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Abstract 

In pursuit of developing an integrated lignin-based biorefinery, we demonstrate a sequential strategy for 

valorization grass lignins that involves facile cleavage of C=C linkages by spray ozonolysis to selectively 

recover aromatic aldehydes (such as vanillin and p-hydroxybenzaldehyde) from the pendant groups of 

lignin, cleavage of C-O linkages in the remaining lignin by catalytic depolymerization using mesoporous 

solid Lewis acid catalysts to form low molecular weight phenolics including monomers, and direct 

conversion of these LMW copounds to phenol-formaldehyde type resins. By controlling repolymerization 

conditions one can tailor the design of biobased plastics and coatings from lignin.  
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Introduction

Lignin is renewable, abundant, and a potential feedstock for 

aromatic chemicals used in consumer and industrial 

products (Fache et al., 2016). We previously showed that 

Zr-KIT-5 exhibits superior performance than H-ZSM-5 for 

depolymerization of dealkaline lignin yielding up to 77wt% 

of THF-soluble products (monomers and dimers).  

(Nandiwale et al., 2017). Here we discuss the sequential 

ozonation, catalytic depolymerization, and resin formation 

from acetosolv grass lignin to leverage the relative 

reactivities of different chemical bonds in lignin (Figure 1).  

Figure 1.   Lignocellulosic biorefinery model. 

 

Ozone is a chemoselective oxidant that degrades into 

oxygen and can be used to selectively react with the 

coumarate and ferulate alkenes in grass lignins (Danby et 

al., 2018). As ozonations are relatively fast, it is important 

to control the molar ratios of gaseous oxidant and solid 

lignin to achieve high conversions. Upwards of 10 wt. % of 

grass lignins can be removed as vanillin and 4-

hydroxybenzladehyde, which may be used to make 

synthetic vanilla (Fache et al., 2016). 

 Following the cleavage of carbon-carbon double 

bonds with ozone, the carbon-oxygen ether bonds in the 

reminaing lignin superstructure may be severed using Lewis 

acid catalysts such as Zr-KIT-5.   In acetic acid solution, Zr-

KIT-5 not only serves to depolymerization the lignin but 

also serves to stabilize monomer fragments via acetylation. 

Mixtures of oxoaromatic monomers (> 40 wt. %) are 

isolated from the depolymerization of ozonized lignins. 

This mixture is subsequently combined with formaldehyde 

to form phenol-formaldehyde type resins. The composition 

and mechanical properties of these plastics may be tailored 

with the aldehyde linker, and the concentration of the 

monomers. Interestingly, activated vanillin and 4-

hydroxybenzaldehyde monomers that are isolated via the 

ozonolysis pretreatment  can play the role of linker in 

phenolic resins.   



  

 

 

Methods  

Grass lignin (corn stover lignin) was supplied by 

Archer Daniels Midland.  Lignin ozonation is performed 

following reported procedure (Danby et al., 2018). 

Following ozone treatment ethyl acetate soluble low 

molecular weight products were separated, and ethyl acetate 

-insoluble solids were dissolved in acetic acid and subjected 

to subsequent catalytic depolymerization. The catalytic 

depolymerization run was carried out in a stirred 300 mL 

Parr reactor operated in a batch mode. Typical reaction 

conditions are as follows: 0.1 g Zr-KIT-5 catalyst, 1 g lignin 

solid dissolved in 100 mL acetic acid, 250 ºC, 5 h, and 

autogeneous pressure. The product obtained from both 

ozonation and catalytic depolymerization steps were used to 

synthesize resins. The resin synthesis is performed using 

either hydrochloric acid or sodium hydroxide in a dilute 

solution (<5.0 wt. %) along with the addition of 

formaldehyde in molar ratios of 0/0.5/1/2 compared to the 

calculated phenol fraction in the reagent mixture. These are 

left for 24 hours and neutralized and washed to remove any 

catalyst. 

Results 

 
Figure 2.   Gel phase chromatography of lignin 

before and after reactions 

 

The sequential ozonation and catalytic 

depolymerization of acetosolv grass lignins afford a 4.8 wt. 

% vanillin and 4-hydroxy benzaldehyde fraction after 

reaction with ozone, and a complex mixture of oxygenated 

and acetylated aromatics including species such as guaiacol 

and phenol as well as dimers and oligomers.  Notable after 

each process is the decrease in high molecular weight 

species (>10 kDa) as weak carbon-carbon double bonds and 

carbon-oxygen ester bonds are severed respectively evident 

in gel phase chromatography analysis (Figure 2. In an effort 

to simplify lignin processing in sequential reactions the 

solvent system was standardized to acetic acid. This allows 

for easy solvent recycling.  

Combining spent solid lignin after ozonation, and the 

low molecular weight monomeric products from the 

depolymerization step, we formulated lignin-based resins 

by adding an aldehyde linker and acid catalyst. Evident in 

the thermogravimetric analysis of lignin before and after 

ozonation and resin formation is evidence of the formation 

of strong carbon-carbon bonds that delays the oxidative 

degradation of the resin by several hundred degrees (Figure 

2). By optimizing the lignin to linker ratio, it may be 

possible to tailor the next generation of bio-based materials 

with desired functional properties. 

 

Figure 2.   Thermogravimetric analysis of lignin 

before and after reaction and resin formation 

Conclusions 

We report a potentially new concept for facile 

valorization of grass lignins, involving sequential 

ozonolysis, catalytic depolymerization and resin formation.  

The isolated products from the ozonolysis step (vanillin and 

p-hydroxy benzaldehyde) along with the resin-like 

materials synthesized with the phenolic monomers from the 

catalytic depolymerization step should facilitate a 

sustainable lignocellulosic biorefinery.      
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