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Abstract： 

In this work, the mesoporous SBA-15 and a series of modified catalysts based on it, such as 

Al-SBA-15 and Ni/Al-SBA-15, were synthesized and used for eliminating the char formation during 

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

depolymerization were also investigated. Results showed that the repolymerization was effectively 

suppressed over SBA-15 due to its well-ordered pore structure and large pore size. The addition of Al 

and Ni elements in SBA-15 could improve the lignin depolymerization performance and saturate the 

instable intermediates. Ethanol was found to be more effective in suppressing repolymerization than 

other solvents. 81.4 % liquefaction degree and 21.90 wt% monomer yield was achieved, and no 

obvious char was observed after the depolymerization of hydrolyzed lignin in ethanol solvent at 300 

oC for 4 h over Ni/Al-SBA-15(20) catalyst. 
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Lignin, the abundant renewable source that comprises aromatics in lignocellulosic materials, 

constituting 10-35% by weight and carries 40% of the energy content depending on the source (Li et 

al., 2015; Tuck et al., 2012). It is a natural three-dimensional amorphous polymer comprising of three 

main phenylpropane units (guaiacyl alcohol (G), syringyl alcohol (S) and p-coumaryl alcohol (H)) 

which interlinks by C-C and C-O-C linkage bonds (Zakzeski et al., 2010). Profiting from its unique 

polyphenolic structure in nature, lignin holds a significant potential to be transformed into lower 

molecular weight compounds such as phenols, aromatic acids, esters and some other compounds, 

which possesses high potential to replace the fossil resources. Hydrolyzed lignin (HL), a residual 

byproduct from the lignocellulosic hydrolysis process, composes mostly of lignin (up to 60%) with 

unreacted cellulose and oligosaccharides (Mahmood et al., 2015). It has a more complicated structure 

compared to original lignin in the lignocellulosic mainly due to the new forming C-C bonds by 

condensation, resulting in more recalcitrant for further upgrading. Consequently, the great majority 

of HL is disposed for no utilization or just burnt for energy. Nowadays, more and more HL waste are 

produced with the development of cellulosic ethanol plants. An effective depolymerize HL can not 

only take good advantage of this waste residue, but implement all components utilization of 

renewable energy resources. 

Various catalytic depolymerization methods have been used for converting lignin to aromatic 

compounds including liquefaction, pyrolysis, hydrogenation, and oxidative approaches (Roberts et 

al., 2011; Zakzeski et al., 2010). For the catalytic process, heterogeneous acid catalysts, such as 

amorphous silica-alumina and NiM (M = Ru, Rh, Pd and Au) bimetallic catalysts, were found to be 

efficient for lignin hydrogenolysis (Deepa & Dhepe, 2015). Ionic liquids have advantages for both 

heterogeneous and homogeneous catalysts. They also showed excellent performance for the cleavage 
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of C-O bonds of lignin (Cai et al., 2015). Long et al reported that the main linkages (e.g., 4-O-β and 

4-O-5) which connect the hydroxylphenylpropane units in raw lignin were efficiently cracked using 

acidic IL [C4H8SO3Hmim]HSO4 catalyst followed by a series of continuous processes involving 

dehydration and dealkylation to form the major liquefaction products (Long et al., 2015a). However, 

a big part of lignin depolymerization processes suffered serious char formation. The main reason 

might be the repolymerization and self-condensation capability of lignin (the formation of radicals or 

C-C bond forming self-condensation in acidic media). Those would lead to the formation of sickly 

controllable re-condensed aromatics (Binder et al., 2009; Fang et al., 2008; Wahyudiono et al., 2008). 

Toledano et al demonstrated that concurrent oligomerization and repolymerization reactions during 

the lignin depolymerization were important reasons for the limitation on oil production (Toledano et 

al., 2012). Long’s study also showed that the formation of residual solid in the process of organosolv 

pine lignin depolymerization over MgO was mainly caused by the repolymerization of unsaturated 

products (Long et al., 2014). Lavoie reported that 30% of char was produced after the base-catalysed 

depolymerization of the steam-treated lignin with only 10% yield of phenolic monomers (Lavoie et 

al., 2011). In addition, in our earlier study, more than 16.7% yield of char could be obtained after the 

hydrolyzed lignin depolymerization under the catalysis of Pd/C and CrCl3 (Shu et al., 2016). 

Mesoporous zeolites are promising to suppress the repolymerization, because of the large 

surface area and well-ordered pore structures (Zhu et al., 2011; Zhu et al., 2012), which exhibit a 

significant potential to be adequate mesoporous supports for catalytic upgrading of lignocellulose 

(Gao et al., 2015). Mullen and Boateng pyrolyzed four different lignin sources over zeolite H-ZSM5 

and CoO/MoO3 catalysts. They found that the H-ZSM5 catalyst was more conducive to convert 

lignin to aromatic hydrocarbons (Mullen & Boateng, 2010). Ma et al reported that the pore size of 
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H-USY was large enough and the molecules produced during the fast pyrolysis of alkaline lignin 

were able to penetrate the interior of the zeolite. The reaction inside would prevent the char 

formation (Ma et al., 2012). Thepparat et al compared the effect of mesostructured silica catalysts 

and NiMo/Al2O3 on the depolymerization of organosolv lignin fractionated from woody eucalyptus. 

They found MCM-41 and SBA-15 gave the less char yield (Thepparat Klamrassamee 2015).  

In this work, a series of mesoporous SBA-15 catalysts including the modified Al-SBA-15 and 

Ni/Al-SBA-15 were investigated on the catalytic depolymerization of hydrolyzed lignin (HL). Pore 

structural properties , the Si/Al ratio and the hydrogenation effect of catalysts on lignin conversion 

were carefuly studied. The temperature, time and solvent effects on the hydrolyzed lignin 

hydrogenolysis efficiency and products distribution were also discussed. The mesoporous catalysts 

were found to play an important role in the depolymerization of HL. 

2. Materials and methods 

2.1 Materials 

Hydrolyzed lignin (HL) was provided by Guangzhou Institute of Energy conversion, CAS. It is 

a byproduct from acid hydrolysis process of energy sorghum straw. According to the National 

Renewable Energy Laboratory (NREL) analytical method, the original HL composed of 61.47 wt.% 

lignin, 16.56 wt.% cellulose, 5.27 wt.% ash, 7.18 wt.% water and 9.52 wt.% others, with elemental 

composition of 50.40 wt.% carbon, 0.78 wt.% nitrogen, 4.54 wt.% hydrogen, 1.95 wt.% sulfur and 

42.33 wt.% others (mainly oxygen). The molecular weight of HL was unmeasurable because of its 

insolubility in common organic solvents, however, it was believed at least 20,000 g/mol (Mahmood 

et al., 2015).  

P123 (EO20PO70EO20) and aluminum isopropoxide were purchased from Sigma-Aldrich 
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(Shanghai, China). Other chemicals used including ethanol, THF, HCl, tetraethyl orthosilicate 

(TEOS) and Ni(NO3)2.6H2O, all analytical grade, provided by Tianjin Fu Yu Fine Chemical Co., Ltd 

(Tianjin China). 

2.2 Lignin isolation 

In order to improve the lignin content in the feedstock, the HL went through pretreatment 

according to our previous study (Shu et al., 2016). The treatment process consisted on the digestion 

of the HL in a mixture of ethanol-water (65%) and sulfuric acid (98%) at 170 oC for 30 minutes in a 

pressure reactor. The liquid fraction (where lignin was dissolved) was separated from the solid 

fraction by filtration. Dissolved lignin was isolated by precipitation with adding deionized water. 

After that, the suspension was filtrated to recover solid which was then freeze dried under vacuum 

overnight to obtain organosolv hydrolyzed lignin (OHL). 

2.2 catalyst preparation 

Mesoporous Al-SBA-15 silicas materials were synthesized according to the method reported by 

Zhao (Dongyuan Zhao, 1998) under acidic conditions using the triblock copolymer surfactant P123 

(EO20PO70EO20) as a template, tetraethyl orthosilicate (TEOS) and aluminum isopropoxide as the 

silicon source and aluminum source, respectively. The synthetic procedures began with dissolving 

P123 (2.0 g) in HCl aqueous solution (75 mL, 2.0 M) at 55 oC under 200 rpm stirring rates. When a 

homogenous solution formed, aluminum isopropoxide was then added into the mixture followed by 

4.3 g of TEOS added dropwise and further maintained at static condition for 24 h. Subsequently, the 

resultant mixture was transferred into a Teflon bottle and hydrothermally aged for 24 h without 

stirring at 110oC. The products were recovered by filtering and washing with distilled water. After 

drying at 110 oC for 12 h in oven, the solid was calcined with a heating rate of 1.0 oC min-1 to 550 oC 
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and kept at this temperature for 6 h to provide the pure mesoporous Al-SBA-15. 

The catalysts Ni/Al-SBA-15 and Ni/MCM-41 with 20 wt.% of Ni were deposited on supports 

by impregnation of about 4 ml of aqueous solutions of Ni(NO3)2.6H2O followed by evaporation to 

dryness at 100 oC for 12 h and calcination at 550 oC for 4 h under an air atmosphere. The specific 

area and pore size of these catalysts were determined by the Brunauer–Emmet–Teller (BET) method. 

2.3 Lignin depolymerization reaction 

The catalytic hydrotreatment of OHL was carried out in a 100 ml high pressure Parr autoclave 

equipped with an overhead stirrer. Typically, the autoclave was charged with a suspension of 0.5 g 

lignin, 0.2 g respective catalyst in 30 ml ethanol. The reactor was sealed and purged with hydrogen 

several times to remove oxygen. After leak testing, the pressure was set to 10 bar and the reaction 

mixture was heated to the desired temperature under continuous stirring at 450 rpm for 90 min. After 

reaction, the reactor was cooled to room temperature rapidly in a water bath.  

2.4 Products separation and analysis 

A scheme of the product separation is provided in Fig. 1. The gaseous products inside the 

reactor were firstly collected and analyzed by Agilent 7890 GC with both thermal conductivity 

detector (TCD) and flame ionization detector (FID) (GC-TCD-FID), however, the total gas yields 

were negligibly low (<1 wt.%) in all tests. The combined mixture collected from autoclave was 

subsequently subjected to filtration. The filtrate included two parts. One was volatile product which 

would go through qualitative and quantitative analysis. The other was oligomers which was obtained 

by removing ethanol using a rotary evaporator. The filter cake was washed with ethanol several times 

and then washed with THF in order to retrieve the unreacted lignin. After that, solid fraction was 

dried at 60 oC until a constant weight. And the THF solution subjected to rotary evaporation at 60 oC 
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to obtain recovered lignin. 

The liquid faction was analyzed by the gas chromatography mass spectrometeran (GC-MS) 

system equipped with a HP-INNOWAX column (30 m × 0.25 mm × 0.25 um). The oven temperature 

was programmed at 60 °C for 2 minutes, and then ramped up to 260 °C at a rate of 10 °C min-1 and 

the held for another 10 minutes. The injector was kept at 280 °C in split mode (5:1) with helium as 

the carrier gas. Quantitative analysis of the liquid phase products was determined by a SHIMADZU 

GC 2014C with a flame ionization detector (FID) and a HP-INNOWAX column using acetophenone 

as internal standard. The oven temperature program was the same as the GC-MS analysis.  

The conversion of lignin, the degree of lignin liquefaction, the yields of monomers and the yield 

of residues were calculated (in wt.%) by using Equations (1)-(4). 

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

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

Yield of phenolic monomers = WM/WL × 100%                                  (3) 

Yield of char = WC/WF × 100%                                               (4) 

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

lignin; WR: the weight of char; WM: the weight of phenolic monomers. 

2.5 Characterization of the original lignin and the depolymerization product 

The measurement of main elements of the original lignin was carried out on a vario EL III 

element analyzer. 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 
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infrared spectroscopy (FT-IR) spectra were measured on a Nicolet is50 FT-IR spectrometer, using 

KBr pelleting method. 

3. Results and discussion 

3.1 Characterization of catalysts 

Nitrogen adsorption-desorption isotherm plots and pore size distribution curves of the catalysts 

synthesized under various conditions were presented in Fig. S1. The SBA-15 supports exhibited a 

type-IV isotherm with a H1 hysteresis loop and narrow pore size distribution. After the introduction 

of aluminum and nickel, these characteristics were still observed, indicating that the impregnation of 

Al and Ni into SBA-15 supports did not disrupt the porous structure of the pristine supports. The 

textural parameters of these catalysts were showed in Table 1. It could be found that the SBA-15 

support had a surface area of 830.21 m2g-1. However, when it was impregnated with Al and Ni, the 

value slightly decreased due to the partial deposition of metal nanoparticles on the support. The pore 

size of SBA-15 was 6.53 nm and did not change when the Si/Al rate were 20 and 30, as well as 

Ni/Al-SBA-15(20). However, the pore size was reduced with the increase of Al dosages, which was 

reflected by the decrease of Si/Al rate. It was probably due to that part of Al2O3 obstructed the 

porous channel (Suresh et al., 2012). Ni/MCM-41, which shared the similar textural characteristics 

with Ni/SBA-15, possessed a higher surface area of 706.84 m2g-1. But the pore size was only 2.74 

nm. 

3.2 Characters of organosolv hydrolyzed lignin (OHL) 

The OHL was used as feedstock to study the depolymerization performance over SBA-15 

catalysts. 86.73% lignin was detected in the feedstock with low contents of ash and cellulose (Table 

S1). The elemental analysis showed the OHL in this study was composed of 65.24% C and 6.44% H, 
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much higher than that in the alkali lignin and sodium lignosulfonate (Long et al., 2015b; Shu et al., 

2015), which led to a high high-heating value (HHV) of 26.51 MJ kg-1. 

3.3 Depolymerization of lignin 

3.3.1 Catalytic depolymerization of OHL and analysis of the volatile products 

The depolymerization of OHL with and without catalyst was performed in ethanol solvent at 

280oC for 4h with the addition of 10 bar hydrogen (Table 2). It was found that the decomposition of 

OHL generated three main products: the volatile products, the nonvolatile products (namely the 

oligomers) and the char. GC-MS was used to analyze the volatile products. Table S2 shows the 

components of the main volatile products obtained from catalytic reaction of the OHL in ethanol at 

280oC for 4 h using the Ni/Al-SBA-15(20) catalyst. It exhibited that the products from lignin 

depolymerization was complicated, where a variety of cyclic as well as linear products were formed. 

The cyclic products were mainly aromatics including phenols, guaiacols and other phenolic 

monomers with several methyl and/or ethyl substituents. It indicated that the alkylation occurred. 

The linear products (mainly higher alkyl alcohols and esters) might be the result of the Guerbet 

reaction between ethanol and the aliphatic fragments of lignin (Ma et al., 2014). 

Results shown in Table 2 indicated that all catalysts were found to provide better results 

comparing with the blank runs (without catalyst), which indicated the positive effect of catalysts on 

the lignin depolymerization. Without catalyst, the conversion of OHL reached 93.9%, where only 

49.28% degree of liquefaction and 3.91 wt.% yield of monomers was obtained. Most of OHL was 

converted to char (31.92%) (Table 2, entry 1). In the presence of SBA-15 catalyst, less char was 

formed with monomers yield of 8.07%, although the liquefaction degree changed a little (Table 2, 



  

10 

 

entry 2). It indicated that the main role of SBA-15 was to inhibite the repolymerization. The products 

were probably stabilized in the well-ordered pore of SBA-15 and thus prevented to convert into char.  

Al-SBA-15 catalysts displayed a better performance than SBA-15, both on the degree of OHL 

liquefaction and the yield of phenolic monomers, producing less char (Table 2, entry 3-5). It was 

because partial replacement of silicon ions with aluminum ions in the skeleton could improve the 

activity and acidity of SBA-15 (Baca et al., 2008; Jeon et al., 2013; Kanda et al., 2007; Muthu 

Kumaran et al., 2008; Topka et al., 2011). With the increasing of the Al content, lignin 

depolymerization became much easier. 70.92% lignin was liquefied and 16.94% wt% yield of 

monomers was generated with only 18.94% yield of char when the Si/Al ratio reached 20 (Table 2, 

entry 5). Phenolics (especially phenolic, Phenol, 4-ethyl and Phenol,2,6-bis(1,1-dimethylethyl)-) and 

other volatile products yield were obviously increased. This might be related that the moderate 

increasing of catalyst acidity could promote the cleavage of main linkages (β-O-4 and α-O-4 ether 

bonds) in lignin to monomeric units (Deepa & Dhepe, 2014). However, the degree of lignin 

liquefaction and the yield of phenolic monomer were gradually declined with the further increase of 

Al content (Si/Al = 10). The strong acidity of Al-SBA-15(10) catalyst might be responsible for it. It 

was reported that repolymerization of the phenolic dimer and oligomer could be promoted 

significantly over strong acid catalyst (Shu et al., 2015; Zakzeski & Weckhuysen, 2011). 

The degree of liquefaction was remarkably improved with the decrease of the char when 

SBA-15 was replaced by Ni/SBA-15 (Table 2, entry 2 and 8). It indicated that the presence of Ni 

particles on the surface of SBA-15 likely constituted an advantageous feature for the hydrogenation 

and hydrogenolysis of large fragments of lignin (Wang & Rinaldi, 2016). Therefore, the addition of 

Al and Ni both could improve the lignin depolymerization performance. 79.86% lignin was able to 
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liquefy and only 6.16% char was generated, when the depolymerization process was conducted 

under the catalysis of Ni/Al-SBA-15(20) (Table 2, entry 7). The yield of char was lower comparing 

with other results in literature (Riaz et al., 2016). Long et al reported that 14.03% yield of char was 

formed in the lignin depolymerization process under the catalysis of NaOH coordinated with Ru/C 

(Long et al., 2015b). Narani et al studied the kraft lignin depolymerization over S-NiMo/AC and 

found 30% yield of char was produced (Narani et al., 2015). In addition, ring-hydrogenated cyclic 

products and the corresponded derivatives had not been detected after reaction, indicating that the 

Ni/Al-SBA-15(20) catalyst did not exhibit any effect on the hydrogenation of benzene ring in this 

process.  

Compared with Ni/MCM-41 catalyst, Ni/SBA-15 catalyst presented much better performance. 

The degree of OHL liquefaction could be reached 69%, while the yield of char was as low as 10.4% 

(Table 2, entry 8 and 9). The pore diameter of Ni/SBA-15 was more than three times as much as 

Ni/MCM-41 (Table 1, entry 7 and 8). It indicated that the influence of pore size might be significant 

during the depolymerization of OHL. The relative larger pore size was reported to be positive on the 

suppression of char formation (Ma et al., 2012). The large pore size of Ni/SBA-15 might enable 

adsorption and reaction of larger molecules, thus producing small amounts of char. Otherwise, 

Ni/MCM-41 material with small pore size produced more thermal coke. 

3.3.2 Chemical structure of the nonvolatile products 

Table 3 shows the average molecular weight of OHL and oligomer products obtained after 

reaction in ethanol at 280 oC for 4 h over different catalysts. The average molecular weight (Mw) of 

original OHL was 1957 g mol-1. After the treatment with catalysts, both the Mw and dispersion 

degree of oligomers decreased sharply, which confirmed the lignin depolymerization was performed 
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well in the degrading process. The decrease of Mw with SBA-15 might be related to its specific 

porous structure. The large fragments of lignin could be stabilized in the well-ordered pore and/or 

further decomposed for small molecular compounds, inhibiting the char formation (Thepparat 

Klamrassamee 2015). With the increasing of Al content, the Mw of oligomers showed a continuous 

moving to lower value and reached its minimum of 699 g mol-1 over Al-SBA-15 (20). However, the 

Mw and dispersion degree of products were increased again over Al-SBA-15 (10) catalyst, indicating 

the aggravation of repolymerization due to the strong acidity. Meanwhile, the pore size also affected 

the lignin depolymerization performance. The larger pore size of Al-SBA-15 (20) compared to 

Al-SBA-15(10) (Table 1) was probably more conductive to inhibit the condensation reaction by 

allowing more unsaturated intermediates to enter in, reducing the contact between each other based 

on steric constraints and/or further decomposing for small molecular compounds. Moreover, in the 

presence of Ni/Al-SBA-15(20), the Mw and dispersion degree also significantly decreased, in line 

with the low yield of char and the increase of monomer product yield, which presented a great 

promoting effect on depolymerization. 

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

oligomers after depolymerization over different catalysts. As list in Table 4, the O content decreased 

while H content and C content increased with the catalysts. This result was in line with GC-MS 

analysis, where phenols were the dominate product, and guaiacols and syringins with high oxygen 

content were rarely detected. The O/C atomic ratio showed a continuous decrease with the Al content 

increasing. Moreover, in the presence of Ni/Al-SBA-15(20), the O/C atomic ratio decreased, while 

the H/C atomic ratio increased greatly, with the reduction of unsaturation degree. It could be ascribed 

to the excellent hydrogenation capability of nickel-based catalyst. The saturation of the unstable 
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structure in lignin molecule was conducive to suppress the repolymerization of these active groups in 

the process, leaving less yield of char. 

FT-IR was further used to investigate the structure change of lignin depolymerization oligomer 

(Fig. S2). It could be found that there was little change of the structure during the OHL and 

oligomers obtained without catalyst (Fig. S2 (a) and (b)). With Ni/Al-SBA-15(20), the structure of 

oligomer was changed remarkably after the depolymerization, which was demonstrated obviously in 

Fig. S2 (c). The existing peak of 1612, 1514 and 1459 cm-1 suggested the benzene ring remains intact 

after the reaction. The sharp strength increase of hydroxyl (3430 cm-1) could be attributed to the 

formation of phenolic compounds (Fushimi et al., 2009). Furthermore, it can be seen clearly that the 

carbonyl group (1710 cm-1) was decreased gradually which was considered to be responsible for the 

decrease of degree of unsaturation, due to the occurrence of hydrogenation (Xu et al., 2013). The 

characteristic absorption peak of Ar-O structure (1215 and 1110 cm-1) is obviously decreased and it 

indicated that the –OCH3 bond was effectively cleaved. This is in good agreement with the GC-MS 

results, where low content of guaiacols and syringyl were detected (Table S2). 

3.3.3 Effect of reaction time and temperature 

The effect of reaction time and temperature were investigated on the catalytic conversion of 

OHL in ethanol over the Ni/Al-SBA-15(20) catalyst. It was observed that the char was primarily 

formed at the early stage of the reaction with low degree of liquefaction and low yield of monomers 

at 2 h (Fig 2 (a)). With the extension of reaction time, the liquefaction degree and the monomer yield 

gradually increased to the maximum at 4 h, meanwhile the yield of char came to the least. These 

results showed that repolymerization reactions dominated the early stages of the reaction, after which 

depolymerization reactions became dominant. However, when the time was further prolonged, a drop 
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was exhibited on the liquefaction degree and the monomer yield, with the char yield rose up. GPC 

results of oligomers (Table S3) also demonstrated clearly that the Mw was first decreased when 

extended time from 2h to 4h and then increased significantly after reaction for a long time.  

The effects of different temperatures were showed in Fig.2 (b). It could be found that both the 

lignin liquefaction degree and the product distribution were significantly influenced by the reaction 

temperature. For example, no more than 56% of lignin could be liquefied with more than 8% yield of 

residual fraction at 260oC. However, the degree of lignin liquefaction and the yield of phenolic 

monomer were sharply increased with the elevation of reaction temperature. 21.9 wt% yield of 

phenolic monomer was obtained and no obvious char was observed at 300 oC and kept steady at 320 

oC. This might be related to the fact that high temperature expedited promoted the cleavage of the 

main ether bonds in lignin to monomeric unit (Thepparat Klamrassamee 2015). This finding was 

further confirmed by GPC result (Fig. S3). The result showed that the high-Mw shoulder of 

oligomers continuously decreased with increasing reaction temperature. Considering the tolerance 

capacity of autoclave used in this process, the higher temperature was not further studied. What's 

more, repolymerization and cross-linking between the reactive sites of the phenolics and the side 

chains of the degraded lignin could occur at high temperatures, hence increasing char formation 

(Roberts et al., 2011). 

3.3.4 Effect of solvent 

Besides the reaction time and temperature, solvent system is also very important for the lignin 

depolymerization. Fig. 3 shows the lignin depolymerization results after reaction in different solvents 

catalyzed by Ni/Al-SBA-15(20). When the OHL was reacted in water at 300 oC for 4 h, only 26.18% 

degree of lignin liquefaction and 6.14 wt % yield of monomers were obtained. Most of the lignin was 
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converted into char (69.04%) because of the poor solubility of lignin fragments in water. In the 

alcoholic solvents, the lignin liquefaction degree was improved significantly. However, the monomer 

yields were still low in methanol and isopropanol, with the yields of char obtained after reaction 

reaching 17.98% and 9.84%, respectively. The best performance on OHL depolymerization process 

was exhibited in ethanol, 81.44% liquefaction degree and 21.90 wt % yield of monomers were 

achieved and no obvious char was observed. GPC analysis also revealed that the Mw of oligomers in 

methanol and isopropanol were much higher than that in ethanol (Table S4).  

It was reported that the monomeric products formed during lignin depolymerization would react 

with formaldehyde formed by dehydrogenation of the methanol solvent (Huang et al., 2015), leading 

to the formation of oligomers with large molecular weight and char. When the reaction was 

conducted in ethanol, acetaldehyde did not exhibit such behavior. Under catalytic conditions, 

acetaldehyde tends to undergo aldol condensation and self-resinification reactions, in line with our 

GC-MS data that point to the formation of higher alcohols and esters (Table S2). In addition, ethanol 

could stabilize the highly reactive phenolic intermediates. With alkyl groups substituted on the 

aromatic ring and on the phenolic hydroxyl group, the quinone methide intermediates and new C-C 

bonds between lignin fragments cannot form (Huang et al., 2014), which essentially inhibiting 

repolymerization reactions.  

4、、、、Conclusions 

The efficient depolymerization of hydrolyzed lignin and char elimination were achieved using 

mesoporous Ni/Al-SBA-15(20) catalyst. Both mesoporous Ni/Al-SBA-15(20) catalyst and ethanol 

played important roles in suppressing the repolymerization reaction. The well-ordered pore structure 

and large pore size of SBA-15 could prevent the repolymerization of highly reactive intermediates 
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based on steric constraints. The addition of Al and Ni elements in SBA-15 could improve the 

cleavage of ether bond and stabilize the highly reactive intermediates. Reaction conditions also had 

an effect on the depolymerization of hydrolyzed lignin. Ethanol was found to be more effective in 

suppressing repolymerization than other solvents.  
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Figure Captions 

Fig.1 Procedure for product separation after lignin depolymerization (*mass balance data shown is 

based on Ni/Al-SBA-15(20) catalyst with ethanol as reaction solvent at 280oC for 4 h, 1MPa H2). 

Fig.2 Effect of (a) reaction time and (b) temperature on the lignin depolymerization. Conditions: (a) 

0.5g lignin, 0.2g Ni/Al-SBA-15(20), 30ml ethanol, 1MPa H2, 280oC (b) 0.5g lignin, 0.2g 

Ni/Al-SBA-15(20), 30ml ethanol, 1MPa H2, 4h. 

Fig.3 Effect of solvent system on the lignin depolymerization. Conditions: 0.5g lignin, 0.2g 

Ni/Al-SBA-15(20), 30ml solvent, 1MPa H2, 300oC. 
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Table 1. Textural properties of different catalysts 

Entry Catalysts 

Textural properties 

Surface area(m2g-1) Pore volume(mlg-1) Pore diameter(nm) 

1 SBA-15 830.21 1.26 6.53 

2 Al-SBA-15(40a) 595.99 1.10 5.63 

3 Al-SBA-15(30 a) 689.24 1.07 6.54 

4 Al-SBA-15(20 a) 624.66 1.03 6.54 

5 Al-SBA-15(10 a) 616.22 1.25 5.63 

6 Ni/Al-SBA-15(20 a) 518.51 0.90 6.55 

7 Ni/SBA-15 565.74 0.93 6.54 

8 Ni/MCM-41 706.84 0.69 2.74 

a.: represented the Si/Al molar ratio 
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Table 2. The effect of different catalysts on lignin hydrogenolysis and products distributiona
 

 

a conditions: 0.5g lignin, catalysts 0.2g, ethanol 30ml, 1MPa H2, 280oC, 4h 

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

  

Entry Catalyst 

Yield of phenolic monomer (wt.%)b 
liquefaction 

degree 

(wt.%) 

Conversion 

of lignin 

(wt.%) 

Char 

(wt.%) 

Mass 

balance 

(wt.%) 
Phenols Guaiacols Others Total 

1 blank 1.59 0.24 2.08 3.91 49.28 93.94 31.92 87.26 

2 SBA-15 3.67 0.34 4.06 8.07 50.48 91.40 26.38 85.46 

3 Al-SBA-15 (40) 3.37 1.39 7.38 12.14 54.46 87.61 23.60 90.45 

4 Al-SBA-15 (30) 8.15 1.57 7.05 16.77 58.94 89.04 21.36 91.26 

5 Al-SBA-15 (20) 8.40 1.49 7.05 16.94 70.92 89.18 18.94 100.68 

6 Al-SBA-15(10) 4.37 1.11 6.95 12.44 59.00 88.58 21.22 91.64 

7 Ni/Al-SBA-15(20) 8.85 1.47 7.51 17.83 79.86 90.00 6.16 96.02 

8 Ni/SBA-15 6.32 0.45 7.02 13.79 69.00 88.30 10.40 91.10 

9 Ni/MCM-41 4.02 0.41 6.52 10.95 61.58 86.50 15.72 90.80 
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Table 3. Average molecular weight of original lignin and oligomers obtained from different catalystic systems 

 Mwa Mna Mza Da 

OHL 1957 777 14661 2.52 

blank 1339 641 12383 2.08 

SBA-15 912 524 1716 1.74 

Al-SBA-15 (40) 942 524 3045 1.80 

Al-SBA-15 (30) 738 436 1270 1.69 

Al-SBA-15 (20) 699 457 2241 1.52 

Al-SBA-15(10) 957 452 1189 2.12 

Ni/Al-SBA-15(20) 759 487 1238 1.55 

Ni/SBA-15 846 493 1695 1.71 

Ni/MCM-41 945 541 1798 1.74 

a Mw: weight average molecular weight; Mn: number average molecular weight; Mz: Z-average molecular weight; D: dispersion 

degree. 
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Table 4. The main composed elements of original lignin and oligomers obtained from different catalystic systems 

Catalysts 

Elemental content (wt%) Experimental molecular 

mormula 

HHVb 

(MJkg-1) 

Degree of 

unsaturation C H Oa N S 

OHL 65.23 6.44 26.55 0.45 1.32 C9H10.65O2.75N0.05S0.07 26.51 4.70 

Blank 73.54 7.52 18.26 0.47 0.21 C9H11.05O1.68N0.05S0.01 18.45 4.50 

SBA-15 76.36 8.13 15.03 0.39 0.09 C9H11.51O1.33N0.04S0.004 19.18 4.27 

Al-SBA-15(40) 77.30 8.37 13.9 0.37 0.06 C9H11.70O1.22N0.04S0.003 19.47 4.17 

Al-SBA-15(30) 78.08 8.47 13.06 0.35 0.04 C9H11.73O1.13N0.03S0.002 19.52 4.15 

Al-SBA-15(20) 78.32 8.50 12.61 0.51 0.06 C9H11.77O1.09N0.05S0.002 20.60 4.14 

Al-SBA-15(10) 77.73 8.35 13.51 0.35 0.06 C9H11.60O1.17N0.04S0.002 19.33 4.22 

Ni/Al-SBA-15(20) 78.13 9.07 12.43 0.37 0 C9H12.54O1.07N0.03S0 21.70 3.75 

        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). 
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Highlights 

� Hydrolyzed lignin depolymerization was presented using mesoporous catalysts. 

� Mesoporous SBA-15 played a positive role in reducing the char formation. 

� The addition of Al and Ni could effectively promote the lignin depolymerization. 

� Reaction conditions showed a great effect on lignin depolymerization. 

� Ethanol was more effective in suppressing the repolymerization than other solvents. 

 


