatures. According to the reported literatures (Ferrini & Rinaldi, 2014; 

Joffres et al., 2014; Wen et al., 2014) (details were given in Table S2 and Fig. S5), 

cross-signals from guaiacyl (G) and hydroxyphenyl (H) lignin units can be clearly 

observed in the aromatic region of the spectra (Fig. S6a). Wherein, the original lignin 

exhibits two main area assigned for C5-H5 in guaiacyl units (G5) and C2,6-H2,6 

p-hydroxyphenyl units (H2,6). After the thermal treatment with catalysts, the G5 area is 

disappeared and the H2,6 area is enlarged. The higher temperature promotes this trend. 

Based on our previous analysis, the transformation from guaiacyl to hydroxyphenyl 

units through demethoxylation is considered to be responsible for it. Moreover, the 

original lignin also possesses much alkyl unsaturated -CH=CH-. While after the 

catalytic reaction under elevating temperature, the area of this group is decreasing 



  

gradually. It indicates that the saturation of C=C bond is also favored at higher 

temperature. In the side-chain region (Fig. S6b), the characteristic regions of Ar-O-CH3, 

β-O-4, p-hydroxycinnamyl alcohols, as well as the alkyl groups can be obseved clearly 

in the original lignin sample. After thermal treatment with catalysts, the obtained 

oligomers show an enlarged alkyl area, which indicates the alkylation occurs 

significantly. Meanwhile, the area of Ar-O-CH3 and β-O-4 groups region is reduced due 

to the cleavage of these bonds. The β-β linkages also form significantly. With the 

temperature increased to 300 °C, this trend is further intensified. The disappearance of 

β-O-4 groups and the reduction of Ar-O-CH3 area indicate the cleavage of methoxyl and 

β-O-4 bonds is favored at higher temperature. Besides, the formation of β-β linkages is 

also promoted. As for the reason, it is considered that β-β linkages are far more stable 

than other bonds (Li et al., 2015). Moreover, other reported linkages including 5-5, β-1 

and 4-O-5 can not be detected, probably due to their relative low abundance (Huang et 

al., 2014). 

3.2.4.  Analyses of the residues 

SEM technology was used to observe the morphologies of residues. The images 

shows that the surface of original lignin is loose and regular, featuring spherical 

particles with an approximate diameter of 200 nm (Fig. S7a). Under the effect of Pd/C 

and CrCl3 catalysts, the spheres are enlarged significantly due to the repolymerization 

(Fig. S7b-g). For example, a large amount of enlarged spheres with an approximate 

diameter of 600 nm are formed at 220 °C. With the temperature elevating, the 



  

formation of repolymerized particles is reduced, and only a samll amount of regular 

spheres exhibit. When the temperature is exceeded 300 °C, the coking begins to occur, 

which makes the repolymerized particles presented as bulk char. These bulks are 

probably formed by the fusing of many spheres together. The elemental analysis was 

also used to characterize the residues. As observed in Table S3, the C content is 

gradually increased with the elevation of temperature, as well as the degree of 

unsaturation. It confirms that the occurrence of repolymerization and coking is 

promoted at high temperature. Moreover, the FT-IR spectra of residues exhibit obvious 

aromatic hydroxyl (3429 cm-1) and benzene ring (1606, 1420, 1377, 1031, 869 cm-1) in 

Fig. S8, which indicates the tar formation from the repolymerization and coking. 

3.3.  Effect of reaction time in methanol 

Fig. 2 shows the effect of reaction time on the lignin hydrogenolysis and the 

product distributions. Compared to the effect of temperature, reaction time effect is 

insignificant. With the extension of the time, the liquefaction degree and the monomer 

yield are gradually improved and reach the maximum at 4 h, meanwhile the residue 

yield comes to the least. As the time further prolongs, a drop is exhibited on the 

liquefaction degree and the monomer yield, with the residue yield rose up. This 

phenomenon is attributed to the repolymerization of degraded products into residues 

(Long et al., 2015c; Shu et al., 2016a). The corresponding GPC measurements were 

also conducted. As showed in Fig. S9, the change trend is similar with that in Fig. S2. 

The high molecular weight peak is almost disappeared after 4 h reaction, which 



  

indicates that the hydrogenolysis is completed and the repolymerization is the least. 

With the time further prolongs, the high molecular weight peak appears again, which 

means the repolymerization is intensified. Moreover, the low molecular weight peak 

does not shift at all, indicating the reaction time does not influence the 

depolymerization degree of the degraded products.  

4.  Conclusions 

Insight into the solvent, temperature and time effects on the hydrogenolysis of 

hydrolyzed lignin was made under the catalysis of Pd/C and CrCl3. Results show that 

supercritical methanol exhibits the best performance for its great characteristics of 

diffusion, dissolution and acid-base property. More than 26.3 wt% monomer yield from 

hydrolyzed lignin could be obtained at 300 °C, 2 MPa H2 for 4 h, based on the dry 

lignin weight. The reaction temperature and time can make great differences on the 

competition situation between depolymerization, repolymerization and coking during 

this hydrogenolysis process, which influences the output of valuable products 

significantly. 
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Figure Captions 

Fig. 1. Effect of reaction temperature on the lignin hydrogenolysis. 

Condition: 0.5 g lignin, 1 mmol CrCl3, 0.1 g 5 wt% Pd/C, 40 mL methanol, 4 h, 2 MPa H2 pressure. 

Fig. 2. Effect of reaction time on the lignin hydrogenolysis.  

Condition: 0.5 g lignin, 1 mmol CrCl3, 0.1 g 5 wt% Pd/C, 40 mL methanol, 300 °C, 2 MPa H2 

pressure. 

  



  

Figure 1
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Table 1 Effect of the reaction solvents. 

Condition: 0.5 g lignin, 0.5 mmol CrCl3, 0.1 g 5% Pd/C, 40 mL solvent, 2 MPa H2, 280 °C, 4 h. 

 

Entry Solvent 
Conversion 

(%) 

Liquefaction 

(%) 

Volatile products Oligomers 

(wt %) 

Residues 

(wt %) 

Mass balance 

(wt %) 
Monomers 

(wt %) 

Others 

(wt %) 

1 H2O 99.8 27.9 9.6 2.4 5.0 72.1 87.9 

2 tetrahydrofuran 86.0 23.8 13.3 7.4 27.7 64.1 122.8 

3 n-propanol 99.5 55.4 15.9 9.8 49.6 44.1 117.8 

4 isopropanol  99.8 64.6 15.7 4.1 70.9 35.3 124.0 

5 ethanol 97.9 62.7 18.9 5.7 37.5 35.2 96.7 

6 methanol 98.7 82.1 22.4 2.9 56.5 16.7 96.7 

Table 1



  

Table 2 Average molecular weight of the oligomers in different solvents and the original lignin.  

Mw: weight average molecular weight; Mn: number average molecular weight; Mz: Z-average 

molecular weight; D: dispersion degree. 

 

Solvent Mw (g mol
−1

) Mn (g mol
−1

) Mz (g mol
−1

) D 

original lignin 1303 763 2257 1.71 

tetrahydrofuran 1361 586 3149 2.32 

n-propanol 867 470 1918 1.84 

isopropanol 590 390 980 1.51 

ethanol 596 388 947 1.54 

methanol 404 247 682 1.64 

Table 2



  

Table 3 The main components of the monomers.
a
 

Component Yield b 

(wt%) 

Component Yield b 

(wt%) 

Alkylbenzenes 

Toluene 

o-Xylene 

p-Xylene 

Benzene, 1,3-dimethyl- 

Ethylbenzene 

Benzene, propyl- 

Benzene, 1-ethyl-2-methyl- 

Benzene, 1-ethyl-4-methyl- 

Benzene, 1-ethyl-3-methyl- 

Benzene, 1,2,4-trimethyl- 

Benzene,1-methyl-3-propyl- 

o-Cymene 

Benzene, 1,2,3-trimethyl- 

Benzene,2-ethyl-1,4-dimethyl- 

Benzene,1-methyl-4-(2-propenyl)- 

Benzene,1-ethyl-3,5-dimethyl- 

Benzene,3-ethyl-1,4-dimethyl- 

Benzene,1,2,4,5-tetramethyl- 

Benzene,1,3-dimethyl-5-(1-methylethyl)- 

Benzene,1,4-diethyl-2-methyl- 

Benzene,1-ethyl-2,4,5-trimethyl- 

Benzene,1-(1-methylethenyl)-3-(1-methylethyl)- 

Benzene,2,4-dimethyl-1-(1-methylpropyl)- 

Benzene,2-ethenyl-1,3,5-trimethyl- 

Benzene, pentamethyl- 

Benzene, hexamethyl- 

Benzene,1-ethyl-3,5-diisopropyl- 

6.0 

0.4 

0.1 

0.1 

0.2 

0.2 

0.1 

0.1 

0.2 

0.1 

0.2 

0.1 

0.1 

0.1 

0.1 

0.1 

0.2 

0.5 

0.4 

0.1 

0.1 

0.1 

0.1 

0.1 

0.1 

0.8 

0.6 

0.7 

Alkylphenols 

Phenol, 2,6-dimethyl- 

Phenol, 2-ethyl-6-methyl- 

Phenol, 2-ethyl-5-methyl- 

Phenol, 2,3,6-trimethyl- 

Phenol 

2,5-Diethylphenol 

Phenol, 2,4,6-trimethyl- 

Phenol,2-ethyl-4,5-dimethyl- 

Phenol,2-(1,1-dimethylethyl)-5-methyl- 

Thymol 

Phenol, 3,4-dimethyl- 

Phenol,2,3,5,6-tetramethyl- 

Phenol,2,3,4,6-tetramethyl- 

Phenol,2,5-bis(1-methylethyl)- 

Phenol,2-(1,1-dimethylethyl)-3-methyl- 

Phenol,6-tert-Butyl-2,4-dimethyl 

Phenol,2-(1,1-dimethyl-2-propenyl)-3,6-dimethyl- 

 

Other monomers 

Benzenemethanol,4-(1,1-dimethylethyl)- 

2-tert-Butyl-6-methylphenol, methyl ether 

1H-Inden-1-one,2,3-dihydrotetramethyl- 

Benzofuran,2,3-dihydro-2,2,4,6-tetramethyl- 

Azulene,1,4-dimethyl-7-(1-methylethyl)- 

…… 

 

Total 

12.5 

1.2 

0.1 

0.1 

1.0 

0.1 

0.1 

0.7 

1.0 

0.3 

0.1 

0.1 

1.0 

1.5 

0.4 

3.7 

0.5 

0.6 

 

7.8 

 

 

 

 

 

 

 

26.3 

a
 Condition: 0.5 g lignin, 0.1 g Pd/C, 1 mmol CrCl3, 40 mL methanol, 2 MPa H2, 300 °C, 4 h. 

b 
Measured by GC 2014C, where acetophenone was used as internal standard chemical. Components 

listed were those represented by more than 0.1% of yield determined by GC 2014C, based on the dry 

weight of lignin. 

 

Table 3



  

Table 4 The main composed elements of original lignin and oligomers at different temperature. 

a
 The oxygen content was estimated by the conservation of mass based on the assumption that the 

samples only contain C, H, N, S and O. 

b
 Evaluated by Dulong formula: HHV (MJ kg

-1
 ) = 0.3383 × C + 1.422 × (H - O/8). 

 

Samples 
Elemental content (wt%) Experimental molecular 

mormula 

HHV
b 

(MJ kg-1 ) 

Degree of 

unsaturation C H O
a
 N S 

Original lignin 65.23 6.44 26.55 0.45 1.33 C9H10.66O2.75N0.05S0.07 26.51 4.70 

Oligomers-220 °C 67.45 8.18 23.11 0.40 0.86 C9H13.09O2.31N0.05S0.04 30.34 3.48 

Oligomers-240 °C 72.66 8.11 18.44 0.65 0.14 C9H12.06O1.71N0.07S0.01 32.84 4.00 

Oligomers-260 °C 73.02 7.97 18.27 0.68 0.06 C9H11.79O1.69N0.07S0.01 32.79 4.14 

Oligomers-280 °C 75.28 7.49 16.42 0.76 0.05 C9H10.75O1.47N0.07S0.01 33.20 4.67 

Oligomers-300 °C 79.03 7.49 12.88 0.58 0.02 C9H10.24O1.10N0.06S0.01 35.10 4.91 

Oligomers-320 °C 82.46 7.38 9.62 0.47 0.07 C9H9.67O0.79N0.04S0.01 36.68 5.19 

Table 4



  



  

Highlights 

� An efficient hydrogenolysis process of hydrolyzed lignin was proposed 

� Solvent effect was investigated and the supercritical methanol performed the best  

� Temperature showed a great effect on depolymerization, repolymerization and 

coking 

� High temperature promoted the repolymerization and β-β groups formed  

� More than 26.3 wt% monomers yield could be obtained at 300 °C, 2 MPa H2 for 4 

h 

 




