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Abstract 

Zirconium-incorporated cubic three-dimensional (3-D) mesoporous silicates, Zr-KIT-5 and Zr-KIT-6, are 

found to be superior, compared to commercial HZSM-5 catalyst, for the depolymerization of dealkaline 

lignin into aromatic monomers in methanol+ acetonitrile medium at 250°C and under N2 atmosphere. The 

monomer yields on the Zr-based catalysts are better than HZSM-5 when normalized to total acidity.  In 

addition, GPC spectra reveal that the H-ZSM-5 catalyst yields a greater amount of heavier condensation 

products as well, possibly due to repolymerization of the monomers. The superior performance of the Zr-

based catalysts is  attributed to their dominant Lewis acidity as well as the mesoporosity.  
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Introduction

The controlled deconstruction of lignin into aromatic 

platform chemicals is an important process for the 

economic viability of the next generation of cellulosic 

ethanol producing bio-refineries. Lignin valorization 

remains a challenge due to its inherent heterogeneity, 

recalcitrance and complex three-dimensional polymeric 

structure composed of C-C and C-O bonds. Most reported 

studies employ model lignin compounds such as phenolic 

monomers and dimers.  While these studies have value in 

promoting a fundamental understanding of bond cleavage 

mechanisms over specific catalysts, they are not directly 

applicable to the deconstruction of real lignin (Xu et al., 

2014). Several strategies for the deconstruction of 

polymeric lignin have been reported previously (Kong at 

al., 2015;  Deepa and Dhepe, 2015) using hydrogenolysis, 

hydrodeoxygenation and acid catalyzed cleavage of the 

ether linkages. However, direct synthesis of aromatics from 
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lignin without the use of externally added hydrogen is a 

desirable strategy considering the high cost and large 

quantities of hydrogen requirement in some of these 

processes. This work reports on new solid acid catalysts for 

the one-pot conversion of lignin into value added aromatic 

monomers.  

Experimental, Results and Discussion 

Zr-KIT-6 (Pan et al., 2013) and Zr-KIT-5 (Ramanathan 

et al., 2015) catalysts reported in this study are prepared as 

described in the referenced studies. Zeolite, H-ZSM-5 

(Si/Al=11.5) was obtained from Zeolyst International. 

Catalytic depolymerization of dealkaline lignin (TCI 

Chemicals) was carried out in a stirred 300 mL Parr  reactor 

operated in a batch mode and the reaction conditions 

employed are listed in Figure 2. 
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About 25 aromatic monomers were identified from the 

product mixture obtained by lignin depolymerization with 

GC-MS and m/z fragmentation pattern.  Out of these, 15 

were confirmed by matching with standard samples’ 

retention time and m/z pattern (Figure 1).  

 
Figure 1. GC/MS spectra of confirmed monomeric 

products in depolymerization of dealkaline lignin. 

 

 Two groups of mesoporous silicates with different 

Si/Zr ratios viz., Zr-KIT-5 and Zr-KIT-6were tested for 

lignin depolymerization. Total acidity and activity (% 

aromatic monomers) of these catalysts is presented in 

Figure 2. The results were compared with the most active 

catalyst reported in literature, H-ZSM-5 (Si/Al = 11.5) 

(Deepa and Dhepe, 2015).   

 
Figure 2.   Monomer yileds on Zr-based and HZSM 

catalysts. Total acidity is given at the top of each bar.  

Conditions: lignin (0.5 g), catalyst (0.5 g), acetonitrile + 

methanol (10 + 90 mL), 250oC, 30 min, 0.7 MPa N2. 

 In the case of the Zr-based mesoporous silicates, the 

yield of aromatic monomers increased with total acidity 

(Figure 2). Although the total acidity of Zr-KIT-5(20) (0.62 

NH3 mmol g-1) is lower than H-ZSM-5 (0.97 NH3 mmol g-

1), the monomer yields are comparable. Further, GPC 

spectra (Figure 3) revealed a clear decrease in the molar 

mass of the depolymerized product mixture from the 

various catalysts. However, the product mixture from H-

ZSM-5 showed a larger fraction of high molecular weight 

condensation products as compared to Zr-based catalysts. 

The microporous H-ZSM-5 is predominantly Brӧnsted 

acidic and thus may favor repolymerization of monomers. 

In contrast, the dominant Lewis acidity of Zr-based 

catalysts along with their ordered mesoporous structure may 

not only minimize coke formation  but also prolong catalyst 

activity . 
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Figure 3. GPC spectra of lignin and depolymerized 

product mixture obtained with different catalysts. 

Conclusions/Outlook 

Zr-incorporated mesoporous  silicates show superior 

performance for lignin depolymerization compared to 

published reports with other acidic catalysts, yielding 

phenolic monomers that are promising precursors for 

upgrading to aromatic chemicals and fuels. Systematic 

optimization of reaction conditions (such as solvent system, 

catalyst loading, temperature, time, pressure)  to maximize 

monomer yield and catalyst stability will be presented, 

along with fundamental insights into the correlation 

between catalyst acidity and product distribution.  
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