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Chapter 1 

Introduction and Scope 

1.1 General introduction 

The world population is rapidly growing and expected to increase to reach 9 billion in 

2037.1 Global population growth and higher living standards result in increasing 

consumption of resources for covering the demands in energy and materials. The 

current generation of fuels and intermediate chemicals are mainly obtained from the 

finite fossil resources such as coal, gas and oil. The reliance on these fossil resources 

is problematic. These resources are finite and geographically not uniformly distributed 

over the planet. Moreover, the final products after use are mostly greenhouse gases 

that end up in the atmosphere and contribute to climate change. 

Lignocellulosic biomass has been used as a renewable feedstock for the sustainable 

production of fuels since the 19th century. In 1826, Samuel Morey used a blend of 

ethanol and turpentine to power the first prototype internal-combustion engine in the 

United States. In 1908, the model T car designed by Henry Ford used grain-derived 

ethanol as fuel.2 Nowadays, bioethanol is being used as a biobased additive for 

transportation fuels in many countries. Biofuels constitute already the fourth largest 

supply for global primary energy after oil, coal and natural gas.3 Undoubtedly, drop-in 

biofuels contribute to solving our reliance on fossil resources in addition to other 

renewable energy sources like solar and wind power. About 10% of crude oil is used 

for the production of industrial chemicals, which expected to grow to 30% in 2050.4,5 

An important and representative class of industrial chemicals are aromatics used for 

the production of plastics and pharmaceuticals. Currently, aromatic chemicals are 

mainly produced by catalytic reforming of naphtha in petroleum refineries. Naphtha is 

produced from natural gas, petroleum and coal. Hydrocracking as a side reaction 

decreases the yield of aromatic products in catalytic reforming. The contradiction 

between increasing demand and non-renewable feedstock requires the transition of 

industrial chemical productions from fossil resources to renewable carbon feedstocks.  

From a sustainable point of view, carbon dioxide (CO2) would be a promising feedstock 

for renewable chemical production. Conversion of CO2 to valuable products could help 

to reduce greenhouse gas concentrations in the atmosphere, although the economic 

case for such technology might be limited if the cost of climate change is not accounted 

for. In a hydrogen atmosphere, CO2 can be converted into chemicals and energy 

carriers, such as methanol, formic acid, and hydrocarbons.6 However, direct 

conversion of CO2 into aromatic chemicals remains a challenge.7 Alternatively, one 
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can rely on the biochemical conversion of CO2 into aromatic moieties part of the 

polyphenolic network in lignin. Lignin is part of the plant cell wall and accounts for 20-

30% of dry mass in woody biomass.8 Renewability, aromaticity, abundance and 

carbon-neutral properties make lignin a promising feedstock and an unexplored 

treasure for the production of aromatic chemicals. Unfortunately, lignin is treated as a 

byproduct of biomass processing and mainly combusted for heat recovery in paper 

mills and biorefineries. Valorization of lignin into aromatic chemicals is therefore a 

promising approach, which requires multiple steps including lignin extraction, 

depolymerization, and upgrading towards targeted chemicals. An effective approach 

for lignin conversion should yield large amounts of aromatics under mild conditions. 

From this point of view, development of novel catalytic process is of great importance 

for lignin valorization in an effective manner.  

 

1.2 Lignocellulosic biomass 

Lignocellulose is the most abundant renewable raw material on earth and the major 

component in land-based biomass. Cellulose, hemicellulose and lignin are the three 

classes of biopolymers in lignocellulose. Their contents vary and highly depend on the 

type of biomass (Table 1). Lignin valorization typically involves the fractionation of 

lignocellulose into cellulose, hemicellulose and lignin and subsequent chemical 

transformation of lignin to value-added bio-derived fuels, chemicals and functional 

materials. In the following sections, we define the three components in lignocellulose 

and discuss various methods for lignocellulose fractionation, with a focus on lignin 

separation. Then we describe conventional and under-development approaches for 

catalytic depolymerization of lignin into monomers. Furthermore, we discuss the 

upgrading of lignin monomers and oligomers via catalytic and other chemical 

approaches and applications in the field of fuels, chemicals and polymers. 

Table 1 Typical biomass compositions in different types of plant resources. 

Plant resource Plant type Lignin (%) Cellulose (%) Hemicellulose 

(%) 

Miscanthus Grass 16 51 22 

Switchgrass Grass 23 33 21 

Pine Softwood 25 40 18 

Poplar Hardwood 25 49 21 

Eucalyptus Hardwood 26 42 17 

Birch Hardwood 24 40 24 

Miscanthus,9 switchgrass,10 poplar,11 eucalyptus,12 pine and birch.13  

The typical structure of lignocellulose is shown in Figure 1. Cellulose comprises 30-50% 

of lignocellulose and has a well-defined straight-chain polymer of glucose linked by 
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β(1-4) glucoside bonds. The general chemical formula of cellulose is (C6H10O5)n, where 

n is the polymerization degree and the number of glucose units.14 The length of 

cellulose chain usually ranges from 5000 to 7000 glucose units.15 These glucose units 

are firmly bonded to form cellulose fibers via the intra- and inter- hydrogen bonds 

formed by the hydroxyl groups on glucose units.16 The hydrogen bonds also result in 

the crystallinity and high mechanical performance of cellulose, which is responsible for 

the structural strength of plants.17 On the other hand, hemicellulose (20-35%) is a 

heteropolymer associated with cellulose and composed of different sugar monomers, 

which are xylose, arabinose, mannose, galactose and rhamnose.18 Hemicellulose has 

a shorter chain length than cellulose, has a more amorphous structure with more 

branches.19  

 

Figure 1 The structure of lignocellulose (adapted from 20). 

The remaining part in lignocellulose is lignin, which is a complex phenolic polymer. 

Lignin protects carbohydrates against microbial degradation and decay. Therefore, 

lignin is regarded as a significant obstacle for converting lignocellulose into fuels and 

chemicals. The building blocks of lignin are synthesized from phenylalanine through 

phenylpropanoid and monolignol-specific pathways. Due to the lignin biosynthetic 

reactions catalyzed by different enzymes (CCR, HCT, CAD, F5H, etc.), phenylalamine 

can be converted into three types of monolignols, namely p-coumaryl alcohol, coniferyl 
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Figure 2 Lignin building blocks, typical bonding patterns in lignin macromolecules and typical lignin-

carbohydrate linkages. 
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alcohol and sinapyl alcohol (Figure 2).21 These monolignols build the lignin polymer 

and generate hydroxyphenyl (H), guaiacol (G) and syringol (S) units. The abundance 

of H/S/G units in lignin macromolecular structure highly depends on the type of plants. 

For example, lignin in poplar, which is a hardwood, is mainly composed by sinapyl 

alcohol with a minor amount of coniferyl alcohol, while pinewood lignin (a softwood) is 

rich in coniferyl alcohol units.22 Polymerization of monolignols and formation of lignin 

intralinkages occur through oxidative radicalization and radical coupling. 2D NMR 

spectroscopy unveils that these monolignols are linked by β-O-4 ether, 

phenylcoumaran β-5/α-O-4, pinoresinol β-β’/γ-O-α, diphenyl ether 4-O-5, spirodienone 

β-1’ bonds in lignin intrastructure(Figure 2).23 The most abundant linkage in native 

lignin (in-planta lignin) is the β-O-4 ether bond, accounting for 50-80% of linkages. 

About 3-11% of phenylcoumaran β-5 and 1-12% of pinoresinol β- β’ are also found. 

Other linkages are usually much less abundant.24 Lignin is covalently bonded to 

carbohydrates through lignin-carbohydrate complex (LCC) linkages, which are benzyl 

ether, benzyl ester, glycosidic or phenyl glycosidic, hemiacetal or acetal linkages, and 

ferulate or ferulate esters.25 Among them, benzyl ether, ester and phenyl glycoside are 

the most typical linkages in LCC.  

1.3 Lignocellulose fractionation 

To improve the economic feasibility of biomass valorization, the whole biomass must 

be comprehensively converted into valuable products. Effective separation of cellulose,  

hemicellulose and lignin is one of the important prerequisites to achieve the whole 

biomass valorization. Different approaches have been intensively explored to cleave 

these linkages and separate the three main constituents (Table 2).26  However, these 

pretreatments mainly improve the reactivity of carbohydrate and lignin is regarded as 

a low-value waste. A well-known example is the production of 2G bioethanol from 

cellulose. Delignification improves the accessibility of lignocellulosic feedstock to 

enzymatic cellulose hydrolysis and subsequent bioethanol fermentation.27 On the other 

hand, delignification and pretreatment processes also change the in planta lignin 

structure in terms of molecular weight, polymerization degree, solubility, functional 

groups and interlinkages.28 The original C-O bonds are cleaved and replaced by 

stronger C-C bonds. This structural modification essentially brings a higher barrier 

towards bond cleavage in lignin depolymerization. In this section, we discuss different 

approaches for lignocellulose fractionation in pulping industries and biorefineries and 

also highlight lignin structure modification in these processes. 

 

1.3.1 Delignification in pulping processes 
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Pulping is a widely used method to remove lignin and obtain cellulose fibers from 

lignocellulose for the papermaking industry. There are a few pulping processes that 

have been well developed for the delignification, namely, mechanical pulping, 

thermomechanical pulping, chemi-thermomechanical pulping, chemical pulping and 

Table 2 Comparision of main delignification processes (adapted from 29,30,31).  

Process Chemicals Conditions Lignin type Lignin properties 

Kraft 

process 

NaOH, Na2S, H2O Batch, 

alkaline, 

140-

170 °C 

Kraft lignin Highly degraded oligomers 

Thiol groups (1.5-3 wt% S) 

Sulfite 

process 

SO3
2-

 + HSO3
- with 

Na+, Ca2+, Mg2+, 

NH4+, H2O 

Batch,  

alkaline, 

pH-

neutral, 

acidic, 

140-

170 °C 

Lignosulfonate Highly degraded oligomers 

High average molecular weight 

Loss of methoxyl groups 

Sulfonate groups (4-8%) 

Soda 

process 

NaOH 

(anthraquinone), 

H2O 

Batch,  

alkaline, 

160-

170 °C 

Soda lignin Highly degraded oligomers 

Sulfur free, high purity 

Organosolv 

process 

Organic solvent: 

methanol, ethanol, 

butanol, ethylene 

glycol, glycerol, 

THF, dioxane, 

formic acid, acetic 

acid, etc and their 

aqueous solutions 

Batch,  

acidic, 

alkaline, 

flow-

through, 

100-

210 °C 

Organosolv 

lignin 

High purity, α-alkoxy groups, less 

modified structure, recycle 

solvent by distillation 

Klason 

process 

72% sulfuric acid  72% 

sulfuric 

acid,  

30°C  

4% acid, 

reflux  

Klason lignin Extensive structural change. 

Bjӧrkman 

process 

Dioxane Ball milling 

followed 

by 

dioxane 

extraction 

Milled wood 

lignin  

Similar to the native lignin 

structure, may depolymerization 

during extensive ball milling 

Steam 

explosion 

H2O, acids Batch, 

acidic, 

100-

210 °C 

Steam 

explosion 

lignin 

Degraded oligomers 

Minor amount of phenolic 

monomers 

Ionic  liquid 

pretreatment 

Ionic liquid 

e.g., [EMIM]OAc 

[C2C1im][MeCO2] 

[C4C1im][HSO4] 

Batch, 90-

170 °C 

Ionic liquid 

lignin 

Partial preservation of β-O-4 

bond, low structure modification 

Enzymatic 

pretreatment 

Cellulase Batch, 

50 °C 

Cellulolytic 

enzyme lignin 

Preservation of β-O-4 bond 

Low structure modification, 

carbohydrate contamination. 
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organosolv pulping. Among them, chemical pulping is the dominant approach due to 

the high delignification degree and good economic feasibility. 

Chemical pulping process can be classified into sulfite pulping, soda pulping and Kraft 

pulping. In sulfite pulping, sulfur oxide and/or bisulfite ions with different ions, such as 

sodium, calcium, potassium, magnesium, or ammonium are used to extract lignin from 

woody biomass at 120-150 °C for 8-14 hours.31 Sulfonate groups are added to lignin 

in sulfite pulping process, leading to good water solubility and a high molecular weight 

of lignosulfonate.32 Native lignin ether bonds are cleaved and new carbon-carbon 

bonds are formed.29 Furthermore, lignosulfonate contains a relatively large amount of 

carbohydrate and ash as impurities.33 Therefore, applications of lignosulfonate are 

mainly as dispersant, binder and concrete water reducer.  

Soda pulping is the most widely used approach for non-woody biomass delignification, 

using sodium hydroxide as the cooking chemical. Normally, 0.1% anthraquinone is 

added to increase delignification and prevent carbohydrates from degrading.31 In this 

method, the sodium hydroxide concentration is 14-23% and liquid/biomass ratio is 

limited from 4/1 to 8/1.34 Soda lignin fragments are water-soluble and can be isolated 

as solid through precipitation by adding acids. This sulfur-free lignin can be used as 

feedstock for the production of fuels due to its high purity. However, lignin 

recondensation is still occurring and its depolymerization requires harsh conditions. 

For example, supercritical ethanol (300 °C) is used to convert the wheat-straw-derived 

soda lignin (Protobind P1000) to biofuels over a CuMgAlOx catalyst.35  

Kraft pulping is the dominant way to remove lignin from lignocellulosic biomass. Wood 

chips are added to aqueous sodium hydroxide and sodium sulfide solution (white liquor) 

at 150-180 °C for 2 hours.36 Lignin along with hemicellulose are chemically dissolved 

in the white liquor, resulting in the formation of black liquor. The black liquor is burned 

to convert sodium sulfate to sodium sulfide in a reactor.37 High-pressure steam from 

the combustion is obtained and used to generate electricity. Heat recovery and 

chemical regeneration are two key factors for the commercial success of the Kraft 

process.38 It is possible to obtain Kraft lignin by decreasing the pH of black liquor. 

However, the highly-condensed lignin is not considered as a promising feedstock for 

biofuel production due to the formation of carbon-carbon bonds and the sulfur content. 

The latter may cause catalyst poison.24  

Although Kraft pulping is the main process to isolate lignin and produce cellulose fibers, 

a serious disadvantage is the emission of sulfur-containing poisonous gases.39 To 

decrease the environmental burden, organic solvents were reported to replace the 

pulping process without sulfurous chemicals in 1931.24 Lignocellulose is added to an 
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ethanol/water mixture at temperature 180-195 °C for 30-90 min.40,41 Different types of 

organic solvents have been tested for organosolv delignification. Methanol, ethanol, 

acetone, and THF, are suitable solvents for lignin dissolution due to the existence of 

both nonpolar aromatic moieties and poplar hydroxyl groups in lignin structure.42 These 

solvents can be easily removed by evaporation due to the low boiling point. Also, 

acid/base additives can improve the delignification efficiency in organosolv pulping 

process.43 For example, the addition of metal triflates can improve the release of lignin 

from woody biomass to methanol under mild conditions.13  

 

1.3.2 Delignification in biorefinery 

In a biorefinery, biomass is sustainably converted into energy and chemicals through 

the fractionation of biomass into cellulose, hemicellulose and lignin intermediates and 

further upgrading of them to different value-added products. Current biorefineries 

mainly focus on the transformation of carbohydrate streams and consider lignin as a 

barrier for carbohydrate conversion. Thus, different approaches have been 

investigated to remove lignin from lignocellulose and improve the susceptibility of 

carbohydrates in biorefineries.  

Lignin is a highly undesirable component in carbohydrate saccharification, because 

lignin not only hinders the contact between carbohydrate and enzyme but also causes 

enzyme deactivation. Technologies from pulping processes can be used to remove 

lignin from lignocellulose in a biorefinery as already discussed in the previous section. 

Other technologies have also been well developed to selectively separate lignin from 

lignocellulose. Steam explosion is one of the most extensively investigated methods 

for biomass pretreatment due to facile operation, low environmental impact and low 

capital investment cost. Biomass is treated in high-pressure steam (0.4-4.8 MPa) at 

160-240 °C for a short reaction time from seconds to several minutes, resulting in the 

extraction and degradation of hemicellulose via “autohydrolysis”.44,45 Formation of 

phenolic compounds in steam explosion indicates delignification and cleavage of aryl-

ether and ether bonds in lignin.46 Despite the low lignin separation efficiency, steam 

explosion can be used to improve the delignification degree when coupled to other 

processes such as organosolv delignification.45  

Ionic liquids (ILs) pretreatment emerges as a green method for the lignocellulose 

fractionation. ILs are salts comprised of an organic cation and an organic/inorganic 

anion. Typically, they have a very low melting point (below 100 °C).47 Different 

cation/anion combination can change IL properties (e.g., viscosity, polarity, hydrogen 

bond basicity and melting point), which can further influence the selective dissolution 
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of different components in lignocellulose.48 For instance, the combination of 1-alkyl-3-

methylimidazolium cation and chloride anion ([BMIM]Cl) shows high cellulose 

dissolving capability. Replacing the Cl- by Br- can significantly decrease the cellulose 

dissolution.47 Several ILs have been reported to be capable of dissolving lignin. For 

example,  [C2C1im][MeCO2] can remove lignin and hemicellulose from Miscanthus.49 

Longer reaction time and higher temperature usually lead to a higher delignification 

degree. Up to 93% of lignin can be extracted in [C4C1im][HSO4] (20% water) at 120 °C 

for 22 h. Rogers and co-workers reported the complete dissolution of woody biomass 

in [C2mim]OAc and the following regeneration of cellulose and lignin. In this method, 

cellulose-rich solids were recovered by adding acetone/water to the cooking solutions 

and lignin can be obtained through acetone evaporation.50 Although delignification at 

mild conditions, β-O-4 bond cleavage and lignin condensation are observed by 2D 

NMR and GPC analysis of IL-treated lignin.51 

Despite effective removal of lignin from lignocellulosic feedstock, these methods lead 

to the structural changes of the lignin and recondensation of fragments, which brings 

challenges for further lignin depolymerization. To preserve the original β-O-4 bonds in 

lignin, an enzymatic pretreatment can be used to digest carbohydrates at mild 

conditions and obtain lignin as solid residue with minor structure modification. In this 

method, the ball-milled woody biomass is treated in a 96% aqueous 1,4-dioxane at 

room temperature for 48 h. Then, carbohydrates in the obtained residue are digested 

by cellulase in an enzyme treatment. The solid residue is further treated to dissolve 

lignin in 80% aqueous 1,4-dioxane at room temperature for 48 h. Cellulolytic enzyme 

lignin (CEL) is recovered by adjusting pH in the filtrate.23 Due to the mild condition, 

CEL is considered to be similar to the original lignin structure in lignocellulose.52 The 

original β-O-4 bonds are well kept in CEL. However, this method is mainly limited to 

obtain fundamental understanding of lignin chemistry due to the low lignin yield. 

 

1.4 Lignin depolymerization 

The underlying chemistry of lignin depolymerization is the cleavage of lignin 

intralinkages, particularly the β-O-4 linkage. Most delignification processes discussed 

in the previous section can break the β-O-4 bond. However, the reactive intermediates 

produced in delignification are prone to form carbon-carbon bonds, resulting in 

recondensed lignin. In this section, we discuss the chemistry of β-O-4 bond cleavage 

in different catalytic approaches and also the art-of-the-state methods to prevent 

condensation reactions of lignin fractions.  
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1.4.1 Base-catalyzed depolymerization 

Alkaline conditions are frequently used for delignification in the pulping industry, 

resulting in the cleavage of LCC bonds and β-O-4 bonds. Typically, lignin is converted 

at high temperature (200-340 °C) at high pressure using base (NaOH) or solid base 

catalysts in water or aqueous organic solvents. Mechanisms for the cleavage of 

nonphenolic and phenolic β-O-4 bonds are different in alkaline conditions.242951 

Cleavage of non-phenolic β-O-4 units under alkaline conditions occurs via the epoxide 

mechanism at a relatively slow rate. Non-phenolic β-O-4 units can also be transformed 

into phenolic units, which are subsequently converted into quinone methide 

intermediate. The fate of quinone methide intermediates depends on the specific 

alkaline conditions. In soda processes, quinone methide is converted into vinyl ethers 

through γ-CH3OH elimination as formaldehyde. However, repolymerization between 

formaldehyde and aromatic monomers typically results in the formation of carbon-

carbon bonds, which can explain the low yield of monomers. In Kraft pulping processes, 

strong nucleophile HS- can add to quinone methide intermediates, resulting in the 

cleavage of β-O-4 bond and formation of lignin monomers such as coniferyl alcohol 

and other sulfur-containing monomers. They can react with other lignin monomers via 

radical coupling reaction, leading to the formation of carbon-carbon bonds. Cleavage 

of β-O-4 bond in alkaline conditions typically results in a low yield of aromatic 

monomers and a mixture of lignin dimers and oligomers with strong carbon-carbon 

bonds. Toledano et al. reported the depolymerization of organosolv lignin in water with 

different base catalysts at 300 °C.53 The highest lignin oil yield (19%) was obtained 

with NaOH, while the yield was only 7% without adding base. The main components 

in the resulting lignin oils are phenol, cresol, guaiacol, catechol and 4-methyl catechol. 

It is worth noting that the high lignin residue (44%) and high coke amount (5%) after 

NaOH-catalyzed depolymerization indicates severe repolymerization. Chaudhary and 

Dhepe used solid basic zeolite catalysts (NaX, NaY, NaP) for alkaline lignin 

depolymerization.54 The maximum yield of low molecular weight products was 51% 

and the monomer yield was 18%. Beckham and co-workers performed base-catalyzed 

depolymerization (BCD) for corn stover lignin valorization using NaOH and reported a 

good yield of low-molecular-weight and water-soluble products (45-78%). The 

monomer selectivity can be turned by BCD temperature. A higher yield of 

methoxyphenols was obtained at lower temperature, while a higher content of 

benzenediols and alkylation of aromatic rings were found at higher temperatures.36   

 

1.4.2 Acid-catalyzed depolymerization 
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Acid-catalyzed depolymerization probably is one of the most used methods for lignin 

conversion. Lewis acids, Brønsted acids, and solid acids have been investigated for 

the cleavage of β-O-4 bonds in water, organic solvents and their mixtures. The 

mechanism of β-O-4 bond acidolysis using Brønsted acids involves the removal of α-

OH in β-O-4 side chain, resulting in a benzylic carbocation, which can be converted 

into monomers via two reaction pathways.55 The first pathway involves the removal of 

γ-CH3OH as formaldehyde and formation of C2-aldehyde aromatic monomers. In the 

second pathway, γ-CH3OH is retained and cleavage of  β-O-4 bond generates the 

C3-Hibbert-ketone monomers. These unsaturated monomers and benzylic 

carbocation intermediate are highly reactive in acidic conditions, leading to the 

formation of recondensed lignin with carbon-carbon bond.56 Imai et al. studied the 

acidolysis of model compounds (veratrylglycerol-β-guaiacyl ether) using HCl, HBr, and 

H2SO4 in 82% aqueous 1,4-dioxane at 85 °C.57 The results show that the reaction rate 

is significantly influenced by the choice of acid catalyst (HBr > HCl > H2SO4), likely 

related to pKa differences. The main products are guaiacol and the Hibbert’s ketone 1-

hydroxy-3-(3,4-dimethoxyphenyl)propan-2-one, when HCl and HBr are used as 

catalysts. Product selectivity shifts to guaiacol and 3,4-dimethoxyphenylacetaldehyde 

(C2-aldehyde monomer) when H2SO4 is used. Beckham and co-workers reported the 

reactivity of different lignin model compounds with β-O-4 bonds in water using H2SO4. 

Acidolysis of the dimer with phenolic hydroxyl groups is two order magnitude faster 

than the one without phenolic hydroxyl groups.58 Although acidolysis is an effective 

method to cleave the β-O-4 bonds in lignin, the monomer yield is typically very low 

when real lignins are converted due to severe recondensation. The mechanism of β-

O-4 bonds acidolysis indicates that the benzyl cation-type intermediate is highly prone 

to condensation through carbon-carbon coupling reactions. A formaldehyde 

stabilization strategy was reported to avoid recondensation by blocking the formation 

of the benzylic cation.59 Without using formaldehyde, the monomer yield is lower than 

10% in beech wood lignin acidic depolymerization. Up to 45% of monomers can be 

obtained when formaldehyde was added to the reaction. Besides the benzylic cation 

intermediate, the C2-aldehyde monomer was identified as another important reason 

for undesirable recondensation reactions. Barta’s group reported a method to in situ 

stabilize the reactive lignin-aldehyde intermediates by acetal formation with diols in the 

triflic-acid-catalyzed β-O-4 bonds cleavage.56 The mechanism of β-O-4 bond cleavage 

using Lewis acid has not been well established and it is not clear whether the β-O-4 

bond is cleaved by the Lewis acid or the corresponding Brønsted acid.60 Despite this, 

Lewis acid catalysts have been used for both lignin model compounds and technical 
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lignin conversion. Model compound studies show that the aromatic monomer yield 

(88%) is highest in supercritical ethanol, when AlCl3 was used as Lewis catalyst.61 

However, under optimized conditions for soda lignin depolymerization, the monomer 

yield decreased to 6%.62  

 

1.4.3 Lignin pyrolysis 

Pyrolysis is a representative process for lignin thermal treatment. Lignin is converted 

to gas (CO, CO2, gaseous hydrocarbons) and pyrolysis oil (volatile liquids and phenolic 

compounds) in the absence of oxygen with or without catalysts.63 Reaction 

temperature, feedstock and heating rate have significant influence on the product yield 

and selectivity. The chemistry of carbon-carbon and ether bond cleavage in pyrolysis 

is very complex and the mechanism has not been well understood.29,30 Zeolite (HZSM-

5, H-USY, H-Beta), zeolite supported metal catalysts (Co, Mo, Ni, Pt on ZSM-5) and 

metal oxides have been reported for the catalytic lignin pyrolysis.64 Van Bokhoven and 

co-workers investigated the catalytic fast pyrolysis of alkaline lignin using zeolites with 

different acidities and pore size. The use of zeolite is important to prevent coke 

formation by stabilizing the reactive intermediates and control the product selectivity 

by tuning the acidity and pore size.65 Transition metal on zeolite can significantly 

improve the monomer yield and tune the product selectivity. For example, poplar lignin 

was converted to aromatic hydrocarbons and cycloalkanes via the Pd/HZSM-5 

catalyzed hydrogenation/deoxygenation. The use of Pd/HZSM-5 yielded 40% more 

aromatic hydrocarbons than that of HZSM-5 at experimental conditions of 650 °C, 1.7 

MPa H2, and 20:1 catalyst-lignin ratio.66 Non-zeolite catalyst was also applied to 

produce biofuels from lignocellulosic biomass. Schaidleet and co-workers reported the 

production of biofuels from pine using a bifunctional 2wt% Pt/TiO2 catalyst in a fixed 

bed reactor. The use of Pt/TiO2 leads to higher carbon yields, lower oxygen content 

and less coke formation than the use of HZSM-5 zeolite.67 A disadvantage of lignin 

pyrolysis oil is that the quality can not meet the standard of petroleum fuel due to its 

high viscosity, low energy density and low stability. Therefore, further upgrading is 

necessary.  

 

1.4.4 Biological depolymerization 

Certain fungi, bacterias, and enzymes have been reported to degrade lignin. Lignin-

digestion bacteria can be grouped into three classes: actinomycetes, α-proteobacteria 

and γ-proteobacteria.68 These bacteria decompose lignin in the soil by their secondary 

metabolites and extracellular enzymes. Most strains of bacteria are identified with 
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laccase genes, which are the key reason for its lignin degradation capability.69 Besides 

laccase, other enzymes like lignin peroxidase (LiP), manganese peroxidase (MnP), 

versatile peroxidase (VP), and dye-decolorizing peroxidase (DyP) are also reported to 

give the lignin-degrading capability to different microorganism, fungi and bacteria.70 

Wood decay fungi are the main lignin digesters and can be classified into brown-rot, 

soft-rot and white-rot fungi.71,72 Brown-rot fungi and soft-rot fungi can break 

cellulose/hemicellulose from wood structure, while white-rot fungi mainly degrade 

lignin. Hirai and co-workers reported direct lactic acid production from beechwood 

using a transgenic white-rot fungus Phanerochaete sordida YK-624, which showed 

superior lignin degradation performance.73 Further fundamental studies show that the 

white-rot fungi mainly involves four type enzymes, namely lignin peroxidases (LiPs), 

manganese peroxidases (MnPs), versatile peroxidases (VPs) and laccase, which are 

essential for lignin degradation in plant cell walls.67 For example, iron protoporphyrin 

IX in LiP can catalyze the oxidative depolymerization of nonphenolic aromatic structure 

in lignin in the presence of H2O2.74  

 

1.4.5 Oxidative depolymerization 

Oxidative methods can convert lignin into carboxylic acids and oxygenated aromatic 

monomers through different reaction routes, such as aromatic ring opening, ether bond 

cleavage and carbon-carbon bond cleavage depending on the reaction conditions. 

Hydrogen peroxide is a common oxidant for lignin depolymerization. The mixture of 

hydrogen peroxide and ferrous sulfate can effectively dissolve and degrade lignin via 

oxidation at room temperature in acidic media. The hydroxyl radical generated in this 

Fenton reaction attack the lignin aromatic ring, resulting in the loss of aromaticity and 

ring-opening reactions.75 Oxidation of lignin using nitrobenzene can avoid the aromatic 

ring opening and produce more valuable aldehyde products (vanillin and 

syringolaldehyde). In 1955, Pew reported the conversion of lignin in spruce wood into 

vanillin via nitrobenzene oxidation in an alkaline medium. Vanillin yield using spruce 

wood as feedstock (26%) is much higher than that using spruce-derived soda lignin 

(14%).76 However, the high toxicity of nitrobenzene limits its large-scale application.    

Another oxidation method was reported for the oxidation of benzylic Cα-OH group in 

lignin β-O-4 structure to ketones. In this way, the homolytic bond dissociation energy 

of β-O-4 dimer can decrease from 69.2 to 55.9 kcal/mol.77 Therefore, this method has 

great potentials to convert lignin to monomers at mild conditions. Stahl and co-workers 

reported the chemoselective aerobic oxidation of benzylic alcohols in lignin model 

compound (veratrylglycerol-beta-guaiacyl ether) using 5 mol% 4-acetamido-TEMPO 
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with 10 mol% HNO3 and 10 mol% HCl as catalysts in CH3CN/H2O solvent. Up to 94% 

yield of benzylic ketone compound was obtained under 1 atm O2 at 45 °C for 24 h.78 

Followed by a C-C bond cleavage using H2O2 under basic conditions at 50 °C for 10 

h, 88% of veratric acid together with 48% of guaiacol were obtained as main products. 

The oxidized lignin can be also converted to monomers through other reaction routes. 

For example, redox cleavage of the C-O bond in oxidized lignin produced a high yield 

of monomers at 110 °C in the formic acid/sodium formate system. No C-O bond 

cleavage was found in the use of non-oxidized lignin model compound, highlighting the 

importance of lignin benzylic Cα-OH group oxidation.79  

Oxidative methods can be also coupled with other reactions. Cleavage of β-O-4 bonds 

in tandem with aerobic oxidation and visible-light photoredox catalysis in a continuous 

flow system showed high chemoselectivity and high yield towards lignin monomers 

under mild conditions. A 5 mol% Pd(OAc)2 catalyst was used to oxidize benzylic Cα-

OH group in β-O-4 linked lignin model compounds. Not only p-coumaryl derived dimer 

but also coniferyl/sinapyl based β-O-4 dimers can be selectively oxidized to 

corresponding ketones in DMSO at 65 °C for 18 h. Followed by a photocatalytic 

reductive C-O bond cleavage using [Ir(ppy)2(dtbbpy)]PF6, full conversion was achieved 

and the monomer yield was 77% after a three-hour reaction.80 Wang and co-workers 

reported a lignin depolymerization strategy by combining oxidation and hydrogenolysis. 

In the first step, selective oxidation of benzylic Cα-OH group to ketone was performed 

in the O2/NaNO2/DDQ/NHPI system at 80 °C for 2 h, yielding >90% of ketone product. 

The oxidized lignin model compound was then added to methanol and converted to 

monomers with a high yield (>70%) over a NiMo sulfide catalyst. However, only a very 

low yield of phenolic monomers could be produced from birchwood, when the optimal 

conditions were applied to real lignocellulose conversion.81 

 

1.4.6 Reductive depolymerization 

Reductive depolymerization cleaves lignin ether bonds in a hydrogen atmosphere or 

hydrogen donor solvent and is recognized as a promising method to obtain lignin 

aromatic monomers with high monomer yield and product selectivity.82,83 Depending 

on the reaction conditions, the products can be oxygenated aromatic monomers, 

deoxygenated aromatic monomers and ring-hydrogenated monomers.84,85,86 

Reductive depolymerization targets the hydrogenolysis of lignin ether bonds and 

shows a poor performance for carbon-carbon bond cleavage. Lignin monomer yield is 

strongly proportional to the β-O-4 abundance in lignin feedstock.87 Therefore, technical 

lignin is not an ideal feedstock due to the loss of ether bonds and the formation of 
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carbon-carbon bonds during delignification. An alternative way is to use raw 

lignocellulose as feedstock. In this method, lignin is selectively dissolved in solvents 

and then depolymerized into monomers. An important feature in this process is that 

the unsaturated lignin intermediates can be simultaneously stabilized by catalytic 

hydrogenation, which is essential to avoid recondensation and obtain a high monomer 

yield. For example, in planta birch wood lignin was selectively extracted and converted 

into a high yield of phenolic monomers (52%) in methanol under 30 bar H2 using Ru/C 

at 250 °C for 6 h.88 It is interesting to note that product selectivity can be tuned by the 

specific catalyst choice. For example, Ru/C typically yields propyl-substituted 

methoxyphenols, while Pd/C can increase the OH content in lignin monomers, 

resulting in propanol-substituted methoxyphenols.89 The hydroxy groups in propanol-

substituted syringol/guaiacol can further react with methanol solvent in a combined 

Pd/C and metal triflate catalytic system, leading to the formation of 4-n-methoxy propyl 

syringol through etherification.90 The addition of acid does not only control the product 

selectivity but can also improve the lignocellulose fractionation. A comparison of NaOH 

and H3PO4 addictives on the Pd/C catalyzed reductive conversion of poplar wood in 

methanol shows that a small amount of H3PO4 can improve the monomer yield and 

delignification degree, leaving a cellulose-rich pulp.43 

The monomer yield and product selectivity strongly depend on the type of 

lignocellulose feedstock. Depolymerization of hardwood lignin leads to high yields 

(>40%) of syringol-type monomers.91 However, depolymerization of softwood lignin 

results in the guaiacol-type monomers and also a lower yield (˂30%).92 Lignin in 

hardwoods such as birch, oak, poplar is rich in sinapyl alcohol unit, while softwood 

lignin is mostly composed by coniferyl alcohol units. It is worth noting that monomer 

yields using hardwoods are usually higher than those using softwoods. A reasonable 

explanation is that the syringol content correlates with the abundance of β-O-4 ether 

bonds, which can be easily cleaved to produce monomers. Sels and co-workers found 

a positive correlation between monomer yield and syringol content.88 However, recent 

work suggested that the syringol/guaiacol ratio is not the major factor determining the 

monomer yields in lignin reductive depolymerization.93 Although there is a debate on 

the correlation between lignin composition and monomer yield, a general conception 

in most publications is the lignin with less recalcitrance, fewer LCC linkages, higher 

hydrophilicity and more syringol content is an ideal feedstock for lignin 

depolymerization.94,95  

 

1.5 Upgrading of lignin oil 
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Since lignin monomers (alkylmethoxyphenols) have small market sizes, it is hard to 

apply them in the established chemical industry in a large scale. Thus, it is necessary 

to upgrade these molecules to value-added chemical commodities. Lignin aromatic 

monomers have great potential to serve as precursors for the production of fuels, 

chemicals and plastics for several reasons. Firstly, lignin monomers obtained via 

reductive depolymerization can be separated by distillation. Secondly, the well-defined 

molecular structure (alkylmethoxyphenols) allows chemical modification to monomers 

via functionalization and defunctionalization strategies. Finally, aromaticity and 

phenolic/aliphatic hydroxyl groups in lignin monomers make them suitable as 

precursors for high-quality thermoplastics, chemicals and fuels.96 In this section, we 

will discuss recent art-of-the-state approaches for lignin upgrading including catalytic 

and non-catalytic routes. 

 

1.5.1 Fuels   

Lignin oil obtained through catalytic depolymerization is mainly composed of the 

monomeric alkylmethoxyphenols, while the predominant component in gasoline is 

aromatics next to alkanes. Upgrading of lignin oil to fuels can be achieved by catalytic 

deoxygenation.   

Generally, two reaction routes have been proposed for the catalytic deoxygenation of 

lignin monomer (guaiacol). The first route involves the selective removal of oxygen in 

methoxy and phenolic hydroxyl group without saturating aromatic ring, producing 

catechol, phenol and benzene.97,98 Hydrodeoxygenation of guaiacol using Au/TiO2 

(rutile) shows that methyl groups are removed to produce catechol as an intermediate 

which is further converted into phenol (40%) via dehydroxylation. Product selectivity 

highly depends on the catalysts. For example, hydrodeoxygenation of guaiacol using 

1 wt% Mo/C yielded 78% of phenol. When the Mo loading increased to 10 wt%, phenol 

can be further converted into benzene under the same reaction conditions.99 The 

second route involves aromatic ring hydrogenation and subsequent deoxygenation, 

yielding cyclohexanol as the main product. Song and co-workers found that guaiacol 

monomer was firstly hydrogenated to 2-methoxy-cyclohexanol intermediate and then 

converted into cyclohexanol over a Pd/TiO2 catalyst.100 On the other hand, 

deoxygenation can also occur before hydrogenation. For example, phenol was formed 

as the intermediate in guaiacol through demethoxylation and then hydrogenated to 

cyclohexanol over carbon-supported noble metal catalysts.101 Although noble metal 

catalyst shows high activities for deoxygenation of lignin monomers, the high price 

limits their application in industry. Cheaper alternatives such as nickel, copper, iron 
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and molybdenum based catalysts, are demonstrated to replace the expensive metals 

in lignin monomer deoxygenation.102,103,104,105     

 

1.5.2 Polymers 

The large and increasing volume of plastics production (about 350 million tons per year 

in 2018) raises serious concerns for the environment, human health, and sustainable 

development.106 Lignin has been recognized as a promising renewable source for 

chemicals including plastics. Conversion of lignin into polymers can be classified into 

two categories: blending and chemical modification. Blending lignin with various 

polymers, for example, polyolefins, vinyl polymers, and polyesters, has been 

investigated in the last few decades. An ideal (homogeneous) blend of lignin and 

polymer can improve the performance of functional materials. An example is that the 

addition of lignin can significantly improve the thermal stability of polyethylene 

carbonate.107 However, immiscibility and weak interaction between lignin and the 

polymer are often observed, resulting in poor mechanical and thermal properties.108  

For example, the addition of 10% of straw-derived lignin into polystyrene decreased 

the maximum tensile stress from 29.6 MPa to 12.0 MPa.109 Another method is the 

chemical functionalization of side chains, phenolic hydroxyl groups and aromatic rings 

in lignin. Chemical modification of aromatic ring involves the coupling of two lignin 

monomers with formaldehyde. For instance, 4-n-propylsyringol obtained from catalytic 

hydrogenolysis of hardwood lignin was used as bisphenol A replacement. Specifically, 

a stoichiometric amount of formaldehyde was condensed with 4-n-propylsyringol in 

acidic conditions. After isolation through crystallization, lignin-based bisphenol with 

high purity (>99%) was obtained.106 Abu-Omar and co-workers reported a chemical 

modification method that converts the lignin monomers into biobased epoxy 

thermosets. Firstly, the guaiacol-derived monomers were converted to catechol 

derivatives through demethylation. Then catechol derivatives were further converted 

to epoxy thermoset, which shows excellent mechanical properties and thermal 

stability.110  

 

1.5.3 Chemicals 

Lignin monomers are less complex than lignin itself. But the most important structural 

features such as aromaticity, phenolic hydroxyl and aliphatic hydroxyl are well kept in 

lignin aromatic monomers, which can serve as precursors for the synthesis of 

chemicals. Strategies for lignin-derived chemical synthesis can be divided into three 

categories (functionalization, defunctionalization and their combination), depending on 
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the reaction route. Functionalization involves the addition of functional groups such as 

amine and epoxy groups to lignin monomers, producing polymer building blocks and 

drug intermediates. Defunctionalization is suitable for the production of drop-in bulk 

chemicals such as phenol, catechol and BTX (benzene, toluene, xylenes), through 

selective deoxygenation and dealkylation. It is worth noting that functionalization and 

defunctionalization of lignin monomers typically comprise multiple reaction steps using 

different catalysts.  

In a previous section, the transformation of lignin monomers to epoxy thermosets was 

mentioned as one of the functionalization strategies. Another direction is to convert 

lignin aromatic monomers into drug intermediates through amination of phenlic 

hydroxy and aliphatic hydroxy groups. For example, γ-OH in 4-n-propanol guaiacol can 

be converted to the corresponding nitrile with ammonia using Ni/SiO2-Al2O3 catalyst in 

THF. Followed by hydrogenation in methanol, lignin-derived nitrile was successfully 

converted into primary amine using the same catalyst. The amination of phenolic 

hydroxyl group in lignin monomer undergoes two-step organic reactions. In oxidation 

step, 4-n-propanol guaiacol was converted to benzoquinone ketal in methanol at 0 °C 

for 15 min. In the second step, the obtained benzoquinone ketal compound reacted 

with glycine methyl ester hydrochloride to yield the corresponding aniline in a 

methanol-water mixture at 40 °C for 3 h.103  

Defunctionalization is a funnel strategy that aims to remove some substitutions and 

keep aromaticity and phenol moiety in lignin monomers. In this way, lignin monomer 

can be transformed into chemicals with relatively large market sizes, such as phenol, 

cresol, catechol and BTX. Lignin model compound (4-n-propylguaiacol) was effectively 

converted into a high yield of phenol (60 mol%) using a dual catalyst system that 

Au/TiO2 catalyzed demethoxylation and HZSM-5 acted as transalkylation catalyst.111 

A recent study provided a catalytic route that converted ferulic acid, a linker between 

hemicellulose and lignin in plant cell walls, into catechol using acidic catalysts (H2SO4 

or HCl) in a one-pot reaction. This route contains two reactions that are acid-catalyzed 

demethylation and de-2-carboxyvinylation. Not only ferulic acid but also other lignin 

monomers, such as coniferyl alcohol, eugenol and isoeugenol, can be effectively 

converted into catechol through this method.112 

Transformation of lignin monomers to specific chemicals may involve the removal of 

undesired moieties and the addition of functional groups. In this case, neither 

defunctionalization nor functionalization can meet the requirement of this target. 

Therefore, a combined process of defunctionalization and functionalization has been 

proposed and also used for the production of terephthalic acid from lignin-derived 
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monomers. The first step is defunctionalization that involves the selective removal of 

methoxy groups from 4-n-propyl guaiacol over a carbon-supported molybdenum oxide 

catalyst. In the second step, the obtained 4-alkyl phenol was converted into 4-

alkylbenzoic acid by insertion of carbon monoxide into phenolic hydroxyl group using 

a Pd catalyst with dppf ligands. The last step was the oxidation of alkyl chain to 

carboxylic acid using the CO(OAc)2/Mn(OAc)2/KBr catalyst in an O2 pressure of 10 bar, 

yielding terephthalic acid as the final product. The overall yield of terephthalic acid 

based on initial lignin content in corn stock feedstock was 15.5 wt%.113   

Pioneering works of converting lignin into renewable chemicals provide a bright 

direction for its value-added application. However, these methods typically comprise 

multiple reactions that are catalyzed by different catalysts in different conditions. Many 

aspects such as catalyst recycle, solvent recycle, product separation, overall yield and 

process cost need to be carefully considered before industrial application. Moreover, 

defunctionalization of lignin monomers essentially decreases the molecular weight of 

final products. From the point of view of atom economy, the removed moieties such as 

methoxy and propyl groups should also be converted into valuable products.  

 

1.5.4 Other applications 

Lignin can be also transformed into other value-added products and used for various 

purposes. Due to the high carbon content, lignin was reported to be a precursor for the 

synthesis of carbon materials. Lignin obtained from alkaline extraction was 

functionalized with aromatic nitration and further converted into nitrogen-doped carbon 

through carbonization in a eutectic salt KCl/ZnCl2. This lignin-derived carbon material 

acted as an electrocatalyst which showed high performance for the oxygen reduction 

reaction.114 Moreover, lignin can be depolymerized into low-molecular-weight 

fragments and transformed into carbon quantum dots for bio-imaging, drug delivery 

and biosensors. For instance, lignin-derived graphene quantum dots with an average 

size of 3.7 nm were synthesized in a gram scale via oxidative depolymerization of alkali 

lignin and subsequent aromatic refusion. These quantum dots with low toxicity can be 

used as the fluorescent probes for bioimaging.115 Other applications of lignin can be 

as antioxidant and UV adsorbant. An example is that ozone-treated enzymatic lignin 

grafted to polyethylene glycol shows good antioxidation UV absorbing properties.116  

 

1.6 Scope of the thesis 

Efficient valorization of lignin into fuels and chemicals is important to make biomass 

conversion competitive. This thesis aims to develop catalytic processes that effectively 
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valorize in planta lignin into aromatic chemicals. In the first part, we aim to improve the 

efficiency of the lignin-first approach using different catalytic strategies. These efforts 

target several challenges (efficient delignification at mild conditions, no external 

hydrogen consumption, and easy catalyst recycle) in reductive lignin depolymerization. 

The preferred products are a stream of a limited number of phenolic monomers. As the 

obtained alkylmethoxyphenols have few applications and limited market size, it is 

desirable to convert them into bulk industrial chemicals. We develop new catalytic 

routes for the upgrading of lignin oil into secondary amines and phenol in the second 

part of this thesis. These methods enrich and diversify the application of lignins in the 

future. 

Chapter 2 reports the use of Al(OTf)3, HCl, H2SO4, H3PO4 and CH3COOH acid co-

catalysts for the reductive fractionation of woody biomass in methanol over Pd/C 

catalyst. The goal is to identify a suitable and cheaper acid to replace expensive 

Al(OTf)3. Model compound experiments are carried out to understand the role of acid 

co-catalysts for the cleavage of lignin-carbohydrate interlinkages and lignin 

intralinkages. The influence of these acids on oak sawdust fractionation and lignin 

monomer yield are discussed. 

Chapter 3 describes a modification of the “lignin-first” approach in which in planta lignin 

is converted into aromatic monomers over a Pt-based catalyst in an inert atmosphere. 

Instead of molecular hydrogen, methanol/water mixture acts as a hydrogen donor for 

reductive lignin depolymerization. The influence of reaction temperature, 

methanol/water ratio, catalysts on the process is discussed from the aspect of 

hydrogen generation, delignification, and intermediate stabilization.  

Chapter 4 aims at recycling heterogeneous catalyst from solid residue. We develop a 

two-step catalytic process that avoids direct contact between feedstock and catalyst. 

Lignin in oak sawdust is dissolved in methanol with the assistance of acid in the first 

step. The obtained lignin oil was further converted into aromatic monomers using Pd/C 

in the subsequent depolymerization. Pd/C catalyst can be easily recycled and used 

several times without a significant loss of activity. Recondensation of lignin oil and its 

influence on the subsequent lignin depolymerization is discussed. The correlation 

between the quality of cellulose pulp and its enzymatic saccharification is also 

discussed. 

Chapter 5 explores the stabilization of aldehyde intermediates formed in lignin 

acidolysis by using a reductive amination strategy. Aldehyde moieties in lignin 

monomers were selectively converted into secondary amines, which exhibited a much 

lower potential towards recondensation. Reaction conditions were systematically 
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optimized to suppress lignin recondensation and improve the yield of amine. The 

potential of this approach was further evaluated by using guaiagylglycerol beta-

guaiacyl ether dimer as a model compound.  

Chapter 6 focuses on the catalytic upgrading of lignin-derived akylmethoxyphenols into 

phenol. Selective removal of methoxy groups is achieved by an optimized MoP/SiO2 

and propyl chain is transferred to benzene solvent by zeolite-catalyzed transalkylation. 

Aspects such as MoP formation, zeolite deactivation and the relation to phenol yield 

are discussed. Zeolite deactivation is effectively avoided and a high and stable phenol 

yield is obtained with cresol as the main byproduct. Pinewood sawdust is used to verify 

the feasibility of this approach for real lignocellulose conversion. 

The work in this thesis is summarized in chapter 7 and an outlook on remaining 

challenges and possible solutions are also given. 
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Chapter 2 

Selective Production of Mono-aromatics from Lignocellulose over 

Pd/C Catalyst：the Influence of Acid Co-catalysts  

Abstract 

The lignin-first approach has 

recently gained attention as an 

alternative whole biomass 

pretreatment technology with 

improved yield and selectivity of 

aromatics compared with 

traditional upgrading processes 

using technical lignin. Metal 

triflates are effective co-catalysts 

that considerably speed up the removal of lignin fragments from the whole biomass. 

As their cost is too high in a scaled-up process, we explored here the use of HCl, 

H2SO4, H3PO4 and CH3COOH as alternative acid co-catalysts for the tandem reductive 

fractionation process. HCl and H2SO4 were found to show superior catalytic 

performance over H3PO4 and CH3COOH in model compound studies that simulate 

lignin-carbohydrate linkages (phenyl glycoside, glyceryl trioleate) and lignin 

intralinkages (guaiacylglycerol-β-guaiacyl ether). HCl is a promising alternative to the 

metal triflate as co-catalyst in the reductive fraction of woody biomass. Al(OTf)3 and 

HCl respectively afforded 46 wt% and 44 wt% lignin monomers from oak wood sawdust 

in a tandem catalytic systems with Pd/C at 180 ⁰C in 2 h. The retention of cellulose in 

the solid residue was nearly similar. 
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Lignocellulose over Pd/C Catalyst: the Influence of Acid Co-Catalysts. Faraday Discuss., 2017, 202, 
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2.1 Introduction 

Lignocellulosic biomass is the most abundant source of renewable carbon with 

significant potential for the production of sustainable chemicals and fuels.1,2 Together 

with cellulose and hemicellulose, lignin is a main component of land-based biomass. 

Lignin makes up about 20-35 % of the mass of dry biomass.3 It is typically obtained as 

a by-product in the paper and pulping industry and 2nd generation biorefineries. Such 

technical lignin is usually contaminated by sulfur, ash, proteins and carbohydrates 

residue.3,4 During biomass separation, the lignin structure is altered, rendering 

technical lignins much less reactive than the native lignin contained in the biomass.5-7 

Abundant weak ether linkages such as β-O-4 ones are replaced by more recalcitrant 

C-C linkages.8 The resulting highly recondensed structure of lignin poses a significant 

challenge to its efficient conversion to chemicals and fuels. Such processes require 

harsh conditions and typically yield a wide range of aromatic compounds in low overall 

yield.9-14  

Recent studies have demonstrated that mild depolymerization strategies can also be 

effective when reactive lignin feedstock rich in β-O-4 ether linkages is used. For 

instance, a two-step strategy has been developed for Aspen lignin, consisting of 

selective oxidation of the secondary alcohol of β-O-4 linkages followed by a redox-

neutral bond cleavage at 110 °C.5,15 A similar strategy was also applied to the 

depolymerization of a reactive dioxasolv birch lignin (an organosolv lignin extracted by 

1,4-dioxane) at 80 °C.16 The use of a hydrosilane reductant and a Lewis acidic B(C6F5)3) 

catalyst facilitated the conversion of extracted wood lignin into mono-aromatics with a 

yield of 7~24 wt% at room temperature.17 A combination of triflic acid with a 

heterogeneous Ru or homogeneous Ir catalyst was also effective in depolymerizing 

dioxasolv lignin in 1,4-dioxane at 140 °C.18 A similar catalytic system involving the use 

of a metal triflate and a homogeneous Rh catalyst was employed for the 

depolymerization of dioxansolv lignins in a 1,4-dioxane/water solvent mixture at 

175 °C.19 Two-step approaches consisting of a mild pretreatment of woody biomass 

followed by catalytic depolymerization have also been reported.20,21 A suitable 

pretreatment method for the preparation of reactive lignin that preserves high ether 

linkages content is essential to these mild lignin depolymerization approaches.  

An alternative approach is to directly convert the lignin in its native form in the 

lignocellulosic biomass matrix.22,23,24,25 For instance, Kou et al. reported that lignin in 

birchwood can be selectively depolymerized to alkylmethoxyphenols in 46 wt% yield 

in a 1:1 (v/v) dioxane/water solvent mixture over carbon-supported noble metal (Pt, Ru, 

Pd and Rh) catalysts at 200 °C for 4 h.26 Li et al. reported the direct catalytic conversion
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of carbohydrate and lignin fragments from the whole woody biomass into diols and 

alkylmethoxyphenols in water over a carbon-supported Ni-W2C catalyst at 235 °C for 

4 h.27 Song et al. were able to convert about half of the lignin in birchwood into 

alkylmethoxyphenols in alcohols over a Ni/C catalyst.5 Ferrini, Rinaldi and others 

reported a catalytic upstream biorefining process that converts lignin from woody 

biomass into low molecular weight lignin oil and a carbohydrate-rich pulp over a Raney 

Ni catalyst in a mixture of H2O/2-propanol.23,28 The group of Abu-Omar used a 

bimetallic Zn/Pd/C catalyst to convert lignocellulosic biomass into two 

alkylmethoxyphenols and carbohydrate pulp residue in methanol. A yield of 52 wt% of 

lignin monomers was obtained from birch hardwood after 12 h reaction at 225 °C.24,29 

Sels and co-workers reported a lignin-first process that allows simultaneously 

delignification and reductive depolymerization in the presence of Ru/C or Pd/C in 

methanol under a H2 atmosphere at elevated temperature, resulting in a carbohydrate 

pulp and a lignin oil rich in alkylmethoxyphenols monomers in ~50 % yield.6,30 The 

addition of acids such as H3PO4 improved the overall efficiency of the process due to 

enhanced delignification.31 A similar catalytic lignocellulose fractionation process 

without the addition of external hydrogen or co-catalysts in 1:1 (v/v) ethanol/water 

solvent mixture was also reported recently.32 Related to these lignin-first or catalytic 

upstream biorefining processes, we have also demonstrated a tandem catalytic system 

that couples delignification and reductive depolymerization of wood lignin in one pot 

using methanol as solvent by a combination of Lewis acid metal triflates (e.g., Al(OTf)3) 

and Pd/C.33,34 An important function of the acidic co-catalyst is the efficient extraction 

of lignin from the biomass, which is a relatively slow step. Conventional Lewis acids 

such as AlCl3 and ZnCl2 were found to be less effective in deconstructing lignocellulose 

compared with metal triflates.33,34 Moreover, these conventional Lewis acids are 

moisture sensitive and tend to decompose in the presence of water generated in 

etherification and hydrogenolysis. Another drawback is that their recovery and reuse 

are difficult.  

In this work, we explore a range of Brønsted acid co-catalysts such as HCl, H2SO4, 

H3PO4 and CH3COOH as alternatives to the benchmark Al(OTf)3 catalyst. The main 

goal was to identify a suitable and cheaper acid co-catalysts that helps in the 

delignification of the biomass but leaves the (hemi)cellulose part as much as possible 

unconverted. The strategy of this work is to evaluate the performance of these acids 

as co-catalysts in the cleavage of model compounds relevant to carbohydrate-lignin 

interlinkages and lignin intralinkages. Finally, oak wood sawdust is used to verify the 

trends and establish the potential of these cheap acid co-catalysts to replace Al(OTf)3. 
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2.2 Experimental section 

Chemicals and materials 

Oakwood sawdust was obtained from Houtzagerij Menten. 5 wt% Pd/C, Al(OTf)3 (≥ 

99%), CH3COOH (≥ 99%) and H3PO4 (85 wt% in water) were purchased from Sigma 

Aldrich. HCl (37 wt% in water) was purchased from Merck Emsure. H2SO4 (95-97%, 

99.99% trace metals basis) was purchased from Merck Emsure. 4-n-propanolguaiacol 

(PG-OH) was purchased from TCI. 4-n-propylsyringol (PS-H) and 4-n-methoxy propyl 

syringol (PS-OCH3) were recovered from the reaction mixture, detailed procedure 

could be referred to our previous work.33 These phenolic compounds were used to 

determine the weight response factors relative to n-dodecane. Glyceryl trioleate 

(≥97.0%), phenyl β-D-glucopyranoside (≥97%) and benzyl phenyl ether were 

purchased from Sigma Aldrich. Guaiacylglycerol-β-guaiacyl ether (GGE, ≥97 %) was 

purchased from TCI. Extra-dry absolute methanol was purchased from Biosolve. All 

the other commercial chemicals are analytical grade and used without further 

purification. 

Feedstock pretreatment 

Oakwood sawdust was obtained in the sawdust form and sieved to obtain particle with 

sizes between 150 μm and 300 μm. The wood sawdust was subjected to Soxhlet 

extraction with water (~4 h) followed by ethanol (~4 h) to remove extractives. After 

extraction, the feedstock particles were dried at 105 °C overnight for catalytic reaction.  

Catalytic activity measurements 

In a typical reaction experiment, the autoclave was charged with a suspension of 2.0 

g feedstock, 100 mg Pd/C (5 wt% Pd loading), certain among of acid (e.g., 0.0316 

mmol Al(OTf)3) and 30 μL n-dodecane internal standard in 40 mL methanol. The 

reactor was sealed and purged with nitrogen and hydrogen several times sequentially. 

After leak testing, the pressure brought to 30 bar with hydrogen and the reaction 

mixture was heated to reaction temperature under continuous stirring at 500 rpm within 

0.5 h. A sampling valve was installed, which allows taking liquid samples during the 

reaction. About 0.4 mL solutions were taken out from autoclave during reaction and 

analyzed directly by GC-MS. After reaction, the heating oven was removed and the 

reactor was cooled to room temperature in an ice-water bath. After releasing the 

pressure, the autoclave was opened and the mixture was collected and combined with 

the solution obtained from washing the autoclave with methanol. The collected reaction 

mixture was filtered by using a filter crucible under vacuum. The carbohydrates and 

Pd/C solid residue were left in air to dry for two days to determine the amount of all 

solid residue. In some cases, the solid residue was further subjected to a two-stage 



Selective Production of Mono-aromatics from Lignocellulose over Pd/C Catalyst：
the Influence of Acid Co-catalysts 

31 

 

acid hydrolysis to determine the Klason lignin content following the protocol described 

earlier.33 

An autoclave with a volume of 12 mL was used for reactions with model compound. In 

a typical run, 25 mg (PG, GT and GGE) model compound, 10 mg Pd/C and 10 μL n-

dodecane internal standard were added to 5 mL methanol which contains certain 

among of acid (same concentrations as the corresponding woody biomass reactions 

described above). After sealing, purging and checking for leaks, the autoclave was 

heated to 160 °C and maintained at that temperature for 2 h. After reaction, an aliquot 

of ~1 mL was taken from the reaction mixture and directly analyzed by GC-MS without 

dilution following filtration with a 0.45 μm syringe filter.  

Product analysis and characterization 

The liquid phase products were analyzed by a Shimadzu 2000 GC-MS system 

equipped with a RTX–1701 column (60 m × 0.25 mm × 0.25 μm) and a flame ionization 

detector (FID) together with a mass spectrometer (MS) detector. For lignin monomers, 

the product peaks were identified using MS and by authentication with reference 

compounds. All the quantitative analyses of liquid-phase products were based on GC-

FID. Experimentally determined weight response factors (RF) were used for calculation 

relative to n-dodecane, which was the internal standard. For some of the commercially 

unavailable compounds (side-products obtained in small amounts), the RF of PS-

OCH3 was used for quantification. The yield of lignin monomers was calculated using 

the following equation: 

Yield of monomers (wt%) =
weight of monomers

weight of starting feedstock × Klason lignin weight percentage in oak wood
× 100%     (1)                                                                                         

For the model lignin compound reactions (PG, GT and GGE), the FID response factors 

were calculated using the Effective Carbon Number (ECN) method45 to determine the 

relative response factors corrected by the molecular weight of the compounds relative 

to n-dodecane, which served as the internal standard. 

Gel permeation chromatography (GPC) 

GPC analyses were performed using a Shimadzu apparatus equipped with two 

columns in series (Mixed-C and Mixed-D, polymer laboratories) and a UV-Vis detector 

at 254 nm. The column was calibrated with polystyrene standards. Analyses were 

carried out at 25 °C using THF as eluent at a flow rate of 1 mL/min. For the lignin 

residue analysis, the sample was prepared at a concentration of 2 mg/mL. All samples 

were filtered using 0.45 μm filter membrane prior to injection. 

 

2.3 Results and discussion 
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The catalytic process 

Metal triflates are effective in the extraction of lignin from the lignocellulosic matrix by 

cleaving phenyl glycoside, phenyl ether and ester lignin-carbohydrate 

intralinkages.31,32 These lignin fragments are then disassembled by Pd-catalyzed 

hydrogenolysis reactions involving molecular hydrogen. Metal triflates strongly 

promote the reductive fractionation of lignocellulose, thus shortening the time needed 

to obtain high lignin monomer yield.31,32 The metal triflates are also active in 

depolymerization of some of the ether bonds in these lignin fragments and they also 

modify the performance of the Pd/C catalyst used to depolymerize these fragments. In 

a typical experiment (2 g birch wood sawdust, 200 mg Pd/C, 15 mg aluminum triflate 

(Al(OTf)3), 40 mL methanol, 180 °C, 2 h, 30 bar H2), the yield of C9 lignin monomers 

was 45 wt%. The main products are 4-n-propylsyringol (PS-H), 4-n-propanolsyringol 

(PS-OH) and 4-n-methoxy propyl syringol (PS-OCH3) and their corresponding guaiacyl 

counterparts, namely PG-H, PG-OH and PG-OCH3. The formation of PS-OCH3 and 

PG-OCH3 is caused by the etherification of the propanol side-group with methanol 

catalyzed by the Al(TOf)3 Lewis acid catalyst. The lignin monomers distribution can be 

controlled by varying the ratio of Pd/C to Al(TOf)3. A higher Pd/Al ratio results in more 

PS/G-OH and PS/G-H and less PS/G-OCH3 products.34 

For the comparison of this optimized catalyst system to common Brønsted acid 

catalysts, we used hardwood oak sawdust (125-300 μm) as the starting material. The 

amount of Pd/C was reduced from 200 mg to 100 mg. The amount of acid was 

equivalent to the amount of Al(OTf)3 (0.0316 mmol, 15 mg). The effect of acid 

concentration was also investigated by increasing the amount of acid to 4, 16 and 32 

times the standard concentration. For the model compound studies, the same 

concentrations of acids were used.  

Influence of acid co-catalysts: model compound studies 

Selective cleavage of lignin-carbohydrate bonds and lignin-lignin ether bonds are 

essential for the one-pot reductive fraction process. Typical linkages between lignin 

and carbohydrates in woody biomass are phenyl glycoside, benzyl ether and -ester 

bonds.35 With the purpose of understanding the role of acid in the delignification of 

woody biomass, we selected phenyl glycoside (PG) and glyceryl trioleate (GT) as 

model compounds, representing phenyl glycosidic and -ester type linkages, 

respectively. The reactions were conducted at 160 °C for 2 h in a small autoclave of 12 

mL. When Pd/C was used without acid co-catalyst, the conversion of PG and GT were 

28% and 5%, respectively (Figure 1). Methanol is nearly inactive in converting PG.34 
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Figure 1 Reactions of (a) phenyl glycoside (PG) and (b) glyceryl trioleate (GT) in methanol over Pd/C 

and/or different acid co-catalysts at 160 °C for 2 h in 30 bar H2. 

The conversion of PG is mainly due to hydrogenation and hydrogenolysis reactions 

catalyzed by the Pd/C catalyst (Figure 1a). Hydrogenation of ester bonds typically 

requires high reaction temperature and hydrogen pressure.36 GT can be converted in 

methanol by trans-esterification catalyzed by the weak acidity of methanol under 

subcritical conditions.16 Transesterification can be significantly enhanced by an acid. 

The use of Al(OTf)3 is very effective in cleaving the phenyl glycosidic bond of PG. The 

overall product yield of phenol-derivatives is 75% after 2 h reaction at 160 °C. Al(OTf)3 

also shows a high activity towards ester bond cleavage in GT with a 80% yield of methyl 

octadecanoate, the product of ester bond cleavage product.  

The use of acids resulted in similar or higher conversion of PG (Figure 1). Increasing 

the HCl concentration led to higher conversion and suppressed aromatic ring 

hydrogenation. Nearly all PG was converted when H2SO4 was the co-catalyst. In this 

case, all the aromatic products were hydrogenated. H3PO4 is also very effective in 

catalyzing the cleavage of the phenol-glycoside bond in PG and it also suppresses 

strongly aromatic ring hydrogenation. Acetic acid was the least effective acid and 

phenol was the only product observed from the phenyl part of the reactant.  

The conversion of GT was less efficient with HCl and larger amounts were needed to 

obtain similar conversion as obtained for PG. H2SO4 was nearly as active as the metal 

triflate in cleaving the GT model reactant. H3PO4 and CH3COOH were much less active 

in cleaving the ester bond in GT. Overall, these data show that cleaving the phenyl 

glycosidic bond is more facile than cleaving the ester bond. The substantial difference 

(~70%) between PG and GT conversion observed for H3PO4 cannot be explained by 
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the small activity difference (~20%) observed when only the Pd/C catalyst was used. 

Accordingly, we conclude that strong acids such as HCl and H2SO4 are required to 

catalyze trans-esterification, while a weak acid (H3PO4) is sufficient to catalyze 

transetherification of the phenyl glycosidic bond. The use of CH3COOH as co-catalyst 

is not efficient. It appears that acetic acid suppresses cleavage of the bonds compared 

to the reference case. A tentative explanation could be that esterification between 

CH3COOH and methanol decreases the acidity. In line with this, we observed formation 

of methyl acetate by GC-FID. Based on these results, we conclude that HCl and H2SO4 

acids are potential co-catalysts for the lignin-first approach.  
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Figure 2 Reactions of guaiacylglycerol-β-guaiacyl ether (GGE) in methanol over Pd/C and/or different 

acid co-catalysts at 160 °C for 2 h in 30 bar H2.  

With the purpose of gaining insight in the performance of the acid co-catalyst in the 

depolymerization of lignin fragments, guaiacylglycerol-β-guaiacyl ether (GGE) was 

used as model substrate. GGE is the most suitable model for the most abundant (50-

65%) β-O-4 ether linkage in native lignin.14 For this reason and also because it is 

readily available, GGE is frequently used in mechanistic studies on lignin 

deconstruction.5,16,18,37-39 The reactions were performed under the same conditions as 

the previous model compound reactions (160 °C, 2 h). Without acid, Pd/C is already 

active in cleaving the β-O-4 ether linkage in GGE. The product of ether bond cleavage, 

guaiacol, is obtained in 40% yield (Figure 2). A combination of Pd/C and Al(OTf)3 

resulted in higher conversion (~60%) of the β-O-4 ether bond. Interestingly, at the 

lowest HCl concentration the yield (~20%) was lower than in the Pd-only case. 

Although higher HCl concentration slightly improved the GGE conversion, the overall 
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product yields remain lower than for Pd/C. In contrast, the use of H2SO4 is already 

effective in low concentrations. At higher concentration, the yield of GGE conversion 

products decreased. Similar trends were found when H3PO4 or CH3COOH were the 

co-catalyst (Figure 2). Notably, the combination of 4 or 16 equivalents of CH3COOH 

with Pd/C shows superior performance in cleaving the ether bond of GGE (~65%).  

In line with the results of PG conversion (Figure 1a), addition of acid promoted the 

hydrogenation activity of Pd/C. With Al(OTf)3, guaiacol selectivity was about 50%, the 

remainder being methylated and ring-saturated products such as 1, 2-

dimethoxycyclohexane and a small amount of methoxycyclohexane (Figure 2). The 

promoting effect on hydrogenation is stronger with H2SO4: nearly all of the guaiacol-

derived products are ring saturated. On the other hand, such promoting effect was not 

apparent with HCl, H3PO4 and CH3COOH as co-catalysts, different from the result 

obtained during PG conversion (Figure 1a). During PG conversion, the addition of HCl 

or H3PO4 yielded more ring-saturated phenol-derivatives (Figure 1a). The difference is 

the higher stability of the aromatic ring in guaiacol compared with phenol.40 Another 

explanation for the promoting effect of acid co-catalyst on aromatic ring hydrogenation 

by Pd/C is the removal of hydroxyl groups by their methylation catalyzed by acids. We 

have earlier shown that hydroxyl groups (e.g., as in propanol and sugars) suppress 

hydrogenation of aromatic rings.33 The hydroxyl-rich substrates hinder the 

hydrogenation activity of Pd/C, presumably by hindering specific adsorption models of 

the aromatic rings on the Pd surface that would lead to complete ring saturation.33 In 

the presence of an acid, the hydroxyl groups are readily converted into methoxy groups 

in the methanol solvent. This is also supported by the formation of substantial amounts 

of methylated cyclic products when PG and GG were converted with Pd/C and Al(OTf)3 

or H2SO4 as co-catalysts (Figure 1a and Figure 2). 

Based on these results, we conclude that combinations of Pd/C with H2SO4 or HCl are 

effective in cleaving two different types of lignin-carbohydrate (phenyl glycosidic and 

ester) as well as lignin-lignin (β-O-4 ether) linkages. The combination of Pd/C and weak 

H3PO4 acid is only active in cleaving phenyl glycosidic bond and β-O-4 ether bonds, 

but not in the cleavage of ester type of lignin-carbohydrate linkages. CH3COOH, the 

weakest among the tested acids, is not effective in cleaving any of the lignin-

carbohydrate linkages.  

Oak sawdust upgrading 

With these model compound experiment results in hand, we evaluated the 

performance of the acids as co-catalysts in upgrading of oak wood. In a typical 

experiment, 2.0 g of extracted oak wood sawdust, 100 mg 5 wt% Pd/C and different 
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equivalents of acid (1 equivalent = 0.0316 mmol) were added to a 100 mL autoclave 

together with 40 mL methanol (180 °C, 2 h, 30 bar H2). The acid concentration was the 

same as in the model compound experiments. An aliquot of the reaction mixture was 

analyzed by GC-MS and GC-FID to quantify the lignin monomers and methylated 

sugars. Some of the reaction mixtures were also analyzed by gel permeation 

chromatography (GPC). Table 1 summarizes the overall results of the tandem-

catalyzed reductive fractionation of oak sawdust using different acid co-catalyst at 

different conditions.  

Without a catalyst, the reaction mixture contains only 6 wt% C9 lignin monomers (entry 

1). A large amount (1655 mg) of solid biomass residue was obtained (83 wt% based 

on the mass of starting biomass). This solid residue was subjected to further analysis 

to determine the Klason lignin content. The results show that delignification is about 

35 wt%, suggesting that methanol is not effective in extracting lignin from woody 

biomass at 180 °C. The low monomer yield and high solid residue retention obtained 

in the blank experiment is caused by the low degree of delignification and lignin 

depolymerization. By adding the Pd/C catalyst, the lignin monomer yield increased to 

19 wt%, with PS-H, PS-OH and PG-OH as main products (Table 1 entry 2, Figure 3a). 

The improved yield is mainly due to the enhanced lignin depolymerization. Besides, 

the extent of delignification was also found to be slightly increased (57 wt%) compared 

with the blank reaction (entry 1, 35 wt%). This could be due to the fact that Pd/C is also 

effective in cleaving phenyl-glycosidic linkage. However, the delignification is limited 

by the poor accessibility of the solid biomass for the solid Pd/C catalyst. In the 

benchmark case using 1 equivalent of Al(TOf)3 as co-catalyst, the yield of lignin 

monomers increased substantially. A yield of 40 wt% C9 lignin monomer was obtained 

after 1 h reaction at 180 °C and the yield increased to 46 wt% after 2 h (entry 3). The 

delignification degree is 82 wt%. The C9 lignin monomers are mainly PS-H, PS-OH 

and PS-OCH3, and small amounts of PG-H, PG-OH and PG-OCH3 (Figure 3a). Apart 

from these mono-aromatics, an amount of 274 mg of methylated C5 sugars was 

formed. No cellulose-derived C6 sugars nor sugar degradation products observed. 

Sugar degradation was only observed when a higher amount of metal triflate was used 

consistent with our earlier work.34 For instance, some aliphatic ketones such as 2,5-

hexanedione and esters such as the methyl ester of levulinic acid were observed when 

3 equivalents of Al(OTf)3 was used in combination with 200 mg Pd/C for reductive 

fractionation of birch wood sawdust at 180 °C for 2 h.34 The incomplete mass balance 

is due to the presence of lignin dimers and oligomers, which were not identified. Their 

formation was confirmed by GPC analysis (vide infra). 
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Table 1 Influence of different acid co-catalysts on the tandem-catalyzed reductive fractionation of oak 

sawdust over Pd/C in methanol at 180 °C. 

Entry 

Acid co-catalyst 
Solid residue mass 

(mg)  

Lignin monomers 
yield 

 wt%  (mg) e 
Methyl  

C5 
sugars 
(mg)  

Total 
yield 
(wt%) 

Type 
Amount 
(mmol) 

pH a 
Amount 
(mg) b 

Delignif- 
ication  
(wt%) c 

0 h d 1 h 2 h 

1f - - 6.6 1655 35 1 5 
6 

(26) 
4 84 

2 - - 6.6 1619 57 4 14 
19 

(81) 
4 85 

3 Al(OTf)3 
0.0316 

(1x) 
3.4 1175 82 18 40 

46 
(206) 

274 83 

4 

HCl 

0.0316 
(1x) 

3.0 1546 N/A 4 11 
14 

(62) 
5 81 

5 
0.126 
(4x) 

2.2 1422 N/A 6 15 
18 

(78) 
20 76 

6 
0.506 
(16x) 

1.7 1211 N/A 12 21 
23 

(100) 
133 72 

7 
1.011 
(32x) 

1.4 1148 75 21 41 
44 

(194) 
249 80 

8 

H2SO4 

0.0316 
(1x) 

2.9 1562 N/A 4 9 
10 

(44) 
5 81 

9 
0.126 
(4x) 

2.2 1017 76 23 31 
35 

(153) 
257 71 

10 
0.506 
(16x) 

1.7 328 N/A 28 35 
40 

(176) 
46 28 

11 

H3PO4 

0.0316 
(1x) 

3.6 1761 N/A 1 6 
13 

(55) 
20 92 

12 
0.126 
(4x) 

3.1 1600 N/A 3 9 
13( 5

5) 
19 84 

13 
0.506 
(16x) 

2.8 1448 N/A 3 13 
17 

(75) 
30 78 

14 
1.011 
(32x) 

2.6 1358 69 5 14 
26 

(117) 
31 77 

15 

CH3CO
OH 

0.0316 
(1x) 

5.0 1598 N/A 4 10 
15 

(65) 
5 83 

16 
0.126 
(4x) 

4.1 1577 N/A 3 8 
10 

(41) 
6 81 

17 
0.506 
(16x) 

3.7 1639 N/A 1 5 
8 

(35) 
7 84 

18 
1.011 
(32x) 

3.5 1649 40 1 4 
6 

(26) 
3 84 

Note: a pH values were measured at room temperature using an electronic pH meter after replacing 20 

vol% of the acidic methanol solution with water. b Mass of the residue excluding Pd/C catalyst. c 

Delignification was determined by analyzing the Klason lignin content of solid residue assuming the 

Pd/C is homogenously mixed with biomass residue. d Heating time (30 min); e Lignin yield is based on 

acid-insoluble (Klason) lignin content (22.4 wt%) of the pre-extracted oak sawdust. f Fractionation of oak 

sawdust without Pd/C catalyst.  

 

The influence of other acid co-catalysts was evaluated under identical conditions. The 

use of low amounts of HCl did not improve the lignin monomer yield compared with the 

Pd/C-only case (entries 4-5). However, higher amounts improved the yields of lignin 

monomers and also increased the amount of methylated C5 sugars (entries 6-7). At 

the highest amount of HCl, the lignin monomer yield was 44 wt% (entry 7). The amount 
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of solid residue and the monomeric lignin product distribution (Figure 5a) are very 

similar to the results obtained with Al(TOf)3.  

No acid

Al(O
Tf)3

 (1
) 

HCl (3
2) 

H2SO4 (4
) 

H3PO4 (3
2) 

CH3COOH (3
2) 

0

50

100

150

200

100 1000 10000

Mw=642 g/mol

Mw= 713 g/mol

No acid

CH
3
COOH (32x)

H
3
PO

4
 (32x)

H
2
SO

4
 (4x)

HCl (32x)

Al(OTf)
3
 (1x)

 

Molecular weight (g/mol)

Mw=865 g/mol 

GG (320 g/mol) 

 

PG-OH (182 g/mol) 

Mw=693 g/mol

Mw=694 g/mol

Mw=699 g/mol

 

In
te

n
s
it
y
 (

a
.u

.)

 

 
 

 

 

In
te

n
s
it
y
 (

a
.u

.)

(b)

19 wt%

6 wt%

26 wt%

35 wt%

44 wt%

A
m

o
u
n
t 

o
f 

p
ro

d
u
c
t 

(m
g

)

 Others

 PS-OCH3

 PS-OH

 PS-H

 PG-OCH3

 PG-OH

 PG-H

46 wt%

 

 
 

 

 
 

 

 
 

 
 

 
 

 

 

(a)

Molecular weight (g/mol)

Mw=642 g/mol

Mw=694 g/mol 

Mw=713 g/mol 

Mw=693 g/mol 

Mw=699 g/mol 

   CH3COOH (32)

  H3PO4 (32)

  H2SO4 (4)

  HCl (32)

    Al(OTf)3(1) 

GGE

 

Figure 3 (a) Lignin monomeric product distributions and (b) GPC chromatograms of reaction mixtures 

obtained from reactions over Pd/C in combination with different acid co-catalysts at 180 °C for 2 h. 

Conditions: 2.0 g pre-extracted oak sawdust, 100 mg Pd/C, 30 bar H2, 40 mL methanol; 1 equiv.= 0.0316 

mmol of acid; the numbers on top of the bars in figure (a) are lignin monomer yields; GPC results of two 

reference compounds (GGE and PG-OH) are included.  

 

At the lowest concentration, H2SO4 hardly affected the conversion as with HCl (entry 

8). The lignin monomer yield increased drastically to 35 wt% when 4 equivalents of 

H2SO4 were used (entries 9-10). The lignin monomeric product distribution and the 

amount of residue (1017 mg) are very similar to the best result obtained with HCl (1148 

mg, 32 eqv., entry 7) and the Al(TOf)3 reference (1175 mg, entry 3). The delignification 

degree in this case is 76 wt%. Although increasing the dosage of H2SO4 acid resulted 

in a slightly higher yield of lignin monomers (40 wt%), much less solid residue was left, 

suggesting that a significant fraction of cellulose was converted. Moreover, darkening 

of the solution and the very low mass balance (28 wt%) point to humin formation from 

the released C6 sugars. These findings limit the use of high concentrations of H2SO4.  

The influence of H3PO4 was minor with lignin monomer yields below 20 w% (entries 

11-13). Moreover, it is seen that the solid carbohydrate residue is decreasing with 
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increasing H3PO4 content. The lignin monomer yields are even lower than the 

reference case without H3PO4 (19 wt%, entry 2). A maximum yield of 26 wt% lignin 

monomers was achieved after 2 h reaction at 180 °C at the highest H3PO4 

concentration (entry 14). The yield is slightly lower than the one reported in the 

literature.31 It was reported that addition of 2.5 g/L (equals to 27.8 equivalents) H3PO4 

in combination with Pd/C resulted in a lignin monomer yield of approximately 40 mol%, 

compared with the yield obtained from neutral methanol solvent (26 mol%) at 200 °C 

using pre-extracted poplar sawdust feedstock. This difference could be caused by the 

lower reaction temperature (180 °C vs. 200 °C), the different feedstock (oak vs. poplar 

sawdust) and the different calculation methods (wt% vs. mol%). Nevertheless, it can 

be said that addition of a proper amount of H3PO4 improves the overall efficiency of 

reductive fractionation process. Yet, compared with Al(TOf)3 and the other stronger 

Brønsted acids (HCl and H2SO4), the promoting effect of H3PO4 is less pronounced. 

Our model compound experiments show that the combination of H3PO4 with Pd/C is 

active in cleaving the phenyl glycosidic lignin-carbohydrate and β-O-4 ether types of 

lignin-lignin linkages, but less active in cleaving the ester type of lignin-carbohydrate 

linkages. We surmise that part of the lignin (linked by ester bonds) might not be 

effectively extracted from the biomass matrix. This is further confirmed by the relatively 

low degree of delignification (68 wt%), revealed by the compositional analysis of the 

solid residue obtained at the highest H3PO4 concentration. Furthermore, we observed 

that the lignin monomers are mostly non-etherified products such as PS-H, PS-OH and 

PG-OH (Figure 3a). Also, a small amount of methylated C5 sugars were formed. These 

results indicate that methylation/etherification is not occurring due to the low acidity of 

H3PO4 (entries 11-14). It is known that sugars and their derivatives (e.g., 5-HMF, 

furfural) can condense with each other and lignin-derived products under acidic 

conditions into humins.41,42 Methylation stabilizes sugars.43,44 In our earlier work, it was 

also confirmed that methylation of the lignin phenolic intermediates plays a key role in 

hindering repolymerization of lignin fragments and avoiding char formation.12 

Accordingly, we argue that the low rate of etherification might be another reason for 

the lower efficiency of H3PO4.  

With CH3COOH as co-catalyst, a lignin monomer yield of 15 wt% was obtained at the 

lowest concentration (entry 15), which is close to the yield obtained in the case of Pd/C 

catalyst. When the concentration was increased, the lignin monomer yield decreased 

significantly (entries 15-18). The lignin products were mostly non-etherified PS-OH, 

PS-H and PG-OH (Figure 5). The amount of solid residue was nearly unchanged, 

suggesting that the delignification could not be improved by increasing the amount of 

CH3COOH. Analysis of the Klason lignin content of the solid residue showed that 40 
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wt% lignin was released from woody biomass at the highest CH3COOH concentration. 

Based on the decreasing lignin monomer yield and unchanged solid residue yield, we 

infer that addition of CH3COOH negatively affects lignin conversion, consistent with the 

model compound results. The lack of delignification and etherification is likely the 

cause of the low lignin monomer yield.  

 

Figure 4 Formation of lignin monomers and proposed dimers and oligomers in the process of reductive 

fractionation of lignin from woody biomass (The proposed structure and relative abundances are based 

on the literature14, 22, 25). 

 

Based on the lignin monomer yields and the solid carbohydrate residue, lignin oil 

samples obtained from the following experiments were subjected to GPC analysis: no 

acid, Al(OTf)3 (1 eqv.), HCl (32 eqv.), H2SO4 (4 eqv.), H3PO4 (32 eqv.) and CH3COOH 

(32 eqv.). Figure 3b shows the results of GPC analysis. Surprisingly, all of the selected 

lignin oils gave very similar results. Three broad peaks were observed related to lignin 

monomers, dimers and oligomers. For all the acid-catalyzed lignin oil samples, the 

molecular weights (Mw) was between 642 g/mol (Al(OTf)3) and 713 g/mol (H2SO4 (4 

eqv.)), which are slightly lower than the molecular weight for the Pd/C-only case (865 

g/mol). This confirms that the addition of acid contributes to lignin depolymerization.34 

The dimers and oligomers are likely to be linked by strong C-C bonds. The possible 

formation of dimers and oligomers is shown in Figure 4. These C-C linkages either 

originate from the native structure (e.g., β-1, 5-5’) or they derive from the cleavage of 

some ether linkages (e.g., β-β’, β-5/cyclic α-O-4). The cleavage of C-C linkages 
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requires higher temperature. Accordingly, the fraction of ether linkages (typically 50-

65% β-O-4 ether linkage in hardwood) puts an upper limit to the lignin monomers yield. 

In brief, the most promising replacement of Al(OTf)3 is HCl, which is able to obtain a 44 

wt% yield of lignin monomers from oak wood sawdust in reductive fractionation using 

Pd/C at 180 ⁰C in 2 h. A drawback of the use of HCl is corrosion of process equipment, 

which will add to the overall cost of biomass upgrading. The alkylmethoxyphenols 

resulting from this approach can be used in the fragrance industry (e.g., 

dihydroeugenol) or upgraded to other valueable base chemicals such as (alkyl)phenols. 

One challenge in this lignin-first approach is that the metal catalyst ends up in the solid 

residue. A solution is to separate the delignification step and hydrogenolysis steps. The 

resulting carbohydrate solid residue is an ideal starting material for the paper industry 

and can also be used in the production of biobased chemicals such as ethanol, levulinic 

acid, and -valerolactone. 

 

2.4 Conclusions 

We explored Brønsted acids as alternatives to Al(OTf)3 co-catalysts in the tandem 

reductive delignification of biomass to aromatics using Pd/C as hydrogenolysis catalyst. 

The main role of the acid catalysts is to delignify lignocellulosic biomass, while Pd/C 

cleaves the ether bonds in the released lignin fragments. The solid residue in this 

process is a cellulose-rich fraction that also contains some hemicellulose and lignin. 

We systematically compared HCl, H2SO4, H3PO4 and CH3COOH as co-catalysts for 

the tandem reductive fractionation of woody biomass in methanol using Pd/C at 180 °C 

for 2 h. Model compound experiments (PG, GT and GGE) show that the combinations 

of Pd/C and strong Brønsted acids (H2SO4 and HCl) are suitable to cleave phenyl 

glycosidic and ester-type lignin-carbohydrate linkages as well as lignin-lignin (β-O-4 

ether) linkages. The combination of Pd/C and the weaker acid H3PO4 was only able to 

cleave phenyl glycosidic bonds and β-O-4 ether bonds but not ester type lignin-

carbohydrate linkages. CH3COOH is not effective in cleaving the model lignin-

carbohydrate linkages. These model compound results explain the better catalytic 

performance of Al(OTf)3, HCl and H2SO4 than of H3PO4 and CH3COOH in the 

upgrading of oak wood biomass. The poor performance of the latter two weak acids is 

due to their low activity in delignification. The most promising replacement of Al(OTf)3 

is HCl. Under optimum conditions, a 44 wt% yield of lignin monomers was obtained 

from oak wood sawdust, nearly similar to the result obtained with the metal triflate.   
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Chapter 3 

Catalytic Conversion of Lignin in Woody Biomass into Phenolic 

Monomers in Methanol/Water Mixtures without External Hydrogen  

Abstract 

The valorization of lignin in renewable 

lignocellulosic biomass is an important 

target in the transition to a more 

sustainable production of fuels and 

chemicals. We present here a 

modification of the lignin-first approach 

that does not hinge on the use of external 

hydrogen. Instead, we use 

methanol/water mixtures as a suitable 

solvent that can be partly reformed into hydrogen. We propose a one-step process in 

which in planta lignin (wood sawdust) is converted to phenolic monomers over a Pt-

based catalyst in an inert atmosphere. The role of the methanol/water mixture is not 

only to supply hydrogen but also to extract lignin fragments from the biomass matrix. 

Pt catalyzes methanol reforming to obtain hydrogen and the stabilization of reactive 

lignin intermediates by hydrogenation of reactive bonds. The latter aspect is crucial to 

avoid unfavorable condensation of fragments. Under optimized conditions, a yield of 

phenolic monomers of nearly 50% can be obtained from birch wood at a temperature 

of 230 °C in 3 h.  

 

 

 

 

 

 

 

 

 

This chapter is based on: X. Ouyang, X. Huang, J. Zhu, M. D. Boot, E. J. M. Hensen, Catalytic 

Conversion of Lignin in Woody Biomass into Phenolic Monomers in Methanol/Water Mixtures without 

External Hydrogen. ACS Sustainable Chem. Eng., 2019, 7, 13764-13773.  
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3.1 Introduction 

Nearly all fuels and bulk and specialty chemicals are currently produced from fossil 

resources.1 This practice cannot be sustained due to the negative impact on the 

environment of the use of non-renewable feedstocks with global warming as the 

greatest concern. Replacing petroleum feedstock by non-food lignocellulosic biomass 

is widely considered as a promising alternative for the production of chemical building 

blocks in a sustainable manner.2 The main components contained in lignocellulose are 

cellulose, hemicellulose and lignin. Cellulose and hemicellulose are polymers of 

carbohydrates, while lignin is made up from the phenylpropanoids p-hydroxyphenyl (H), 

guaiacyl (G), and syringyl (S) derived from the respective monolignols p-coumaryl 

alcohol, coniferyl alcohol, and sinapyl alcohol.3 Efficient fractionation of these three 

main components of lignocellulose is important when the aim is to obtain value-added 

products of the monomers contained in them.  

Whilst many processes have been developed to convert the carbohydrate fractions of 

woody biomass into useful intermediate chemicals,4 the upgrading of lignin is at a much 

more infant stage. It is however increasingly recognized that lignin is a very interesting 

source of sustainable aromatics.5 Moreover, biorefining concepts that traditionally 

focus on sugar upgrading can only be cost-competitive when as much as possible of 

the lignocellulosic biomass is valorized.6 Accordingly, many researchers have explored 

possibilities to convert lignin into aromatic monomers.7,8,9,10 An important corollary of 

these investigations so far is that technical lignins, which are obtained by first removing 

the cellulose part from woody biomass, are very unreactive. The main cause is that 

most of the reactive ether-type lignin intralinkages in the original woody biomass have 

been condensed into more recalcitrant carbon-carbon bonds.7 This explains the 

attractiveness of “in planta” fractionation of lignin as compared to the valorization of 

“ex planta” (technical) lignin. Selective removal of lignin fragments can be achieved 

under much milder conditions by reductive depolymerization of the original woody 

biomass than by upgrading of lignin.11 In the “in planta” approach, the ester and ether 

bonds between the lignin and hemicellulose can be cleaved by solvolysis, releasing 

lignin oligomers.12 These reactive lignin fragments can be stabilized and converted to 

more stable aromatic monomers by reductive depolymerization using metal catalysis 

and hydrogen.13 These lignin-first approaches typically yield about 50% aromatic 

monomers from the lignin fraction of woody biomass.14 Reductive lignin 

depolymerization comprises the extraction of lignin fragments from biomass followed 

depolymerization into phenolic monomers in a one-pot approach.11 A wide range of 

solvents has been evaluated with the aim to optimize the delignification step.15 As lignin 
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contains both non-polar and polar moieties, solvents with medium polarity such as 

methanol and ethanol are preferred for lignin extraction.16 The dissolved lignin 

fragments are converted to phenolic monomers through metal-catalyzed 

hydrogenolysis in the presence of hydrogen.17 For instance, a hydrogen pressure of 

30 bar was used to convert lignin in birch wood to a range of phenolic monomers using 

a Ru/C catalyst.18 Delignification and lignin depolymerization can also be performed in 

a two-stage fixed-bed reactor, which allows independent control of lignin extraction and 

hydrogenolysis, the kinetic studies of each step, and facile separation of the 

heterogeneous catalyst.19,20 Lignin in poplar wood was extracted by methanol in the 

first bed and converted into phenolic monomers (18% yield) using Ni/C in the presence 

of 6 MPa hydrogen.19 Hydrogen is currently mainly produced from the steam reforming 

of natural gas.21 In a more sustainable scenario, hydrogen should be obtained from 

alternative sources. The aqueous phase reforming of biomass-derived alcohols can 

provide a source of hydrogen.22 Another approach is to use hydrogen donor solvents 

that can later be rehydrogenated. In the context of lignin upgrading, Rinaldi and co-

workers described a catalytic hydrogen transfer strategy, in which the isopropanol 

solvent was converted to acetone and hydrogen in the presence of a Raney Ni catalyst. 

The obtained lignin oil is a complex mixture of aromatics and other low molecular 

weight products. The hydrogenation of acetone by-product to isopropanol is required 

to recycle the solvent.23 Samec and co-workers used a heterogeneous cobalt catalyst 

for lignin depolymerization and hydrogen transfer hydrogenolysis, using formic 

acid/formate as a hydrogen donor in a mixture of ethanol and water, producing 34% 

monophenolic compounds based on the initial lignin content.24 Moreover, 

hemicellulose released from birch wood was used as a hydrogen donor for 

hydrogenolysis of lignin and, in this way, a 37% yield of phenolic monomer was 

obtained in a continuous-flow system.25 Song et al. reported that pure methanol can 

be a source of hydrogen during depolymerization of lignin: high yields (54%) of 

propylguaiacol and propylsyringol were obtained using a Ni-based catalyst during the 

conversion of birch wood. An interesting phenomenon observed was that the lignin 

monomer yield dropped to 22% when water was added to the reaction.26 Besides in 

planta lignin conversion, a similar hydrogen-free strategy has also been used for 

valorization of technical lignin. Weckhuysen and co-workers reported a two-step 

method in which kraft, organosolv, and sugarcane bagasse lignins were dissolved in 

an ethanol/water mixture in first step followed by the liquid phase reforming of dissolved 

lignin to monoaromatics (17% yield) over a Pt/Al2O3 catalyst in a He atmosphere, which 

helped generate hydrogen in the second step.27 Inspired by previous work on lignin  
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depolymerization without external hydrogen, here we present an alternative catalytic 

approach that combines in planta lignin depolymerization with methanol reforming 

using a commercial Pt/γ-Al2O3 catalyst.23,24,26,27 A comparison is made in Table 1 to 

emphasize the results of this work. The use of Pt as a catalyst not only stabilizes lignin 

monomers, but also contributes to the hydrogen generation through the methanol 

reforming reaction (CH3OH + H2O→CO2 + 3H2). The use of methanol/water mixtures 

has several advantages over other hydrogen donor solvent strategies: the addition of 

water to pure organic solvent decreases the economic cost, unsaturated by-products 

such as acetone in isopropanol transfer hydrogenation are avoided, water enhances 

the hydrogen generation and also the extraction efficiency of lignin fragments from the 

lignocellulosic matrix. We found that the type of aromatic monomers can be controlled 

between 4-propenyl-syringol and 4-propyl-syringol by adjusting the methanol/water 

Table 1 Comparison of different approaches for reductive lignin depolymerization involving 

hydrogen donor solvents and methanol/water mixtures. 

 Ref 24 Ref 26 Ref 28 This work 

Feedstock Birch sawdust Birch sawdust Poplar sawdust Birch sawdust 

Catalyst  1 mol% Co on 

phenanthroline/ 

carbon 

10 wt% Ni/C 5 wt% Pd/C 1 wt% Pt/γ-Al2O3 

Monomer yield  

 

15 wt% 

 
11 wt% 

Others 

8 wt% 

 

48 wt% 

 

0.5 wt% 

Others 

5.4wt%  

 

35.5 wt% 

 

5.0 wt% 

Others  

2.9 wt% 

 

46.1 wt% 

 
0.3 wt% 

Others 

3.1 wt% 

Pressure a - 1 bar Ar 20 bar H2 30 bar N2 

Temperature  200 °C 200 °C 200 °C 230 °C 

Solvent 6 ml 

ethanol/water 

(1/1, v/v) 

Pure methanol 40 ml methanol/water 

(7/3, v/v) 

40 ml 

methanol/water 

(1/2, mol/mol )b 

H2 source Formic acid and 

sodium formate 

Methanol External H2 Methanol and 

water 

Influence of 

water addition 

Improving 

delignification 

Decreasing 

monomer yield 

Increasing solubilization  

lignin and hemicellulose 

Improving 

hydrogen 

generation and 

delignification 

Carbohydrate 

retention 

Glucans 58 wt%             

Xylans 4 wt% 

- Cellulose c >90 wt%             

Hemicellulose d >60 wt%              

Glucans 41 wt%           

Xylans ˂1 wt% 
a Pressure at room temperature; b methanol/water is 10/9 (v/v); c Cellulose fraction: glucose; d 

Hemicellulose fraction: xylose, arabinose, galactose, mannose. 
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ratio and the reaction temperature. Up to 49% of phenolic monomers with 82% 

selectivity to 4-propyl -syringol can be obtained from birch wood lignin under optimized 

conditions (methanol water mole ratio 1/2, 230 °C, 30 bar N2, 3 h).  

 

3.2 Experimental section 

Chemicals and materials 

Birchwood sawdust was obtained from Staatsbosbeheer in the Netherlands. 

Anhydrous methanol, H2SO4 (95–97%), ethyl acetate, tetrahydrofuran (THF), and 

dimethylsulfoxide (d6-DMSO) were purchased from Merck. n-Dodecane was 

purchased from Alfa Aesar. Guaiacylglycerol-β-guaiacyl ether and 4-n-propanol-

guaiacol were purchased from TCI. 1 wt% Pt/γ-Al2O3, 5 wt% Pt/C and 5 wt% Pd/C 

catalysts were purchased from Sigma Aldrich. The preparation of Mo2C/AC (AC = 

activated carbon), Cu/CeO2, and Cu/ZnO/Al2O3 catalysts are given in Appendix A. 

Feedstock pretreatment 

The birch wood sawdust was milled and sieved to a particle size of 125-300 µm and 

pre-treated to remove extractives with water (24 h) and ethanol (24 h) in a Soxhlet 

extractor. The pre-treated birch sawdust was dried at 105 °C overnight. A standard 

two-step hydrolysis procedure in sulfuric acid was used to determine the Klason lignin 

content in birchwood (see Appendix A).29  

Catalytic activity measurements 

In a typical reaction, 2.0 g of pre-treated birch sawdust (20.1 wt% Klason lignin), 500 

mg of 1 wt% Pt/γ-Al2O3 and 40 ml of solvent were loaded into a 100 mL Parr autoclave. 

The autoclave was sealed and flushed with nitrogen. After leak testing, the autoclave 

was pressurized to 30 bar with nitrogen at room temperature. The mixture was stirred 

at 500 rpm and heated to the reaction temperature at a rate of 10 °C/min. After reaction, 

the autoclave was cooled in ice water. For the model compound experiments, 50 mg 

of guaiacylglycerol-β-guaiacyl ether, 20 mL methanol/water solvent, 50 mg of Pt/γ-

Al2O3 was loaded in a Parr autoclave (100 mL). After sealing and leak check, the 

autoclave was heated to the reaction temperature for 3 h. After reaction, the monomers 

were extracted by ethyl acetate and analyzed by the procedures below. 

Products analysis and characterization 

The lignin products were separated from the solid residue by filtration. Methanol was 

removed from the filtrate by rotary evaporation. The lignin oil was extracted by 40 mL 

ethyl acetate and the sugar-derived products were kept in the water phase. To this end, 

30 µL n-dodecane was added as an external standard to the lignin ethyl acetate 

solution to determine the lignin monomer yield. The lignin monomers were analyzed 
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by a Shimadzu 2010 gas chromatography with mass spectrometry and flame ionization 

detection, equipped with a TRX-1701 column. The degree of delignification was 

determined by the weight of lignin oil after the evaporation of ethyl acetate.18 The 

delignification degree and lignin monomer yield were calculated as follows: 

Delignification degree (%)  =
weight of lignin oil

weight of sawdust × Klason lignin content
×  100%                          (1) 

Lignin monomer yield (%) =
weight of lignin monomers

weight of sawdust × Klason lignin content
×  100%                          (2) 

The lignin oil was dissolved in THF (2 mg mL-1) and d6-DMSO (100 mg mL-1) for gel 

permeation chromatography and 2D 1H-13C heteronuclear single quantum coherence 

(HSQC) NMR analysis. Gel permeation chromatography analysis was performed on a 

Shimadzu apparatus equipped with a Mixed-C and Mixed-D columns in series, and a 

UV-Vis detector operated at 254 nm. The molecular weight was determined at 25 °C 

using THF as the eluent at a flow rate of 1 mL min-1. 2D HSQC NMR spectra were 

recorded on a Bruker 400 MHz spectrometer. The spectral widths were 5000 Hz and 

20000 Hz for the 1H- and 13C-dimensions. A total of 16 scans with a 2 s relaxation 

delay and 256 time increments were used in the 13C-dimension. Data processing was 

performed by the MestReNova software. The gaseous products were collected by a 

gas sample cylinder and then analyzed by an Interscience Compact gas 

chromatograph equipped with Molsieve 5 Å and Porabond Q columns, connected to 

thermal conductivity detectors and an Al2O3/KCl column equipped with a flame 

ionization detector. 

 

3.3 Results and discussion 

We investigated the approach to use methanol/water mixtures in a nitrogen 

atmosphere of 30 bar by comparing different reaction temperatures, methanol/water 

ratios and catalysts. The optimization of the reaction temperature and solvent 

composition was carried out using a commercial Pt/γ-Al2O3 catalyst with a metal 

loading of 1 wt%. Such supported Pt catalysts are known to be active for aqueous 

phase reforming of alcohols, carbohydrates and also the valorization of organosolv 

lignin.27,30,31 Although γ-Al2O3 is not stable under hydrothermal conditions, it has been 

shown that the interaction with lignin fragments can slow down the conversion to 

boehmite.32 We studied the mechanism in more detail by using guaiacylglycerol-β-

guaiacyl ether as a model compound. Finally, we discuss the benefits of our approach 

and the implications for aromatics production from lignocellulosic biomass. 
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Influence of temperature 

Catalytic upgrading of birch wood was carried out in methanol/water mixtures under a 

nitrogen atmosphere using Pt/γ-Al2O3 as a catalyst. In our approach, the catalyst is 

involved in the depolymerization of lignin, the reforming of methanol to produce 

hydrogen and possibly in the extraction of lignin from the biomass matrix. Reductive 

lignin-first processes are typically performed in the 170-250 °C temperature range, 

depending on the heterogeneous catalyst, the addition of co-catalysts, the solvent, and 

the biomass resource.33 The aqueous reforming of light alcohols occurs at 150-

350 °C.34 

 

Figure 1 Influence of temperature on (a) monomer yield and delignification degree, and (b) H2 

generation in the birchwood lignin conversion. Reaction conditions: 2.0 g of pre-treated birch wood 

(Klason lignin content 20.1 wt%), 500 mg 1wt% Pt/γ-Al2O3, 40 mL of methanol/water mixture (mole ratio 

1), 30 bar of N2 at room temperature, 3 h.  

Figure 1a shows the delignification degree and lignin monomer yield in an equimole 

mixture of methanol and water after a reaction time of 3 h. The delignification degree 

becomes higher with increasing temperature. At 210 °C, about 84% of lignin is 

removed from birch wood sawdust and 98% of cellulose remains intact in the 

carbohydrate residue. Only 17% of hemicellulose was left, the ease of degradation 

being due to its amorphous structure, which allows for easy contact with the reagents. 

Analysis of sugar-derived products revealed that part of hemicellulose was converted 

to xylose (7.0 wt%), ethylene glycol (1.3 wt%), 1,2-propanediol (1.2 wt%), and 1,2-

butanediol (1.0 wt%) (see Appendix Table A1). Under the present conditions, we also 

expect the formation of humins due to the xylose oligomerization.35 The birch wood 

mass balance after reaction at 210 °C is 83% (see Appendix Table A2). The highest 
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delignification degree (99%) is observed at 230 °C. However, carbohydrate retention 

in the obtained solid residue decreases with increasing temperature (see Appendix 

Figure A1). The lignin monomers obtained in these experiments are mainly 4-propyl-

guaiacol, 4-propenyl-syringol and 4-propyl-syringol. While lignin monomer yield is only 

17% at 170 °C, it increases to 43% at 230 °C. The delignification degree at 250 °C is 

substantially lower than at the optimum temperature of 230 °C. The product distribution 

depends strongly on the reaction temperature. At low temperature, the main products 

were syringol-derived monomers, while the selectivity to guaiacol-derived monomers 

increases at higher temperature. The lignin part of birch wood, which is a hardwood, 

contains mainly syringyl (S) units and a relatively small amount of guaiacyl (G) units.33 

Thus, our results show that the extraction and depolymerization of S-type lignin 

fragments is easier than those of G-type lignin fragments. While 4-propenyl-syringol 

was the main product at 170°C, the double bond in the side-chain was increasingly 

hydrogenated with increasing temperature. Samec’s group also reported that the 

monomer selectivity in lignin conversion towards the unsaturated product (4-propenyl-

syringol) can be increased by using hemicellulose as the hydrogen donor using a Pd/C 

catalyst.36 At 230 °C, 4-propyl-syringol was the main product in the lignin oil. We 

attribute this to the higher partial pressure of hydrogen with increasing temperature, as 

a result of more extensive methanol reforming. To verify this hypothesis, we also 

analyzed the gas-phase products in these experiments (Figure 1b). The main 

components in the gas phase were hydrogen, carbon monoxide, and carbon dioxide. 

A small amount of hydrocarbons, mostly methane, was obtained as a by-product (see 

Appendix Figure A2 and A3). Figure 1b confirms that the hydrogen yield increases with 

temperature due to increased methanol reforming, thus providing a good explanation 

for the increased rate of double bond hydrogenation. Moreover, the product distribution 

of methanol reforming indicates that the rehydrogenation of solvent-derived by-product 

is not necessary compared with a previous hydrogen transfer strategy, which uses 

isopropanol to provide hydrogen and produces acetone as a by-product.23  

Influence of methanol/water ratio  

Figure 2 shows the influence of the methanol/water ratio on the lignin monomer yield, 

the delignification degree and the hydrogen yield at the optimized temperature of 

230 °C. When pure methanol was used as the solvent, the delignification degree was 

88%. By increasing the water content, the delignification degree increased to an 

optimum value of 99% at an equimole methanol/water ratio. Notably, the delignification 

degree in pure water was lower (86%). However, high water concentration also results 

in the removal of hemicellulose and partial removal of cellulose (see Appendix Figure 
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A1). Cellulose retention was 41 wt% and hemicellulose retention was lower than 1 wt% 

in an experiment with a methanol/water mole ratio of 1/2 at 230 °C.  

 

 

Figure 2 Influence of methanol/water ratio on (a) monomer yield and delignification degree, and (b) H2 

generation in the birchwood lignin conversion. Reaction conditions: 2.0 g of pre-treated birch wood 

(Klason lignin content 20.1 wt%), 500 mg 1wt% Pt/γ-Al2O3, 40 mL of solvent, 30 bar of N2 at room 

temperature, 230 °C, 3 h. 

The solvent composition also affects the lignin monomer yield and product distribution. 

In pure methanol, a monomer yield of only 19% was obtained. The yield significantly 

increased to 37% when the methanol/water mole ratio was 2. The addition of water to 

methanol (methanol water volume ratio 1/3) decreased the monomer yield in the 

birchwood lignin conversion using a Ni/C catalyst in an earlier report.26 We found that 

the optimum yield of 49% was obtained when the methanol/water ratio was 1/2. The 

increased lignin monomer yield is attributed to the higher hydrogen yield obtained 

when the methanol/water ratio is lower (Figure 2b). Hydrogen can effectively 

hydrogenate the reactive functional groups in dissolved lignin fragments through 

catalytic reduction, e.g., the hydrogenation of unsaturated side chains and the 

hydrodeoxygenation of ketones and aldehydes.7 This reduction essentially prevents 

undesirable lignin repolymerization and results in a high yield of stable phenolic 

monomers. The highest monomer yield (49 wt%) was obtained for a methanol/water 

mole ratio of 1/2 at 230 °C. Compared to lower temperatures, these reaction conditions 

resulted in relatively lower cellulose/hemicellulose retention and lower mass balance 

closure (73 wt%), presumably due to secondary reactions involving solubilized 

carbohydrates (see Appendix Table A3). In pure water, the lignin monomer yield 
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dropped to 6%, which is most likely due to a lack of hydrogen. The lignin monomer 

yield in pure water is lower than in an organic solvent-water mixture and strongly 

influenced by the use of different catalysts (Ru/C, Pd/C, Rh/C and Pt/C) even in the 

presence of external hydrogen .37 Gas product analysis (Figure 2b) also shows that 

hydrogen cannot be effectively obtained by reforming of carbohydrates released from 

the biomass matrix under these conditions in pure water. Furthermore, a control 

experiment was performed under identical conditions in the presence of Pt-base 

catalyst, but without birch wood. An amount of 14.7 mmol hydrogen is produced from 

the methanol-water mixture (mole ratio 1/2), which corresponds to 0.8 mol% of the 

starting methanol (see Appendix Table A4). This further confirms that hydrogen is 

mainly generated from Pt-catalyzed methanol reforming. An earlier study found that 

formic acid, which acts as the hydrogen donor, is released during the pulping process 

in birchwood lignin depolymerization in an ethanol/water mixture. It was also 

established that ethanol did not act as the hydrogen donor under the reaction 

conditions.38 Regarding the products obtained, unsaturated 4-propenyl-syringol is the 

main product in the absence of water. Due to the increased production of hydrogen, 

the selectivity shifts from 4-propenyl-syringol to 4-propyl-syringol when the water 

content is increased. The addition of water to methanol not only changes the lignin 

yield and monomer selectivity, but also decreases the operating cost of whole process. 

Thus, we conclude that the production of hydrogen by reforming of methanol has a 

positive effect on the reductive fractionation of lignocellulosic biomass into phenolic 

monomers. 

Influence of the catalyst 

We next investigated the role of the catalyst. Extraction of the lignin fragments involves 

the cleavage of lignin-carbohydrate interlinkages, which are typically comprised of 

phenyl glycoside, γ- ester, and benzyl ether bonds.39 Given that the substrate to be 

converted during extraction is a large polymer, accessibility of the reactive bonds is 

limited for heterogeneous catalysts. Nevertheless, it has been reported that a 

heterogeneous metal catalyst can promote the cleavage of ether bonds under mild 

reaction conditions.40 

Table 2 shows that the delignification degree without catalyst is comparable to the case 

where Pt/γ-Al2O3 is used as the catalyst. The high delignification degree is therefore 

mainly due to solvolysis of the indicated chemical bonds, which benefits from the 

relatively high reaction temperature of 230 °C. The slightly higher than expected 

delignification degree is due to the formation of a small amount of condensation 
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products of carbohydrate-derived compounds (humins) and other condensation 

products between carbohydrate-derived compounds and lignin fragments.41 

 

Table 2 Results of birch wood upgrading under various conditions. 

Entry Catalyst Gas Delignification (%) Monomer yield (%) H2 yield (mmol) 

1a Pt/γ-Al2O3 N2 94 49 3.1 

2 Pt/γ-Al2O3 H2 102 43 - 

3 - N2 95 1 0 

4b Pt/γ-Al2O3 N2 101 7 0.4 

Experimental conditions: 2.0 g of pre-treated birch wood (Klason lignin content 20.1 wt%), 40 

mL methanol/water (1/2 mol/mol), 230 °C, 3 h. a 500 mg of 1 wt% Pt/γ-Al2O3. b 250 mg of 1 wt% 

Pt/γ-Al2O3. 

 

After release into the solution, the dissolved lignin fragments are depolymerized to 

aromatic monomers through the cleavage of the dominant β-O-4 bonds. The chemical 

structure of the main components in the lignin oil was investigated by 2D HSQC NMR 

spectroscopy (Figure 3). A lignin oil obtained by delignification in methanol under mild 

conditions without a catalyst (see Appendix A) exhibits characteristic signals of β-O-4, 

α-O-4/β-5, and β-β bonds in the NMR spectra shown in Figure 3a. The characteristic 

cross-signals of the guaiacol (G) and syringol (S) units of the lignin oil can be clearly 

seen in the spectra (Figure 3e-h). Notably, we found the cross-signals of 

coniferyl/sinapyl alcohol (structure I) and oxidized syringyl unit (structure S’) in the 

lignin oil obtained under mild delignification conditions (Figure 3e). The use of Pt/γ-

Al2O3 as the catalyst in an inert nitrogen atmosphere results in the removal of all of 

these β-O-4 and α-O-4 bonds (Figure 3b) and also the unsaturated coniferyl/sinapyl 

alcohol and oxidized syringyl units (figure 3f). The use of external hydrogen (figure 3c, 

3g) shows similar results to those with nitrogen. It is interesting to note that the β-O-4 

bonds were also not observed without the Pt/γ-Al2O3 catalyst (Figure 3d). These 

findings indicate that the cleavage of β-O-4 bonds does not require a catalyst and 

mainly occurs via thermal solvolysis. Nevertheless, the lignin monomer yield in this 

approach is very low due to the condensation of reactive lignin groups. The 

disappearance of coniferyl/sinapyl alcohol and unsaturated syringyl units in figure 3d 

and figure 3h might be caused by the condensation of these reactive unsaturated 

groups.42,43 The delignification in alcohol/water mixtures as employed here draws 

similarities with organosolv processes, in which lignin is released from the native 

biomass structure due to solvolysis lignin-carbohydrate bonds and also the cleavage 

of β-O-4 bonds occurs. The mechanism of β-O-4 bond cleavage in organosolv pulping 

process has been studied in some detail.43 The formation of unstable lignin 
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intermediates, such as benzylic cations and unsaturated monomers, will result in 

condensation into less reactive lignin oligomers.44,45 

 

Figure 3 The aliphatic side-chain (top, a-d) and aromatic (bottom, e-h) regions of 1H-13C HSQC NMR 

spectra of the lignin oils obtained by treatment of sawdust of birch wood (a, e) under mild organosolv 

conditions (methanol, 30 bar N2, 170 °C, 2 h) and in the presence of (b, f) 30 bar N2 and Pt/ γ-Al2O3, (c, 

g) 30 bar H2 and Pt/ γ-Al2O3, and (d, h) 30 bar N2 without catalyst. 

 

The lignin monomer yields are shown in Table 2. Using Pt/γ-Al2O3 as the catalyst in a 

nitrogen atmosphere, up to 49% of lignin monomers can be obtained. This shows that 

condensation is suppressed by hydrogenation of the reactive groups formed upon 

solvolysis of the β-O-4 bonds. Analysis of the gaseous products showed that 3.1 mmol 

of hydrogen was formed. When external hydrogen gas was used, a slightly lower lignin 

monomer yield of 43% was obtained (Entry 2). A similar phenomenon was observed 

in the transfer hydogenolysis of lignin to monomers over Ni/C catalyst.26 A possible 

explanation is a more intense gas/liquid contact when hydrogen is generated close to 
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the sites where also hydrogenation of unstable lignin monomer takes place.26 Without 

a catalyst (entry 3), the lignin monomer yield was very low (1%), shows that the lignin 

monomers obtained by β-O-4 cleavage rapidly condense. When we decrease in entry 

4 the Pt/γ-Al2O3 loading to half of amount used in entry 2, we find a much lower 

hydrogen yield of 0.4 mmol and consequently also a decreased lignin monomer yield 

(7%). 

 

Figure 4 Gel permeation chromatograms of model compounds (a) 4-n-propanol-guaiacol, (b) 

guaiacylglycerol-β-guaiacyl ether, and of lignin oil obtained from birch wood in the presence of (c) 30 

bar N2 and Pt/ γ-Al2O3, (d) 30 bar H2 and Pt/ γ-Al2O3, and (e) 30 bar N2 without catalyst. 

The catalytic results in Table 2 and the 1H-13C HSQC NMR spectra in Figure 3 point to 

the critical role of the Pt/γ-Al2O3 catalyst for obtaining a high monomer yield in the 

current process. To further support this role, gel permeation chromatography (GPC) 

was applied to determine the molecular weight distribution of obtained lignin oils 

(Figure 4). Without a catalyst, the peak of monomers is not observed and the lignin oil 

is mainly composed of dimers and oligomers. This is in line with the low monomer yield 

(entry 3, Table 2). In the presence of Pt/γ-Al2O3 and hydrogen, a monomer feature 

appears in the chromatograms, indicative that the dimers and oligomers are converted 

into monomers. Using Pt/γ-Al2O3 in a nitrogen atmosphere, the molecular weight 

distribution of the lignin oil is very similar to the one obtained in a hydrogen atmosphere. 

This indicates that hydrogen generated by methanol reforming has a comparable effect 
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to applying an external hydrogen pressure with respect to reductive depolymerization 

of lignin fragments. 

We also evaluated whether the Pt-based catalyst can be replaced by other supported 

metal catalysts (Table 3). These catalysts were selected because of their high activity 

in hydrogenation or methanol reforming. The delignification degree was not influenced 

by the type of catalyst, which is in line with the results in Table 2 emphasizing that 

delignification is a solvolysis process. In the use of Pt/γ-Al2O3, the formation of 

boehmite was confirmed by XRD analysis of spent Pt/γ-Al2O3, which indicates the 

instability of Al2O3 support in methanol reforming conditions (see Appendix Figure A4). 

Carbon as a support is argued to be more stable than γ-Al2O3 in earlier study.32 

Therefore, we replaced Pt/γ-Al2O3 with Pt/C and achieved a nearly similar lignin 

monomer yield at complete delignification(entry 1). Pd/C has been successfully used 

in the hydrogenolysis of ether bonds of lignin.46 Entry 2 shows that Pd/C can yield up 

to 22% lignin monomers. The lower yield is likely due to a lower activity of the catalyst 

in methanol reforming, as evident from the lower hydrogen yield. Entry 3 shows that 

Cu/ZnO/Al2O3, which is a known catalyst for methanol synthesis, can form hydrogen 

from the solvent mixture in line with earlier reports.21 However, the lignin monomer 

yield for this catalyst was very low because of the relatively low hydrogenation activity 

of Cu. The result was similar for Cu/CeO2 (entry 4). Based on an earlier report that 

Mo2C/C is a suitable catalyst for Kraft depolymerization and methanol reforming,47,48 

we also evaluated this catalyst prepared by carbothermal reduction (see Appendix A). 

The relatively low lignin monomer yield is most likely due to the relatively low reaction 

temperature compared to literature in which harsh conditions (300-400 °C) were used 

to upgrade technical lignin. 

A model compound study 

The above results show the importance of the methanol/water solvent and a metal 

catalyst to our process. Lignin is extracted from the lignocellulosic matrix by solvolysis 

Table 3 Comparison of delignification degree, monomer and hydrogen yield during catalytic birch 

wood upgrading in methanol/water. 

Entry Metal catalyst Delignification degree 

(%) 

Monomer yield (%) H2 yield (mmol) 

1a Pt/C 103 45 2.4 

2b Pd/C 109 22 0.1 

3c Cu/ZnO/Al2O3 104 2 0.9 

4d Cu/CeO2 104 5 0 

5e Mo2C/AC 103 5 0.4 

Experimental conditions: 2.0 g birch sawdust, 40 mL methanol/water (1/2 mol/mol), 230 °C, 3 h; a  

5 wt% Pt/C, 100 mg; b 5 wt% Pd/C, 100 mg; c Cu, ZnO, and Al2O3 ratio is 4/4/2, catalyst loading is 

100 mg; d 100 mg of 5 wt% Cu/CeO2; e 100 mg of 18 wt% Mo2C/AC. 
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and depolymerized into unstable monomers in methanol/water through solvolysis. The 

use of Pt/γ-Al2O3 promotes methanol reforming reactions which provide hydrogen and 

also prevent undesired lignin fragment repolymerization, thereby increasing the 

monomer yield. To understand these aspects in more detail, we also performed a 

similar set of experiments by using a representative lignin dimer model compound, 

namely guaiacylglycerol-β-guaiacyl ether as the substrate. The main products are 

guaiacol, propylguaiacol, ethylguaiacol, and methylguaiacol and their yields are 

showed in Figure 5. In the use of Pt/γ-Al2O3 catalyst under 30 bar of nitrogen, the β-O-

4 bonds were efficiently cleaved and up to 77% of guaiacol was obtained (Figure 5). A 

small amount of methylguaiacol was detected due to the methylation of obtained 

guaiacol with methanol in the reaction. The formation of propyl- and ethylguaiacol can 

be taken as an indication that the mechanism of β-O-4 bond cleavage involves the 

acidolysis or the solvolysis. The acidolysis of the β-O-4 bond involves two pathways: 

one is the Hibbert ketone pathway that leads to the phenolic C3-ketones, the other one 

involves decarbonylation resulting in a C2-aldehyde.49 Pt/γ-Al2O3 promotes the 

hydrogenation of the unsaturated C3-ketone and C2-aldehyde to propyl- and ethyl-

guaiacol, respectively. The high yield of propyl guaiacol in the model experiment shows 

that the Hibbert ketone (C3) pathway might be the main route for β-O-4 bond cleavage. 

Another possible mechanism is that the coniferyl alcohols are formed as the main 

intermediates in the solvolysis process.25,42 These intermediates are hydrogenated to 

propanol/propyl guaiacol in the presence of Pt-based catalyst. The ethyl-substituted 

monomer is formed due to the cleavage of CH2OH group from the propanol guaiacol.50 

Solvolysis is likely the main reaction route for the cleavage of β-O-4 bonds due to the 

lack of acid in experiments. From the observation that the propyl/ethyl guaiacol and 

guaiacol ratio was lower than one, we infer that a small amount of monomers was 

polymerized to high molecular weight products, even in the presence of the catalyst. 

The use of external hydrogen leads to similar results, suggesting that some 

polymerization is inevitable. Without catalyst in a nitrogen atmosphere, the cleavage 

of the β-O-4 bond still occurs, resulting in a considerable yield of guaiacol as the only 

product. The disappearance of propyl- and ethylguaiacol is likely due to the 

polymerization involving the unsaturated monomers.9 
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Figure 5 Catalytic results of model compound conversion under different conditions. 

Proposed mechanism 

In the reductive lignin depolymerization, the roles of each step, namely, lignin 

extraction, depolymerization and monomer stabilization have already been well 

investigated for the case that external hydrogen gas is present.14 Our results clearly 

show that effective hydrogen generation for monomer stabilization is also important to 

obtain a high lignin monomer yield from birch sawdust in our approach. Lignin 

fragments are extracted from the lignocellulosic biomass matrix through solvolysis and 

these fragments are further converted into phenolic monomers. Acidolysis/solvolysis 

underlies the removal of lignin fragments from the biomass matrix as well as its 

depolymerization, primarily resulting in unsaturated monomers. Without catalyst, these 

reactive intermediates condense into high molecular weight products, explaining the 

low monomer yield in the absence of a hydrogenation function. The use of a Pt-based 

catalyst is crucial to obtain a high lignin monomer yield. A methanol/water solvent can 

be used to provide hydrogen through methanol reforming. The Pt-based catalyst also 

promotes hydrogenation reactions of the unsaturated side chains to stabilize the 

reactive intermediates, contributing to a high lignin monomer yield. 

 

3.4 Conclusions 
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We have developed an alternative strategy for the reductive depolymerization of in 

planta lignin into phenolic monomers using a Pt-based catalyst with methanol/water as 

a safe and effective hydrogen source. In this study, the influence of temperature and 

methanol/water ratio is investigated. Nearly complete delignification (94%) and a high 

yield of aromatic monomers (49%) can be obtained from birch sawdust under 

optimized conditions (230 °C, 30 bar N2, 3 h, methanol/water mole ratio 1/2). The 

product selectivity can be tuned between 4-propenyl-syringol and 4-propyl-syringol by 

changing the hydrogenation formation rate through methanol reforming. Model 

compound experiments and HSQC NMR analysis of lignin oil reveal that the solvolytic 

cleavage of dominant β-O-4 bond and the importance of monomer stabilization in the 

present process. Lignin is extracted from the lignocellulosic matrix and depolymerized 

to an unstable intermediate through β-O-4 bond cleavage. The Pt-based catalyst 

essentially catalyzes the methanol reforming for hydrogen generation and also the 

reductive stabilization of unstable lignin intermediates. The latter aspect is important to 

prevent unfavorable lignin condensation. Overall, this approach provides an effective 

strategy for the lignin catalytic conversion without using external hydrogen. 
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Appendix A 

A.1 Additional experiments 

A1.1 Catalyst preparation 

Chemicals 

Cu(NO3)2·3H2O (99%), Zn(NO3)2·6H2O (98%), Al(NO3)3·9H2O (≥98%), Na2CO3 

(≥99.5%), ceria support and activated carbon (NORIT RX3)  is purchased from Sigma 

Aldrich. (NH4)6Mo7O24·4H2O (99%) is purchased from Alfa Aesar. All commercial 

chemicals are analytical reagents and are used without further purification. 

Catalyst preparation 

The Cu/ZnO/Al2O3 catalyst is prepared by the coprecipitation process. The 

compositions of precursor solutions are 0.6 M Cu(NO3)2, 0.3 M Zn(NO3)2 and 0.1 M 

Al(NO3)3. The concentration of precipitant solution was 1 M Na2CO3. Precursor solution 

(40 mL) was slowly dropped into 200 mL water. During the precipitation, the pH was 

controlled at 7 by adding precipitation solution. The slurry was aged at 70 °C for 150 

min and washed with water until the solution pH was neutral. The obtained catalyst 

was dried at 80 °C overnight and calcined at 300 °C for 3 h with a ramping rate of 2 °C 

/min. 

The Cu/CeO2 catalyst is prepared by the wetness impregnation process. The 

calculated amount of copper nitrate was dissolved in 20 mL water. Commercial ceria 

support was added to the solution. The slurry was stirred at 80 °C. After water 

evaporation, the catalyst was dried at 110 °C overnight. The dried catalyst was calcined 

at 500 °C for 2 h with a ramping rate of 5 °C/min. 

Mo2C/AC catalyst is prepared by the carbothermal reduction process. 

(NH4)6Mo7O24·4H2O (1.5 g) and activated carbon (4.0 g) were added to 80 mL water. 

The water was removed by rotary evaporation. The obtained catalyst was dried at 

110 °C overnight and then carburized in 100 mL/min H2 at 800 °C for 1h with a ramping 

rate of 1°C/min. After carburization, the Mo2C/AC catalyst was passivated in 2.5% 

O2/He (200 ml/min) at room temperature for 0.5 h. 

 

A.1.2 Determination of Klason lignin content in birchwood 

The procedure for the determination of Klason lignin content 

Klason lignin content in birchwood is determined by the two-step H2SO4 hydrolysis 

procedure. Typically, 300 mg of the birch sawdust and 3 mL of 72% H2SO4 were loaded 

in a pressure tube. The tube was placed in a water bath at 30 °C and incubated for 60 

minutes. During the first hydrolysis, the sample was stirred by a rod every 5 minutes 
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without removing the sample from water bath. After the first step, the acid concentration 

was diluted to 4% by adding 84 mL of water to the pressure tube. After screwing the 

Teflon cap, the tube was placed in an oil bath set at 121 °C for 1 h to complete the 

second hydrolysis.  

After the two-step hydrolysis, the solid was collected by filtration and dried at 105 °C 

for 4 h in an oven. The weight of dried solid was recorded. The dried solid was placed 

in a calcination oven (575 °C) for 3 h to determine the ash content.  

The Klason lignin content in birchwood is calculated as follows: 

Klason lignin content (%) =
weight of dried solid after hydrolysis − weight of ash

weight of birch wood sample
×  100%                     (3) 

 

A.1.3 Determination of carbohydrate retention in the obtained solid residue 

The procedure for the determination of carbohydrate retention in the solid 

residue 

Carbohydrate retention in the solid residue is determined by the two-step H2SO4 

hydrolysis procedure, which is described in section A.1.2. 

After the two-step hydrolysis, the solid was collected by filtration and dried at 105 °C 

in an oven for 4 hours. The weight of dried solid was recorded. The dried solid is placed 

in a calcination oven set at 575 °C to determine the content of ash and spent catalyst.  

The hydrolysis solution is neutralized to pH 5-6 using CaCO3 and analyzed by a HPLC 

system. The conditions of HPLC analysis as follows: Column: Rezex TM RPM-

Monosaccharide Pb+2 (8%) (300 x 7.8 mm, Phenomenex Inc.); oven temperature: 

80 °C; injection volume: 10 µL; flow rate: 0.6 mL/min; detector: evaporative light 

scattering detector; mobile phase: HPLC grade water; run time: 25 mins. 

Carbohydrate retention is calculated as follows: 

The weight of carbohydrate pulp (mg) = the weight of solid residue (mg) −

 the weight of catalyst and ash (mg)                                                         (4) 

The glucans retention(%)  =
glucose (%) in the carbohydrate pulp×weight of carbohydrate pulp

glucose (%) in the birchwood × weight of initial birch wood
× 100%          (5)                                          

The xylans retention (%) =
xylose (%) in the carbohydrate pulp × weight of carbohydrate pulp

xylose (%) in the birchwood × weight of initial birch wood
× 100%           (6)                             

 

A.1.4 Analysis of aquesous phase products 

Chemicals 

D-(+)-xylose (≥99%), methyl xyloside ((≥99%), xylitol (≥99%), furfural (99%), furfuryl 

alcohol (98%), n-butanol (99.8%) 1,4-butanediol (99%) were bought from Sigma-

Aldrich. Ethylene glycol (99%), glycerol (≥99%), 1,2-propanediol (98%), 1,3-
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propanediol (98%), 1,2-butanediol (98%), 1,5-pentanediol (96%) were bought from 

Alfa Aesar. 1-pentanol (99%) was bought from Acros Organics. All commercial 

chemicals are used as chromatography standards without further purification. 

Determination of yields of xylan-derived products in aqueous phase  

In a reaction, 500 mg of 1 wt% Pt/γ-Al2O3 and 2.0 g of birch wood were added to 40 

mL of methanol/water mixture (mole ratio 1) in a Parr autoclave. The reactor was 

sealed and purged with nitrogen three times. After leaking test, the pressure was 

increased to 30 bar with nitrogen and the reaction mixture was heated to 210 °C under 

stirring at 500 rpm. After 3 h, the reactor was cooled to room temperature. Liquid phase 

was collected by filtration and methanol/water solvent was removed to obtain the oil 

via rotary evaporation. Ethyl acetate and water were added to the obtained oil to 

separate lignin-derived products and sugar-derived products. Lignin products were 

dissolved in ethyl acetate phase and sugar-derived products were kept in water phase. 

Water phase products were injected to HPLC and GC to analysis the xylan-derived 

monomers. HPLC analysis conditions are similar to the above-described conditions 

except for the run time (50 mins). An equal volume of ethanol was added to dilute the 

sample before the analysis using an Interscience Focus GC-FID equipped with a 

Stabilwax-DA column (30 m × 0.53 mm I.D., df =1.00 μm).  

The yield is calculated as follows:  

Yield (wt%)  =  
 weight of product (mg)

 weight of xylan in initial birchwood (mg)
×  100%                                      (7) 

Commercial compounds are used as standard compounds to determine the products 

and yields. Results are shown in Appendix Table A1. 

 

A.1.5 Hydrogen generation from methanol water mixture 

We determined the methanol consumption based on the yield of gaseous products 

under the optimized conditions without birch wood. The gaseous products were 

collected by a gas cylinder and analyzed by an Interscience Compact GC system, 

equipped with a Molsieve 5 Å and Porabond Q column each with a thermal conductivity 

detector, and an Al2O3/KCl column with a flame ionization detector.  

The moles of carbon in the gaseous products were used to calculate the methanol 

consumption.  

Methanol consumption (%)  =
moles of carbon in the gaseous products

 initial moles of methanol
×  100%                           (8) 

The yields of gaseous products are shown in Appendix Table A4.  

The mole of carbon in the gaseous products is 3.91 mmol and the mole of initial 

methanol is 0.52 mol (21 mL methanol). The methanol consumption is 0.8 %. The 
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excessive consumption of methanol is avoided in the presented method. 

 

A.1.6 Birchwood delignification in mild conditions 

The procedure for the extraction of birch wood lignin in mild condition 

To confirm the existence of β-O-4 linkages in the birchwood lignin, a mild organosolv 

condition is used to extract lignin from the lignocellulosic matrix. Pre-treated birch 

sawdust (2.0 g, 20.1 wt% Klason lignin) and methanol (40 mL) were loaded into a 100 

ml Parr autoclave. The autoclave was sealed and flushed with nitrogen. After leak 

testing, the autoclave was pressurized to 30 bar with nitrogen at room temperature. 

The mixture was stirred at 500 rpm and heated to 170 °C with a heating rate of 

10 °C/min. After reaction, the autoclave was cooled down in ice water. Separation of 

lignin oil and sugar-derived products is described in A.1.4. The obtained lignin oil was 

dissolved in d6-DMSO and analyzed by 2D 1H-13C heteronuclear single quantum 

coherence NMR. 

 

A.1.7 XRD analysis of fresh and spent catalyst 

The formation of boehmite in the methanol steam reforming process. 

Pt/γ-Al2O3 (500 mg) was added to methanol/water (40 mL, mole ratio 1/2) mixture. The 

reactor was pressurized to 30 bar N2 and heated up to 230 °C for 3 h. After reaction, 

the spent catalyst was separated by centrifugation and dried in a vacuum oven at 40 °C 

overnight. The XRD pattern of spent catalyst shows the formation of boehmite in the 

hydrogen generation process. 
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A.2 Additional results 
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Figure A1 The glucans and xylans retention in the carbohydrate residue after the depolymerization 

process at different conditions. (a) 500 mg 1wt% Pt/γ-Al2O3, 40 mL of methanol/water mixture (mole 

ratio 1), 30 bar of N2 at room temperature, 3 h; (b) 500 mg 1wt% Pt/γ-Al2O3, 40 mL of methanol/water 

mixture, 30 bar of N2 at room temperature, 230 °C, 3 h. 
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Figure A2 The influence of temperature on hydrocarbon yield in the birchwood lignin conversion. 

Reaction conditions: 2.0 g of pre-treated birch wood (Klason lignin content 20.1 wt%), 500 mg 1wt% 

Pt/γ-Al2O3, 40 mL of methanol/water mixture (mole ratio 1), 30 bar of N2 at room temperature, 3 h.  

 

Figure A3 The influence of solvent ratio (mol/mol) on hydrocarbon yield in the birchwood lignin 

conversion. Reaction conditions: 2.0 g of pre-treated birch wood (Klason lignin content 20.1 wt%), 500 

mg 1wt% Pt/γ-Al2O3, 40 mL of solvent, 30 bar of N2 at room temperature, 230 °C, 3 h. 
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Figure A4 XRD patterns of fresh and spent Pt/γ-Al2O3. 
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Table A1 Xylan-derived products in 

aqueous phase and their yields. 

Compound Yield (wt%) 

Xylose 7.0 

Methyl xyloside - 

Xylitol - 

Furfural - 

Furfuryl alcohol - 

Ethylene glycol 1.3 

Glycerol - 

1,2-propanediol 1.2 

1,3-propanediol - 

n-butanol - 

1,2-butanediol 1.0 

1,4-butanediol - 

1-pentanol - 

1,5-pentanediol - 

 

Table A2 Birch wood mass balance before and after lignin depolymerization process.a 

  After reaction b 

 Birch wood 

(wt%) 

Carbohydrate 

residue(wt%) 

Ethyl-acetate-

phase products 

(wt%) 

Water-phase 

products 

(wt%)c 

Xylans 21 3.6 - 19 

 Glucans 40 39 - 

Lignin 22 3.5 18 - 

Ash ˂0.1 - - - 

Unknownd  12 - - - 

Sum 95 83.1 
a Lignin depolymerization conditions: 2.0 g birch wood, 500 mg 1wt% Pt/γ-Al2O3, 40 mL of 

methanol/water mixture (mole ratio 1), 30 bar of N2 at room temperature, 210 °C, 3 h. b The lignin 

products were separated from the carbohydrate residue by filtration. Methanol was removed from 

the filtrate by rotary evaporation. The lignin oil was extracted by 40 mL ethyl acetate. The sugar-

derived products were kept in the water phase. c Water phase products can be from xylans and 

glucans. d Unknown is moisture content. 

 

Table A3 Birch wood mass balance after lignin depolymerization at optimized conditions.a 

  After reaction b 

 Birch wood (wt%) Carbohydrate 

residue (wt%) 

Ethyl-acetate-phase 

products (wt%) 

Water-phase 

products (wt%)c 

Xylans 21 0.6 - 32.5 

Glucans 40 16.4 - 

Lignin 22 2.6 20.5 - 

Ash ˂0.1 - - - 

Unknown d 12 - - - 

Sum 95 72.6 
a Lignin depolymerization conditions: 2.0 g birch wood, 500 mg 1wt% Pt/γ-Al2O3, 40 mL of 

methanol/water mixture (mole ratio 1/2), 30 bar of N2 at room temperature, 230 °C, 3 h. b The lignin 

products were separated from the carbohydrate residue by filtration. Methanol was removed from 

the filtrate by rotary evaporation. The lignin oil was extracted by 40 mL ethyl acetate. The sugar-

derived products were kept in the water phase. c Water phase products can be from xylans and 

glucans. d Unknown is moisture content. 
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Table A4 The yield of gaseous products in methanol reforming without birch wood. 

Gas CH4 C2H6 C2H4 C3H8 C3H6 CO2 H2 CO 

Yield (mmol) 0.13 0 0 0 0 3.78 14.67 0 
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Chapter 4 

Coupling Organosolv Fractionation and Reductive Depolymerization 

of Woody Biomass in a Two-step Catalytic Process 

Abstract 

A two-step catalytic process for 

woody biomass fractionation and 

valorization is presented. Both lignin 

and carbohydrate are converted to 

useful chemicals. Oak sawdust is 

effectively delignified in methanol 

using different homogeneous acids 

(sulphuric acid, aluminium triflate, p-methylbenzenesulfonic acid, hydrochloride acid 

and phosphoric acid) in the first step, resulting in a lignin oil and cellulose pulp. In the 

second step, the lignin oil is upgraded to phenolic monomers in methanol in H2 

atmosphere by a Pd/C catalyst. The degree of delignification correlates inversely with 

the aromatics monomer yield. Characterization of the lignin oil by gel permeation 

chromatography and heteronuclear single quantum coherence NMR revealed that the 

cleavage of β-O-4 bonds during acidolysis is accompanied by repolymerization of lignin 

fragments. A model compound study shows that species containing unsaturated 

aldehyde groups are prone to form high molecular-weight products due to 

repolymerization. The use of Pd/C in combination with H2SO4 or aluminium triflate did 

not lead to noticeable leaching, whereas severe leaching and Pd particle size growth 

occurred when HCl and p-TsOH were used as acid catalysts. H3PO4 is the suitable 

acid catalyst for the present process since the lignin repolymerization is minimized in 

the first step(160 °C, 2 h, atmosphere N2 pressure). Up to 25.0 wt% yield of mainly 4-

n-propyl syringol/guaiacol and their derivatives were obtained over Pd/C catalyst in the 

second step (180 °C, 2 h, 30 bar H2). Pd/C shows a good recyclability, where no 

significant change of catalytic activity and selectivity is observed after four runs. The 

cellulose pulp could be easily separated and showed enhanced susceptibility to 

enzymatic hydrolysis, resulting in glucose yields as a high as 66 wt %. 

 

This chapter is based on: X. Ouyang, X. Huang, B. M. S. Hendriks, M. D. Boot, E. J. M. Hensen, 

Coupling Organosolv Fractionation and Reductive Depolymerization of Woody Biomass in a Two-step 

Catalytic Process. Green Chem., 2018, 20, 2308-2319. 
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4.1 Introduction 

Lignocellulose is an abundant renewable resource with the potential of becoming a 

sustainable feedstock for the manufacture of chemicals and fuels.1 For this purpose, it 

is necessary to use physical, chemical or biological processes to break down the 

strongly interlinked lignocellulose structure in the plant cell walls that is made up from 

cellulose, hemicellulose and lignin in order to selectively convert the various 

components.2 In an optimized bio-refinery, the various fractions can then be converted 

to valuable products. For example, the cellulose and hemicellulose fractions can be 

converted into glucose and other sugars, which are intermediates for the production of 

platform chemicals such as 5-hydroxymethylfurfural, furfural, furfuryl alcohol, and 

levulinic acid.3 Another approach is to ferment glucose and other sugars into ethanol, 

which can serve as a fuel or as a base chemical. Lignin can in principle be used to 

produce phenols, aromatics and other chemical intermediates.4 The upgrading of lignin 

is less established than upgrading of (hemi)cellulose, mainly because of its structural 

complexity, heterogeneity and low reactivity.5 

There already exists a wide variety of processes to isolate lignin from lignocellulose for 

different purposes. In the pulp and paper industry, lignin is a by-product from cellulose 

fibre production by sulphite, Kraft or soda pulping.6 This lignin by-product is mostly 

burnt to recover the energy content. Current biorefinery setups aim to maximize the 

yield of polysaccharides and usually treat lignin as a low-value by-product.7 

Nevertheless, in recent years it has been realized that valorization of the lignin fraction 

is important to increase the overall economics of a biorefinery.8 A wide range of pre-

treatment methods has been developed such as steam explosion and organosolv 

processing.9,10,11 Organosolv pulping is one of the more promising methods and has 

already been demonstrated at the pilot scale. Typical organosolv processes are 

performed in a mixture of water and an organic solvent, usually alcohols, at a 

temperature below 200 °C. Acids such as sulfuric acid, hydrochloric acid formic acid 

and acetic acid can be used as catalysts to improve the process efficiency. Lignin from 

organosolv pulping is mainly recovered as a solid product by addition of acidified water. 

This type of lignin has a high purity and low ash content and has accordingly been the 

object of catalytic conversion studies that target fuels and chemicals.12,13 Typical 

monomer yields are low because during lignin extraction and downstream recovery 

steps, undesired condensation reactions take place. These reactions lead to 

recalcitrant C-C bonds, rendering the resulting lignin unreactive towards mild 

depolymerization.  

Recently, a strategy towards lignocellulose upgrading has been advocated that aims 
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to convert the native lignin in the biomass directly upon release from the lignocellulosic 

matrix into monomers. Various terms have been used for this approach such as “lignin-

first process” (LFP), “reductive catalytic fractionation” (RCF) and “early-stage catalytic 

conversion of lignin” (ECCL).14,15 Lignin extraction and catalytic depolymerization of 

lignin fractions can be done in one pot. For instance, Xu and co-workers demonstrated 

that the lignin in birchwood can be converted to phenolic monomers using a Ni-based 

catalyst in a combined fragmentation-hydrogenolysis process.16 Sels and co-workers 

reported the reductive conversion of birch sawdust into phenolic monomers over a 

Ru/C catalyst in methanol through simultaneous solvolysis and hydrogenolysis.17 

Moreover, the effect of solvents, acid/base additives and different redox catalysts are 

further investigated to improve the lignin monomer yield and carbohydrate retention in 

LFP.18,19,20 We have demonstrated that metal triflates can effectively catalyze the 

release of lignin fragments from the biomass matrix during reductive fractionation.21 In 

this approach, the dissolved lignin fragments are rapidly depolymerized to phenolic 

monomers by Pd/C-catalyzed hydrogenolysis.22 Mineral acids can replace these metal 

triflates, decreasing the process costs.23   

Despite the promise of these reductive fraction processes, there are also some 

drawbacks. The recovery of heterogeneous catalysts remains a challenge, because it 

is mixed with the cellulose pulp residue. Several strategies have been proposed to 

separate the catalyst from cellulose residue. One approach is to use magnetic 

separation, which can be achieved for instance with Ni catalysts.16,24 An alternative is 

to avoid the direct contact between the heterogeneous catalysts and the solid 

feedstock. For instance, reductive lignocellulose fractionation and lignin 

hydrogenolysis can be separated in two beds in a continuous flow process. Lignin is 

extracted in the first bed and converted to monomers by the catalyst (e.g., Pd/C or Ni/C 

mixed with SiO2) in the second bed.25,26 A third approach is to separate the two reaction 

steps, delignification and lignin depolymerization in two batch processes. Luterbacher 

and co-workers reported a two-step method involving the HCl-catalyzed extraction of 

lignin in the presence of formaldehyde, thereby suppressing repolymerization. The 

extracted lignin oil was then converted to monomers by a Ru/C catalyst.27  

The two-step process shows good potential for lignocellulose fractionation and lignin 

valorization. The key point is to prevent lignin repolymerization during the fractionation 

step. In order to validate the feasibility of this strategy without using sacrificial reagents 

such as formaldehyde or diols, we investigated a two-step catalytic process (Scheme 

1) in which lignocellulose is first delignified by a mineral acid followed by 

hydrogenolysis of the lignin oil to aromatic monomers by a Pd/C catalyst in methanol. 



 
Chapter 4 

76 

 

This is different from the conventional depolymerization strategy using isolated 

organosolv lignin as feedstock, because the lignin oil is directly subjected to the 

hydrogenolysis step without downstream recovery of lignin in solid form. This 

potentially limits the condensation of lignin fragments. The main focus of this work is 

to optimize the first delignification step to minimize lignin repolymerization by using 

different types of acid, including H2SO4, Al(OTf)3, p-TsOH and HCl. The released lignin 

fragments are analyzed by gas chromatography/gas chromatography-mass 

spectrometry (GC/GC-MS), gel permeation chromatography (GPC) and heteronuclear 

single quantum coherence NMR (HSQC NMR) spectroscopy. Model compounds are 

employed to explore the role of the acids in the delignification process. Plausible 

mechanisms for delignification and lignin depolymerization and repolymerization are 

discussed. Pd/C can be easily separated and is further characterized to determine 

catalyst stability under the acidic conditions by elemental analysis and transmission 

electron microscopy (TEM). The possibility to valorize the cellulose pulp is explored by 

enzymatic hydrolysis to glucose. 

 

 

Scheme 1 Fractionation and catalytic conversion of woody sawdust.  

4.2 Experimental section 

Oakwood sawdust was obtained from Houtzagerij Mennen (Sint-Oedenrode, the 

Netherlands). H3PO4 (85%), Al(OTf)3 (99%), p-TsOH (98.5%), phenyl glycoside (PG, 

97%), glyceryl trioleate (GT, 97%), hydrocinnamaldehyde (95%), cellulase (Cellic 

Ctec2), citric acid, disodium phosphate and 5 wt% Pd/C were purchased from Sigma 

Aldrich. HCl (37 wt% in water) and H2SO4 (95-97%) and anhydrous methanol, ethyl 

acetate, THF and d6-DMSO were purchased from Merck. N-dodecane was purchased 

from Alfa Aesar. Guaiacylglycerol-β-guaiacyl ether (GGE, 97%) was purchased from 

TCI.  

Oak sawdust was sieved to a particle size of 125-300 μm. The sawdust was pre-treated 
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to remove the extractives by water (24 h) and ethanol (24 h) in a Soxhlet extractor. 

After extraction, the oak sawdust was dried at 105 °C overnight. 

In a typical experiment, 2.0 g extracted oak sawdust, 40 mL methanol and a certain 

amount of acid catalyst were introduced into a 100 mL Parr autoclave. The autoclave 

was sealed and flushed three times with nitrogen to remove air. The mixture was 

heated to 160 °C (ca. 10 °C min-1) and the stirring speed was 500 rpm. After 2 h acid 

delignification, the autoclave was cooled to room temperature in an ice bath. The 

extracted lignin oil and cellulose pulp were separated by filtration. In the hydrogenolysis 

step, the filtrate, 100 mg Pd/C and 30 μL n-dodecane were mixed in the autoclave. 

After flushing the autoclave with nitrogen, it was pressurized with H2 to 30 bar. After a 

leak check, the reaction mixture was heated to 180 °C (ca. 10 °C min-1). The stirring 

speed was 500 rpm. After reaction, the autoclave was cooled in an ice bath and 

depressurized. Aliquots of the liquid phase were analyzed by GC and GC-MS. We 

determined the following main parameters. 

Degree of delignification (wt%) = (1 −
lignin content in pulp × weight of pulp

lignin content in sawdust × weight of oak sawdust
) × 100%     (1) 

Yield of monomers (wt%) =
weight of monomers

weight of starting sawdust ×lignin content in sawdust
× 100%            (2) 

For the GPC and 2D HSQC NMR characterization, methanol was removed by 

evaporation and the obtained lignin oil was dissolved in THF and d6-DMSO for GPC 

and 2D HSQC NMR characterization, respectively. GPC analysis was performed by 

using a Shimadzu apparatus equipped with a UV-Vis detector at 254 nm. The columns 

are Mixed-C and Mixed-D (polymer laboratories) in series. Analysis was carried out at 

25 °C using THF as eluent at flow rate of 1mL/min. The 2D HSQC NMR was performed 

by using a Varian 400 MHz spectrometer. The spectral widths were 5000 Hz and 20000 

Hz for 1H- and 13C- dimensions. The relaxation time was 1.5 s. The number of scan 

was 16 and 256 times increments were recorded in the 13C dimension.  

The recyclability of Pd/C catalyst was tested in the presence of optimized acid catalyst. 

The spent Pd/C catalyst was separated by centrifugation (5000 rpm/min, 10 min) and 

was washed with 40 mL of pure methanol. For the Pd/C stability test, the spent catalyst, 

lignin oil and 30 µL n-dodecane were added to the autoclave. The hydrogenolysis of 

lignin oil was performed under the conditions as mentioned before. 

For model compound experiments, a small autoclave with a volume of 12 mL was used. 

An amount of 50 mg of a model compound, 10 μL n-dodecane, acid co-catalyst and 5 

mL methanol were added to the autoclave. The autoclave was flushed by nitrogen and 

heated to the desired reaction temperature and kept for 2 h. After cooling in an ice bath, 

the products were analyzed by GC, GC-MS, GPC and HSQC 2D NMR. The product 
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yield was calculated in the following way. 

Yield (mol%) =
moles of monomer×reaction stoichiometry of model compound

moles of model compound×reaction stoichiometry of monomer
× 100%                 (3) 

Pd/C was characterized by ICP elemental analysis and TEM. For this purpose, an 

amount of 100 mg Pd/C, 5 mL methanol and acid were introduced in a small 12 mL 

autoclave which was pressurized with 30 bar H2 after proper flushing with nitrogen. 

The temperature for these experiments was 180 °C and the stirring speed was 500 

rpm. After 2 h, the autoclave was stopped and the spent catalyst was collected by 

centrifugation for further analysis. The leaching of Pd/C was measured by ICP using 

the Ametek SPECTRO Spectroblue apparatus. Pd/C catalyst (20 mg) was mixed with 

20 mL of 3 M HNO3 aqueous solution. To digest the Pd metal, the solution was stirred 

and heated to 80 °C for 1 h. Then the solution was diluted to 50 mL in a 50 mL 

volumetric flask. The carbon residue was removed by a paper filter. The solution was 

diluted 10 times and ready for ICP analysis. The Pd particle size was analyzed by TEM 

using a FEI Tecnai transmission electron microscope at the acceleration voltage of 200 

kV. A small amount of Pd/C catalyst was suspended in pure ethanol. The suspension 

was dispersed over a Cu grid with a holey carbon film and ready for TEM analysis.  

The quality of the cellulose pulp was determined by compositional analysis, XRD and 

SEM. The composition of cellulose pulp was analyzed by the standard procedures of 

NREL.47 XRD is performed by a Bruker 2D Phaser. Using Cu Kα radiation, the detector 

angle 2θ is varied from 5° to 50° in 2227 steps and a slit of 0.6 mm. Based on the 

diffraction pattern, the crystallinity index (CrI) is determined by the peak height method.  

CrI =
𝐼002−𝐼𝐴𝑀

𝐼002
× 100%                                                              (4) 

I002 represents the intensity of crystalline peak corresponding to the 002 plane at about 

2θ=22.5°; IAM is the intensity found at the minimum between the 002 peak and the 101 

peak. The morphology of cellulose pulp is analyzed by the SEM using a FEI Quanta 

3D FEG microscope. The accelerating voltage was 1.50 kV.  

Enzymatic hydrolysis of cellulose pulp was performed in a 20 mL glass flask under 

magnetic stirring. An amount of 100 mg cellulose pulp was mixed in a flask with 10 mL 

citrate buffer (0.1 M, pH 4.8). The flask was placed in an oil bath of 50 °C. The enzyme 

(Cellic Ctec 2) loading was 40 FPU/g cellulose. The hydrolysis was initiated when the 

proper amount of enzyme was added. Sample (200 μL) was taken from the mixture 

and diluted to 1 mL by water. The enzyme was deactivated in boiling water for 10 min. 

The liquid mixture was filtered for further HPLC analysis. The conditions of HPLC 

analysis as follows: Column: Rezex TM RPM-Monosaccharide Pb+2 (8%) (300 x 7.8 

mm, Phenomenex Inc.); oven temperature: 80 °C; injection volume: 10 µL; flow rate: 
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0.6 mL/min; detector: evaporative light scattering detector; mobile phase: HPLC grade 

water; run time: 25 mins. 

Yield of glucose(wt%) =
weight of glucose

 weight of pulp×cellulose content in pulp
× 100%                        (5) 

 

4.3 Results and discussion 

Catalytic delignification and depolymerization of oak sawdust 

 

For a typical two-step experiment, oak sawdust was first fractionated in methanol using 

different acids at 160 °C at atmospheric pressure using N2. After reaction, the reaction 

mixture was subjected to filtration to separate the lignin oil from the cellulose pulp. The 

lignin oil was directly subjected to a second depolymerization step over Pd/C catalyst 

at 180 °C under 30 bar of H2. The delignification degree was determined based on the 

Klason lignin content in the cellulose residue and oak sawdust. The amount of acid 

catalyst has been earlier optimized based on a one-step catalytic approach.23 Table 1 

summarizes the phenolic monomer yield, product distribution and delignification 

degree of the reactions involving different acids. 

Table 1 Results of delignification and lignin depolymerization of oak sawdust under different acid 

catalysts. 

Entry Delignification a Depolymerization b 

Acid 

catalyst c 

Deligni-

fication 

(%)d 

Sugar 

retention 

(%) 

 C5 e  C6 
f 

Methyl 

xyloside 

(mg) 
 

Total 

monomer 

yield 

(wt %) 

1 No acid 30 83 98 51 11.9 0 1.2 - 13.1 

2 H2SO4 70 27 95 211 0.8 1.6 0.9 14.5 17.8 

3 Al(OTf)3 61 28 79 245 4.6 4.4 2.3 7.2 18.5 

4 p-TsOH 64 46 76 198 13.4 7.6 2.2 2.9 26.2 

5 HCl 47 63 74 153 18.5 6.1 2.0 0.8 27.4 

6 H3PO4 44 83 89 54 19.5 0.9 2.2 2.4 25.0 

7h H2SO4 - - - - 5.7 23.1 5.4 1.0 35.3 

8i Al(OTf)3 - - - - 7.4 20.7 5.5 0.7 34.3 

a Delignification condition: 2.0 g oak sawdust (particle size 125-300 μm, 23 wt% Klason lignin), 

methanol 40 mL, N2 atmospheric pressure at RT, 160 °C (about 17 bars at 160 °C), 2h. b 

Hydrogenolysis condition: Lignin oil in methanol from delignification, 100 mg 5wt% Pd/C, 30 bars H2 

at RT, 180 °C (about 47 bars at 180 °C), 2h. c Acid dosage: The acid dosage is equivalent to the 

amount of Al(OTf)3 (0.0316 mmol, 15mg). 4 x equivalence of H2SO4, p-TsOH, 32 x equivalence of 

HCl and H3PO4. d Based on the weight of Klason lignin in cellulose residue and the Klason lignin 

weight in oak sawdust. e C5 sugars correspond to xylose and arabinose. f C6 sugars correspond to 

glucose. g Lignin monomer yield after the hydrogenolysis by Pd/C. h 2.0 g oak sawdust, methanol 

40 mL, 4x equivalence H2SO4, 100 mg 5wt% Pd/C, 160 °C. i 2.0 g oak sawdust, methanol 40 mL, 

1x equivalence of Al(OTf)3 100 mg 5wt% Pd/C, 160 °C. 
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Without acid, the delignification degree is only 30 %. In the presence of sulfuric acid, 

70 % of lignin can be extracted from oak sawdust. The Al(OTf)3 can also efficiently 

catalyze the release of lignin, which leads to a significant delignification degree of 61 % 

at low acid concentration (entry 3). The use of p-TsOH (entry 4), a strong organic acid, 

also produces a nearly similar delignification degree (64 %) under optimized conditions. 

The result for HCl (47 %) is lower than the results obtained in our previous study.23 

This can be explained by the volatility of HCl, as the delignification step was carried 

out at the atmospheric pressure in the present study. Similarly, H3PO4 is also less 

effective in extracting lignin from oak sawdust, as evidenced by the low delignification 

degree (44 %). These results show that H2SO4, Al(OTf)3 and p-TsOH acids are more 

effective in releasing lignin from oak sawdust compared with HCl and H3PO4 acids 

under relatively mild conditions. 

The use of an acid hydrolysis step also releases some of the polysaccharides. In 

general, the retention of C6 sugars is much higher than that of C5 sugars during acid 

delignification because of the high crystallinity of cellulose. Relatively speaking, the 

use of Al(OTf)3, p-TsOH and HCl results in more substantial cellulose conversion in the 

first step. The retention of C5 sugars strongly depends on the acid used. For example, 

the use of H3PO4 allows retaining 83 % of the C5 sugars and 89 % of the C6 sugars in 

the pulp. On the contrary, when the delignification step is carried out in H2SO4, most of 

the hemicellulose is dissolved and converted to methyl xyloside, while nearly all the 

cellulose (95%) is retained as a solid pulp. Methyl xyloside can be separated from the 

lignin fragments, for instance by liquid-liquid extraction using ethyl acetate/water. 

Methyl xyloside can then also be upgraded to valuable chemicals such as methyl 

levulinate.28 The released carbohydrate can also be dehydrated to furfural-type 

products, such as furfuraldehyde, 5-hydroxymethylfurfural, 5-(methoxylmethyl)furfural 

in acid conditions.29 These products were not observed presumably due to the 

occurrence of lignin-furfural condensation reaction.30 Comparison of delignification 

degree and sugar retention data shows that a high degree of delignification is always 

accompanied by a large extent of C5 sugar release. 

After acid delignification, the lignin oil is further subjected to a hydrogenolysis step 

using Pd/C in the presence of H2. The acid is not neutralized before the second 

hydrogenolysis step since the presence of acid can promote the depolymerization of 

lignin oil.23,31 For all the experiments, the hydrogenation of released carbohydrate was 

not observed and mainly four types of lignin monomers were produced, namely P-

OCH3 (4-n-methoxy propyl syringol/guaiacol), P-OH (4-n-propanol syringol/guaiacol), 

P-H (4-n-propyl syringol/guaiacol) and other structurally ill-defined lignin monomers 
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(molecular weight < 226 g/mol). An important finding is that there is a negative 

correlation between delignification degree in the first step and the yield of lignin 

monomers in the second hydrogenolysis step. A higher delignification degree in the 

first step typically results in a lower monomer yield. For instance, the highest 

delignification degree was obtained for H2SO4, but only 17.8 wt% of phenolic 

monomers was obtained after hydrogenolysis (entry 2). This also holds for experiments 

with the Al(OTf)3 catalyst (entry 3). One plausible explanation is that the lignin 

fragments have polymerized to form products with a higher molecular weight due to 

the formation of more stable C-C bonds. The use of p-TsOH results in a good 

delignification degree (64 %) and a reasonable phenolic monomer yield (26.2 wt%, 

entry 4). Conversely, the use of HCl in the first step yields 47 % of lignin oil, which can 

be more easily depolymerized to monomers with a yield of 27.4 wt%. Similar results 

can be obtained with H3PO4 (entry 6). Although the efficiency of the first step is lower, 

the resulting fragments can be depolymerized more easily. 

The results for entries 1-6 illustrate that the use of acids can catalyze delignification of 

oak sawdust. Polymerization leads to higher molecular-weight fragments, which are 

more recalcitrant towards bond cleavage reactions. In current biorefinery operations, 

a high delignification degree is achieved as high-quality cellulose is targeted. Then, the 

lignin fraction has a very low reactivity due to a high content of carbon-carbon lignin 

intralinkages. In order to obtain lignin monomers in high yield, stabilization of the 

fragments after their release from the biomass is necessary. Entries 7 and 8 

demonstrate the importance of stabilization of the intermediates in the one-pot LFP 

approach. In this case, the lignin fragments extracted from oak sawdust are rapidly 

depolymerized by the combined action of a hydrogenolysis catalyst and an acid 

catalyst.22 The reactive intermediates are stabilized by Pd/C catalyst through 

hydrogenation. Therefore, repolymerization reactions of the fragments and monomers 

are suppressed. This explains why the monomer yields in the one-pot approach (35 

wt% and 34 wt% using H2SO4 and Al(OTf)3, respectively) are higher than those 

obtained in the two-step approach. 

The two-step approach has significant advantages because it allows recovery of the 

solid catalyst and continuous operation of the hydrogenolysis reaction. The trade-off is 

that the lignin monomer yield is slightly decreased. Still, this two-step conversion of the 

solubilized lignin fragments delivered higher monomer yield than the those obtained 

from depolymerization of organosolv lignin, which typically delivers less than 15 % 

monomer yield under similar conditions.32 

Influence acid on delignification 
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In the plant cell wall, phenyl glycoside, benzyl ether and ester bonds are the typical 

lignin-carbohydrate interlinkages.33 In order to determine the impact of acid on 

delignification, we chose phenyl glycoside (PG) and glyceryl trioleate (GT) as model 

compounds representing these lignin-carbohydrate bonds. The product yield is shown 

in Figure 1. Solvolysis of PG and GT is very limited under the applied reaction 

conditions (160 ⁰C, 2 h). The conversion of PG and GT is mainly due to 

transetherification and transesterification.34,35 Addition of acid catalysts strongly 

increases the phenol yield (95-100 mol%), indicating that all tested acids are effective 

in cleaving the ether linkages in PG. For the GT model compounds, H2SO4 and p-

TsOH are very active in cleaving ester bonds, leading to high GT conversion. A lower 

GT conversion is obtained with HCl and H3PO4. These differences in the ability of 

acids to decompose the linkages in the model compounds are consistent with the 

trends in lignin delignification. H2SO4 shows the highest performance on catalyzing the 

cleavage of the ester and ether bonds between lignin and carbohydrate. The efficient 

cleavage of the lignin-carbohydrate bond is required for lignin extraction and 

valorization. However, the released sugars might be further converted to furfurals 

which are involved in the repolymerization by lignin-furfural condensation.30 

 

Figure 1 Catalytic results of the reactions of (a) phenyl glycoside and (b) glyceryl trioleate in methanol 

with (c) varying acid catalysts at 160 °C for 2 h. 

Influence of acid on lignin repolymerization 

Based on the catalytic results in Table 1, we found that a higher degree of 
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delignification in the first delignification step is accompanied by a lower yield of 

monomer in the second hydrogenolysis step. We surmise that this is due to 

repolymerization of the lignin fragments during the delignification step. With the aim to 

gain more insight into this aspect, GPC was applied to characterize the molecular 

weight (Mw) distribution of the lignin oils from the first delignification step and the 

second hydrogenolysis step (Figure 2). After the first delignification step, high Mw 

oligomers are predominant in the lignin oils in all experiments. Reductive 

depolymerization of the lignin oil obtained from no-acid delignification only result in a 

slight decrease of Mw. In contrast, significant Mw reduction is achieved in the second 

depolymerization step for the oils from catalytic delignification with p-TsOH, HCl and 

H3PO4 acids, which is in line with the higher lignin monomer yields (Table 1 entries 4-

6). Depolymerization occurred to a lesser extent for the lignin oils obtained from 

delignification with H2SO4 and Al(OTf)3 acids which are also in line with the lower lignin 

monomer yields (Table 1 entries 2-3). 

 

Figure 2 GPC analysis of lignin oils obtained from the first delignification step (blue curve), and the 

second hydrogenolysis step (red curve) with (a) H3PO4, (b) HCl, (c) p-TsOH, (d) Al(OTf)3, (e) H2SO4 and 

(f) without acid. 
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Figure 3 HSQC NMR analysis of lignin oil obtained from delignification (a) without acid, (b) H3PO4, (c) 

HCl, (d) p-TsOH, (e) Al(OTf)3, (f) H2SO4 of oak sawdust in methanol at 160 °C for 2h. 

We further characterized these lignin oils by 2D HSQC NMR (Figure 3) in order to 

better understand the structural changes of the lignin during acid-catalyzed 
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delignification. In the aromatic region of the 2D HSQC NMR spectra (δC/δH 100-140 

ppm/6.0-7.5 ppm), the cross- signals show that the lignin oil from oak sawdust mainly 

consists of syringyl (S) and guaiacyl (G) units, which is a typical feature of hardwood. 

In the side-chain region (δC/δH 50-90 ppm/2.5-6.0 ppm), the signature of the main 

lignin-lignin intra-linkages (β-O-4, β-β’, α-O-4, β-5) can be observed for the lignin oil 

obtained by delignification in pure methanol (Figure 3a). In the no-acid case, the cross-

signals of Cα-Hα (Aα), Cβ-Hβ  (Aβ) and Cγ-Hγ (Aγ) related to the β-O-4 intralinkage can 

be clearly observed (Fig 3a). These cross-signals are much weaker when the 

delignification is catalyzed by H3PO4, HCl and p-TsOH acids. Specifically, cross-signals 

of the Cα-Hα (δC/δH, 71.8/4.86 ppm) in β-O-4 structures disappear, while the Cβ-Hβ and 

Cγ-Hγ cross-signals can still be observed (Fig 3d). After H2SO4 and Al(OTf)3 

delignification, the Cα-Hα, Cβ-Hβ signals of β-O-4 intralinkages are invisible in the HSQC 

spectrum (Fig 3e, 3f). The HSQC NMR analysis provides insight into the changes of 

the β-O-4 linkages during delignification. The intensity of the β-O-4 signals is strongly 

dependent on the acid used. Solvolysis of β-O-4 linkages is very limited during 

delignification in pure methanol. Acidolysis of β-O-4 bonds is also limited in H3PO4, HCl 

and p-TsOH. The use of H2SO4 and Al(OTf)3 results in complete disappearance of the 

β-O-4 signals, indicating that most ether bonds have been cleaved during 

delignification. Combined with the GPC results in Fig. 2, it shows that the breakdown 

of β-O-4 linkage in acidic methanol results in lignin repolymerization. 

We explored the reactivity of the β-O-4 structure in more detail by carrying out 

experiments with the guaiacylglycerol-β-guaiacyl ether (GGE) model compound. In 

order to follow recombination of the reaction products, we performed the experiments 

at 100 °C. The C-H cross-signals of the β-O-4 linkages in GGE are presented in Figure 

4. The C-H correlation signals of β-O-4 structure remain clearly visible, when the 

reaction is carried out without acid and with H3PO4. This result is consistent with the 

data in Figure 3a and 3b. Using H2SO4 and Al(OTf)3 for low temperature delignification, 

the β-O-4 signals are different. These treatments result in the complete removal of the 

Cα-Hα signal. We observe new cross-signals in the δC/δH 54-58 ppm/3.0-3.2 ppm 

region, which can be related to the formation of new C-C bonds.36 According to the 

literature, the formation of new C-C linkages in acidic conditions can occur via two 

mechanisms. First, β-O-4 linked dimers without methoxy groups (1-phenyl-2-phenoxy-

1,3-propanediol and 1–(4-hydroxyphenyl)-2-phenoxy-1,3-propanediol) are prone to 

form self-condensation products through intramolecular condensation. The presence 

of methoxy groups in G/S units can effectively limit this type of repolymerization.37 

Second, protonation of hydroxyl groups located at the α position (Aα) is followed by 
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dehydration to form the benzylic cation intermediates, which can react with aromatic 

monomers to form new C-C bonds. The exact structure of the resulting structures could 

not be resolved here. Based on the HSQC NMR, it can be concluded that the removal 

of Cα-Hα signal shows that the latter mechanism is predominant as a cause of 

recondensation in the present study. 

 

 

Figure 4 HSQC analysis of structural modification of GGE in (a) no acid addition, (b) H3PO4, (c) Al(OTf)3, 

(d) H2SO4 methanol at 100 °C for 2h. 
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Figure 5 GPC chromatograms of reaction mixtures obtained from hydrocinnamaldehyde in methanol at 

160 °C for 2h under varying catalysts. 

It has also been shown that breakdown of β-O-4 linkage results in lignin monomers 

with ketone and aldehyde groups under acidic condition.20,38 We selected 

hydrocinnamaldehyde as a presentative model compound to confirm the stability of an 

aldehyde group in (acidic) methanol. Figure 5 shows the GPC chromatogram of the 

mixtures after reaction at 160 °C for 2 h. With H2SO4 and Al(OTf)3, higher Mw products 

are formed. These reactions occur at a lower rate in the presence of H3PO4. Even in 

the absence of acid, some hydrocinnamaldehyde reacts to heavier products. On the 

contrary, the Mw of hydrocinnamaldehyde remains unchanged after acidolysis in 

H2SO4 in the presence of Pd/C in an atmosphere of 30 bar H2. This result clearly shows 

that saturation of the aldehyde group avoids condensation of cinnamaldehyde to 

heavier products. Together these results can well explain the higher lignin monomer 

yield obtained with oak sawdust in the one-step LFP approach (Entries 7-8, Table 1). 
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Figure 6 The roles of acid on lignin conversion in the methanol: delignification (gray), lignin 

depolymerization (black) and lignin repolymerization (red). Catalytic stabilization of active intermediates 

over Pd/C (blue) is important to prevent repolymerization. 

Overall, the above experiments provide a deeper insight of the impact of different acids 

on the fate of lignin in the one- and two-step LFP conversion of lignocellulosic biomass. 

A tentative reaction scheme is depicted in Figure 6. Acids act as catalysts in the 

cleavage of ester/ether lignin-carbohydrate interlinkages, resulting in the release of 

lignin fragments in the methanol solvent. The use of H2SO4 and Al(OTf)3 also catalyzes 

the cleavage of ether bonds in lignin. The dehydration of the α-OH group of the β-O-4 

structure results in reactive carbocationic intermediates that are involved in 

repolymerization reactions. Besides, high Mw compounds can also be formed due to 

condensation reactions between unsaturated monomers. These reactions lead to the 

formation of new C-C bonds, which cannot be depolymerized in the second mild 

hydrogenolysis step anymore. To obtain a good delignification degree and a high 

monomer yield, in situ stabilization of reactive species is required. Adding 

formaldehyde during acidic delignification can stabilize the reactive benzylic cation 

intermediates by forming a 1,3-dioxane structure.27 The unstable aldehyde can also 

be reacted with diols.39 Another approach is to rapidly hydrogenate the reactive 

intermediates during delignification, which essentially represents the one-step LFP 

approach. Considering the results above, the use of a weak acid like H3PO4 is suitable 

in a two-step LFP approach. 
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Stability of Pd/C 

Catalyst stability is important to the development of an industrial application. Especially, 

the stability of a heterogeneous metal catalyst used in liquid phase reactions can be 

problematic. Deactivation can be due to leaching of the active metal, sintering, 

poisoning, and attrition.40,41 Usually, catalyst deactivation is caused by several factors, 

making it a complex matter to study. We investigated the changes with respect to Pd 

loading and particle size of the Pd/C catalyst by carrying out blank experiments in 

which Pd/C was heated in methanol and different acids to 180 °C for 2 h. 

 

 

 

 

 

 

 

 

Table 2 shows the Pd recovery and particle size after treatments with different acid 

catalysts. The Pd metal recovery is determined by ICP analysis of the fresh and spent 

catalyst. In the acid-free case, 96% of the Pd metal can be recovered (Table 2 entry 1). 

Similar degrees of Pd metal recovery are observed when the reaction is carried out in 

H2SO4 and Al(OTf)3 (Table 2 entry 2-3). This indicates that Pd/C is stable in the 

presence of small amounts of H2SO4 and Al(OTf)3. Reaction with p-TsOH and HCl 

results in 85% and 78% Pd recovery, indicative of partial dissolution of Pd/C (Table 2 

entry 4-5). An interesting finding is that the recovery (92%) of H3PO4-treated Pd/C is 

lower than in H2SO4-treated sample. Along with the recovery, the particle size 

distribution of Pd nanoparticles is also influenced by the acidic environments. The 

average Pd particle sizes of the spent catalysts remain unchanged in the H2SO4, 

Al(OTf)3, p-TsOH and H3PO4 experiments. Only the use of HCl results in a substantial 

growth of the Pd nanoparticles. Overall, this study shows that the use of HCl is the 

least attractive with respect to catalyst stability, despite it providing the highest lignin 

monomer yield in the two-step process (Table 1, entry 5). 

Table 2 Results of Pd recovery and Pd particle size in different acid catalysts. 

Entry Acid catalyst Pd recovery (%) a Pd particle size (nm) b 

1 No acid 96 3.9 ± 1.4 

2 H2SO4 97 3.7 ± 1.6 

3 Al(OTf)3 97 3.4 ± 2.3 

4 p-TsOH 85 3.8 ± 1.8 

5 HCl 78 29 ± 14 

6 H3PO4 92 3.8 ± 1.4 
a Pd recovery is determined by the Pd concentration measured by ICP. b Pd particle size 

is calculated by the average of ca. 200 Pd particles in TEM images. 
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Figure 7 Results of recyclability test of Pd/C catalyst. 

The recycle of Pd/C catalyst is facile in the two-step process due to separation of 

delignification and lignin depolymerization. Based on the lignin monomer yield and 

carbohydrate retention, H3PO4 acid is suitable for the present two-step process. The 

recycle of Pd/C catalyst was performed in the presence of H3PO4
 acid to assess the 

stability of Pd/C (Figure 7). The sign of deactivation was only observed in the first 

recycle, shown that the lignin monomer yield decreased from 25.0% to 20.9%. The 

cause of lower yield could be the small amount of Pd metal leaching as indicated in 

entry 6, Table 2. The Pd/C catalyst shows good stability for the further recycles. The 

lignin monomer yields were 21.6% and 20.1% in second and third recycle. No 

significant loss of catalytic activity and selectivity was observed, demonstrating the 

good stability of Pd/C in the presence of H3PO4 acid. 

Conversion of carbohydrate pulps to glucose 

Efficient saccharification of cellulose to glucose is the first step required for cellulose 

valorization. For the acid hydrolysis of cellulose, strong acids are usually employed at 

relatively high temperature. Another approach is to use enzymatic hydrolysis, which 

can be carried out at milder conditions. Typically, cellulose is resistant to enzymatic 

digestion, because the presence of lignin makes cellulose less accessible to 

enzymes.42 

The carbohydrate pulps obtained from the two-step process are suitable substrates for 

enzymatic hydrolysis because of the good delignification degree and high C6-sugar 

retention. In the context of lignin valorization, we therefore explored the conversion of 

carbohydrate pulps derived in the two-step LFP approach by enzymatic hydrolysis to 

demonstrate its potentials for bioenergy production. 
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Figure 8 XRD patterns of (a) oak sawdust and cellulose pulps obtained and (b) the relationship between 

delignification degree and cellulose crystallinity.   

Structural features, such as crystallinity, morphology and lignin content, are important 

to assess the suitability of cellulose towards enzymatic hydrolysis.43,44 The XRD 

spectrum obtained for the dignified samples are shown in Figure 8a. The reflections at 

2 = 16°, 22° and 34° observed in all samples are characteristic of cellulose I. 

Untreated oak sawdust has the lowest crystallinity of 42%. Generally, the crystallinity 

of cellulose shows a linear correlation with the degree of delignification (Figure 8b). 

The pulp obtained without using an acid catalyst shows a higher crystallinity (49%) 

than the untreated oak sawdust. The use of acid catalysts in first step significantly 

increases the crystallinity of the pulps due to a better removal of amorphous 

components such as lignin and hemicellulose.  

The morphology of cellulose pulp is visualized by SEM (Figure 9). The untreated oak 

sawdust shows a highly intact structure (Figure 9a). The morphology of oak sawdust 

remains unchanged after delignification with pure methanol (Figure 9b). A clear 

distinction can be made between pulps delignified with and without acid. When acids 

are used, a porous structure is apparent on the surface of the cellulose pulp (Figure 

9c- d), which is caused by lignin removal. A fibrous surface morphology is observed 

for the cellulose pulp obtained using H2SO4, Al(OTf)3 and p-TsOH in the 

delignification step, indicating that these pulps are less spatially surrounded by 
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lignin (Figure 9e-g). A rough surface and some agglomeration can still be observed 

at the edges of the fibres. This is usually caused by lignin droplets, which are formed 

by repolymerization and relocation in the delignification process.45 

 

Figure 9 SEM images of (a) oak sawdust and cellulose pulp obtained (b) without acid, or using acid 

catalysts (c) H3PO4, (d) HCl, (e) p-TsOH, (f) Al(OTf)3 and (g) H2SO4 at 160 °C for 2 h. 
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The results of enzymatic hydrolysis of the cellulose pulps are shown in Figure 10. 

Reported glucose yields are based on the amount of glucose in the pulp analyzed by 

sulfuric acid hydrolysis. Untreated oak sawdust shows a very high resistance to 

enzymatic hydrolysis and only 8% of glucose is obtained. After methanol delignification, 

the glucose yield is improved to 31%. It is clear from Figure 10 that the use of acid 

catalysts in the delignification step results in a significant improvement of the glucose 

yield. After 72 h of enzymatic hydrolysis, the pulp derived from H2SO4 delignification 

shows the highest yield of glucose (76%).  

 

Figure 10 Glucose yield from enzymatic hydrolysis of oak sawdust and delignified cellulose 

pulps. 

The enzymatic digestion of cellulose pulp can be affected by the enzyme activity and 

substrate suitability. The substrate-related factors typically are crystallinity, morphology, 

delignification degree, etc. For a pure cellulose substrate, a low-crystallinity sample 

shows a faster rate because the amorphous domains in cellulose are first hydrolyzed.46 

In the present study, we show that pulps with a higher crystallinity are converted faster. 

This is an apparent effect as the higher crystallinity stems from a higher degree of 

delignification. Therefore, we infer that the saccharification of the pulps is mainly 

influenced by the lignin content. In addition, delignification also leads to a fibrous 

surface of the pulps (Figure 9). A better accessibility of the surface is created and more 

cellulose is exposed to the enzyme catalyst. Consequently, a higher rate and a higher 
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glucose yield can be obtained by enzymatic hydrolysis of pulps obtained from acid 

delignification. The glucose yield shows a positive correlation with the delignification 

degree, decreasing in the order H2SO4 > p-TsOH > Al(OTf)3 > HCl > H3PO4 > no acid > 

untreated oak sawdust. 

 

4.4 Conclusions 

A two-step catalytic biorefinery process is presented to isolate and convert lignin from 

woody biomass into aromatics. The first step demonstrates that the delignification 

degree and sugar retention strongly depend on the use of acids, in which sulfuric acid 

shows the best performance. Reductive depolymerization of the resulting lignin oils in 

the second step indicates that a high degree of delignification results in a low aromatics 

monomer yield. The use of strong acids effectively improves the delignification degree 

through the cleavage of lignin-carbohydrate (ester and ether) bonds, but it also results 

in lignin repolymerization. These acids catalyze lignin repolymerization due to 

formation of reactive intermediates such as the benzylic cation and unsaturated 

monomers. The stabilization of lignin intermediates through hydrogenation is essential 

to obtain a high monomeric yield. The stability of Pd/C is seriously affected by HCl due 

to leaching and sintering. The delignified pulps retained abundant C6 sugars, which 

can be converted to glucose with high yield through enzymatic hydrolysis. H3PO4 is the 

most suitable acid catalyst for the present two-step process based on the results of 

delignification, phenolic monomer yield, lignin repolymerization, carbohydrate 

conversion and Pd/C stability. Overall, the two-step process provides a simple, efficient 

way to isolate and convert lignin contained in a lignocellulose matrix into phenolic 

monomers with good yield, whilst allowing to recycle the heterogeneous catalyst and 

yield a cellulose pulp amenable to enzymatic saccharification. 
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Chapter 5 

Catalytic Amination of Reactive Aldehyde Intermediates in Lignin 

Acidolysis  

Abstract 

Acidolysis is a widely used method 

for the depolymerization of lignin to 

aromatic monomers. The undesired 

condensation between formed 

aldehyde intermediates typically 

results in a low yield of monomers 

during lignin acidolysis. We describe a new strategy that effectively stabilizes the 

reactive aldehyde intermediate as a secondary amine by reductive amination. The use 

of catalyst, solvent, acid, reaction pressure and aminating reagent were optimized to 

achieve a high product yield. Time course studies show that reductive amination is 

favored over the undesired condensation reactions, demonstrating the viability of the 

reductive amination approach to suppress the formation of high-molecular-weight 

products. Reductive amination is more efficient than direct hydrogenation of the 

aldehyde moiety. Up to 74% of secondary amine can be obtained from the catalytic 

stabilization of phenylacetaldehyde. This method is also extended to the in situ 

conversion of the C2-aldehyde intermediate in the acidolysis of the guaiacylglycerol-

β-guaiacyl ether dimer, resulting in the formation of the desired secondary amine.   
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5.1 Introduction 

Lignin is an abundant and renewable source of aromatics, which represents 10-35% 

of the mass of and up to 40% of the energy content in lignocellulose.1 Lignin has a very 

complex structure, which consists of three methoxylated phenylpropanoid units, 

namely p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol.2 The abundance and 

structural composition render lignin a promising renewable feedstock for the production 

of sustainable fuels and chemicals. However, the structural complexity and low 

chemical reactivity in comparison to (hemi)cellulose makes valorization of lignin into 

such products very challenging. This can explain why currently lignin is mainly treated 

as a waste stream and predominantly used for low-value applications such as fuel for 

energy recovery and as an additive to different products. As lignin interferes with the 

upgrading of carbohydrates, particularly in the production of bioethanol,3 pretreatment 

of biomass often focuses on fractionation. Approaches such as soda or kraft pulping, 

organosolv extraction, and steam explosion can remove lignin from the (hemi)cellulose. 

The use of acids can enhance lignocellulose fractionation and delignification by 

cleaving the interlinkages between carbohydrates and lignin, while also reducing the 

molecular weight of the liberated lignin fragments. Acids also induce an irreversible 

modification of the native lignin structure. Under acidic conditions, benzylic 

intermediates are formed by protonation of the α-OH groups in β-O-4 lignin 

intralinkages followed by dehydration (Figure 1). β-O-4 bonds are cleaved through two 

reaction pathways, leading to the formation of C3-Hibbert-ketone and C2-aldehyde 

monomers.4,5 These benzylic carbocationic intermediates can be involved in self-

condensation reactions.6 In addition, unsaturated moieties and in particular aldehyde 

groups are also highly reactive and prone to form the new carbon-carbon linkages 

through aldol condensation reactions.7  

Many approaches have been explored to avoid these undesired condensation 

reactions and improve the lignin monomer yield. Such methods typically involve the 

deactivation of lignin intermediates or the addition of protective groups to the reactive 

groups in these intermediates (Figure 1).8,9,10,11 For example, etherification with 

methanol and acetal formation with formaldehyde at the Cα position can prevent 

benzylic carbocationic intermediates from condensing (Figure 1).6,12 Reductive lignin 

depolymerization, which was first reported by Harris in 1938, is also regarded as a 

deactivation strategy.9,13 Hardwood lignin can be converted into a mixture of 4-n-propyl 

cyclohexanol and its derivatives in dioxane at 250 °C in a hydrogen atmosphere. This 

method has attracted substantial attention in the last few years because of the high 

fractionation efficiency and much higher lignin monomer yield obtainable from in planta 

lignin as compared to conventional methods dealing with technical lignins.14,15 Lignin 
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can be selectively extracted from woody biomass by a suitable solvent such as 

methanol or ethanol and converted into aromatic monomers using homogeneous 

and/or heterogeneous catalysts in a one-pot reaction. The β-O-4 linkage can be 

cleaved to form unsaturated hydroxypropenylphenol fragments via solvolysis.16 Self-

condensation reactions can be avoided by rapid hydrogenation of the unsaturated 

intermediates, yielding a narrow stream of alkylmethoxyphenols as main 

products.16,17,18 In acidolysis, cleavage of the β-O-4 linkage typically leads to C3-

Hibbert-ketone and C2-aldehyde monomers. C2-aldehyde monomers are the 

dominant products when sulphuric acid and triflic acid is used.4,7 These monomers can 

further condense to high-molecular-weight products. To prevent this, the reactive 

aldehyde groups can be removed as formaldehyde through decarbonylation using a 

combination of a homogeneous Rh catalyst and scandium triflate.19 Another approach 

involves the use of protective groups to prevent condensation reactions of these 

aldehydes. For example, acetalization was reported to stabilize C2-aldehyde 

monomers in the triflic-acid/metal-triflates-catalyzed cleavage of β-O-4 dimers.7,20,21 

The reactive aldehyde groups react in situ with diols (e.g., ethylene glycol) into more 

stable acetal compounds. Such an acetalization approach has also been applied to 

stabilize carbohydrates and their deriatives. Luterbacher and co-workers reported the 

stabilization of xylose and glucose by acetal formation using formaldyde to prevent 

carbohydrate dehydration and degradation under acidic conditions.22 In another 

example, Kim et al. converted 5-(hydroxymethyl)furfural (HMF) with 1,3-propanediol to 

an HMF acetal derivative, which showed excellent thermal stability and resulted in a 

high yield of furan-2,5-dicarboxylic acid in the following oxidation.23 

Despite these developments, stabilization and conversion of lignin intermediates into 

targeted value-added chemicals in biorefineries remains a major challenge. Herein, we 

explore the stabilization of reactive C2-aldehyde intermediate using amines as a 

capping agent. Under acidic conditions, the amine can attack as a nucleophile the 

aldehyde group to form an imine intermediate, which can be later selectively 

hydrogenated to lignin-derived amine compounds using a Pd/C catalyst. Time course 

studies show that the fast rate of reductive amination can prevent condensation of 

reactive C2-aldehyde monomers. This strategy was developed using model 

compounds and extended to stabilize the C2-aldehyde monomers generated during 

acidolysis of a lignin dimer (guaiacylglycerol-beta-guaiacyl ether). The formation of 

lignin-derived secondary amine was confirmed by 1H NMR spectroscopy. The obtained 

products showed a narrow and low-molecular-weight distribution, indicating the 

efficient suppression of aldehyde condensation via this novel reductive amination 

strategy.  
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Figure 1 Various stabilization of reactive intermediates in lignin acidolysis: acetal formation, 

etherification, decarbonylation and hydrogenation.  

 

5.2 Experimental section 

Phenylacetaldehyde (≥90%), propylamine (98%), diethylamine (≥99.5%), 1,4-dioxane 

(99.8%), ytterbium triflate (99.99%), lanthanum triflate (anhydrous basis), hafnium 

triflate (99.99%), aluminium triflate (99.99%), nickel triflate (99.99%), Pd/C (5 wt%), 

Pt/C (5 wt%), Ru/C (5 wt%) were purchased from Sigma Aldrich. Methanol (HPLC 

grade), ethanol (99.9%), H2SO4 (95-97%), aqueous ammonia solution (40%) and d6-

DMSO were purchased from Merck. Phenylpropanal (95%) and n-dodecane were 

purchased from Alfa Aesar. Guaiacylglycerol-β-guaiacyl ether (GGE, 97%) and 



 

Catalytic Amination of Reactive Aldehyde Intermediates in Lignin Acidolysis 

103 

 

4-n-propanol-guaiacol were purchased from TCI. All chemicals were used without 

further purification.   

Model compound reactions were carried out in a 100 mL stainless-steel high-pressure 

Parr autoclave. Typically, phenylpropanal (400 mg), solvent (40 mL), Pd/C catalyst 

(100 mg), n-dodecane (30 μL, internal standard) and appropriate amounts of 

propylamine and acid were added to the reactor. The autoclave was sealed and flushed 

with nitrogen three times to remove air. After a leak test, the reactor was pressured to 

30 bar with hydrogen. The reaction mixture was heated to 160 °C at a rate of 10 °C 

/min; the stirring speed was 500 rpm. After 2 h, the autoclave was cooled to room 

temperature in a cold water bath. The liquid products and spent catalyst were 

separated by filtration.  

The liquid products were analyzed by a Shimadzu 2010 GC-MS equipped with a RTX-

1701 column (60 m x 0.25 mm x 0.25 μm) and a flame ionization detector and a mass 

spectrometer detector. Reactant conversion and product yield were determined in the 

following way. 

Conversion(%) =
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑚𝑜𝑑𝑒𝑙 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑 𝑎𝑓𝑡𝑒𝑟 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑚𝑜𝑑𝑒𝑙 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑
× 100%                                   (1) 

Yield(%) =
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑚𝑜𝑛𝑜𝑚𝑒𝑟

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑚𝑜𝑑𝑒𝑙 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑
×

𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑠𝑡𝑖𝑜𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑦 𝑜𝑓 𝑚𝑜𝑑𝑒𝑙 𝑐𝑜𝑚𝑝𝑜𝑢𝑛𝑑

𝑟𝑒𝑎𝑐𝑡𝑖𝑛 𝑠𝑡𝑖𝑜𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑦 𝑜𝑓 𝑚𝑜𝑛𝑜𝑚𝑒𝑟
× 100%             (2) 

For the acidolysis of the lignin dimer model compound, 40 mg of GGE, 50 mg of Pd/C, 

10 μL of n-dodecane (internal standard) and 20 mL of dioxane solvent were loaded in 

a Parr autoclave. The mole ratio between propylamine and the GGE feedstock was 

4/1. The nickel triflate concentration was 3.0 mmol/L. The autoclave was sealed and 

flushed with nitrogen and pressurized to 30 bar with hydrogen. The mixture was stirred 

at 500 rpm and heated to 160 °C (heating rate 10 °C /min). After the reaction, the 

autoclave was cooled to room temperature in a cold water bath and Pd/C catalyst was 

separated from the reaction mixture by filtration. The liquid products were analyzed by 

the Shimadzu GC-MS. To analyze the molecular weight and confirm the formation of 

amine products, 1,4-dioxane solvent was removed in a rotary evaporator and the 

obtained lignin products were dissolved in THF and d6-DMSO for gel permeation 

chromatography (GPC) and NMR characterization, respectively. GPC analysis was 

carried out at 25 °C on a Shimadzu apparatus equipped with a UV-Vis detector at 254 

nm and Mixed-C and Mixed-D (polymer laboratories) columns placed in series. THF 

was used as the eluent at a flow rate at 1 mL/min. Proton NMR spectra were recorded 

on a Varian 400 MHz spectrometer. NMR data were analyzed using the MesrReNova 

software. 
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5.3 Results and discussion 

Catalyst screening and optimization reaction conditions 

 

 

Scheme 1 Reductive amination of aldehyde using propylamine.  

To prevent condensation of reactive aldehyde monomers, we explored the feasibility 

of reductive amination of phenolpropanal as a model aldehyde under acidic conditions 

(Scheme 1). Ideally, the aldehyde moiety is first converted to imine (1) with aminating 

reagents such as ammonia or primary or secondary amines. Then, selective 

hydrogenation of the imine leads to the formation of the amine in a second step, 

producing 3-phenyl-N-propylpropan-1-amine (2). Further hydrogenation of compound 

(2) can produce 3-cyclohexyl-N-propylpropan-1-amine (3) as a by-product. Direct 

hydrogenation of aldehyde can occur as a side reaction resulting in 3-phenylpropan-1-

ol (4) and propylbenzene (5). 

Table 1 Screening of heterogeneous catalysts and experimental conditions for the reductive 

amination of phenylpropanal under conditions relevant to lignin acidolysis.a 

Entry Catalyst Feedstock/amine 

ratio (mol/mol) 

Pressure 

(bar) 

Conversion 

(mol%) 

Yield (mol%) 

1 2 3 5 

1 - 1/8 30 100 4.6 - - - 

2 Ru/C 1/8 30 100 - 55 9.1 1.6 

3 Pt/C 1/8 30 100 - 69 - - 

4 Pd/C 1/8 30 100 - 63 - - 

5 Pd/C 1/4 30 100 - 65 - - 

6 Pd/C 1/12 30 100 - 68 1.0 - 

7 Pd/C 1/4 1 100 - - - 64 

8 Pd/C 1/4 10 100 - 56 - - 

9 Pd/C 1/4 50 100 - 64 1.8 - 
a Reaction conditions: 100 mg of catalyst (5 wt% metal), 40 mL 1,4-dioxane, H2SO4 (4 mmol/L), 

160 °C, 2 h. 

We tested different commercially available heterogeneous metal catalysts for reductive 

amination. Without a catalyst (entry 1, Table 1), full conversion of phenylpropanal was 

achieved but with a very low selectivity towards the desired imine (1). The amination 

of aldehyde to imine is a reversible reaction. The condensation of the aldehyde 

monomer may shift the equilibrium to the reactant side, resulting in a low overall imine 

yield. Therefore, the poor mass balance is most likely caused by the condensation of 
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the aldehyde monomer. The use of Ru/C (entry 2) resulted in 55 mol% of amine (2) as 

the main product, indicating the further hydrogenation of imine (1) to the amine product. 

However, the amine product (2) was also converted to the saturated ring-compound 

(3) (9.1 mol%). We also observed the competitive hydrogenation of the aldehyde group 

and produced 1.6 mol% propylbenzene (5) as a byproduct. The use of a Pt/C catalyst 

(entry 3) remarkably improved the yield (69 mol%) of the desired product (2). The lower 

amount of by-products points to a faster rate of imine hydrogenation. The Pd/C catalyst 

(entry 4) also displayed good performance for reductive amination of the aldehyde, 

resulting in 63 mol% of amine (2) without aldehyde hydrogenation.  

Conversion of the aldehyde moiety into the imine intermediate (1) is a reversible 

reaction that requires fast and selective hydrogenation to shift the equilibrium towards 

the side of the amine product avoiding self-condensation. Thus, an excess of amine is 

typically used in reductive amination reactions. We optimized the amine-to-feedstock 

ratio by changing this ratio between 4/1 and 12/1. At a low amine-to-feedstock ratio of 

4/1, the yield of product (2) was 65 mol%. Increasing this ratio to 12/1 only slightly 

improved the yield to 68 mol%. According to Le Chatelier’s principle, adding more 

propylamine should shift the equilibrium to the formation of imine intermediate. 

However, the excess propylamine may further react with imine and aldehyde to form 

heavier products.24 To improve the hydrogenation of imine and avoid these 

condensation reactions, we optimized the hydrogen pressure in the range of 1-50 bar. 

Reductive amination of aldehyde group did not occur at a hydrogen pressure of 1 bar. 

Phenylpropanal was hydrogenated to propylbenzene with a yield of 64 mol%. The low 

rate of reductive amination is probably due to the low boiling point of propylamine. At 

a hydrogen pressure of 10 bar, the yield of amine product (2) was 53 mol%. At 50 bar, 

64 mol% of amine product (2) and 1.8 mol% of byproduct (3) with a saturated aromatic 

ring was obtained. Increased hydrogen pressure led to a higher hydrogen 

concentration in 1,4-dioxane, improving the rate of imine hydrogenation. However, 

under these conditions aromatic ring hydrogenation also occurred, which is undesired. 

The optimal hydrogen pressure was 30 bar, resulting in 62 mol% of amine (2) as the 

main product without hydrogenation of the aldehyde group nor the aromatic ring in the 

amine product.  

Influence of acid 

Reductive amination is usually performed under acidic conditions, because acids can 

increase the reactivity of the aldehyde group. However, the type and concentration of 

Brønsted acid need to be carefully controlled to avoid leaching of the metal 

hydrogenation catalysts and the corrosion of typical reactor materials.25 Lewis acid 
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metal triflates are less corrosive than Brønsted acids and have also been used in lignin 

acidolysis.26 Figure 2 shows the performance of metal triflates for the reductive 

amination of phenylpropanal. Clealy, metal triflates offer a higher reactivity than 

sulphuric acid (benchmark), resulting in full conversion of phenylpropanal and similar 

product yields at a lower acid concentration. The use of Lewis acids also improved the 

hydrogenation activity of the Pd/C catalyst. The yield of ring-saturated product was 8 

mol% with nickel triflate and up to 21 mol% of the aromatic rings were hydrogenated 

with ytterbium triflate and hafnium triflate. This is most likely caused by synergetic 

effects between metal triflates and Pd/C for aromatic ring hydrogenation.27 The 

presence of metal cations in the reaction mixture can modify the Pd/C surface and 

subsequently modulate the selectivity of aromatic ring hydrogenation.28 Metal triflates 

can improve the hydrogenation rate of Pd/C. In our earlier work, we demonstrated that 

this enhancement does not occur in real lignin conversion, because the presence of 

hydroxyl groups in lignin fragments can suppress aromatic ring hydrogenation.27 

Therefore, the use of metal triflates has a minor effect on the hydrogenation of aromatic 

ring. Importantly, metal triflates improved the total yield of monomeric products, hinting 

at a lower contribution of condensation reactions.  

  

Figure 2 Reductive amination of phenylpropanal in the presence of different acids. Reaction conditions: 

400 mg phenylpropanal, propylamine to phenylpropanal mole ratio 4/1, 40 mL dioxane, 100 mg Pd/C, 4 

mmol/L sulphuric acid, 1 mmol/L metal triflate, 30 bar H2, 2 h.    
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Influence of solvent 

 

Figure 3 Solvent effect on the reductive amination of phenylpropanal. Reaction conditions: 400 mg 

phenyl propanal, propylamine to phenylpropanal mole ratio 4/1, 40 mL solvent, 100 mg Pd/C, 1 mmol/L 

nickel triflate, 30 bar H2, 2 h. 

 

We also studied the influence of the solvent on the reductive amination of 

phenylpropanal. A suitable solvent must obviously be able to dissolve the reactant, i.e., 

the model compound as well as heavier lignin fragments, and the amine. Moreover, 

the solvent has to be stable under the applied reaction conditions. Water-free 

conditions are preferred for reductive amination, because water can result in the imine 

hydrolysis and shift the equilibrium between aldehyde and imine towards aldehyde. 

Therefore, polar protic solvents such as methanol and ethanol, polar aprotic solvents 

such as dioxane and THF, and apolar aprotic solvents (e.g., benzene, toluene) have 

been used for the reductive amination of aldehydes and ketones.29,30 Methanol was 

identified as a suitable solvent for the reductive amination of glycolaldehyde in a 

previous work.31 The yield of amine product was moderate (28-44 mol%) in methanol, 

ethanol and isopropanol (Figure 3). The relatively low product yield is likely due to the 

competitive adsorption between alcohols and reactants on the active sites of 

heterogeneous catalysts (Pd/C, Pt/C and Ni/C), which could also catalyze hydrogen 

transfer reactions from short alcohol solvents.32,33 Etherification between the aldehyde 

group and short alcohols did not occur. The use of toluene also resulted in a moderate 
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amine yield of 43 mol%. However, toluene was hydrogenated to methylcyclohexane, 

which is highly undesired. The best performance was obtained with 1,4-dioxane as a 

solvent, resulting in a yield of 57 mol% of the target product and 8 mol% of aromatic-

ring-hydrogenated product. Importantly, 1,4-dioxane exhibited excellent stability 

compared to toluene.  

Influence of amine 

We also investigated the impact of the amine in the reductive amination of reactive 

aldehyde groups. Table 2 shows the conversion of the aldehyde into primary, 

secondary and tertiary amines under acidic conditions. Primary amines were obtained 

by using an aqueous ammonia solution (entry 1). However, the high conversion and 

low product yield indicate severe self-condensation. With propylamine, phenylpropanal 

was converted into a secondary amine (3-phenyl-N-propylpropan-1-amine) with a high 

yield of 57 mol% (entry 2). The major side-product was 3-cyclohexyl-N-propylpropan-

1-amine (8.0 mol%) due to the hydrogenation of the aromatic ring. In the reaction of 

phenylpropanal with diethylamine, 68 mol% of tertiary amine (N,N-diethyl-3-

phenylpropan-1-amine) and 4.4 mol% of its aromatic-ring-hydrogenated product were 

obtained. The yield of amine products showed the following efficiency: tertiary amine > 

secondary amine > primary amine. This trend indicated that the nucleophilicity of the 

aminating reagent has a significant influence on the reductive amination step. The 

strong nucleophilicity favors the conversion of the aldehyde to imine intermediate, 

which is subsequently hydrogenated to amine products over Pd/C catalyst. Among the 

aminating reagents, diethylamine exhibited the strongest nucleophilicity, followed by 

propylamine and ammonia.  

Table 2 Reductive amination of phenylpropanal using different amines. 

Entry Amine reactant Product and yield（mol%） 

1 Ammonia a 

    

4.9 

 

1.7 

2 Propylamine 

 

57 

 

8.0 

3 Diethylamine 

  

65 

 

4.2 

Reaction conditions: 400 mg phenylpropanal, amine to phenylpropanal mole ratio 4/1, 

40 mL dioxane, 100 mg Pd/C, 1 mmol/L nickel triflate, 30 bar H2, 2 h. a 40 % aqueous 

ammonia solution.  

 

Reductive amination vs. direct hydrogenation 

To effectively prevent undesired condensation, the stabilization pathway must occur at 

an appreciably higher rate than the condensation pathway. We further evaluated the  
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Figure 4 Catalytic stabilization of aldehyde moiety in phenylacetaldehyde via (a) direct hydrogenation 

and (b) reductive amination in 1,4-dioxane solvent at 160 °C under 30 bar of hydrogen. (c) Performance 

of used Pd/C for the reductive amination of phenylacetaldehyde under same conditions. The zero minute 

was the moment when the reaction mixture was heated to 160 °C. 

potential of amination by comparing the efficiency of reductive amination and direct 

hydrogenation towards the stabilization of C2-aldehyde monomer 

(phenylacetaldehyde) under acidic conditions. Catalytic hydrogenation has been 

widely used to deactivate the unsaturated moieties in lignin-first approach. Figure 4a 

showed the kinetics of the direct hydrogenation of phenylacetaldehyde using Pd/C in 

the presence of nickel triflate in 1,4-dioxane solvent. The phenylacetaldehyde 
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conversion was already 42 mol% when the reaction mixture was heated to 160 °C 

(reaction time 0 min). Complete conversion was achieved after 40 min. However, only 

26 mol% of 2-phenylethan-1-ol and 3.1 mol% of ethylcyclohexane were obtained as 

monomeric products after 2 h. Notably, 63 mol% of 2,4-diphenylbutan-1-ol dimer was 

found due to aldol condensation followed by hydrogenation of the ketone and 

unsaturated moiety. This indicates that the C2-aldehyde cannot be efficiently stabilized 

by Pd/C-catalyzed hydrogenation under the applied conditions. Importantly, self-

condensation between aldehyde groups is faster than direct hydrogenation. With 

propylamine, phenylacetaldehyde can be stabilized to N-phenethylpropan-1-amine  

via reductive amination (Figure 4b). The time course study showed that the complete 

conversion of phenylacetaldehyde was already achieved when the reaction 

temperature was 160 °C (reaction 0 min). After 20 min, reductive amination of 

phenylacetaldehyde reached the equilibrium amount, resulting in 73 mol% of N-

phenethylpropan-1-amine and a small amount of butane-1,3-diyldibenzene dimer (1.1 

mol%). A slow saturation of aromatic ring of N-phenethylpropan-1-amine monomer can 

be found after 40 min with a final 4.4 mol% yield of N-(2-cyclohexylethyl)propan-1- 

amine) after 2 h. We also found that 6.7 mol% of phenylacetaldehyde was 

hydrogenated to ethylbenzene. Nevertheless, the high yield of N-phenethylpropan-1-

amine (73 mol%) indicates the high selectivity towards imine reduction. Moreover, the 

Pd/C catalyst can be recycled without loss of activity (Figure 4c). The kinetics shown 

in Figure 4 demonstrated the superior performance of reductive amination over 

hydrogenation, which can quickly stabilize the C2-aldehyde monomer against aldol 

condensation. The fast conversion of phenylacetaldehyde, high yield of N-

phenethylpropan-1-amine and low yield of the dimer showed the preference for 

reductive amination over aldol condensation and aldehyde hydrogenation. 

Stabilization of the C2 aldehyde intermediate from GGE acidolysis 

After successfully protecting the aldehyde group in phenylacetaldehyde and 

phenylpropanal, we evaluated the potential of reductive amination in the acidolysis of 

guaiagylglycerol beta-guaiacyl ether (GGE) dimer. In this reaction, the β-O-4 linkage 

will be cleaved to obtain guaiacol and a reactive C2-aldehyde product in the presence 

of nickel triflate in 1,4-dioxane.20 Without propylamine and Pd/C catalyst, GGE was 

converted to guaiacol (100 mol%) and the C2-aldehyde monomer, which was 

predominantly condensed into heavier products, resulting in a black mixture. GPC in 

Figure 5a confirmed the formation of high-molecular-weight products. In contrast, we 
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Figure 5 Gel permeation chromatography analysis of products obtained from (a) the acidolysis of GGE, 

(b) reductive amination of C2-aldehyde intermediate in GGE acidolysis, (c) GGE, and (d) 4-n-propanol-

guaiacol.  

 

obtained a transparent mixture when the aldehyde was stabilized by reductive 

amination. In Figure 5b, GPC analysis of obtained products showed a significantly 

lower average molecular weight than the mixture obtained from GGE acidolysis. The 

GGE dimer (Figure 5c) and 4-n-propanol-guaiacol (Figure 5d) were used as reference 

compounds to qualitatively analyze the GPC chromatograms. The main peak in Figure 

5b was found between those of the GGE dimer and the 4-n-propanol-guaiacol 

monomer, indicating the cleavage of β-O-4 linkage and suppression of further 

condensation. Analysis of the obtained products by GC-MS showed the formation of 

guaiacol (56 mol%). The absence of 4-n-ethyl-guaiacol and 4-n-ethanol-guaiacol 

implies that hydrogenation of the C2-aldehyde intermediate did not occur. We could 

not identify the aminated lignin monomers in GC-MS. 

To confirm the formation of the aminated monomer (secondary amine), we analyzed 

the obtained products by 1H NMR. Figure 6a shows the NMR spectrum of the GGE 
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model compound. The peaks at 5.29 and 4.28 ppm can be assigned to the protons at 

Cα and Cβ position in the β-O-4 structure. Chemical shifts from 6.60 to 7.10 ppm can 

be attributed to aromatic protons. In Figure 6b, the products obtained from GGE 

depolymerization without the amination stabilization showed the absence of peaks of 

Hα and Hβ position, indicating the cleavage of the β-O-4 bonds. The peaks in Figure 

6b can be assigned to the aliphatic, methoxy and aromatic structures.34 Interestingly, 

this spectrum is similar to that of a highly condensed technical lignin.35 By applying the 

amination strategy during GGE acidolysis using propylamine and Pd/C, the reactive 

C2-aldehyde monomer can be in situ converted to the corresponding secondary amine. 

This compound is identified by the NMR spectrum shown in Figure 6c. The peaks in 

the range from 6.50 to 7.10 ppm can be assigned to the aromatic protons. The methoxy 

group is represented by the peak at 3.73 ppm. Notably, the signal of the proton in the 

secondary amine is at 1.57 ppm. The neighboring hydrogens at Cγ position can not be 

distinguished from the solvent peak due to overlap. Peaks of other neighboring 

hydrogens at Cβ position were observed at a chemical shift of 2.84 ppm. This result, 

together with the low-molecular-weight distribution (Figure 5b), showed that the C2-

aldehyde intermediate in lignin acidolysis was stabilized to secondary amines via 

reductive amination, which effectively prevented condensation of the C2-aldehyde 

product. 
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Figure 6 1H NMR spectra of (a) GGE and products obtained from GGE depolymerization via (b) 

acidolysis without protection and (c) acidolysis with the protection of reductive amination.  
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5.4 Conclusions 

We explored the stabilization of reactive C2-aldehyde intermediates in lignin acidolysis 

via reductive amination method using Pd/C and propylamine. The aldehyde group in 

model compounds can be effectively converted to corresponding amines, which are 

stable under acidic conditions. Up to 57 mol% of 3-phenyl-N-propylpropan-1-amine 

and 8 mol% of 3-cyclohexyl-N-propylpropan-1-amine can be obtained from the 

reductive amination of phenylpropanal under optimized conditions. 1,4-Dioxane was 

the preferred solvent in view of the obtained product yield and its high stability. Strongly 

nucleophilic aminating reagents favored the reductive amination of the aldehyde. 

Importantly, reductive amination was superior in suppressing undesired aldol 

condensation over hydrogenation. This strategy was validated in the in situ conversion 

of the C2 aldehyde intermediate into secondary amines in the acidolysis of lignin dimer. 
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Chapter 6 

Efficient Conversion of Pine Wood Lignin to Phenol 

Abstract 

Obtaining chemical building blocks 

from biomass is attractive in order 

to meet sustainability targets. 

Herein we report an effective 

approach to convert the lignin part 

of woody biomass into phenol, which is valuable base chemical. Monomeric 

alkylmethoxyphenols are obtained from pinewood, rich in guaiacol-type lignin, through 

Pt/C-catalyzed reductive depolymerization. In a second step an optimized MoP/SiO2 

catalyst is used to selectively remove methoxy groups in these lignin monomers to 

generate 4-alkylphenols, which are dealkylated by a zeolite-catalyzed transalkylation 

to a benzene stream. The overall yield of phenol based on the initial lignin content in 

pinewood is 9.6 mol%.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter is based on: X. Ouyang, X. Huang, M. D. Boot, E. J. M. Hensen, Efficient Conversion of 

Pine Wood Lignin to Phenol. ChemSusChem, 2020, 13, 1705-1709. 
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6.1 Introduction 

Lignocellulosic biomass holds great promise as a source of sustainable chemicals 

replacing fossil resources. Lignin is the largest renewable source of aromatics, which 

explains the substantial interest from the chemical industry.1 Many different methods 

have already been explored to depolymerize the recalcitrant polyphenolic network of 

lignin into aromatic monomers.2 Among these, the lignin-first process (LFP) stands out 

in terms of the high yield of monomers, in the form of alkylmethoxyphenols, using 

optimized catalysts to cleave the linkages that bind lignin fragments to hemicellulose 

and lignin intralinkages.3 As the market demand for these alkylmethoxyphenols 

represents a small size, it is desirable to convert them into bulk chemical building 

blocks.4 For instance, Song et al. described an approach to convert 2-methoxy-4-

propylphenol to terephthalic acid through demethoxylation, carbonylation and 

oxidation.5 Other than terephthalic acid, the removal of the methoxy functionalities and 

alkyl side groups can give access to phenol, which is a valuable intermediate in the 

manufacture of agro-chemicals, detergents, plastics, medicine, dyes and plasticizers.6 

We earlier explored a combination of hydrodemethoxylation (HDMeO) and 

transalkylation of the alkyl groups to a benzene co-reactant in order to obtain phenol 

from the same lignin model compound in a one-step approach.7 Full conversion of 2-

methoxy-4-propylphenol, representative for guaiacol-type alkylmethoxylphenols 

obtained from LFP, was achieved with a reasonable phenol yield of 60%. The 

bifunctional catalytic approach combined hydrodemethoxylation catalysed by Au/TiO2 

and transalkylation of the propyl side group to benzene using a zeolite catalyst. The 

limited phenol yield is due to the low efficiency of the demethoxylation step, while the 

use of gold also raises concerns about the scale-up of this process. 

Earth-abundant metals (e.g., Ni, Mo, Fe), which can replace noble metals, and their 

corresponding oxide, carbide, sulfide, or phosphide compounds have been reported 

as potential candidates for the deoxygenation of biomass-derived molecules.8 Among 

them, transition metal phosphides show promising properties in the selective removal 

of oxygen in lignin-derived molecules without hydrogenation of the aromatic ring. For 

example, 80% of a gaseous guaiacol feed could be converted using a supported Ni2P 

catalyst with benzene (60%) and phenol (30%) as main products.9 In this work, we 

explored the potential of metal phosphides in the bifunctional upgrading of 2-methoxy-

4-propylphenol to phenol as a model reaction. Our approach was to first optimize the 

transition metal phosphide towards optimum HDMeO of 2-methoxyl-4-propylphenol to 

4-propylphenol. MoP/SiO2 was identified as the most promising metal phosphide, 

because the product yield was 88 mol% without touching the aromatic ring. The 
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optimization of this catalyst in the bifunctional conversion of 2-methoxyl-4-propylphenol 

to phenol led to a phenol yield close to 90 mol% at 350 °C at a high weight hourly 

space velocity of 40 h-1. The optimized system and conditions were then applied to 

convert an LFP-derived lignin oil from pinewood into phenol. This strategy opens a new 

avenue in the valorization of biomass towards bulk chemicals, contributing to a greener 

chemical industry. 

 

6.2 Experimental Section 

Chemicals and materials 

The metal salt precursors Ni(NO)3·6H2O, Fe(NO3)2·9H2O, (NH4)6Mo7O24·4H2O, 

Co(NO3)2·6H2O (99.999%) were purchased from Sigma-Aldrich. The phosphorus 

precursor (NH4)2HPO4 was purchased from Merck. Silica, Pd/C (5 wt%) and Pt/C (5 

wt%) were purchased from Sigma-Aldrich. Zeolite NH4ZSM-5 (Si/Al 15) was obtained 

from Albemarle. Model compounds 4-propylphenol (≥97%), 2-methoxy-4-propylphenol 

(≥99%) and 4-allyl-2,6-dimethoxyphenol (≥95%) were bought from Sigma-Aldrich. 

Benzene (99.7%) was bought from VWR. Tetrahydrofuran (THF), and 

dimethylsulfoxide (d6-DMSO) were purchased from Merck. n-Dodecane was 

purchased from Alfa Aesar. 

Catalyst preparation 

Transition metal phosphide catalysts were prepared by a two-step incipient 

impregnation method. First, the silica supports were impregnated with an aqueous 

solution of Ni(NO)3·6H2O, Fe(NO3)2·9H2O, (NH4)6Mo7O24·4H2O, Co(NO3)2·6H2O and 

(NH4)6W12O39·H2O, respectively. The metal loading was 1.6 mmol/g SiO2 support. The 

impregnated catalysts were dried in an oven at 105 °C overnight and calcined at 550 °C 

for 5 h. The obtained metal oxide catalysts were impregnated with an aqueous solution 

of (NH4)2HPO4. The targeted phosphorus/metal ratio was 1/1 for WP/ SiO2, CoP/SiO2, 

MoP/SiO2 and 2/1 for Ni2P/ SiO2 and Fe2P/SiO2. After drying in an oven at 105 °C 

overnight, these catalysts were reduced in 100 mL/min H2 flow at 700 °C for 3 h 

(heating rate 3 °C/min). After reduction, the silica-supported metal phosphide catalysts 

were passivated in 0.5 % vol O2 in Ar for 2 h. The synthesis of non-passivated 

MoP/SiO2 catalyst is similar to the procedure described above. After reduction at 

different temperatures (600, 700, 800, 900 °C) for 3 h (heating rate 3 °C/min), the 

obtained MoP/SiO2 samples were transferred into a glovebox without passivation. A 

MoO3/SiO2 catalyst was synthesized by an incipient impregnation method using 

(NH4)6Mo7O24·4H2O as the precursor. After drying and calcination, the catalyst was 

reduced in 100 mL/min H2 flow at 700 °C for 3 h (heating rate 3 °C/min). After reduction, 
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the MoO3/SiO2 catalyst was passivated in 0.5 % vol O2 in Ar for 2 h. 

NH4ZSM-5 zeolite was calcined at 550 °C for 6 h (heating rate of 1 °C/min) to obtain 

the proton form (HZSM-5).  

Catalytic activity test 

A home-built down-flow fixed-bed reactor was used for the HDMeO of the lignin 

monomer model compound 2-methoxy-4-propylphenol. Typically, 100 mg of 

passivated metal phosphide catalyst (sieve fraction 75-200 µm) was loaded in a tubular 

reactor. The catalyst was pretreated in a H2 flow (100 ml/min) at 450 °C for 1 h (heating 

rate 3 °C /min). After pretreatment, the temperature was decreased to 350 °C and the 

H2 flow rate was set to 30 mL/min. The pressure was raised to 90 bar by a back-

pressure regulator. After reaching the reaction pressure and temperature, a feed of 5 

mol% 2-methoxy-4-propylphenol in benzene was fed to the reactor through an HPLC 

pump at a flow rate of 0.15 mL/min. The feeding line between the HPLC pump and 

reactor was heated to 200 °C. The liquid products were collected after the reactor every 

1 hour in a cold trap. Sample (1 mL) was taken out of the product mixture. After adding 

10 µL n-dodecane as an external standard, the product yield is analyzed by a 

Shimadzu 2010 gas chromatography with mass spectrometry and flame ionization 

detection equipped with a TRX- 1701 column. 

The reactor described above was used for obtaining phenol from 2-methoxy-4-

propylphenol. Typically, 100 mg of passivated MoP/SiO2 catalyst (75-200 µm) and 100 

mg of HZSM-5 (Si/Al 15, 300-500 µm) were mixed and loaded in a tubular reactor 

equipped with two valves at the top and bottom. The reaction conditions and 

procedures were the same as the HDMeO reactions. After reaction, the tubular reactor 

was sealed by closing the valves. The used catalysts were transferred to a glovebox 

and separated via sieving without contacting air. The used catalysts were further 

characterized. 

For evaluating the performance of non-passivated MoP/SiO2 catalyst, 100 mg 

MoP/SiO2 catalyst (75-200 µm) and 100 mg HZSM-5 (Si/Al 15, 300-500 µm) were 

mixed and loaded in a tubular reactor in the glovebox. After closing the valves, the 

reactor was transferred and connected to the setup. The reaction conditions and 

procedures were the same to the HDMeO reactions. After reaction, the tubular reactor 

was sealed by closing the valves. The used catalysts were transferred to a glovebox 

and separated via sieving without contacting air followed by further characterization. 

The reactant conversion and product yield were calculated as follows: 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 = (1 −
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 2−𝑚𝑒𝑡ℎ𝑜𝑥𝑦−4−𝑝𝑟𝑜𝑝𝑦𝑙 𝑝ℎ𝑒𝑛𝑜𝑙 𝑎𝑓𝑡𝑒𝑟 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 2−𝑚𝑒𝑡ℎ𝑜𝑥𝑦−4−𝑝𝑟𝑜𝑝𝑦𝑙 𝑝ℎ𝑒𝑛𝑜𝑙
) × 100%               （1） 
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𝑌𝑖𝑒𝑙𝑑 =
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑜𝑙𝑎𝑟 𝑜𝑓 2−𝑚𝑒𝑡ℎ𝑜𝑥𝑦−4−𝑝𝑟𝑜𝑝𝑦𝑙 𝑝ℎ𝑒𝑛𝑜𝑙 
× 100%                                （2） 

The solvent-derived product yield was calculated as follows: 

𝑆𝑜𝑙𝑣𝑒𝑛𝑡 𝑑𝑒𝑟𝑖𝑣𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑦𝑖𝑒𝑙𝑑 =
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑠𝑜𝑙𝑣𝑒𝑛𝑡 𝑑𝑒𝑟𝑖𝑣𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑠𝑜𝑙𝑣𝑒𝑛𝑡
× 100%                 （3） 

Catalyst characterization 

Powder X-ray diffraction (XRD) was measured on a Bruker Endeavor D2 with Cu Kα 

radiation (40 kV and 30 mA). The XRD pattern was recorded with 0.02° steps over the 

10° - 80° angular range with 0.4 s per step.  

Transmission electron microscopy (TEM) was used to determine the particle size and 

particle size distribution. A catalyst sample was ground and suspended in the ethanol 

for the TEM analysis. Images were taken using an FEI Tecnai 20 at 200 kV. Particle 

size distribution analysis was carried out in the ImageJ software.   

Textural properties of the silica-supported metal phosphide catalysts were determined 

by analyzing nitrogen physisorption isotherms recorded at -196 °C on a Micromeritics 

ASAP3020 Tristar system. Typically, 100 mg of sample was loaded in a quartz tube 

which was pretreated at 120 °C overnight to remove the water prior to analysis. The 

Brunauer-Emmet-Teller (BET) method was used to calculate the surface area.  

The metal and phosphorus loading were determined by inductively coupled plasma 

atomic emission spectrometry (ICP-AES) analysis performed on a SpectroBlue 

apparatus. Before analysis, the samples (20 mg) were dissolved in an acid mixture 

(1.5 mL) of HF(40%)/HNO3(65%)/H2O in a 1/1/1 volumetric ratio. The solution was 

transferred to a volumetric flask of 50 mL. After diluting ten times by pure water, the 

samples were analyzed by ICP-AES.  

CO uptake measurements were used to determine the dispersion of metal atoms. 

Typically, 0.3 g silica supported metal phosphide catalyst was loaded into a quartz 

reactor. The samples were reduced in flowing H2 at 450 °C (heating rate 10 °C/min) 

and evacuated at 450 °C for 1 hour to remove chemisorbed hydrogen, and then cooled 

to 40 °C under dynamic vacuum. Chemisorption analysis was carried out at 40 °C.  

X-ray photoelectron spectroscopy (XPS) measurements were performed on a Thermo 

Scientific K-Alpha XPS equipped with a monochromatic Al Kα X-ray. For the 

measurement of passivated metal phosphide catalysts, all the samples were reduced 

in an H2 flow (100 mL/min) at 450 °C for 1 hour (heating rate 3 °C /min). After reduction, 

the samples were transferred to glovebox and ground without exposure to air. The 

ground samples were loaded in a vacuum transfer cell for the XPS analysis. For the 

analysis of non-passivated and used catalysts, the samples were directly ground and 

loaded in the transfer cell in the glovebox for the XPS analysis. Fitting of the XPS 
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spectroscopy was done with CasaXPS software. The carbon 1s line at 284.5 eV was 

used for energy calibration. 

Biophenol production from pinewood sawdust 

Pinewood sawdust pretreatment and Klason lignin content determination were 

described in Chapter 3.  

To obtain lignin oil from pinewood sawdust, 40 g of pretreated pine sawdust, 800 mL 

of solvent (methanol 423 mL, water 377 mL), 2 g of 5 wt% of Pt/C catalyst were loaded 

in a 4 L autoclave. The autoclave was sealed and flushed three times with nitrogen to 

remove air. After a leak test, the autoclave is pressurized to 30 bar with H2. The reaction 

mixture was heated to 230 °C (heating rate ~2 °C/min). After 3 hours reaction, the 

autoclave was cooled to room temperature. The lignin oil and solid residue were 

separated by filtration. The methanol/water solvent was removed by a rotary 

evaporator. Ethyl acetate (423 mL) and water (377 mL) were added to the lignin oil. 

Lignin products were dissolved in organic phase while sugar-derived products were 

kept in the water phase. Ethyl acetate phase (40 mL) was taken for further GC/GC-MS, 

GPC and 2D HSQC NMR analysis. After this liquid-liquid extraction, the ethyl acetate 

was separated and then removed by rotary evaporation. The obtained lignin oil was 

further dissolved in benzene for biophenol production. Lignin monomer yield is 

calculated by GC/GCMS and monomer concentration is 0.5 mol% in benzene.  

To convert pinewood-derived lignin monomers into phenol, 100 mg of MoP/SiO2 

catalyst and 100 mg HZSM-5 (Si/Al 15) were mixed and loaded in a fixed-bed reactor 

in a glovebox. The reactor was sealed by two valves before it was taken out of the 

glovebox. The catalysts were pretreated in an H2 flow (100 mL/min) at 450 °C for 1 h 

(heating rate 3 °C/min). After pretreatment, the temperature was decreased to 350 °C 

and the H2 flow rate was set to 30 mL/min. The pressure was controlled at 90 bar by a 

back-pressure regulator. After reaching the reaction pressure and temperature, the 

lignin oil solution (0.5 mol% monomers in benzene) was fed into the reactor through 

an HPLC pump at a flow rate of 0.15 mL/min. The feeding line between the HPLC 

pump and reactor was heated to 200 °C. The liquid products were collected after the 

reactor every 1 hour in a cold trap. To analyze the conversion and yield, 1 mL of liquid 

was taken out of the product mixture. After adding 5 µL dodecane as an external 

standard, the product yield is analyzed by GC/GCMS. 

𝐶𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (𝑚𝑜𝑙%) = (1 −
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑚𝑜𝑛𝑜𝑚𝑒𝑟𝑠 𝑎𝑓𝑡𝑒𝑟 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 

 𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑚𝑜𝑛𝑜𝑚𝑒𝑟𝑠
) × 100%                            （4） 

𝑌𝑖𝑒𝑙𝑑 (𝑚𝑜𝑙%) =
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑝ℎ𝑒𝑛𝑜𝑙

 𝑚𝑜𝑙𝑜𝑒𝑠 𝑜𝑓 𝑚𝑜𝑛𝑜𝑚𝑒𝑟𝑠 
× 100%                                                （5） 

In the above definition, the moles of monomers are the number of phenolic monomers 
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obtained in pinewood lignin depolymerization.  

To quantify the phenol yield (mol%) based on the initial lignin content, we used HSQC 

NMR to determine the S/G/H ratio in the lignin oil.3 The monomer composition of the 

lignin oil was determined by integration of the S2,6, H2,6 and G2 correlation signals 

(Figure B19). For pinewood lignin oil obtained in Pt/C catalyzed depolymerization, the 

S unit signals were not observed and the G/H ratio was 91/9. The aromatic building 

blocks in pinewood are mainly p-coumaryl, coniferyl alcohols with molecular weights 

of 150 and 180 g/mol, respectively. Therefore, we can estimate the average molecular 

weight of monomers in pinewood lignin oil is 177.3 g/mol. We used 40 g of pinewood 

with 25 wt% of lignin content, which represents 56.4 mmol of initial lignin monomers. 

The phenol yield (mol%) based on the initial lignin content is calculated as follows. 

𝑃ℎ𝑒𝑛𝑜𝑙 𝑦𝑖𝑒𝑙𝑑 (𝑚𝑜𝑙%) =
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑝ℎ𝑒𝑛𝑜𝑙

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑙𝑖𝑔𝑛𝑖𝑛 𝑚𝑜𝑛𝑜𝑚𝑒𝑟𝑠 𝑖𝑛 𝑝𝑖𝑛𝑒𝑤𝑜𝑜𝑑
× 100%                       （6） 

 

6.3 Results and discussion 

HDMeO of 2-methoxy-4-propylphenol 

We first optimized the HDMeO function by comparing FeP/SiO2, CoP/SiO2, Ni2P/SiO2, 

WP/SiO2 and MoP/SiO2 using 2-methoxy-4-propylphenol as a model compound. The 

metal phosphides were prepared by a two-step wetness impregnation method of 

appropriate metal salts and diammonium hydrogen phosphate, followed by reduction 

at 700 °C aiming at the conversion of the metal oxide precursor to the corresponding 

phosphide. Silica is a preferred support for metal phosphides.10 Elemental analysis 

confirms proper metal and phosphorus loadings and metal-to-phosphorus ratios 

(Appendix B, Table B1). The formation of metal phosphides is evidenced by XRD 

(Appendix B, Figure B1) and XPS (Appendix B, Figure B2). The reduced catalysts were 

used to demethoxylate 2-methoxy-4-propylphenol at 350 °C under 90 bar of H2 

pressure using benzene as the solvent (Figure 1).7,11 The desired reaction is the 

removal of the methoxy group from the model reactant, which yields 4-propylphenol 

and methanol. Removal of the phenolic hydroxyl group is more difficult and would lead 

to the formation of propylbenzene, while aromatic ring hydrogenation is another 

possible side-reaction yielding propylcyclohexane. The reactant as well as the 

aromatic products can also be ring-alkylated by methanol. The lowest product yield is 

obtained with the incompletely reduced Fe-based catalyst. CoP/SiO2 converts the first 

hour 84% of the reactant with a 45% yield of 4-propylphenol, 18% of methylated 4-

propylphenols and 6% of n-propylbenzene. Although the product distribution is                
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Figure 1 Conversion for 2-methoxyl-4-propyl phenol demethoxylation and product distribution over 

different metal phosphide catalysts: FeP/SiO2, CoP/SiO2, Ni2P/SiO2, WP/SiO2, MoP/SiO2 and 

MoO3/SiO2 catalyst. Pretreatment conditions: 100 mg of catalyst is reduced in 100 ml/min H2 at 450 °C 

for 1 hour. Reaction conditions: 5 mol% of 2-methoxyl-4-propylphenol in benzene, 350 °C, 90 bar, gas 

flow rate 30 mL/min H2, weight hourly space velocity (WHSV) 80 h-1. 

promising and aromaticity is retained, this catalyst suffers from severe deactivation. A 

higher and more stable conversion is attained with Ni2P/SiO2 as the catalyst. However,  

a drawback of this catalyst is that hydroxyl group removal and aromatic ring 

hydrogenation proceeded at substantial rates, leading to the formation of n-

propylcyclohexane. The higher aromatic ring hydrogenation rate also leads to 

hydrogenation of the solvent, which is highly undesired (Appendix B, Figure B3). 

WP/SiO2 shows a reasonable 4-propylphenol yield of 40 mol% with a relatively small 

amount of methylated 4-propylphenols by-product. However, the conversion rate was 
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low with this catalyst. The best performance was obtained with the MoP/SiO2 catalyst, 

enabling a near complete conversion of 2-methoxy-4-propylphenol with an 88 mol% 

yield of 4-propylphenol. Remarkably, this catalyst can remove the methoxy group 

without touching the phenolic hydroxyl group or the aromatic ring. The major by-

products are methylated 4-propylphenols (10 mol%). Besides the nearly quantitative 

yield of alkylphenols, the catalyst also exhibited good stability during 6 h of reaction. 

While the desirable selectivity can be correlated to the intrinsic catalytic properties of 

MoP, the high activity can be related to the significantly higher dispersion of the MoP 

phase on silica compared to the other catalysts as judged from CO uptake 

measurements (Appendix B, Table B1). In contrast to the other metal phosphides, TEM 

shows a high MoP dispersion (Appendix B, Figure B4). The high dispersion of MoP 

can be caused by the metal weight loading and the mobility of metal phase in reduction 

process (Appendix B, Table B2).12,13 As earlier work indicated that MoO3 is also a 

potential catalyst for the deoxygenation of lignin monomers,14 we compared MoP/SiO2 

to MoO3/SiO2 in our model HDMeO reaction. Although MoO3/SiO2 can also convert 2-

methoxy-4-propylphenol to the desired reaction product, MoP/SiO2 is much more 

active and produces less by-products. These results highlight the unique ability of 

MoP/SiO2 for the selective removal of the methoxy group of 2-methoxy-4-propylphenol 

by HDMeO. 

Obtaining phenol from the demethoxylated intermediate requires the removal of the 

alkyl group for which we explored transalkylation to another aromatic molecule. 

Zeolites are shape-selective catalysts for various kinds of alkylation/dealkylations 

reactions.15 These catalysts can also be involved in transalkylation, allowing a shift 

from alkyl groups from one aromatic molecule to another.16 We exploit this latter 

property by using benzene as a solvent, which is present in excess to the lignin 

monomer. In addition to the formation of valuable phenol, this approach also increases 

the value of the benzene stream. Alkylated benzenes are more valuable than benzene 

in the chemical industry. We selected acidic HZSM-5 with Si/Al 15 as a transalkylation 

catalyst. In a typical reaction, a mixture of 100 mg passivated MoP/SiO2 (particle size 

75-200 µm) and 100 mg of HZSM-5 (particle size 300-500 µm) were mixed and placed 

in a stainless-steel fixed-bed reactor (Figure 2a). Figure 2b (left) shows the results of 

catalytic tests using a feed of 2-methoxy-4-propylphenol and benzene (1:20 mole ratio) 

at 350 °C and 90 bar H2 at WHSV 40 h-1. The combined demethoxylation by MoP/SiO2 

and transalkylation by zeolite resulted in a promising phenol yield of 83% after 1 hour. 

The propyl chain is mainly transferred to benzene yielding n-propylbenzene and 

cumene. These products have particular value in the current context as they can be 

converted to phenol by oxidation.17 Toluene and xylenes were other reaction products, 
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which are most likely obtained by alkylation of benzene with methanol derived from 

removal of the methoxy group as well as isomerization reactions of cumene and n-

propylbenzene. Furthermore, the observation of diphenylmethane (3 mol%) points to 

dimer formation, which can slowly accumulate and then result in the coke formation 

(Appendix B, Figure B5, B6). Propane (1 mol%) was found dissolved in benzene and 

also a minor amount of methane can be formed as the gaseous products due to the 

propyl guaiacol demethylation catalyzed by HZSM-5.7 Although the initial phenol yield 

was high during the first hour, the catalyst deactivated as evident from the slowly 

decreasing phenol yield. This is clearly due to a loss of the transalkylation activity, 

because the 4-propylphenol yield increases with time on stream (Figure 2b left). A 

similar trend is observed among benzene-derived products in which the propylbenzene 

yield became lower with time on stream (Appendix B, Figure B7). 

 

 

Figure 2 One-pot conversion of 2-methoxy-4-propylphenol to phenol in a fixed-bed flow reactor, 

separation of the two catalytic components of the used catalysts and XPS analysis of used HZSM-5 (a); 

conversion and product yield using HZSM-5 with passivated MoP/SiO2 (left in b) and non-passivated 

MoP/SiO2 (right in b). Pretreatment: reduction of 100 mg MoP/SiO2 and 100 mg HZSM-5 at 450 °C for 

1 hour. Reaction conditions: 5 mol% of 2-methoxyl-4-propyl phenol in benzene, 350 °C, 90 bar, H2 flow 

rate 30 mL/min, weight hourly space velocity (WHSV) 40 h-1. P 2p (c) and Mo 3d (d) XPS spectra of 

used HZSM-5 catalyst. 

To investigate the origin of this undesired activity loss, the used HZSM-5 zeolite was 
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separated from the catalyst mixture by sieving (different particle sizes were used for 

the two catalyst components) and analyzed by XPS (Figure 2a). XPS shows that the 

used zeolite contains phosphate species as evident from the P 2p signal at 134.9 eV 

(Figure 2c). Importantly, the zeolite component does not contain molybdenum nor other 

(reduced) phosphide species (Figure 2d). Thus, we can firmly conclude that unreduced 

phosphate left over from the preparation migrated from the MoP/SiO2 component to 

HZSM-5 during the ongoing reaction. Although phosphate is regarded as a promoter 

for the hydrothermal stability of HZSM-5, it strongly interacts with Brønsted acid sites 

of zeolites, lowering the total acidity and thus the activity.18 This deactivation 

mechanism is confirmed by the poor performance (lower conversion and phenol yield) 

of a phosphate-modified HZSM-5 in comparison to a P-free HZSM-5 zeolite in 4-

propylphenol transalkylation (Appendix B, Figure B8). Thus, we can firmly conclude 

that the zeolite acid sites are deactivated by phosphate species migrating from the 

MoP/SiO2 to HZSM-5. We considered that these phosphate species can originate from 

the passivation procedure of the MoP phase during the reduction step and possibly the 

further exposure in ambient air when loading the reactor. In order to verify this, we 

developed a protocol in which the reduced MoP/SiO2 was directly mixed with the 

zeolite catalyst and loaded into the reactor in a nitrogen- flushed glovebox. Figure 2b 

(right) shows that this approach yielded a more stable catalyst system for phenol 

production. A high and stable phenol yield of ~80% was obtained with cresol as the 

main by-product. The alkylation of benzene in this modified approach was also 

confirmed and the yield of alkylated products with time on stream was also stable 

(Appendix B, Figure B7). Thus, preventing MoP oxidation, which would otherwise 

generate phosphate species, is a key factor in obtaining a stable catalyst for a high 

phenol yield. 

In recognizing the importance of avoiding phosphate, we optimized the preparation of 

MoP by varying the reduction temperature required to obtain the phosphide from Mo-

oxide and phosphate precursors in the 600-900°C range (Appendix B, Figure B9-B11). 

The catalytic performance of these differently reduced MoP/SiO2 catalysts was 

evaluated in combination with HZSM-5 for the conversion of 2-methoxy-4-propylphenol 

to phenol. The conversion in these tests was complete and the phenol yield was very 

high with typical cresol yields of about 10 mol% (Appendix B, Figure B12). There was 

no observable deactivation during these measurements, as also confirmed by the near 

constant yield of n-propylbenzene and cumene (Appendix B, Figure B13). Despite the 

minor effect on the conversion, Figure 3 shows that a higher reduction temperature 

results in a higher phenol yield. The higher degree of MoP formation and the slightly 
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lower amount of residual phosphate can contribute to these improvements. XPS 

analysis of used MoP/SiO2 catalysts shows that the Mo oxidation state did not change 

during the reaction (Appendix B, Figure B14). Nevertheless, we still observed a small 

loss of phosphate species from the decrease of the corresponding XPS P 2p feature. 

The phosphorus content on used zeolite was very high (0.7 wt%) in the experiment in 

which MoP/SiO2 was reduced at 600 °C and lowest in the experiment in which 

reduction was carried out at 900 °C (0.4 wt%) (Appendix B, Figure B15, B16). 

 

Figure 3 Influence of reduction temperature on phosphide formation (blue), 2-methoxy-4-propylphenol 

conversion (black) and phenol yield (red, average yield during 6 h reaction). 

The above results show the promise of using a combination of MoP/SiO2 and HZSM-

5 zeolite in converting lignin-derived guaiacol-type compounds in high yield to phenol. 

We also evaluated the stability of this catalyst combination in a 48 hours reaction 

(Appendix B, Table B3). The phenol yield was found to slowly decrease with time due 

to the coke formation in used HZSM-5. After catalyst regeneration at 700 ºC for 2 hours 

in a hydrogen atmosphere, the phenol yield was 85% again. The utility of this catalyst 

combination in converting a syringol-type 2,6-dimethoxy-4-propylphenol, in separate 

demethoxylation and transalkylation reactions showed that the phenol yield in this case 

was much lower at 31 mol% with a non-closed mass balance, likely due to 

oligomerization of intermediates (Appendix B, Table B4 and B5). Although further 
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investigations are needed to more efficiently convert syringol-type intermediates 

coming from hardwood biomass, we decided to evaluate the potential of our approach 

on a real lignin oil derived from pinewood by LFP (Figure 4). We choose pinewood, 

because this kind of softwood is rich in guaiacol-type building blocks. For the LFP, 

pinewood sawdust was subjected to a reaction at 230 °C and 30 bar H2 using a Pt/C 

catalyst in a methanol-water mixture (mole methanol-to-water ratio 1/2).19 All β-O-4 

lignin interlinkages in the original biomass were cleaved as confirmed by HSQC NMR 

(Appendix B, Figure B19). Gel permeation chromatography evidenced the formation of 

lignin monomers with only a small amount of relatively low-molecular-weight lignin 

fragments being dissolved in benzene (Appendix B, Figure B20). The total monomer 

yield was 15 wt% of which 78% was 2-methoxy-4-propylphenol. Other lignin monomers 

were guaiacol, methylguaiacol and ethylguaiacol. The lignin monomers in this oil were 

then further converted by our combination of MoP/SiO2 and HZSM-5 catalysts 

(Appendix B, Figure B21). Not only 4-propylguaiacol, but also ethylguaiacol and 

methylguaiacol were converted to phenol, showing that our approach is broadly able 

to convert substituted guaiacols. Importantly, full conversion of these compounds in 

the lignin oil and stable phenol yield support our conclusion that the dual catalyst is 

stable for at least 6 h. Based on the initial lignin content in pinewood, we determined a 

phenol yield of 9.6 mol%. 

 

 

Figure 4 Schematic representation of the three-step approach developed in this work to obtain phenol 

from woody biomass. 

 

6.4 Conclusions 

In summary, we developed a novel catalytic approach for valorization of lignin 

monomers obtainable from different types of wood by LFP. In a relevant example, lignin 



 
Chapter 6 

130 

 

in pinewood is converted to phenol using a combination of reductive depolymerization 

of in planta lignin followed by combined hydrodemethoxylation and transalkylation. The 

upgrading of the carbohydrate pulp to value-added products via different strategies has 

already been explored before.20 The novelty of our approach is the use of relatively 

cheap MoP/SiO2 to catalyze hydrodemethoxylation. We demonstrated that the 

formation of MoP species is not only important for a high demethoxylation activity, but 

also essential to limit the amount of remaining phosphate precursor to stabilize the 

performance. A too high residual phosphate yield leads to slow deactivation of the 

zeolite component due to migration to Brønsted acid sites. Conceptually, an advantage 

of the described approach is the benefit of integrating the described novel biobased 

process in existing chemical processes for phenol production. 
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Appendix B 
 

B.1 Additional figures 

10 20 30 40 50 60 70 80

 

2 ()

 

In
te

n
s
it
y
 (

a
.u

.)

 

Ni
2
P/SiO

2

CoP/SiO
2

FeP/SiO
2

 

MoP/SiO
2

 

 

WP/SiO
2

 

Figure B1 XRD pattern of silica-supported transition metal phosphide catalysts. Red lines are the peaks 

corresponding the different metal phosphides from the powder diffraction file database. The peak at the 

green square position indicates the formation of Fe2P2O7. XRD confirms the formation of CoP, Ni2P, WP 

and MoP, whereas complete reduction to FeP was not achieved as can be judged from the presence of 

Fe2P2O7 reflections in the XRD pattern. 
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Figure B2 XPS spectra of (a) W 4f, (b) Ni 2p, (c) Co 2p, (d) Fe 2p, (e) Mo 3d and their corresponding P 

2p (f-j) in metal phosphide catalysts synthesized at 700 °C. The passivated metal phosphide catalysts 

were reduced in 100 mL/min H2 at 450 °C for 1 hour and then analyzed by XPS. XPS spectra 

demonstrates the formation of metal and phosphorus species with an oxidation state close to zero upon 

high-temperature reduction. On the other hand, there are only very weak signals visible of reduced Fe 

and P (Fe 2p3/2 707 eV, P 2p3/2 129.0 eV).  
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Figure B3 Solvent-derived products in the HDMeO of 2-methoxyl-4-propylphenol over different metal 

phosphide catalysts: (a) FeP/SiO2; (b) CoP/SiO2; (c) Ni2P/SiO2; (d) WP/SiO2; (e) MoP/SiO2 and (f) 

MoO3/SiO2 catalyst. Pretreatment conditions: 100 mg of catalyst reduced in 100 mL/min H2 at 450 °C 

for 1 hour. Reaction conditions: 5 mol% of 2-methoxyl-4-propylphenol in benzene, 350 °C, 90 bar, gas 

flow rate 30 mL/min H2, weight hourly space velocity (WHSV) 80 h-1. 

 

Figure B4 TEM images of silica-supported transition metal phosphide catalysts reduced at 

700°C (a) WP/SiO2, (b) CoP /SiO2, (c) Ni2P /SiO2, (d) FeP/SiO2, (e) MoP/SiO2. 
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Figure B5 Products of 4-propyl-2-methoxy phenol conversion using HZSM-5 and passivated MoP/SiO2. 

(a) GCMS analysis of the first-hour sample; (b) MS of diphenylmethane. 
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Figure B6 TG analysis of used HZSM-5 catalysts. HZSM-5 was separated from the catalyst mixture by 

sieving after the reaction. 
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Figure B7 Benzene-derived products in the transalkylation of 2-methoxy-4-propylphenol with benzene 

using HZSM-5 and (left) passivated MoP/SiO2 and (right) non-passivated MoP/SiO2. Pretreatment 

conditions: the mixture of MoP/SiO2 and HZSM-5 is reduced in 100 mL/min H2 at 450 °C for 1 hour. 

Reaction conditions: 5 mol% of 2-methoxyl-4-propylphenol in benzene, 350 °C, 90 bar, H2 flow rate 30 

mL/min, weight hourly space velocity (WHSV) 40 h-1. 
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Figure B8 Conversion of propylphenol to phenol using phosphate-modified HZSM-5. Reaction 

conditions: 100 mg phosphate modified HZSM-5, 0.15 mL/min 5 mol% of 4-propylphenol in benzene, 

350 °C, 90 bar, gas flow rate 30 mL/min H2. 
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Figure B9 XRD signals of (a) MoP/SiO2 in the PDF database and XRD patterns of MoP/SiO2 catalysts 

obtained at different reduction temperatures: (b) 600 °C, (c) 700 °C, (d) 800 °C and (e) 900 °C. MoP 

formation was also confirmed by XRD with all diffraction lines belonging to MoP. From the sharpening 

of the diffraction lines, we can also conclude that the MoP particles became slightly larger when the 

reduction temperature was increased (see TEM in figure B11). 
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Figure B10 XPS results of MoP/SiO2 catalysts synthesized at different temperature (600 °C, 700 °C, 

800 °C and 900 °C). Left figure: Mo 3d spectra; right figure: P 2p spectra. Figure B10 (left) shows Mo 

3d spectra of as-synthesized MoP/SiO2 catalysts. Reduced Mo is characterized by the Mo 3d5/2 signal 

at 228.0 eV. The other features with binding energies of 229.2 eV and 232.8 eV can be assigned to Mo4+ 

and Mo6+ species, respectively. In Figure B10 (right), P 2p spectra show the presence of both phosphate 

and phosphide species. With increasing reduction temperature, phosphate is reduced to phosphide. 
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Figure B11 TEM images and particle size distribution of MoP/SiO2 catalysts reduced at different 

temperatures: (a, e) 600 °C, (b, f) 700 °C, (c, g) 800 °C, (d, h) 900 °C. 
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Figure B12 One-step conversion of 2-methoxy-4-propylphenol into phenol in a fixed-bed flow reactor 

using HZSM-5 and MoP/SiO2 synthesized at (a) 600 °C, (b) 700 °C, (c) 800 °C and (d) 900°C. 

Pretreatment conditions: the mixture of MoP/ SiO2 and HZSM-5 is reduced in 100 mL/min H2 at 450 °C 

for 1 hour. Reaction conditions: 5 mol% of 2-methoxyl-4-propylphenol in benzene, 350 °C, 90 bar, gas 

flow rate 30 mL/min H2, weight hourly space velocity (WHSV) 40 h-1. 
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Figure B13 The solvent-derived products in the phenol production from 2-methoxyl-4-propylphenol 

using the mixture of HZSM-5 catalyst and MoP/SiO2 catalysts synthesized at different temperature (a) 

600 °C, (b) 700 °C, (c) 800 °C and (d) 900 °C. Pretreatment conditions: 100 mg of catalyst is reduced 

in 100 mL/min H2 at 450 °C for 1 hour. Reaction conditions: 5 mol% of 2-methoxyl-4-propylphenol in 

benzene, 350 °C, 90 bar, gas flow rate 30 mL/min H2, weight hourly space velocity (WHSV) 40 h-1. 
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Figure B14 XPS results of used MoP/SiO2 catalysts synthesized at different temperature (600 °C, 

700 °C, 800 °C and 900 °C). Left figure: Mo 3d spectra; right figure: P 2p spectra.  
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Figure B15 XPS results of used HZSM-5 catalysts separated from the used MoP/SiO2 synthesized at 

different temperature (600 °C, 700 °C, 800 °C and 900 °C). Left figure: Mo 3d spectra; right figure: P 2p 

spectra. 
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Figure B16 Phosphorus content on the used HZSM-5 catalysts separated from the used MoP/SiO2 

synthesized at different temperature (600 °C, 700 °C, 800 °C and 900 °C). XPS survey spectra was 

used to calculate the surface phosphorus content. 
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Figure B17 GC-MS analysis of 4-allyl-dimethoxyphenol. 
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Figure B18 GC-MS analysis of 4-propyl-2,6-dimethoxyphenol. 
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Figure B19 Heteronuclear single quantum coherence NMR spectroscopy of obtained lignin oil after Pt/C 

catalyzed depolymerization.  
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Figure B20 Gel permeation chromatography of (a) lignin oil after Pt/C catalyzed depolymerization, (b) 

lignin oil extracted by benzene and (c) 2-methoxy-4-propyl phenol model compound. 
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Figure B21 Catalytic conversion of (a) pinewood lignin oil to phenol and (b) lignin oil conversion and 

phenol yield. Pretreatment conditions: a mixture of 100 mg MoP/SiO2 and 100 mg HZSM-5 was reduced 

in 100 mL/min H2 at 450 °C for 1 hour. Reaction conditions: 0.5 mol% of obtained lignin monomers in 

benzene, 0.1 mL/min, 350 °C, 90 bar, flow rate 30 mL/min H2. Gas chromatograms highlighting (c) the 

monomers obtained after Pt/C catalyzed pinewood lignin depolymerization in a batch reactor and (d) 

after the conversion of the lignin oil in a continuous-flow reactor using HZSM-5 and MoP/SiO2. 
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B.2 Additional tables 

Table B1 Chemical analysis and textural properties of silica supported transition metal 

phosphide catalysts. 

Catalyst Metal loading 

(mmol/g support)a S
BET 

(m2/g)b 
CO uptake 

(umol/g) 

Metal loading 

(mmol/g 

support)c 

Phosphorus 

loading 

(mmol/g 

support)c 

SiO2 - 326 - - - 

Ni2P/SiO2 1.6 219 28 1.5 0.9 

CoP/SiO2 1.6 206 15 1.4 1.2 

FeP/SiO2 1.6 110 10 1.3 1.5 

WP/SiO2 1.6 154 13 1.3 1.2 

MoP/SiO2 1.6 201 204 1.2 1.1 
a Targeted metal loading 1.6 mmol/g support; b SBET: BET surface area determined by N2 

physisorption; c Actual metal and phosphorus loading determined by ICP-OES analysis. 

 

Table B2 Melting point and loading of metals. 

Metal Tungsten Molybdenum Cobalt Nickel Iron 

Melting point (ºC) 3400 2620 1495 1453 1127-1593 

Metal loading (wt%) 22.7 13.3 8.6 8.6 8.2 

 

Table B3 Catalytic results of 2-methoxy-4-propyl phenol conversion for 48 hours.a 

Reaction time (h) Conversion(mol%) Main product yield (mol%) 

Phenol Propyl phenol 

1 100 89 1 

3 100 87 2 

6 100 81 5 

9 100 72 11 

25 100 56 22 

48 100 9 70 

Catalyst 

regeneration b 

- - - 

1c 100 85 5 
a 100 mg MoP/SiO2, 100 mg HZSM-5. Pretreatment conditions: the mixture of MoP/ SiO2 and HZSM-

5 is reduced in 100 mL/min H2 at 450 °C for 1 hour. Reaction conditions: 5 mol% of 2-methoxyl-4-

propylphenol in benzene, 350 °C, 90 bar, gas flow rate 30 mL/min H2, weight hourly space velocity 

(WHSV) 40 h-1. b Catalyst regeneration: 100 mL/min H2, 700 ºC, 2 h.c First-hour sample after the 

regeneration. 

 

 

 

 

 

 

 

 

 

 



 
Chapter 6 

150 

 

Table B4 Results of catalytic HDMeO of 2,6-dimethoxy-4-propylphenol.a  

Catalyst Conversion 

(mol%) 

Product yield (mol%) 

    

 

 

  

MoP/SiO2 100 23 8 3 3 1b 2 
a Reaction conditions: 1.0 g 2,6-dimethoxy-4-propylphenol, 100 mg MoP/SiO2, 40 mL 

benzene, 50 bar of H2 at room temperature, reaction temperature 350 °C, stirring 500 rpm, 

reaction time 2 h. b Xylene is probably formed by the alkylation between methoxyl groups and 

benzene solvent. 

 

Table B5 Catalytic transalkylation of 2,6-dimethoxy-4-propylphenol HDMeO products.a  

Catalyst Conversio

n(mol%) 

Product yield 

(mol%) 

Solvent-derived product yield (mol%) b 

 

 

 

 

  

HZSM-5 100 31 2 0.04 0.41 0.10 
a Reaction conditions: products from HDMeO of 2,6-dimethoxy-4-propylphenol in Table B3, 

100 mg HZSM-5, 50 bar of H2 at room temperature, reaction temperature 350 °C, stirring 

500 rpm, reaction time 2 h.  
b Solvent-derived product yield is based on the initial moles of benzene.  

Solvent derived product (mol%) =
moloes of solvent derived products moloes of benzene × 100%⁄   

 

Table B6 Influence of reduction temperature on MoP/SiO2 formation as analyzed by XPS 

Reduction 

temperature/°C 

Mo species P species Mo/P ratio a Mo δ+/P δ- ratio b 

Moδ+ Mo4+ Mo6+ P δ- P-

oxides 

600 57 14 29 67 33 1.08 0.92 

700 61 27 11 77 23 1.01 0.80 

800 58 31 11 78 22 1.08 0.80 

900 61 31 8 79 21 1.13 0.87 
a The Mo/P ratio is calculated from the peak area of the Mo 3d region and P 2p region in the XPS 

survey spectra. Mo/P ratio =
Mo region area/Mo RSF

P region area/P RSF
 

b The Mo δ+/P δ- ratio is calculated as follows: Moδ+/Pδ− =
Moδ+

Pδ− × ratioMo/P
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Summary and Outlook 

Catalytic Lignin Valorization for the Production of Aromatic 

Chemicals 

7.1 Summary 

Fractionation and conversion of lignocellulose to value-added commodities is one 

promising strategy for the transition from fossil-based chemicals to renewable products. 

Carbon-neutral property and abundance make lignocellulose an ideal feedstock for the 

production of renewable fuels, chemicals and polymers. However, the development of 

efficient approaches for cellulose, hemicellulose and lignin conversion into such 

products are not at the same pace. Current biorefineries typically target the 

transformation of carbohydrates contained in cellulose into fuels and chemicals, 

producing a large amount of lignin as byproduct. A classic example is bioethanol 

fermentation process, in which lignin is first removed to improve the enzymatic 

saccharification of cellulose. Moreover, various chemical approaches that convert 

carbohydrates into other chemicals such as 2,5-furandicarboxylic acid, succinic acid, 

levulinic acid, sorbitol, and xylitol are under development. Meanwhile, lignin is 

separated and obtained as a highly condensed product and used for combustion. From 

this point of view, lignin valorization lags behind its carbohydrate companion.  

Catalytic conversion of lignin into aromatic chemicals has attracted much attention, 

because lignin is the largest renewable aromatic resource. The reactivity of lignin 

isolated from lignocellulose (technical lignin) is very low due to the loss of weaker C-O 

bonds and the formation of strong (recalcitrant) C-C bonds. Therefore, 

depolymerization of technical lignin typically requires harsh conditions with low yield of 

aromatic monomers. Alternatively, direct conversion of in planta lignin is a promising 

method, which affords a narrow stream of aromatic monomers with high yields in liquid 

phase and a delignified carbohydrate pulp under relatively mild conditions. The 

obtained lignin monomers have limited large-scale applications in the current chemical 

industry because of their structures different from current chemical building blocks. 

Therefore, it is necessary to develop down-stream processes to upgrade these 

monomers to value-added chemicals. This thesis aimed to develop effective routes to 

valorize in-planta lignin to a high yield of aromatic monomers and subsequently 

upgrade these lignin monomers into valuable products. To do so, we investigated the 

influence of acid co-catalysts, hydrogen donor solvents and lignin condensation for the 

reductive depolymerization of in planta lignin in the first part of this thesis. In the second 
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part, we developed a novel method that captures the reactive aldehyde intermediates 

in lignin acidolysis and selectively converts it into an amine through reductive amination. 

We also established an effective route to convert in-planta lignin in pinewood sawdust 

into phenol through a combined process involving Pt/C-catalyzed lignin 

depolymerization, MoP/SiO2-catalyzed demethoxylation and HZSM-5-catalyzed 

transalkylation.  

In Chapter 2, we systematically compared different acid co-catalysts (Al(OTf)3, HCl, 

H2SO4, H3PO4, CH3COOH) for the tandem of woody biomass fractionation and lignin 

depolymerization using Pd/C catalyst in methanol in a hydrogen atmosphere of 30 bar. 

Model compound reactions using phenyl glycoside and glyceryl trioleate showed that 

the addition of strong Brønsted acids can improve the cleavage of ether and ester 

bonds in lignin-carbohydrate complex as well as the β-O-4 bonds in lignin intrastructure. 

The combination of Pd/C and Al(OTf)3 also showed high catalytic performance. 

However, the high price of Al(OTf)3 limited its further application. Weak acids (H3PO4 

and CH3COOH) are only effective in the cleavage of β-O-4 bonds but not of lignin-

carbohydrate linkages. This trend was verified in the reductive fractionation of oak 

sawdust. The use of weak acids resulted in poor delignification and consequently low 

lignin monomer yield. HCl acid was found as a promising alternative of expensive 

Al(OTf)3, producing 194 mg of aromatic monomers, 249 mg of methyl C5 sugar and 

1148 mg of carbohydrate pulp from 2 g of oak sawdust.  

To avoid using high-pressure hydrogen in reductive lignin depolymerization, we 

developed a method that used methanol/water mixture as a safe and effective 

hydrogen donor in Chapter 3. Reaction temperatures and methanol-water ratios were 

optimized to obtain a high yield of lignin monomers in a batch reactor. A higher reaction 

temperature benefited the delignification and also methanol reforming reaction. Up to 

99% of lignin was removed from birchwood feedstock and converted into 43% of 

alkylmethoxyphenols at 230 °C. Reaction temperature also influenced the lignin 

monomer distribution. Unsaturated 4-propenyl-syringol was the main product at 170 °C. 

With increasing temperature, the double bond in the side chain was increasingly 

hydrogenated into 4-propyl-syringol. The solvent effects were investigated by varying 

the methanol/water ratio from infinity to zero. Pure methanol was not a suitable solvent 

due to the low hydrogen yield. Increasing water content remarkably improved the yield 

of hydrogen that further facilitated the lignin depolymerization and also shifted the 

product distribution from 4-propenyl-syringol to 4-propyl-syringol. Pure water had poor 

performance for lignin depolymerization. Nearly complete delignification (99%) and a 

high yield of aromatic monomers (49%) were obtained from birch wood sawdust under 
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the optimized conditions using Pt/γ-Al2O3 (230 °C, 30 bar N2, 3 h, methanol/water mole 

ratio 1/2). We also evaluated other heterogeneous catalysts (Pt/C, Pd/C, Mo2C/AC, 

Cu/CeO2, Cu/ZnO/Al2O3 catalysts), because they were active for both hydrogenation 

and methanol reforming. The results showed that only Pt-based catalysts led to a high 

yield of aromatic monomers. The importance of Pt-based catalyst for the combined 

approach was unveiled by model compound (guaiacylglycerol-β-guaiacyl ether) 

experiments and HSQC NMR analysis. Pt-based catalyst essentially catalyzed the 

methanol reforming reaction, which generated a high partial pressure of hydrogen. 

Moreover, Pt-based catalyst was active for the catalytic hydrogenation of unstable 

lignin intermediates. This approach provided an effective method for the lignin catalytic 

depolymerization without using external hydrogen.  

Chapter 4 described a two-step method in which oak sawdust was first delignified by 

an acid catalyst followed by a depolymerization of the obtained lignin oil by a Pd/C 

catalyst in methanol. Direct contact between solid feedstock and Pd/C is avoided in 

this method, which enables the easy recycling of Pd/C. To minimize lignin 

recondensation, we optimized the delignification step in methanol using different acid 

catalysts, including H2SO4, Al(OTf)3, H3PO4, HCl and p-TsOH, at 160 °C under an inert 

N2 atmosphere. The use of H2SO4, Al(TOf)3 and p-TsOH is very effective for the release 

of lignin from lignocellulosic matrix. The highest delignification degree (70%) was 

obtained in the use of H2SO4, while only 44% of lignin can be extracted from the oak 

sawdust using H3PO4. We also found that acid addition strongly influenced the 

retention of carbohydrates in pulp. Generally, retention of C6 sugars was higher than 

that of C5 sugars due to the crystallinity of cellulose during acid delignification. For 

instance, the use of H2SO4 allowed retaining 27% of C5 sugars and 95% of C6 sugars 

in pulp. Hemicellulose dissolved in methanol solvent and reacted with methanol to form 

methyl xyloside, which can be further separated from lignin fragments using ethyl 

acetate/water extraction. The obtained lignin oil in its liquid form was subjected to the 

depolymerization step in methanol over a Pd/C catalyst at 180 °C under 30 bar of 

hydrogen, producing 4-n-methoxy-propyl syringol/guaiacol and their derivatives as 

main products. Analysis of aromatic monomers using GC and GCMS indicated a 

negative correlation between the delignification degree in the first step and the yield of 

lignin monomers in the second step. A high delignification degree typically resulted in 

a low monomer yield because of lignin recondensation. Analyzing the behavior of β-O-

4 intralinkage by HSQC NMR showed the retention of β-O-4 signals using H3PO4 and 

the complete removal of Cα-Hα signals using H2SO4. The latter can lead to benzylic 

cation intermediates and lignin recondensation. Another class of intermediated, 
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namely unsaturated aldehyde monomers under acidic conditions, also contributed to 

lignin recondensation as confirmed by GPC analysis. We evaluated the impact of acids 

on Pd/C stability and recyclability. The use of HCl caused severe Pd leaching and 

sintering. On the other hand, the use of H3PO4 has nearly no influence on Pd/C catalyst, 

which can be used four times without a significant loss of activity. The obtained 

cellulose-rich pulp was upgraded to glucose through enzymatic hydrolysis. The 

removal of lignin created a larger surface on substrates which benefited the interaction 

between enzyme and cellulose, leading to a remarkably high yield of glucose. Based 

on the results of delignification, aromatic monomer yield, carbohydrate conversion and 

Pt/C stability, H3PO4 was the most suitable acid for the two-step approach for woody 

biomass fractionation. This approach provided a simple and effective way to 

completely valorize the lignin, hemicellulose and cellulose to aromatic monomers, 

methyl xyloside and glucose, respectively.  

In Chapter 5, we developed a novel method to in-situ stabilize the reactive C2 

aldehyde intermediate via reductive amination in lignin acidolysis. Phenylpropanal and 

phenylacetaldehyde were used as model compounds. We first tested various 

commercially available catalysts and optimized reaction conditions for the conversion 

of phenylpropanal to a secondary amine with propylamine. Up to 65 mol% of 3-phenyl-

N-propylpropan-1-amine can be obtained as the main product using Pd/C catalyst at 

160 °C under 30 bar of hydrogen with a propylamine/feedstock ratio 4/1. To avoid using 

corrosive Brønsted acid, we evaluated the feasibility of using Lewis acids (metal 

triflates) for the reductive amination of phenylpropanal. Nickel triflate was a suitable 

acid, which resulted in similar product yields at a much lower acid concentration. We 

also found that the use of metal triflate can improve the hydrogenation of Pd/C, leading 

to the saturation of aromatic ring in 3-phenyl-N-propylpropan-1-amine. We further 

studied the solvent effects. The results showed that the yields of secondary amine were 

in the range of 28-44 mol% in the use of methanol, ethanol and isopropanol. Toluene 

solvent was not stable and could be hydrogenated to methylcyclohexane under applied 

conditions. Dioxane exhibited good stability and also showed the highest performance, 

resulting in 57 mol% of 3-phenyl-N-propylpropan-1-amine and 8 mol% of the aromatic 

ring-hydrogenated product. We found that the aminating reagent with strong 

nucleophilicity favored the reductive amination and led to a higher yield of amine. We 

further evaluated the potential of amination by comparing the kinetics of reductive 

amination and hydrogenation of phenylacetaldehyde. The results showed that direct 

hydrogenation is less efficient for the stabilization of phenylacetaldehyde and a 

significant amount of dimer (2,4-diphenylbutan-1-ol, 63 mol%) was formed due to the 
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aldol condensation. On the other hand, reductive amination can rapidly convert the 

phenylacetaldehyde to secondary amine (73 mol%), preventing the undesired aldol 

recondensation. This method was applied to in situ stabilize the C2 aldehyde 

intermediate with propylamine in the acidolysis of guaiagylglycerol beta-guaiacyl ether. 

Gel permeation chromatography of obtained products showed that the formation of 

undesired high-molecular-weight products was successfully suppressed. The 

formation of corresponding secondary amine was confirmed by the 1H NMR analysis. 

In Chapter 6, we developed a novel catalytic route that targeted on the conversion of 

lignin in woody biomass to phenol. We selected 4-n-propylguaiacol as a representative 

model compound to optimize the demethoxylation of lignin monomers using FeP/SiO2, 

CoP/SiO2, Ni2P/SiO2, WP/SiO2 and MoP/SiO2 catalysts. The results showed that 

MoP/SiO2 catalyst had a superior performance for the selective removal of methoxy 

group without hydrogenating the aromatic ring, achieving a nearly complete conversion 

of 4-n-propylguaiacol and a stable 88% yield of 4-propylphenol. TEM images and CO 

uptake measurements pointed out the high dispersion of MoP particles, which can 

contribute to the high performance of MoP/SiO2 catalyst. To obtain phenol from the 

demethoxylated 4-propylphenol, HZSM-5 zeolite catalyst with Si/Al=15 was used for 

the removal of propyl group through transalkyaltion reaction. Demethoxylation and 

transalkylation were combined in a one-step reaction by mixing and loading HZSM-5 

(particle size 300–500 mm) and MoP/SiO2 (particle size 75–200 mm) components to 

the fixed bed reactor. This combined reaction resulted in a promising phenol yield of 

83% after 1 hour. Not only propyl chain, but also methoxyl group were transferred to 

the benzene solvent, producing propyl benzene, cumene, toluene and xylene as other 

value-added products. However, decreasing phenol yield and increasing 4-propyl 

phenol yield with time on stream indicated the loss of transalkylation activity. To 

investigate the undesired deactivation, we separated the used HZSM-5 from the 

catalyst mixture by sieving and analyzed its surface composition by XPS. We found 

the used zeolite contained phosphate species, which migrated from MoP/SiO2 to 

HZSM-5 during the reaction. We confirmed the negative roles of this migration on 

transalkylation by preparing the phosphate-modified HZSM-5 and testing its catalytic 

activity for the 4-propyl phenol conversion. To minimize the phosphate formation and 

migration, we synthesized MoP/SiO2 catalysts without passivation and air contact and 

also optimize the preparation of MoP by varying reduction temperature of phosphate 

precursor from 600 to 900 °C. The catalytic performance of these differently reduced 

MoP/SiO2 was evaluated with HZSM-5 for the one-step conversion of 4-n-propyl 

guaiacol into phenol. The results showed that high phenol yields without losing activity 
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were obtained in the test of these catalysts. We also found a positive correlation 

between MoP reduction temperature and phenol yield. XPS analysis of MoP/SiO2 

indicated that the higher reduction temperature benefited the MoP formation, which 

can decrease the phosphate content and migration and contribute to the phenol yield 

improvement. After the successful conversion of lignin model compound 4-n-propyl 

guaiacol, we evaluated the potential of this catalytic approach on real lignin oil 

conversion. Lignin oil that was rich in 4-n-propylguaiacol was obtained from pinewood 

through Pt/C-catalyzed reductive lignin depolymerization in methanol. After 

evaporation of methanol solvent and separation of sugar-derived products, the lignin 

oil was dissolved in benzene and subsequently subjected to the combined reaction at 

350 °C under 90 bar of hydrogen. Results showed that the combination of MoP/SiO2 

and HZSM-5 was able to convert not only 4-n-propyl guaiacol but also ethyl guaiacol 

and methyl guaiacol to phenol. Full conversion and stable phenol yield were obtained 

in a 6 h reaction. The overall yield of phenol was 9.6 mol% based on the initial lignin 

content in pinewood. 

 

7.2 Outlook 

The results of this thesis mainly contribute to the improvement of reductive 

depolymerization of lignin in woody biomass and valorization of the obtained lignin 

monomers to phenol. We emphasize the challenges of lignin conversion, but also 

consider the upgrading of carbohydrates. Model compounds were frequently used to 

understand the underlying chemistry of lignin valorization and explain the behavior of 

lignocellulose during the reactions. Based on the results in this thesis, further research 

can promote the valorization of lignin valorization to chemicals in biorefinery from the 

following recommendation.  

1) In this thesis, we selected woody biomass, including softwood and hardwood, as 

feedstocks for the lignin valorization. Other biomass like corncob and wheat straw 

is annually produced from agriculture and extensively investigated for the 

production of 2G ethanol. Valorization of lignin in these feedstocks is recommended 

to increase the profitability of biorefineries.  

2) As most approaches target the cleavage of ether bonds, the maximum yield of 

aromatic monomers is limited at 50-60% approximately. There is about 40-50% of 

lignin in the form of dimers and oligomers with carbon-carbon linkages and complex 

structures. Understanding the structure and chemistry of the high-molecular-weight 

lignin is very important for the development of novel catalysts and catalytic 

processes for the cleavage of carbon-carbon linkages and the production of value-
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added products.1,2 Furthermore, these high-molecular-weight fractions can be also 

upgraded to valuable lignin-based materials, such as carbon-quantum dot and 3D-

printing ink.3,4 

3) Although the use of noble metal catalysts resulted in high yields of aromatic 

monomers from in-planta lignin depolymerization, high cost remains a barrier for 

large-scale applications. Cheaper alternatives like Cu- and Ni-based catalysts can 

be developed for lignin depolymerization at mild conditions.5,6 Furthermore, catalyst 

stability is an important issue for biomass conversion in which solvent, acid addition 

and other components in biomass may lead to catalyst deactivation, particularly 

leaching and sintering of the active phase and coke formation,  

4) Susceptibility of cellulose-rich pulp after lignin conversion was investigated for the 

enzymatic saccharification, which is an important step for the bioethanol production. 

Cellulose pulp also serves as a major source for the papermaking industry and 

production of paper-based derivatives. Evaluation of the quality of cellulose pulp 

such as the kappa number, cellulose fiber length and strength may provide an 

opportunity for the combination of lignin valorization and paper making.  

5) A novel catalytic route was studied for the conversion of pinewood lignin oil into 

phenol via selectively MoP/SiO2 catalyzed demethoxylation and HZSM-5 catalyzed 

transalkylation. Although this combined approach was effective for the guaiacol-

type monomer conversion, we found the lower phenol yield for the syringol-type 

monomer conversion due to the undesired condensation in demethoxylation step. 

From the fundamental point of view, syringol-type monomers contain two methoxy 

groups which may undergo different mechanism during demethoxylation. 

Investigation and understanding of the reaction pathway of syringol 

demethoxylation can improve the lignin-based phenol production.7 Furthermore, we 

carried out the conversion of syringol-type monomer using a batch reactor without 

optimizing reaction conditions. Some factors such as reactor choice, catalyst 

loading, metal loading, pressure and contact time need to be systematically 

optimized. 

6) An important finding in the combined approach for lignin-based phenol production 

was that the formation of MoP phase not only influenced the demethoxylation 

efficiency but also had remarkable impacts on the stability of HZSM-5 zeolite. We 

point out that the unreduced phosphate species can migrate from MoP/SiO2 to 

HZSM-5 and block the Brønsted acid sites, which caused the quick HZSM-5 

deactivation. We also found the coke formation can slowly deactivate the HZSM-5 

catalyst. It is recommended to optimize the pore structure, acidity of zeolite and 
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operation conditions to minimize the coke formation during lignin valorization.  

7) We explored and validated the feasibility of stabilizing C2 aldehyde intermediate 

via reductive amination in the acidolysis of guaiagylglycerol beta-guaiacyl ether. 

This method not only successfully prevented the undesired condensation but also 

selectively converted C2 aldehyde into secondary amine. Identification and 

quantitative analysis of the new amine products can be a challenge. Moreover, one 

can further explore the applications of lignin-derived amine.  

8) Indeed, valorization of lignin to aromatic chemicals can improve the economic 

feasibility of biorefinery. Lignin-derived chemicals may be economically competitive 

if the profit of these products is higher than that of electricity produced by 

conventional energy recovery. The lack of techno-economic assessment, market 

demand and price analysis of lignin-derived aromatic chemicals make it difficult to 

evaluate the feasibility of different reaction routes from the economic point of view. 

Developing a protocol for economic analysis of lignin valorization routes will help 

the identification of technical and/or economic barriers and point the direction for 

future lignin research.  

Valorization of lignin to value-added chemicals has attracted much attention in recent 

years. This work explored the possibility for the conversion of lignin to phenolic and 

amine compounds via different catalytic reactions. Despite progress reported by this 

work and other lignin research groups, there is still a long way from current status to 

the commercialization. Nevertheless, this work paves the way for future lignin 

valorization.  
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