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Chapter 1  

Introduction and Scope 

1.1 General introduction 

The last two centuries have witnessed several transitions in the use of resources for the 

production of energy and materials. Whilst in the pre-industrial era wood was the main 

source of energy, coal, crude oil and natural gas have since then and in that order and in 

increasing amounts contributed to global industrial and social development.1 Our 

dependence on these fossil resources is dangerous, as they are not renewable at a 

reasonable time scale. Energy demand is rapidly growing due to the growing world 

population and also because of increasing prosperity levels of the developing world. 

Although technological developments appear to increase the proven reserves of especially 

crude oil and natural gas, it is also clear that there are more fossil resources than we can 

afford to burn. The main concern in this respect derives from the build-up of greenhouse 

gases in the atmosphere, mainly CO2, which triggers an adverse change of the climate, 

most prominently in the form of increased temperature and rising sea levels. Apart from 

these environmental concerns, geopolitical developments also add urgency to use 

sustainable alternatives for the production of fuels and chemicals.2 Among renewable 

energy sources such as solar, hydraulic, wind and geothermal, biomass is a promising 

alternative for fossil resources, which not only can be converted to energy and fuels but 

also to chemicals.3 Several governments have set ambitious goals for energy and chemical 

production from biomass. The US Department of Energy declared to replace 30 % of liquid 

petroleum-based fuels by biofuels and to produce 25 % of industrial organic chemicals from 

bio-derived chemicals by 2025.4  The European Union has also set a mandatory target of 

20 % renewable energy’s share in energy consumption by 2020.5 All of these ambitious 

goals triggered and intensified the interest in development of new technologies for biomass 

conversion in both academia and industry. In the past two decades, the number of peer-

reviewed publications addressing both “biomass” and “catalysis” has risen dramatically, 

especially since 2005.6 The main challenge addressed in most of this research is the 

selective conversion of highly functionalized sugar and lignin-derived chemicals to 

infrastructure-compatible aliphatic fuels and aromatic chemicals, which are identical or very 

similar to those currently produced from petroleum.6  
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In recent years, the emerging shale gas (a feedstock rich in methane and small <C4 

hydrocarbons) revolution in North America has had a huge impact on the existing 

petrochemical industry and the fossil fuel market.7 The fossil fuel price has been driven 

down dramatically during the past few years, mainly due to the most recent global economic 

crises but certainly also because of availability of tight oil resources in the US. On the other 

hand, the shale oil and gas revolution provides an opportunity for bio-based alternatives. 

The extensive use of the wet fraction of natural gas as a feedstock for the petrochemical 

industry is predicted to lead to a shortage of key building blocks such as propylene, 

butadiene, benzene, toluene and xylenes (BTX) for the chemical industry. The reason is 

that widespread availability of cheap wet natural gas has shifted the feedstock for cracking 

units from naphtha to ethane. This shift strongly impacts the availability of light C3 and C4 

olefins and aromatics, as they were before readily available as co-products from naphtha 

cracking. This was a major cause of the price increase of benzene from 800-900 $/ton in 

2010 to 1400 $/ton in 2013. In addition, it has also been suggested that the booming shale 

gas production provides cheap hydrogen for biomass conversion which is usually needed 

for hydroprocessing processes to remove oxygen.6 Therefore, it has been argued that shale 

gas and biomass can be considered complementary feedstocks.6 Thus, the rapid 

development of shale gas also offers opportunities for biomass conversion.   

1.2 Biorefineries 

A biorefinery is a facility that integrates chemical conversion processes and equipment to 

produce fuels, power, heat and value-added chemicals from biomass.8 The biorefining 

concept can be compared to that of today’s petroleum refineries, which involves highly 

integrated processes to yield the most value from a barrel of oil. The marked difference lies 

in the heterogeneity and variability of biomass feedstock which is much greater than that of 

crude oil.8 The higher complexity of solid biomass also necessitates the use of mechanical 

techniques, for instance, for biomass pre-treatment. From a chemical viewpoint, the major 

difference is the high oxygen content of lignocellulosic biomass. This means that biomass 

and its constituents are typically less stable than oil-derived platform molecules and, 

accordingly, oxygen removal is an important step to increase product stability and energy 

density.9 A successful biorefinery concept should take advantage of the various biomass 

constituents by maximizing the generated value from the feedstock. One approach is to use 

biorefining to produce high-value low-volume (HVLV) chemicals and low-value high-volume 

(LVHV) biofuels, while generating electricity and process heat for internal use and, if 
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possible, excess energy for sale (Figure 1.1).10 Figure 1.1b shows an example of a 

biorefinery plant for production of bioethanol, electricity, heat, and phenols from wood chips. 

        

Figure 1.1 (a) Main elements in future biorefineries and (b) an example of a biorefinery plant 

(adapted from refs.9, 10). 

Currently, most integrated biotechnology-focused biorefinery concepts comprise four 

core sections: feedstock harvest and storage, pre-treatment, enzymatic hydrolysis, and 

sugar fermentation to ethanol or other fuels.11 Sugars or oil fractions from biomass are used 

to produce liquid transport fuels such as bioethanol. Ethanol production from first-

generation biomass and agricultural residue is already well established and carried out at 

large scale in the US and Brazil. Ethanol production from carbohydrate fractions of wood is 

also close to commercial application.2, 12 On the other hand, lignin - the second most 

abundant bio-polymer on Earth after cellulose - is often left as a low-value by-product or 

waste. It is either burned to produce heat for running processes and to recover pulping 

chemicals in paper mills or it is sold as a natural component of animal feeds in wet or dry 

corn mills.2, 13 A small volume of lignin finds application in different technological settings. It 

has also been demonstrated that fine chemicals such as vanillin can be obtained from lignin. 

Borregaard, a Norwegian biorefinery company,14 is the only global producer of vanillin from 

lignin, which is done via a chemo-oxidation process. A drawback is that lignin-derived 

vanillin is more expensive than synthetic vanillin.15 Besides, the market for vanillin is very 

small compared to the massive amounts of lignin available in the biorefinery. For this 
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reason, more efficient processes to convert lignin into useful products such as bio-fuels, 

bio-chemicals and bio-materials are desired.2  

1.3 Lignocellulosic biomass  

Lignocellulose is a composite material synthesized by plant cells. It provides plants 

structural rigidity and protection against biological and chemical assault.16 This natural 

resistance to degradation is called “recalcitrance” and represents one of the greatest 

challenges to attaining a viable, cost-effective lignocellulosic biofuels industry.16 Figure 1.2 

depicts the structure of lignocellulose schematically. It mainly consists of cellulose, 

hemicellulose and lignin which in total account for ca. 90 % of dry matter of land-based 

biomass. In addition, lignocellulose also contains small amounts of pectin, inorganic 

compounds, proteins and extractives such as lipids and waxes.17 Depending on its origin, 

lignocellulose can be divided into three categories, i.e., softwood, hardwood and grass. 

Each category has a slightly different composition in main components and properties. 

Table 1.1 lists the composition of three example types of biomass.2  

 

Figure 1.2  Structure of lignocellulosic biomass, highlighting the three main components (cellulose, 

hemicellulose and lignin) (adapted from ref.16).  
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Table 1.1 Typical composition of different types of biomass (values represent wt%).2 

 

1.3.1 Cellulose and hemicellulose 

Cellulose and hemicellulose are both polysaccharides, differing in building units, degree of 

polymerization (DP) and morphology. Cellulose is the most abundant biopolymer on Earth 

consisting solely of glucose units linked by β-1-4 glycosidic bonds.18 It is a linear polymer 

with a DP greater than 10,000.19 A prominent feature of cellulose is its extensive 

intramolecular and intermolecular hydrogen bonding network. Through these hydrogen 

bonds, numerous linear cellulose strands are packed into crystalline fibrils.20 Such highly 

ordered packing of cellulose contributes to its insolubility in water and other common 

solvents. Cellulose is also insoluble in dilute acid solutions at low temperature. It is soluble 

in concentrated acids, but severe degradation by hydrolysis will take place.21  
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Figure 1.3 Typical hexoses and pentoses in cellulose and hemicellulose 

Hemicellulose represents a group of polysaccharides composed of both hexoses 

(mannose, galactose) and pentoses (xylose and arabinose) (Figure 1.3) and makes up 16-

33 wt% of the biomass (Table 1.1).17 In contrast to cellulose, it is amorphous. The most 

common sugar in hemicellulose of grasses and hardwood is xylose. In softwood, mannose 
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is the major hemicellulose sugar.22 It has a smaller DP of around 100 - 200 and can have a 

branched conformation and is often substituted with other functionalities, such as acetyl and 

methyl groups.22 These hydrophobic groups enhance the affinity of hemicellulose to lignin, 

which aids cohesion between the three major lignocellulosic components. Hemicellulose is 

insoluble in water at low temperature. However, its hydrolysis starts at a temperature lower 

than that of cellulose, which renders it soluble at elevated temperatures. The presence of 

acid improves the solubility of hemicellulose in water.21 Besides, compared with highly 

crystalline cellulose, hemicellulose is also much easier to be depolymerized due to its lower 

DP and non-crystalline nature.  

1.3.2 Lignin 

Lignin or lignen is a complex polymer of aromatic alcohols known as monolignols. It is most 

commonly derived from wood, and is an integral part of the secondary cell walls of plants 

and some algae. Lignin was first mentioned in 1813 by the Swiss botanist A. P. de Candolle, 

who described it as a fibrous, tasteless material, insoluble in water and alcohol but soluble 

in weak alkaline solutions, and which can be precipitated from solution using acid.23 He 

named the substance “lignine”, which is derived from the Latin word lignum, meaning 

wood.23 It is one of the most abundant organic polymers on Earth, exceeded only by 

cellulose.  

1.3.2.1 Building blocks  

Lignin is a complex amorphous three-dimensional network polymer, which is mainly 

composed of phenylpropane units, non-linearly and randomly linked to each other by C-C 

and C-O-C bonds.24 It is one of the major components of lignocellulosic biomass, consisting 

15-30 % of its dry weight and approximately 40 % of its energy content.24 The amount of 

lignin in biomass differ from plant to plant; lignin content is highest in softwood, followed by 

hardwood and lowest in grasses (Table 1.1). A schematic representation of a hardwood 

lignin structure is shown in Figure 1.4a. Lignin is built up from three basic structural 

monomers: p-phenyl (H (hydroxyphenyl) unit) monomer derived from p-coumaryl alcohol, 

guaiacyl (G unit) monomer derived from coniferyl alcohol, and syringyl (S unit) monomer 

derived from sinapyl alcohol (Figure 1.4b).25 These mono-lignols differ in the number of 

methoxy groups attached on the aromatic ring. The composition of softwood and hardwood 

lignin varies in the relative abundance of the H, G, and S units. H units constitute 
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approximately 90-95 % in softwood lignin, whereas 25-50 % of G and 50-75 % of S units 

are typically found in hardwood lignin.26, 27  

 

Figure 1.4 (a) Schematic representation of a hardwood lignin structure, (b) the three monolignols, 

the three building blocks of lignin. 

1.3.2.2 Lignin interlinkages 

The major linkages among the three mono-lignols are β-O-4 (β-aryl ether), β-β (resinol), 

and β-5 (phenylcoumaran) bonds. Other linkages include α-O-4 (α-aryl ether), 4-O-5 (diaryl 

ether), β-1, and 5-5 bonds. These structures and their relative abundance are listed in 

Table 1.2. Lignin in softwood and hardwood mainly contains β-O-4 ether bonds, 

approximately reaching half of the lignin in softwood and more than 60 % in hardwood 

(Table 1.2). The additional methoxy groups on the aromatic rings prevent formation of 5-5 

or dibenzodioxocin linkages, and thus cause the hardwood lignin polymer to form more 

linear structures relative to softwood.24 For the same reason, softwood lignin contains more 

C-C linkages than hardwood. 
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Table 1.2 Common linkages between monolignols and their relative abundances in softwood and 

hardwood lignin.27  

 

1.3.2.3 Lignin-carbohydrate interlinkages 

In plants, lignin serves as the glue in lignocellulose and provides the plant structural 

integrity, water-proofing properties and resilience to environmental attack. There are 

numerous possibilities for formation of lignin-carbohydrates linkages in cell walls.28 

Elucidating the types of interlinkages between lignin and carbohydrates is a great challenge. 

In the past several decades, significant progress has been made owing to the development 

of advanced characterization technique such as multi-dimensional NMR. It is widely 

accepted that lignin is linked covalently to carbohydrates in wood. Three major types of 

native lignin-carbohydrate bonds have been proposed: benzyl ether, phenyl glycoside and 

benzyl ester (Figure 1.5).29-32 
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Figure 1.5 Proposed types of lignin-carbohydrate inter-linkages.29-32 

1.3.3 Lignin from pulping industry 

Industrial lignins are currently mainly obtained as by-products in the pulping industry. In the 

following section, three industrial lignins, namely sulphite, kraft and soda lignins will be 

introduced.33  

1.3.3.1 Sulfite pulping process 

Wood chips are digested at 140-170 °C with an aqueous solution of a sulphite or bisulphite 

salt of sodium, ammonium, magnesium or calcium in the sulfite pulping process.34 

Historically it was the dominant pulping process. However, in the 1940s it was surpassed by 

the kraft process, which is more versatile and produces stronger pulps and constitutes a 

more robust chemical recovery process.34, 35 The lignin obtained from sulfite pulping is 

called lignosulphonate. About 4-8 % sulphur is incorporated into the lignin product, mostly in 

the form of sulphonate groups which makes the lignin water-soluble. This type of lignin has 

already been used as dispersant and binder. One of the most successful applications is as 

concrete water reducer, which has been rapidly expanding in China and India. Borregaard 

LignoTech is the largest producer of lignosulphonates worldwide.34 

1.3.3.2 Kraft pulping process 

The kraft pulping process is by far the most important chemical pulping process.36 The 

fibrous feedstock is digested with a mixture of sodium sulfide (Na2S) and sodium hydroxide 

(NaOH) at about 170 °C.34, 36 Na2S is a key reagent in this pulping process and it exists in 

water as NaSH, which has a function of facilitating lignin degradation without causing 

carbohydrate degradation.37 Kraft lignin is soluble and can be recovered in the black liquor. 

Nowadays, the majority of this black liquor is burned to recover its energy and to regenerate 

the pulping chemicals.34 It was claimed that modern kraft pulp mill may generate more 
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energy than its internal needs. Although extraction of lignin may then yield a marketable 

product,34 it is not an ideal feedstock for further lignin valorization for several reasons. The 

lignin obtained in this process has been largely degraded. The lignin structure is highly 

modified with sulphur content (about 1.5-3.0 %) incorporated in the β-position of the 

propane side chain of the lignin structure (Scheme 1.1). The presence of sulphur causes a 

significant challenge for catalytic conversion of this type of lignin, as it typically leads to 

deactivation of upgrading catalysts.38, 39 Another challenge for utilizing this type of lignin is 

that it has been severely recondensed during pulping, forming more stable C-C bonds 

(Scheme 1.1). Model compound studies have revealed that the condensation reactions 

usually involved (a) quinone methide intermediate and a carbanion, originating from an 

ionized phenol structure in lignin and (b) the formation of formaldehyde which acts as an 

interlinking agent between two phenolic rings (Scheme 1.1). More discussion about the 

recondensation will be given in Chapters 2 and 3 of this thesis. These highly recondensed 

structures render its depolymerization difficult, which requires harsh reaction conditions.   

 

Scheme 1.1 Degradation and condensation reactions of lignin during kraft pulping process.36 

1.3.3.3 Soda pulping process 

Soda pulping was industrialized in 1853 and has traditionally been used for non-wood fibres 

such as straw, sugarcane bagasse, etc. The  feedstock is digested with a sodium hydroxide 

aqueous solution between 150 and 170 °C.34 Soda lignins are significantly different from 

lignosulphonates, as they have low molecular weight, they are insoluble in water, and 

contain low levels of sugar and ash contaminants. Among the commercially available lignins, 
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soda lignins are unique because they are sulphur-free and, therefore, they can be 

considered closer in structure to lignins contained in the original biomass. For this reason, 

Protobind P1000 lignin obtained from soda pulping of a wheat straw is a popular feedstock 

in studies of lignin conversion. Elemental analysis of this lignin yields the following 

composition: 59% C, 6 % H, 26 % O, 1 % N, 5 % ashes, 3 % water and 0.1% S. The 

molecular weight distribution of this lignin characterized by alkaline size exclusion 

chromatography gave a weight average molecular weight of 3300 g/mol.40  

1.3.4 Lignin from biorefineries  

Biofuels produced from lignocellulosic biomass are known as second-generation biofuels. In 

this process, cellulose is converted to glucose, which is easily fermented to ethanol, while 

the hemicellulose fraction is converted to mainly pentoses.41 However, the physical and 

chemical barriers caused by the close association of the three main components of 

lignocellulose hinder the direct enzymatic hydrolysis of cellulose and hemicellulose to 

fermentable sugars.42 A pre-treatment step is typically needed, which is designed to break 

down the linkages that exist between lignin and carbohydrate components in the 

feedstock.41 In general, there are two groups of pretreatment. The first group targets the 

removal of lignin before hydrolyzing the carbohydrate fraction. Lignin can be recovered from 

the solution. The second group targets the conversion of the carbohydrate fraction first 

before removing the lignin. Lignin was obtained as solid residue. Table 1.3 summarizes the 

major characteristics of the representative techniques. Each pre-treatment has its own 

effect on the cellulose, hemicellulose and lignin fraction. 

Removal of lignin makes the cellulose more accessible to enzymes.42 Examples are 

alkali pre-treatment,43 wet oxidation,44 ozonolysis,45 biological treatment,45 and organosolv 

processes.42, 43 Among these processes, wet oxidation, ozonolysis and biological treatment 

tend to degrade the lignin, which is considered a disadvantage for its further application. 

The organosolv process is a promising chemical pretreatment approach; it is widely known 

for extracting lignin from biomass using organic solvents or mixtures of organic solvents 

with water (ethylene glycol, butanol-water, benzene-water, and ethanol-water, etc.).42, 43 

Typically, these mixtures are combined with acid catalysts (HCl, H2SO4, oxalic, salicylic or 

Lewis acids) to cleave hemicellulose bonds.42, 46, 47 The most well-known organosolv 

process is the Alcell process, which was demonstrated at a semi-commercial scale.48 The 

technology has been taken over by the Canadian company Lignol Innovations, which has 

incorporated the process into a biorefinery concept. An alternative organosolv process was 
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developed by the French company CIMV. Wheat straw is treated with formic acid/acetic 

acid/water mixture (30/55/15 v/v/v) for 3.5 h at 105 °C under atmospheric pressure.49 In 

these organosolv processes, lignin is recovered from the solvent by precipitation (typically 

adjusting concentration, pH and temperature), filtration and drying.34 Compared to other 

chemical pretreatments, the main advantage of the organosolv  approach is the recovery of 

relatively pure lignin as a by-product which is free of sulphur and ash.50 It is worth 

mentioning that it is often asserted that organosolv lignins are more amenable towards 

depolymerization than other industrial lignins.51 However, organosolv lignin also suffers 

from degradation and recondensation, especially when acid or base catalysts were used. In 

some cases, these organosolv lignins are even more difficult to valorize than kraft lignin.52 

Another process that can isolate lignin with little structure change is the Björkman 

process.53 In this process, lignin is extracted from finely ball-milled wood (MWL) by a 

neutral dioxane/water (9/1, v/v) solvent. This type of lignin is considered most similar to the 

native lignin and, accordingly, has been extensively used as a model for elucidation of 

native lignin-lignin and lignin-carbohydrate interlinkage structures. However, the yield of 

MWL is limited and heavily dependent upon milling time.29  

In the second group of pre-treatment methods, hydrolysis by acids, enzymes or a 

combination of both have been commonly used to convert carbohydrates into fermentable 

sugars. Complete hydrolysis of cellulose and hemicellulose requires highly concentrated 

acid solutions. A well-known approach is the Klason process, which involves the use of 

72 % sulfuric acid.54 The obtained acid insoluble residue is mainly composed of lignin and 

ash. The ash-free fraction is called Klason lignin. This process is widely used for 

composition analysis of the lignocellulosic biomass. However, it is not suitable for 

biorefinering, because the lignin structure has been severely altered.54  

 Enzymatic hydrolysis is a milder approach, which typically results in lignin with little 

structure change. Diluted acid pretreatments (e.g., phosphoric acid, sulfuric acid, 

hydrochloric acid, etc.) are typically applied to solubilize the hemicellulose fraction of the 

biomass in order to improve the accessibility of cellulose to enzymes.42 Alternatively, an 

improved lignin isolation procedure involving enzymatic hydrolysis followed by a mild acid 

hydrolysis process has been proposed.55, 56 In this procedure, the initial enzymatic 

hydrolysis removes most of the carbohydrates, while the mild acidolysis is designed to 

cleave the remaining lignin-carbohydrate bonds. The main drawback of these enzymatic 

hydrolysis lignins is that the rate of enzymatic hydrolysis is usually very low, which requires
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Table 1.3 Comparison of different lignin pretreatment methods (adapted from ref. 27). 

Isolation 
method 

Lignin type Typical process Characteristics 
Nature of 
disruption 

Dissolved 
species 

Sulfite pulping 
process 

Lignosulfonate 

Extract lignin from waste 
liquor of the sulfate 
pulping process of soft 
wood. 

Highly modified, high average molecular weights, 
cleavage of ether linkages, loss of methoxyl groups 
and formation of new C−C bonds. 

Chemical 
pretreatment 

Lignin 

Kraft process Kraft lignin Na2S/NaOH Highly modified, partially fragmented. 
Chemical 
pretreatment 

Lignin 

Soda pulping 
process 

Soda lignin 
Concentrated NaOH, 
addition of delignification 
agent  

Sulfur free, high purity  
Chemical 
pretreatment 

Lignin 

Organosolv  
process 

Organosolv  lignin 
Using organic solvents to 
extract lignin. 

Mild conditions, results in more unaltered lignin, 
solvent could be recovered by distillation. 

Solvent fraction Lignin 

Björkman 
process 

Milled wood lignin 
(MWL) 

Ball milling, then 
extracted by aqueous 
dioxane. 

Most similar to the native structure, possible 
depolymerization due to extensive milling 

Physical 
pretreatment 

Lignin 

Klason method Klason lignin 72% sulfuric acid 
Extensive structure change, hardwood lignin is partly 
dissolved. 

Chemical 
pretreatment 

(Hemi-) 
cellulose 

Enzymatic 
process 

Cellulolytic 
enzyme 
lignin (CEL) 

Hydrolysis of cellulose, 
leave lignin as a residue. 

Low structure change, usually contaminated by ash, 
protein, unconverted carbohydrate residue.  

Biological 
process 

(Hemi-) 
cellulose 

Ionic Liquid 
pretreatment 

Ionic liquid lignin 
Stepwise precipitation or 
selective extraction 

Tunable strategy, low structure change, more 
uniform molar mass distribution compared to those of 
kraft lignin. 

Solvent fraction Lignin 

Stream 
explosion 
process 

Steam explosion 
lignin 

High temperature steam 
explosion of fibers. 

Require little or no chemical input, short treatment 
time, low energy requirement, changes of certain 
functional groups. 

Physical 
pretreatment 

Lignin 
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long reaction time.27 Moreover, the lignin product typically contains high amount of 

impurities, such as ash, proteins, and unconverted cellulose.27, 57 For example, Ragauskas 

and co-workers presented a compositional analysis of the fermentation residue from pilot-

plant scale production of ethanol from four common biomass feedstocks. All the residues 

have high ash content (4-20 wt%) including very high proportions of Ca, P, K and S.57 

These elements might challenge the application of the lignin-rich residue for the production 

of fuels and chemicals.   

  In modern demonstration plants, acid-based and steam explosion treatments are the 

most commonly used techniques for production of biofuels. In these processes, lignin is left 

with the substrate and removed after hydrolysis of the (hemi)cellulose or even after 

distillation.21 The fate of lignin is often receiving little attention.  

1.4  Lignin valorization 

Over the past decades, numerous scientific reports have appeared related to lignin 

valorization and lignin model compound conversion. Lignin may find application as bio-

material such as a dispersant, wood panels, emulsifier, polyurethane foam, automotive 

brakes and epoxy resins.2, 13 Apart from these, another promising approach is to 

depolymerize lignin into aromatic compounds such as benzene, toluene, xylenes or phenols. 

Several reviews have been published, summarizing the recent advances of lignin 

depolymerization techniques,24, 2, 27, 51, 58-61 including gasification, pyrolysis, acid and base 

catalyzed, oxidative and reductive depolymerization. Among them, gasification and 

pyrolysis are performed at relatively high temperature and can be done without catalyst. 

Herein, we mainly focus on catalytic acid, base and reductive depolymerization approaches. 

1.4.1 Acid and base catalyzed depolymerization 

Depolymerization under acidic conditions is perhaps one of the most classical methods in 

lignin chemistry.61 Lewis acids have attracted widespread attention in the field of lignin 

depolymerization. For instance, Hepditch et al. reported about the use of metal chlorides 

(NiCl2 and FeCl3) Lewis acids for the  depolymerization of Alcell-derived lignin into aromatic 

monomers in water at 305 °C for 1 h.62 Highest lignin conversion of 30% was obtained by 

use of NiCl2. Recently, Lewis acid-catalyzed depolymerization of a P1000 soda lignin in 

supercritical water and ethanol solvent (400 °C) has been reported.63, 64 Different Lewis 

acids such as metal acetates, metal chlorides and metal triflates were investigated. A 

complex mixture of alkylated aromatics and solvent-derived aliphatics were obtained. Solid 
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acids such as zeolites, acidic metal oxides are also frequently used together with lignin 

pyrolysis, viz. the pyrolysis vapors are upgraded catalytically towards aromatic products. 

Very recently, it has been demonstrated that solid acids such as SiO2-Al2O3, HZSM-5 and 

H-USY can be directly used to convert different types of lignin into high yield of aromatic 

monomers (ca. 60%) in a mixture of H2O/CH3OH (1/5, v/v) solvent at 250 °C for 30 min.36 

Despite this, the application of acids alone with the goal of producing monomeric 

compounds is considered rather ineffective due to competing repolymerization and 

condensation reactions of the cleaved lignin fragments.61 

Base catalyzed depolymerization (BCD) have also been widely applied for lignin 

valorization. The base can either be inorganic, such as NaOH, KOH, CsOH, or organic. 

Usually, reactions are performed under supercritical conditions (e.g., water 65 and alcohols 

66). Toledano et al.67 screened different inorganic bases, i.e. NaOH, KOH, LiOH, Ca(OH)2 

and K2CO3 at pH 14 for depolymerization of an organosolv lignin in water. NaOH was found 

to promote the formation of monomers more efficiently than other bases. However, 

significant amount of condensation products (up to 45%) were formed after reaction. Later, 

Chornet et al.68 and Zmierczak and Miller 69 published a series of studies in which they 

describe a process employing BCD for lignin depolymerization followed by catalytic 

hydrodeoxygenation to produce gasoline-range aromatic fuels. Very recently, Beckham and 

co-workers reported that BCD process can also convert the lignin-rich residue obtained 

from biorefineries into low molecular weight aromatics using NaOH.70 One major problem 

for BCD is that excess base is required, because acidic products (e.g., phenols) from lignin 

neutralize the base catalyst during reaction.66, 71  

A common problem shared by acid- and base-catalyzed processes are 

repolymerization and condensation reactions that limit the aromatic monomer yield. 

Repolymerization reactions are generally due to the highly reactive oxygenated species 

such as phenolic OH groups,72, 73 formaldehyde,73, 74 aldehyde side chains,75 and ketones.75 

Other factors like unsaturated double bonds,76, 77 and radicals76, 77 also play an important 

role. Some efforts have been made in order to mitigate the recondensation problem. For 

example, in the BCD process Roberts et al. showed that the use of boric acid can protect 

the phenolic OH groups and suppress repolymerization,65 confirmed in another study.73 

Other research reported that addition of phenols for trapping formaldehyde also helps in 

reducing repolymerization.73, 74, 78 Alternatively, acid- and base-catalyzed approaches can 

be combined with reductive approaches (hydrogenation/hydrogenolysis) where hydrogen is 
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used. In such cases, hydrogenation of the unsaturated double bonds helps to reduce the 

negative effect of radical reactions. 79 Reduction of oxygen functionalities also results in 

less reactive aromatic products such as benzene, toluene, and xylenes.2, 80, 81 One 

successful example has been recently demonstrated by investigating the acid-catalyzed 

hydrolysis of a organosolv walnut lignin over a 10 mol% triflic acid in 1,4-dioxane at 

140 °C.75 The lignin-derived aldehyde intermediates were found to be the main factor 

contributing to repolymerization. It has also been demonstrated that these aldehyde 

intermediates can be trapped in three ways. One is by forming acetals with ethylene glycol 

as a trapping agent. The second way is by hydrogenation using Ru/C. The third way is by 

decarbonylation over [IrCl-(cod)]2 and PPh3 catalysts. In these ways, the repolymerization 

reactions can be largely suppressed, affording improved mono-aromatics yield.  

1.4.2 Reductive depolymerization of isolated lignin 

Reductive depolymerization has been most frequently discussed in the literature in recent 

years. Nonetheless, this process is not new. One of the earliest research reports can be 

traced back to the 1930s.82 CuCr oxide catalysts were used for depolymerizing a hardwood 

lignin at 250-260 °C in dioxane solvent in a pressurized hydrogen atmosphere.82 Later, 

CoMo, NiMo, Pd/C and Raney Ni catalysts have also been investigated in 1980s.83 A 

variety of transition metals have been explored recently as catalysts for lignin 

depolymerization and the use of model compounds is often part of such investigations.27 

Reductive depolymerization is typically carried out at relatively high hydrogen pressure; in 

some cases hydrogen donors are used such as tetralin,84, 85 formic acid,86,87 methanol,88 

ethanol,89, 90 and 2-propanol.91, 92 In this section, some representative catalytic approaches 

will be briefly introduced. 

Classical hydrotreating catalysts such as CoMo- or NiMo-sulfides are often used for 

lignin depolymerization and hydrodeoxygenation (HDO) of bio-oil.  For example, a sulfided 

NiMo catalyst was used to depolymerize P1000 soda lignin at 350 °C in a tetralin solvent.85 

Recently, Heeres and co-workers93 reported a process that kraft lignin can be 

depolymerized into 35 wt% yield of alkylphenolics over supported NiW and NiMo catalysts 

in supercritical methanol at 320 °C and 35 bar H2 pressure. This process can also be done 

without solvent at 350 °C and 100 bar hydrogen atmosphere.94 The solvent-free reductive 

depolymerization of kraft lignin has also been reported earlier by Meier et al. using 

sulphided NiMo catalyst.95 It should be noted that the catalytic performance of these 

catalysts is strongly related on the sulfur content of the lignin feedstock.95 Kraft lignin which 
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contains 2-3 wt% S was reported to deliver much better result than S-free organosolv 

lignin.95 The sulfur in the feedstock helps maintaining the sulphided state. However, when 

treating S-free lignin, the catalyst deactivates due to re-oxidation of the active sulphided 

state. Ma et al.90, 96 reported on the catalytic conversion of kraft lignin in supercritical 

ethanol at 280 °C using an activated carbon supported α-MoC1-x catalyst. A mixture of 

aromatics and long-chained aliphatic alcohols and esters were obtained. Nonetheless, in-

situ sulfidation of Mo might occur during the reaction due to the presence of S in kraft lignin.  

Raney Ni was found to be useful in the hydrogenolysis of organosolv and kraft lignins.81, 

97, 98 Other (bi)metallic catalysts have also been investigated. It was demonstrated that a 

series of Ni-Au80 and Ni-Me 80 (Me = Ru, Rh and Pd) bimetallic catalysts show activity in the 

depolymerization of lignin model compounds and organosolv lignin under mild conditions in 

water (100-130 °C, 10 bar H2).    

Metal catalysts supported on hydrotalcites or derived mixed oxides were also 

investigated for lignin conversion.91, 99-101  Ford and co-workers reported about a catalytic 

single-step deconstruction of an Organosolv lignin into cyclohexyl derivatives in supercritical 

methanol over a Cu-doped porous metal oxide catalyst (CuMgAl mixed oxide) at 300 °C 

without using external hydrogen.91, 100 Hydrogen is in situ produced by methanol reforming 

reactions catalyzed by the same catalyst. When an organosolv lignin was used, a high yield 

(up to 64%) of phenolic monomers could be obtained under relatively mild conditions in 

methanol (140 °C, 40 bar H2). Beckham et al. reported a supported layered-double 

hydroxide (LDH) containing Ni as an active component for the depolymerization of lignin 

model compounds as well as organosolv and ball milled lignins into alkylaromatics at 

270 °C.101 This study pointed out that nickel oxide on a solid-basic support can function as 

an effective lignin depolymerization catalyst without the need for external hydrogen and 

reduced metal, and suggested that LDHs offer a novel, active support in multifunctional 

catalyst applications.  

Aside from these catalyst systems, others have explored the combination of supported 

metal catalysts with homogeneous catalysts such as mineral and Lewis acids as well as 

bases. For example, Zakzeski et al. reported about the use of Pt/γ-Al2O3 in combination with 

H2SO4 as co-catalyst for depolymerization of lignin in ethanol/water mixtures. A yield of 17 

wt% guaiacol type monomeric products was produced from kraft lignin, while lower yield (9 

wt%) was obtained from organosolv lignin.102
  Ma et al. reported a lignin depolymerization 

process using a Ru/C in combination with NaOH catalyst, resulting in 13 % phenolic 
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monomers, 6 % aliphatic alcohol and less than 14 % residual solid.103 Other catalysts 

combinations such as  Ni/ZSM-5 - NaOH,104 Pd/C - ZnCl2,26 and Pd/C - H3PO4
105 have also 

been reported for lignin depolymerization and bio-oil upgrading. The addition of 

homogeneous acids or bases aids in the hydrolysis of the ether linkages to smaller 

fragments.102,103 The use of basic catalysts increases the solubility of lignin.104, 106 However, 

these acids and bases could also contribute to repolymerization.  

1.4.3 Reductive depolymerization of native lignin 

As discussed in the previous sections, the properties of the isolated (technical) lignins have 

great impact on their valorization. This derives from two main factors, namely the presence 

of impurities and the severely changed lignin structure. The presence of sulphur in lignin 

could be detrimental to some, e.g., noble-metal based catalysts, but advantageous to 

others, such as sulphided hydrodeoxygenation catalysts.40  The severely changed structure 

is mainly due to the loss of reactive ether linkages (e.g., β-O-4) which are replaced by more 

recalcitrant C-C bonds. This has been well demonstrated in a recent report, where six 

technical lignins including soda, organosolv and kraft lignins were characterized in detail 

using comprehensive characterization techniques such as 31P and 2D HSQC NMR.40 All the 

technical lignins have been considerably degraded and recondensed during pulping. This 

explains why many depolymerization techniques require harsh conditions as mentioned 

above. Under these conditions, the reactions are likely dominated by non-catalytic 

thermolysis which are usually not selective. These processes deliver complex product 

mixtures which also pose significant challenge for product analysis and work-up.  

A major step forward has recently been made by obtaining monomers directly from 

lignin fragments removed from whole woody biomass. For instance, Kou et al. reported that 

birch wood lignin can be hydrogenated 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.107 Li et al. reported the direct catalytic conversion of woody 

biomass into diols and alkylmethoxyphenols in water over a carbon-supported Ni-W2C 

catalyst at 235 °C for 4 h.108 Song et al. studied valorization of birch wood lignin into 

alkylmethoxyphenols in alcohols over nickel catalysts and reported a lignin conversion of 

about 50 %.5 Ferrini et al. discussed a catalytic biorefining method that converts lignin from 

woody biomass into bio-oil rich in phenolic compounds and (hemi-)cellulose-rich pulp over a 

Raney Ni catalyst in a H2O/2-propanol mixture. The obtained bio-oil was further upgraded 

using the same catalyst in 2-propanol.92 The group of Abu Omar used a bimetallic Zn/Pd/C 
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catalyst to convert lignin in lignocellulosic biomass into two alkylmethoxyphenols in 

methanol. A yield of 52 wt% of lignin monomers was obtained from birch hardwood after 

reaction at 225 °C for 12 h.26, 109 Sels and co-workers reported that birch wood sawdust was 

efficiently delignified through simultaneous solvolysis and catalytic hydrogenolysis 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 containing more than 50 % phenolic 

monomers.6, 110 The addition of acids such as H3PO4 improved the overall efficiency of the 

process.111   

1.5 Scope of the thesis 

Obtaining renewable fuels and chemicals from lignin presents an important challenge to the 

use of lignocellulosic biomass to meet sustainability and energy goals. The aim of this 

thesis is to systematically investigate different thermocatalytic approaches to valorize lignin 

into fuel components and high-value chemicals. In the first part of the thesis, we first 

explored a one-step process that can depolymerize lignin in supercritical ethanol using an 

inexpensive Cu-based catalyst. This approach delivers a mixture of many different alkylated 

cycloalkanes, aromatics and phenolic compounds. In the second part, we use a tandem 

catalyst system that couples delignification and reductive depolymerization of wood 

sawdust lignin into mono-aromatics in one pot using methanol as solvent. This approach 

selectively extracts lignin from woody biomass and converts it into a much narrower stream 

of methoxyphenols in comparison to the first process. The phenolic compounds are the 

precursors of phenols which can be used in phenolic resin industry after further upgrading. 

 The first part of the thesis focuses on converting a soda lignin into fuel components. 

Chapter 2 reports about a one-step depolymerization of Protobind lignin in ethanol. The 

influence of reaction time and catalyst on product yield was studied. A comprehensive work-

up procedure was developed to distinguish the light and heavy lignin residue and char. GC-

MS, 2D GC–MS, GPC, 1H-13C HSQC NMR and elemental analysis (CHO) techniques were 

combined to characterize the lignin products. The important role of alkylation that 

suppresses repolymerization is discussed. 

 Chapter 3 focuses on elucidating the role of the solvent and, in particular, aims to gain 

understanding why ethanol is so much more effective than methanol. Phenol and 

alkylphenols were also used as model reactants in order to understand the mechanism of 

lignin depolymerization. The effect of alkylation in suppressing repolymerization was 
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confirmed by model compound reactions. Another effect of ethanol solvent is that it 

suppresses repolymerization by scavenging formaldehyde via Guerbet and esterification 

reactions. The influence of reaction temperature will also be discussed in this chapter. 

 Chapter 4 is aimed at understanding how the nature, composition and active site types 

and distribution in the multi-component catalyst affect the catalytic performance. A series of 

mixed oxides with varying Cu content and (Cu+Mg)/Al ratio were prepared and tested in 

lignin depolymerization and phenol alkylation reactions. Both the lignin monomers and 

ethanol conversion products were analyzed and linked to the relevant chemical reactions. 

The active sites for Guerbet, esterification and alkylation were revealed. The recyclability of 

the CuMgAl mixed oxide was also evaluated. 

 Chapter 5 forms the link between the first and second process. In this work, we 

describe our first attempt to convert lignin from Scotch pine sawdust in ethanol solvent 

using the CuMgAl mixed oxide catalyst. A complex mixture of long-chain alcohols and 

esters were formed together with some phenolic compounds derived from lignin conversion. 

Given to the complexity of the reaction products, they could be used for fuel application. 

Two lignins obtained from the same lignocellulosic biomass source but obtained by 

organosolv and enzymatic hydrolysis were compared. The effect of lignin pre-treatment 

approach on catalytic performance will be discussed. 

Chapter 6 describes a tandem catalytic process that rapidly convert lignin from woody 

biomass in high yield to a limited number (3-7 depending on the type of woody biomass) 

alkylmethoxyphenols. Lignin is effectively extracted from the lignocellulosic matrix of birch 

wood by cleavage of ester and ether linkages between lignin and carbohydrates catalyzed 

by homogeneous Lewis acid metal triflates in methanol. This has been demonstrated by 

employing realistic model compounds for the lignin-carbohydrate linkages. The released 

lignin fragments are then further converted into lignin monomers by the combined catalytic 

action of Pd/C and metal triflates in hydrogen. This process can be operated under mild 

conditions in methanol and with minimum use of molecular hydrogen. Different woods such 

as birch, poplar, oak and Scotch pine were tested. 

Chapter 7 focuses on the synergistic effect of metal triflates in the Pd-catalyzed 

deconstruction of lignin fragments. For this purpose, we employed benzyl phenyl ether 

(BPE), guaiacylglycerol-β-guaiacyl ether (GG), 2-phenylethyl phenyl ether (PPE-H) and 2-

phenoxy-1-phenylethanol (PPE-OH) as model reactants. Plausible mechanisms for the 
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conversion of these model lignin compounds as well as the depolymerization of wood lignin 

will be discussed. We also varied the reaction temperature, the type of metal triflates and 

supported metal catalysts as well as the solvent to identify optimum conditions for woody 

biomass upgrading. In so doing, we were able to optimize the tandem process to obtain 

high aromatic monomers yield from birch wood under mild conditions (aromatic monomers 

yield of 55 wt% at T = 180 ° C for t = 2 h). The recyclability of metal triflate has evaluated. 

Scaled up experiments using 100 g wood sawdust in a 4 L autoclave have been 

demonstrated.  

 The work is summarized in Chapter 8 and an outlook on remaining challenges and 

possible approaches to overcome them is given. 

References 

1. WBA Global Bioenergy Statistics 2014. www.worldbioenergy.org (acessed at  August 21, 2016) 

2. A. J. Ragauskas, G. T. Beckham, M. J. Biddy, R. Chandra, F. Chen, M. F. Davis, B. H. Davison, R. A. 

Dixon, P. Gilna, M. Keller, P. Langan, A. K. Naskar, J. N. Saddler, T. J. Tschaplinski, G. A. Tuskan and C. 

E. Wyman, Science, 2014, 344, 1246843. 

3. B. Kamm and M. Kamm, Appl. Microbiol. Biotechnol., 2004, 64, 137-145. 

4. A. J. Ragauskas, C. K. Williams, B. H. Davison, G. Britovsek, J. Cairney, C. A. Eckert, W. J. Frederick, J. 

P. Hallett, D. J. Leak, C. L. Liotta, J. R. Mielenz, R. Murphy, R. Templer and T. Tschaplinski, Science, 

2006, 311, 484-489. 

5. L. Kitzing, C. Mitchell and P. E. Morthorst, Energy Policy, 2012, 51, 192-201. 

6. P. J. Dauenhauer and G. W. Huber, Green Chem., 2014, 16, 382-383. 

7. P. C. A. Bruijnincx and B. M. Weckhuysen, Angew. Chem., Int. Ed., 2013, 52, 11980-11987. 

8. en.wikipedia.org/wiki/Biorefinery (accessed at August 21, 2016). 

9. E. de Jong, G. Jungmeier, Chapter 1 - Biorefinery Concepts in Comparison to Petrochemical Refineries 

A2 - Pandey, Ashok. In Industrial Biorefineries & White Biotechnology, R. Höfer, M. Taherzadeh, K. M. 

Nampoothiri, C. Larroche, Eds. Elsevier: Amsterdam, 2015, P. 3-33. 

10. J. A. Melero, J. Iglesias and A. Garcia, Energy Environ. Sci., 2012, 5, 7393-7420. 

11. B. E. Dale and R. G. Ong, Biotechnol. Prog., 2012, 28, 893-898. 

12. M. Kleinert and T. Barth, Energy Fuel, 2008, 22, 1371-1379. 

13. J. E. Holladay, J. F. White, J. J. Bozell and D. Johnson, Top Value-Added Chemicals from Biomass - 

Volume II—Results of Screening for Potential Candidates from Biorefinery Lignin, Report PNNL-16983, 

Pacific Northwest National Laboratory (PNNL), Richland, WA (US), 2007. 

14. www.borregaard.com (accessed at  August 17, 2016). 

15. H. van Bekkum and L. Maat, Wiley-VCH Verlag GmbH & Co. KGaA, 2007, P. 101-118. 

16. Department of Energy Bioenergy Research Centers, DOE/SC-0162.  

(genomicscience.energy.gov/centers/brcbrochure/), 2014. 

17. A. Brandt, J. Grasvik, J. P. Hallett and T. Welton, Green Chem., 2013, 15, 550-583. 



Chapter 1        

22 
 

18. D. Klemm, B. Heublein, H.-P. Fink and A. Bohn, Angew. Chem., Int. Ed., 2005, 44, 3358-3393. 

19. H. Jørgensen, J. B. Kristensen and C. Felby, Biofuels, Bioprod. Biorefin., 2007, 1, 119-134. 

20. A. C. O'SULLIVAN, Cellulose, 1997, 4, 173-207. 

21. P. F. H. Harmsen, W. J. J. Huijgen, L. M. B. López and R. R. C. Bakker, Wageningen UR, Food & 

Biobased Research, 2010, 1-49. 

22. T. E. Timell, Wood Sci. Technol., 1967, 1, 45-70. 

23. en.wikipedia.org/wiki/Lignin (acessed at August 21, 2016) 

24. J. Zakzeski, P. C. A. Bruijnincx, A. L. Jongerius and B. M. Weckhuysen, Chem. Rev., 2010, 110, 3552-

3599. 

25. H. Chen, Springer Netherlands, 2014.  

26. T. Parsell, S. Yohe, J. Degenstein, T. Jarrell, I. Klein, E. Gencer, B. Hewetson, M. Hurt, J. I. Kim, H. 

Choudhari, B. Saha, R. Meilan, N. Mosier, F. Ribeiro, W. N. Delgass, C. Chapple, H. I. Kenttamaa, R. 

Agrawal and M. M. Abu-Omar, Green Chem., 2015, 17, 1492-1499. 

27. C. Z. Li, X. C. Zhao, A. Q. Wang, G. W. Huber and T. Zhang, Chem. Rev., 2015, 115, 11559-11624. 

28. A. Cornu, J. M. Besle, P. Mosoni and E. Grenet, Reprod., Nutr., Dev., 1994, 34, 385-398. 

29. T. Q. Yuan, S. N. Sun, F. Xu and R. C. Sun, J. Agrc. Food Chem., 2011, 59, 10604-10614. 

30. M.T. T. Nguyen, PhD Thesis University of Maine, 2008. 

31. T. T. You, L. M. Zhang, S. K. Zhou and F. Xu, Ind. Crops Prod., 2015, 71, 65-74. 

32. K. Lundquist, R. Simonson and K. Tingsvik, Sven Papperstidn, 1983, 86, 44-47. 

33. A. T. W. M. Hendriks and G. Zeeman, Bioresour. Technol., 2009, 100, 10-18. 

34. J. Lora, A. Gandini, Elsevier, Amsterdam, 2008, p. 225-241. 

35. C. J. Biermann, Academic Press, Inc., San Diego, 1993. 

36. C. Heitner, D. Dimmel and J. A. Schmidt, CRC Press, Taylor & Francis Group, 2010. 

37. D. A. Blythe and L. R. Schroeder, J. Wood Chem. Technol., 1985, 5, 313-334. 

38. C. Zhao, Y. Kou, A. A. Lemonidou, X. Li and J. A. Lercher, Angew. Chem., Int. Ed., 2009, 48, 3987-3990. 

39. M. Osada, N. Hiyoshi, O. Sato, K. Arai and M. Shirai, Energy Fuel, 2007, 21, 1854-1858. 

40. S. Constant, H. L. J. Wienk, A. E. Frissen, P. d. Peinder, R. Boelens, D. S. van Es, R. J. H. Grisel, B. M. 

Weckhuysen, W. J. J. Huijgen, R. J. A. Gosselink and P. C. A. Bruijnincx, Green Chem., 2016, 18, 2651-

2665. 

41. I. Ortíz and R. Quintero, Elsevier, Amsterdam, 2014, p. 57-69. 

42. P. Alvira, E. Tomás-Pejó, M. Ballesteros and M. J. Negro, Bioresour. Technol., 2010, 101, 4851-4861. 

43. N. Akhtar, K. Gupta, D. Goyal and A. Goyal, Environ. Prog. Sustainable Energy, 2016, 35, 489-511. 

44. F. Luck, Catal. Today, 1996, 27, 195-202. 

45. Y. Sun and J. Y. Cheng, Bioresour. Technol., 2002, 83, 1-11. 

46. B. Wang, X. J. Shen, J. L. Wen and R. C. Sun, RSC Adv., 2016, 6, 57986-57995. 

47. X. J. Shen, B. Wang, P. L. Huang, J. L. Wen and R. C. Sun, RSC Adv., 2016, 6, 45315-45325. 

48. E. K. Pye and J. H. Lora, Tappi J., 1991, 74, 113-118. 

49. V. I. Popa, Shawsbury, Shrewsbury, Shropshire, UK: Smithers Rapra Technology Ltd. 2013, p. 59–60. 

50. X. Zhao, K. Cheng and D. Liu, Appl. Microbiol. Biotechnol., 2009, 82, 815-827. 

51. R. Rinaldi, R. Jastrzebski, M. T. Clough, J. Ralph, M. Kennema, P. C. A. Bruijnincx and B. M. 



Introduction and Scope       

23 
 

Weckhuysen, Angew. Chem., Int. Ed., 2016, DOI: 10.1002/anie.201510351 

52. J. Zakzeski, A. L. Jongerius, P. C. A. Bruijnincx and B. M. Weckhuysen, ChemSusChem, 2012, 5, 1602-

1609. 

53. A. Bjorkman, Nature, 1954, 174, 1057-1058. 

54. D. J. M. Hayes, Bioresour. Technol., 2012, 119, 393-405. 

55. A. Guerra, I. Filpponen, L. A. Lucia, C. Saquing, S. Baumberger and D. S. Argyropoulos, J. Agric. Food 

Chem., 2006, 54, 5939-5947. 

56. S. Wu and D. S. Argyropoulos, J. Pulp Pap. Sci., 2003, 29, 235-240. 

57. P. Sannigrahi and A. J. Ragauskas, J. Biobased Mater. Bioenergy, 2011, 5, 514-519. 

58. P. Azadi, O. R. Inderwildi, R. Farnood and D. A. King, Renewable and Sustainable Energy Rev., 2013, 21, 

506-523. 

59. B. Joffres, D. Laurenti, N. Charon, A. Daudin, A. Quignard and C. Geantet, Oil Gas Sci. Technol., 2013, 

68, 753-763. 

60. M. P. Pandey and C. S. Kim, Chem. Eng. Technol., 2011, 34, 29-41. 

61. P. J. Deuss and K. Barta, Coordin. Chem. Rev., 2016, 306, 510-532. 

62. M. M. Hepditch and R. W. Thring, Can. J. Chem. Eng., 2000, 78, 226-231. 

63. B. Guvenatam, E. H. J. Heeres, E. A. Pidko and E. J. M. Hensen, Catal. Today, 2016, 259, 460-466. 

64. B. Guvenatam, E. H. J. Heeres, E. A. Pidko and E. J. M. Hensen, Catal. Today, 2016, 269, 9-20. 

65. V. M. Roberts, V. Stein, T. Reiner, A. Lemonidou, X. B. Li and J. A. Lercher, Chem.-Eur. J., 2011, 17, 

5939-5948. 

66. J. E. Miller, L. Evans, A. Littlewolf and D. E. Trudell, Fuel, 1999, 78, 1363-1366. 

67. A. Toledano, L. Serrano and J. Labidi, J. Chem. Technol. Biotechnol., 2012, 87, 1593-1599. 

68. E. Chornet, J. S. Shabtai and W. W. Zmierczak, US Patent 5959167 A, 1999. 

69. W. W. Zmierczak and J. D. Miller, US Patent 7964761 B2, 2011. 

70. R. Katahira, A. Mittal, K. McKinney, X. W. Chen, M. P. Tucker, D. K. Johnson and G. T. Beckham, ACS 

Sustainable Chem. Eng., 2016, 4, 1474-1486. 

71. R. J. A. Gosselink, PhD Thesis Wageningen University, 2011. 

72. V. Roberts, S. Fendt, A. A. Lemonidou, X. B. Li and J. A. Lercher, Appl. Catal. B, 2010, 95, 71-77. 

73. A. Toledano, L. Serrano and J. Labidi, Fuel, 2014, 116, 617-624. 

74. K. Okuda, M. Umetsu, S. Takami and T. Adschiri, Fuel Process. Technol., 2004, 85, 803-813. 

75. P. J. Deuss, M. Scott, F. Tran, N. J. Westwood, J. G. de Vries and K. Barta, J. Am. Chem. Soc., 2015, 

137, 7456-7467. 

76. T. Hosoya, H. Kawamoto and S. Saka, J. Anal. Appl. Pyrolysis, 2008, 83, 78-87. 

77. T. Nakamura, H. Kawamoto and S. Saka, J. Anal. Appl. Pyrolysis, 2008, 81, 173-182. 

78. M. Saisu, T. Sato, M. Watanabe, T. Adschiri and K. Arai, Energy Fuels, 2003, 17, 922-928. 

79. D. V. M. Roberts, PhD Thesis Techology University of Munich, 2008. 

80. J. G. Zhang, H. Asakura, J. van Rijn, J. Yang, P. Duchesne, B. Zhang, X. Chen, P. Zhang, M. Saeys and 

N. Yan, Green Chem., 2014, 16, 2432-2437. 

81. J. N. Xin, P. Zhang, M. P. Wolcott, X. Zhang and J. W. Zhang, Bioresour. Technol., 2014, 155, 422-426. 

82. E. E. Harris, J. D'Ianni and H. Adkins, J. Am. Chem. Soc., 1938, 60, 1467-1470. 



Chapter 1        

24 
 

83. A. Oasmaa, R. Alen and D. Meier, Bioresour. Technol., 1993, 45, 189-194. 

84. F. Davoudzadeh, B. Smith, E. Avni and R. W. Coughlin, Holzforschung, 1985, 39, 159-166. 

85. B. Joffres, C. Lorentz, M. Vidalie, D. Laurenti, A. A. Quoineaud, N. Charon, A. Daudin, A. Quignard and C. 

Geantet, Appl. Catal., B, 2014, 145, 167-176. 

86. W. Y. Xu, S. J. Miller, P. K. Agrawal and C. W. Jones, ChemSusChem, 2012, 5, 667-675. 

87. S. H. Huang, N. Mahmood, M. Tymchyshyn, Z. S. Yuan and C. B. Xu, Bioresour. Technol., 2014, 171, 95-

102. 

88. K. Barta and P. C. Ford, Acc. Chem. Res., 2014, 47, 1503-1512. 

89. X. Huang, T. I. Korányi, M. D. Boot and E. J. M. Hensen, ChemSusChem, 2014, 7, 2276-2288. 

90. R. Ma, W. Y. Hao, X. L. Ma, Y. Tian and Y. D. Li, Angew. Chem., Int. Ed., 2014, 53, 7310-7315. 

91. K. Barta, T. D. Matson, M. L. Fettig, S. L. Scott, A. V. Iretskii and P. C. Ford, Green Chem., 2010, 12, 

1640-1647. 

92. P. Ferrini and R. Rinaldi, Angew. Chem., Int. Ed., 2014, 53, 8634-8639. 

93. A. Narani, R. K. Chowdari, C. Cannilla, G. Bonura, F. Frusteri, H. J. Heeres and K. Barta, Green Chem., 

2015, 17, 5046-5057. 

94. C. R. Kumar, N. Anand, A. Kloekhorst, C. Cannilla, G. Bonura, F. Frusteri, K. Barta and H. J. Heeres, 

Green Chem., 2015, 17, 4921-4930. 

95. D. Meier, R. Ante and O. Faix, Bioresour. Technol., 1992, 40, 171-177. 

96. X. Ma, R. Ma, W. Hao, M. Chen, F. Yan, K. Cui, Y. Tian and Y. Li, ACS Catal., 2015, 5, 4803-4813. 

97. X. Y. Wang and R. Rinaldi, Angew. Chem., Int. Ed., 2013, 52, 11499-11503. 

98. C. Zhao, Y. Kou, A. A. Lemonidou, X. B. Li and J. A. Lercher, Chem. Comm., 2010, 46, 412-414. 

99. K. Barta, G. R. Warner, E. S. Beach and P. T. Anastas, Green Chem., 2013. 

100. T. D. Matson, K. Barta, A. V. Iretskii and P. C. Ford, J. Am. Chem. Soc., 2011, 133, 14090-14097. 

101. M. R. Sturgeon, M. H. O'Brien, P. N. Ciesielski, R. Katahira, J. S. Kruger, S. C. Chmely, J. Hamlin, K. 

Lawrence, G. B. Hunsinger, T. D. Foust, R. M. Baldwin, M. J. Biddy and G. T. Beckham, Green Chem., 

2014, 16, 824-835. 

102. J. Zakzeski and B. M. Weckhuysen, ChemSusChem, 2011, 4, 369-378. 

103. J. X. Long, Y. Xu, T. J. Wang, Z. Q. Yuan, R. Y. Shu, Q. Zhang and L. Ma, Appl. Energy, 2015, 141, 70-

79. 

104. S. K. Singh and J. D. Ekhe, RSC Adv., 2014, 4, 27971-27978. 

105. C. Zhao, Y. Kou, A. A. Lemonidou, X. B. Li and J. A. Lercher, Angew. Chem., Int. Ed., 2009, 48, 3987-

3990. 

106. S. K. Singh and J. D. Ekhe, RSC Adv., 2014, 4, 53220-53228. 

107. N. Yan, C. Zhao, P. J. Dyson, C. Wang, L. T. Liu and Y. Kou, ChemSusChem, 2008, 1, 626-629. 

108. C. Z. Li, M. Y. Zheng, A. Q. Wang and T. Zhang, Energy Environ. Sci., 2012, 5, 6383-6390. 

109. I. Klein, C. Marcum, H. Kenttämaa and M. M. Abu-Omar, Green Chem., 2016, 18, 2399-2405. 

110. S. Van den Bosch, W. Schutyser, S. F. Koelewijn, T. Renders, C. M. Courtin and B. F. Sels, Chem. 

Comm., 2015, 51, 13158-13161. 

111. T. Renders, W. Schutyser, S. Van den Bosch, S. F. Koelewijn, T. Vangeel, C. M. Courtin and B. F. Sels, 

ACS Catal., 2016, 6, 2055-2066. 



 

25 
 

Chapter 2  

Catalytic Depolymerization of Lignin in Supercritical Ethanol 

over a CuMgAl Mixed Oxide Catalyst 

Abstract 

One-step valorization of soda lignin in 

supercritical ethanol using a CuMgAl mixed 

oxide catalyst results in high monomer yield 

(23 wt%) without char formation. Aromatics 

are the main products. The catalyst 

combines excellent deoxygenation with low 

ring-hydrogenation activity. Almost half of 

the monomer fraction is free from oxygen. 

Elemental analysis of the light lignin residue 

after 8 h reaction showed a 68 % reduction 

in O/C and 24 % increase in H/C atomic 

ratios as compared to the starting Protobind lignin. Prolonged reaction times enhanced 

lignin depolymerization and reduced the amount of repolymerized products. Phenolic 

hydroxyl groups were found to be the main actors in repolymerization and char formation. 

2D HSQC NMR analysis evidenced that ethanol reacts by alkylation and esterification with 

lignin fragments. Alkylation was found to play an important role in suppressing 

repolymerization. Ethanol acts as a capping agent, protecting the highly reactive phenolic 

intermediates by O-alkylating the hydroxyl groups and by C-alkylating the aromatic rings. 

The use of ethanol is significantly more effective in producing monomers and avoiding char 

than the use of methanol. A possible reaction network of the reactions between the ethanol 

and lignin fragments is discussed.  

 

This Chapter is based on: X. Huang, T. I. Korányi, M. D. Boot, E. J. M. Hensen, Catalytic 

Depolymerization of Lignin in Supercritical Ethanol. ChemSusChem, 2014, 7, 2276-2288.  
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2.1 Introduction 

Lignin is one of the main constituents in the cell walls of almost all dry land plants and 

potentially available in large quantities. This most recalcitrant part of lignocellulosic biomass 

is predominantly obtained from cooking liquors produced in pulping processes. In current 

practice, lignin is burned as a low value fuel to produce process steam and electricity. To 

make the future processing of large quantities of second generation biomass into chemicals 

and fuels economically viable, it is necessary to develop efficient routes to convert lignin 

into transportation fuels and chemicals.1 As lignin is the only renewable source of aromatics, 

its valorization may also become important in view of the impending shift from crude oil to 

shale gas resources for chemicals production.2  

 Lignin is a natural amorphous three-dimensional polymer consisting of methoxylated 

phenylpropane structures, cross-linked by C-O-C (β-O-4, α-O-4, 4-O-5) and C-C (β-1, β-β, 

5-5) bonds.3 A wide variety of chemical treatment methods that aim to break down lignin 

into fragments have been explored. These methods can be categorized into 

thermochemical, hydrolytic, reductive and oxidative approaches.1 Reductive 

depolymerization is promising for obtaining fuel additives and aromatic chemicals as radical 

coupling reactions of intermediate fragments can be partly avoided in the presence of 

hydrogen.4, 5   

 A common approach is to first depolymerize lignin into a bio-oil, for example by 

pyrolysis or base-catalyzed depolymerization (BCD).6, 7 The quality of such intermediate 

bio-oils is low, because of the high water and oxygen content, its high viscosity, low pH and 

relatively low heating value. Furthermore, this oxygen-rich mixture is relatively unstable and 

prone to repolymerization.7, 8 Consequently, (hydro)-deoxygenation is usually employed to 

upgrade the bio-oil into fuel-grade products. For example, Chornet et al.9 and Zmierczak 

and Miller 10 patented multi-step processes for liquid bio-fuels production, comprising BCD, 

hydrodeoxygenation and hydroprocessing approaches. De Wild et al.11 reported a two-step 

process for the production of cycloalkanes, cyclohexanol and alkanes involving pyrolytic 

depolymerization of lignin followed by hydrotreating over a Ru/C catalyst. More recently, the 

Weckhuysen group 12  reported a two-step approach for the conversion of lignin to 

monomeric aromatic compounds. In this process, lignin was first depolymerized in an 

alkaline ethanol-water mixture over Pt/Al2O3. The authors observed that some of the 

monomers were ethoxylated and they pointed out that this will lower their repolymerization 
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tendency. The lignin oil obtained after extraction was subjected to a hydrodeoxygenation 

reaction over conventional hydrotreating catalysts.  

 Alternatively, lignin can be directly converted into target products by combining the 

depolymerization and (hydro)-deoxygenation reactions in a single step.5, 13-16 For example, 

switch grass lignin was converted into phenolic products over a Pt catalyst with formic acid 

as the hydrogen source, resulting in significant reduction in molecular weight and oxygen 

content.13 Single-step disassembly of lignin into monomeric cyclohexyl derivatives was 

reported by Ford and co-workers using Cu-doped porous metal oxides in supercritical 

methanol at 300 °C without addition of H2.14, 15 In their follow-up study, the same catalyst 

was used to convert lignin into mixtures of aromatic products in high yield at lower 

temperature (140-220 °C) in the presence of H2.16   

 A general problem in the production of monomeric units from lignin is the undesired 

repolymerization of fragmented lignin products. Another challenge is to control the extent of 

hydrogenation reaction during reductive depolymerization reactions. Complete 

hydrogenation of the aromatic rings is undesired from a hydrogen economy point of view.8 

Moreover, a recent study showed that ring hydrogenation lowers the potential usefulness of 

aromatic oxygenates to cope with the NOx-soot trade-off in blends with diesel.17 Besides, 

aromatics typically have high octane numbers and, accordingly, are suitable renewable 

gasoline fuel components, when they could be obtained from lignin.  

 Following the work of the Ford group,14, 15 we explored the use of ethanol to 

depolymerize lignin. We will report this as an efficient approach to depolymerize and lower 

the oxygen content of lignin in a single step without char formation. An additional benefit of 

this approach is that the aromaticity of the feedstock is largely retained. In this work, a Cu-

doped MgAl mixed oxide (CuMgAl mixed oxide) catalyst was used to convert lignin in 

supercritical ethanol. The lignin residue was characterized in detail by 1D NMR and 2D 

HSQC NMR in order to track the structural changes of lignin during the reactions. The 

results reveal that alkylation of the aromatic constituents of lignin occurs at a significant rate, 

whereas hydrogenation reactions were found to be less dominant. Novel insights about 

depolymerization, repolymerization and the influence of alkylation will be discussed. It was 

found that alkylation reactions suppress repolymerization, thereby shifting the product 

composition from large lignin fragments to useful monomeric units. The use of ethanol was 

found to be more effective than that of methanol. 



Chapter 2       

28 
 

2.2 Experimental section 

Chemicals and materials 

Protobind P1000 soda lignin was purchased from GreenValue. It was produced by soda 

pulping of wheat straw (sulfur-free lignin with less than 4 wt% carbohydrates and less than 

2 wt% ash). Extra-dry absolute methanol and ethanol were purchased from Biosolve. All 

commercial chemicals were analytical reagents and were used without further purification. 

Catalyst preparation 

20 wt% Cu-containing MgAl mixed oxide catalyst with a fixed M2+/M3+ atomic ratio of 2 was 

prepared by a co-precipitation method. The catalyst samples are denoted by CuxMgAl(y), 

where x corresponds to the Cu content (by wt%) and y is the atomic ratio of (Cu+Mg)/Al. 

For example, Cu20MgAl(2) catalyst was prepared in the following way: 4.40 g (0.019 M) 

Cu(NO3)2·2.5 H2O, 15.67 g (0.061 M) Mg(NO3)2·6H2O, and 15.01 g (0.040 M) Al(NO3)3·9 

H2O were dissolved in 100 ml de-ionized water. This solution in parallel with 100 ml of a 

NaOH (9.60 g, 0.240 M) solution was slowly added (1 drop/sec) through 100 ml dropping 

funnels to 150 ml of Na2CO3 (5.09 g, 0.048 M) solution in a 500 ml necked flask at 60 °C 

with vigorous stirring, whilst keeping the pH of the slurry at 10. When addition was complete 

after ca. 45 min, the milk-like light-blue slurry was aged at 60 °C under stirring for 24 h. The 

precipitate was filtered and washed with distilled water until the filtrate reached a pH of 7. 

The solid was dried overnight at 110 °C and grinded and sieved to a particle size below 125 

µm. The hydrotalcite layered structure of the obtained powder was checked and confirmed 

by XRD. The hydrotalcite-like precursor was calcined with a heating rate of 2°C/min from 

40 °C to 460 °C and kept at this temperature for 6 h in static air. The 20 wt% Ni-containing 

MgAl mixed oxide (Ni20MgAl(2)) was prepared in the same way. 

MgAl mixed oxide (MgAl(3)) with a Mg/Al atomic ratio of 3 was prepared by calcination 

of a hydrotalcite-like precursor. 1 wt%, 3 wt% and 5 wt% Pt-containing MgAl mixed oxide 

(PtxMgAl(3)) were prepared by incipient wetness impregnation of Pt(NH3)4(NO3)2 aqueous 

solution on the above-mentioned hydrotalcite-like precursors, followed by calcination. 

Catalytic reactions 

50 ml AmAr stirred high-pressure autoclaves were used to study the (catalytic) conversion 

of lignin in (m)ethanol. Typically, the autoclave was charged with a suspension of 500 mg 

catalyst and 1000 mg lignin in 20 ml solvent. An amount of 10 µl n-dodecane was added as 

the internal standard. The reactor was sealed and purged with nitrogen several times to 
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remove oxygen. After leak testing, the pressure was set to 10 bar and the reaction mixture 

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

1 h. After the reaction, the reactor was rapidly quenched to room temperature in a water 

bath. 

 

Scheme 2.1 Work-up procedure of reaction product mixture. 

A work-up procedure as shown in Scheme 2.1 was developed (the numbers between 

brackets refer to the steps in Scheme 2.1). Firstly, 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 (1). The remaining mixture was collected and combined with the 

solution obtained from washing the autoclave with ethanol (2). The combined mixture was 

subsequently subjected to filtration and the filter cake was washed with ethanol several 

times (3). The filtrate volume was brought to 30 ml by adding ethanol, followed by 

acidification by adding 15 ml of a 0.1 mol/l HCl solution (final pH = 1) (4), and 50 ml de-

ionized water to precipitate unconverted lignin and high molecular-weight lignin fragments 

(5). After aging for 30 min, the resulting mixture was filtered over a 0.45 µm filter membrane 
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(6). The filter cake was retrieved by washing with THF (7). The solid residue from step (3) 

was then washed with excess THF in order to retrieve the unconverted lignin adsorbed on 

catalyst (8). The light lignin residue was obtained by combining the two THF solutions and 

removing THF by rotary evaporation at 60 °C. The resulting filter cake was regarded as a 

mixture of catalyst and repolymerized products. In order to distinguish the yield of 

repolymerized product, we further dissolved the catalyst using concentrated HNO3 following 

the procedure reported in literature.15 200 mg solid residue obtained from step (8) was put 

into a 50 ml flask. 10 ml 10 mol/l HNO3 was initially added to the residue to dissolve copper. 

The slurry was further treated with addition of 40 ml 5 mol/l HNO3 (9). The resulting mixture 

was filtered over a filter crucible (porosity 4). The filter cake was retrieved by washing with 

excess ethanol and THF (10). After removing THF solvent by rotary evaporation, another 

fraction of lignin residue was obtained and denoted as heavy lignin residue. The remaining 

filter cake was regarded as char and undissolved catalyst. Thermogravimetric analysis 

(TGA) was further applied to determine the exact amount of char. 

Lignin product analysis 

The liquid phase product mixture was analyzed by a Shimadzu 2010 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 detector. Identification of products was 

achieved based on a search of the MS spectra with the NIST11 and NIST11s MS libraries. 

A comprehensive two-dimensional gas chromatography system (GC×GC, Agilent 7890A) 

coupled with a Mass Spectrometer (Agilent 5975C inert XL MS with triple-axis detector) was 

applied in order to support product identification. Two columns with different polarity were 

used for product separation, of which a BPX-5 column (30 m × 0.25 mm × 0.10 µm) was 

used for the first dimension and a BPX-50 column (1.5 m × 0.10 mm × 0.10 µm) for the 

second dimension. Figure 2. 1 shows a representative spectrum of the lignin oil sample 

following reaction at 300 °C for 8 h. The products identified by GC×GC-MS are listed in 

Table 2.1. It was observed that in the catalytic reactions ethanol was converted into a wide 

range of linear products (mainly higher alkyl alcohols and esters) via Guerbet-type reactions. 

In order to rule out the possible interference from ethanol-derived products, a blank (lignin-

free) reaction was performed under the standard conditions (CuMgAl mixed oxide, 300 °C, 

4 h). In addition, the 1D GC-MS chromatogram was used for each analysis to identify lignin 

product peaks. The peaks with the same molecular weight (Mw) were unified and presented 

by the structure determined by (1D) GC-MS and/or (2D) GC×GC-MS. These products were 
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further divided into four groups, namely hydrogenated cyclics (-O (oxygen-free)), 

hydrogenated cyclics (+O (oxygen-containing)), aromatics (-O) and aromatics (+O), 

according to the nature of the ring structure and functional groups. Experimentally 

determined response factors of cyclohexane, cyclohexanone, ethyl benzene and ethyl 

guaiacol were used for these five groups. All the quantitative analyses of liquid phase 

products were based on 1D GC-FID using n-dodecane as internal standard. The yields of 

lignin residues, monomers and char were calculated by using Equation (1) - (4). 

Yield of monomers (wt %) = 
������		
	�	�	���	(����������	
	�	������)		

������		
	�������	�	�	����	������
× 100%														(1) 

Yield of light lignin residue (wt %) = 
������		
	�����	������	������

������		
	�������	�	�	����	������
× 100%																			(2) 

Yield of heavy lignin residue (wt %) = 
������		
	���"#	������	������	

������		
	�������	�	�	����	������
× 100%															(3) 

Yield of char (wt %) = 
������		
	���	×	������	�	��	��	%�&

������		
	�������	�	�	����	������
× 100%																																													(4) 

1H, 13C and 1H-13C HSQC NMR analysis 

All NMR spectra were recorded using a Varian 400 MHz spectrometer. Approximately 70 

mg of lignin residue was dissolved in 0.7 ml dimethylsulfoxide-d6 (DMSO-d6). For the 13C 

NMR analysis, an inverse-gated decoupling sequence was used to screen out the Nuclear 

Overhauser Effect (NOE) with the following parameters: 30 0 pulse angle, 2 s relaxation 

delay, 64 K data points and 20000 scans.18 1H-13C Heteronuclear Single Quantum 

Coherence (HSQC) NMR spectra were obtained using the Crisis gc2HSQC program. The 

spectral widths were 5000 Hz and 20000 Hz for the 1H- and 13C-dimensions, respectively. 

Normally, the number of scans was 16, and 256 time increments were always recorded in 

the 13C dimension. Data processing was performed using the MestReNova software. For 

analysis of the Protobind lignin, approximately 100 mg sample was dissolved in 0.7 ml 

DMSO-d6 and 32 scans were used in order to enhance the signal to noise ratio. In the side-

chain region of the spectra where oxygenates are observed, the relative abundance of the 

different inter-unit linkages was estimated from Cβ-Hβ or Cγ-Hγ correlations. In the aromatic 

region, the ratio of S/G/H units can be obtained by integrating the C2-H2 or C2,6-H2,6 

correlation of syringyl (S), guaiacyl (G), and hydroxyphenyl (H) aromatic units.19 
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Gel permeation chromatography  

GPC analyses were performed by using a SHIMADZU apparatus equipped with two 

columns connected 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 with a flow rate of 1 ml/min. Samples were 

dissolved with the concentration of 2 mg/ml and filtered using 0.45 µm filter membrane prior 

to injection.  

Elemental analysis 

The carbon, hydrogen and oxygen (CHO) contents of the parent lignin and the lignin 

residue were quantitatively determined by means of elemental analysis (Perkin Elmer 2400 

series II Elemental Analyzer, CHN mode). The lignin samples were dried overnight in a 

vacuum oven at 60 °C to remove residual water and solvent. Carbon and hydrogen analysis 

was conducted by coupling combustion followed by thermal conductivity and infrared 

detection, while the oxygen content was obtained by balance.  

2.3 Results and discussion 

Table 2.1 Yields of monomers, lignin residues, char and total yield after reaction at 300 °C under 

varying conditions. 

Entry Catalyst Solvent 
Time  

(h) 

Mono-

mers 

(wt%) 

Light 

residue 

(wt%) 

Heavy 

residue 

(wt%) 

Char 

(wt%) 

Total yield 

(wt%) 

1 Blank EtOH 4 5 23 - 40 68 

2 Blank MeOH 4 4 24 - 46 74 

3 Cu20MgAl(2) EtOH 4 17 73 18 0 108 

4 Cu20MgAl(2) MeOH 4 6 57 39 1 103 

5a Cu20MgAl(2) EtOH 4 12 67 23 0 102 

6a Cu20MgAl(2) MeOH 4 8 37 27 0 72 

7 MgAl(3) EtOH 4 4 45 22 0 71 

8 Pt1MgAl(3) EtOH 4 6 43 22 0 71 

9 Pt3MgAl(3) EtOH 4 7 45 19 0 71 

10 Pt5MgAl(3) EtOH 4 8 67 9 0 84 

11 Ni20MgAl(2) EtOH 4 4 51 11 17 79 

12 Cu20MgAl(2) EtOH 0 5 40 49 0 94 

13 Cu20MgAl(2) EtOH 2 8 52 31 0 91 

14 Cu20MgAl(2) EtOH 8 23 63 16 0 102 

15 Cu20MgAl(2) EtOH 20 21 78 11 0 110 

 a with 10 bar hydrogen added 
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Figure 2.1 GC×GC-MS chromatogram of the product mixture obtained from the catalytic reaction of 

lignin at 300 °C for 8 h using the CuMgAl mixed oxide catalyst. 

Table 2.2 Identified product list of the lignin oil sample measured by SABIC Company using GC × 

GC-MS. 

 

Peak Chemical name compound Mass CAS

no. (m/z) #

1 Ethanol (= solvent) 46 64-17-5

2 Propanol 60 71-23-8

3 Ethylacetate 88 141-78-6

4 3-Buten-1-ol 72 627-27-0

5 1-Butanol 74 71-36-3

6 Propanoic acid, ethyl ester 102 105-37-3

7  diethyl acetal 118 105-57-7

8 (S)-2-methyl-1-Butanol 88 137-32-6

9 3-penten-2-one 84 3102-33-8

10 3-methyl-2-pentanone 100 565-61-7

11 2-ethyl-butanal 100 97-96-1

12 Toluene 92 108-88-3

13 3-methyl-3-heptene 112 7300-03-0

14 Butanoic acid, ethyl ester 116 105-54-4

15 Acetic acid, butyl ester 116 123-86-4

16 3-methyl-4-penten-1-ol 100 51174-44-8

17 2-ethyl-trans-2-butenal 98 63883-69-2

18 1,4-dimethyl-cyclohexene 110 2808-79-9

19 2-ethyl-1-butanol 102 97-95-0

20 3-Hexen-1-ol 100 544-12-7

21 (Z)-2-methyl-2-penten-1-ol 100 16958-20-6

22 3-Methyl-1-pentanol 102 598-35-5

23 p-Xylene 106 106-42-3

24 3-(1-ethoxyethoxy)-2-methylbutane-1,4-diol 192 88481-54-3

25 1,1-diethoxy butane 146 3658-95-5

26 Pentanoic acid, ethyl ester 130 539-82-2

27 o-Xylene 106 95-47-6

28 Pentanoic acid, 3-methyl-, ethyl ester 144 5870-68-8

29 Propylbenzene 120 103-65-1

30 Benzaldehyde 106 100-52-7

31 Hexanoic acid, ethyl ester 144 123-66-0

32 3-Hexenoic acid, ethyl ester 142 2396-83-0

Peak Chemical name compound Mass CAS

no. (m/z) #

33 Dihydro-3,5-dimethyl-2(3H)-Furanone 114 5145-01-7

34 2-Hexenoic acid, ethyl ester 142 155-67-6

35 Benzyl alcohol 108 100-51-6

36 5-Ethyldihydro-2(3H)-Furanone 114 695-06-7

37 1-methyl-3-propylbenzene 134 1074-43-7

38 1-ethyl-2,4-dimethylbenzene 134 874-41-9

39 4-ethyl-1,2-dimethylbenzene 134 934-80-5

40 4-methylbenzaldehyde 120 529-20-4

41 2-ethyl-3-hexen-1-ol 128 53907-73-6

42 4-methylene-cyclohexanemethanol 126 1004-24-6

43 Tetrahydro-4-methyl-2H-Pyran-2-one 114 1121-84-2

44 3-Octenoic acid, ethyl ester 170 1117-65-3

45 Octadecanoic acid, ethyl ester 172 106-32-1

46 4-Octenoic acid, ethyl ester 170 -

47 Butyl 3-methylpentanoate 172 -

48 2-Ethylphenol 122 90-00-6

49 3-methylbenzyl alcohol 122 587-03-1

50 2-methylbenzenemethanol 122 89-95-2

51 (2-methylphenyl)methanol, ethyl ester 150 -

52 2-Octenoic acid, ethyl ester 170 7367-82-0

53 Octenoic acid, ethyl ester type 170 -

54 Dodecane (= Internal Standard) 170 112-40-3

55 Octanoic acid, ethyl ester 172 106-32-1

56 Octenoic acid, ethyl ester type 170 -

57 Unknown >170 -

58 Ethyl(E)-2-octenoate 170 2351-90-8

59 2,5-Diethylphenol 150 876-20-0

60 2,5-diethyl-1,4-benzenediol 166 -

61 2-ethyl-4,5-dimethylphenol 150 2219-78-5

62 2,5-bis(1-methylethyl)phenol 178 -

63 1-(2,5-dimethoxyphenyl)-ethanone 180 1201-38-3

64 Hexadecanoic acid, ethyl ester 284 628-97-7
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Figure 2.2 Representative molecular weight distributions of the THF-soluble fraction of the parent 

lignin and its lignin residue after reaction in ethanol at 300 °C for 8 h over the CuMgAl mixed oxide 

catalyst (chromatograms have been normalized).   

 We investigated the depolymerization of Protobind P1000 lignin (a straw lignin obtained 

by the soda process) in alcoholic solvents. The influence of solvent type, reaction time and 

the type of catalyst on product yield were investigated in detail (Table 2.1). Conventional 

GC-MS as well as comprehensive GC×GC-MS were used to analyze the product mixture. 

Figure 2.1 shows a representative GC×GC-MS chromatogram of the lignin oil sample 

obtained from catalytic reaction of the starting lignin in ethanol at 300 °C for 8 h using the 

CuMgAl mixed oxide catalyst. A variety of cyclic as well as linear products were formed. 

The cyclic products are mainly substituted aromatics, together with a small amount of ring-

hydrogenated cyclic products like cyclohexenes (Table 2.1). The aromatics are mostly 

(partially) deoxygenated products with different degrees of ring alkylation with methyl and/or 

ethyl groups. A small amount of (alkylated) benzylic alcohols and corresponding aldehydes 

was also observed. Apart from these lignin-derived cyclic products, a wide range of linear 

products (mainly higher alkyl alcohols and esters) were formed. These products are the 

result of ethanol conversion reaction of the Guerbet type and oxidative esterification 

reactions catalyzed by the CuMgAl mixed oxide catalyst. Ethanol conversion into such 

products was confirmed by carrying out the same reaction without lignin under similar 

conditions. In this reaction, similar linear products were produced and no cyclic products 

were formed. This confirms that all the cyclic products are formed from lignin. In order to 

rule out interference from these ethanol-derived products during product analysis, a 
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comprehensive work-up procedure was developed (Scheme 2.1), resulting in three main 

fractions, namely light lignin residue, heavy lignin residue and char. The typical H/C atomic 

ratios of these three fractions are respectively 1.2, 1.1 and 0.9 as determined by elemental 

analysis. Figure 2.2 shows representative molecular weight distributions of the THF-soluble 

fraction of the parent lignin and its residue after reaction in ethanol at 300 °C for 4 h over 

the CuMgAl mixed oxide catalyst. The light lignin residue shows a bimodal molecular-weight 

distribution. The increased signals in lower molecular weight region point to the formation of 

depolymerized lignin fragments during the reaction in ethanol. The heavy lignin residue 

shows several peaks and the shoulder at the high molecular-weight side is indicative of a 

significant fraction of repolymerized lignin fragments with high molecular weight. 

Effect of catalyst and solvent 

Without using a catalyst, lignin was only partially depolymerized in ethanol solvent (Table 

2.1, entry 1). The main product was char and the monomer yield was only 5 wt%. Among 

the monomeric products, guaiacol- and syringol-type molecules were predominant and no 

deoxygenated aromatics or hydrogenated cyclics were formed (Figure 2.3a). Almost similar 

products were obtained with methanol as the solvent in a non-catalytic reaction experiment 

(entry 2). In the presence of the CuMgAl mixed oxide catalyst more monomers (17 wt%) 

were obtained after reaction in ethanol for 4 h (entry 3). The monomeric product mixture 

contains hydrogenated cyclics, and mostly aromatic products (Figure 2.3b). Most of these 

hydrogenated cyclics and aromatic products contain methyl and/or ethyl groups 

substituents on their rings. This indicates that extensive alkylation has occurred. A 

significant amount of deoxygenated aromatic products like benzene, toluene, xylenes and 

ethyl benzene were observed. Among the monomeric products, the fraction of 

deoxygenated aromatic products is 30 % and the fraction of hydrogenated cyclic products is 

11 %. These results prove that the catalyst exhibits excellent deoxygenation and low ring-

hydrogenation activities. The total yield of recovered products in blank reactions were 

always less than 80 wt%, which is due to the formation of significant amounts of char, which 

remained stuck on the internal parts of the batch autoclave reactor system and which could 

not be recovered completely. On the contrary, during the catalytic reaction experiments, the 

lignin residue and char are adsorbed on the catalyst surface and thus could be recovered.  
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Figure 2.3 Product distribution following reaction: (a) blank reaction at 300 °C for 4 h in ethanol, (b) 

Cu20MgAl(2) at 300 °C for 4 h in ethanol, (c) Cu20MgAl(2) at 300 °C for 4 h in methanol, (d) 

Cu20MgAl(2)  at 300 °C for 8 h in ethanol. The numbers in the molecules correspond to the 

molecular weight, whereas colors are used to facilitate the reading of the figure. 

 When the reaction was performed in methanol much less monomeric products were 

formed (entry 4). The monomeric products included methylated phenols and guaiacol-type 

products and a small amount of hydrogenated cyclics (Figure 2.3c). Interestingly, no 

deoxygenated aromatics were observed in the experiments done in methanol, which is 

essentially different from the ethanol case. Besides, a larger amount of heavy lignin residue 

(39 wt%) was formed. GPC analysis revealed that the average molecular weight (Mw) of this 

heavy lignin residue fraction is 44478 g/mol, which is much higher than the Mw of the lignin 

residue obtained in ethanol (21142 g/mol). These findings indicate that reaction in methanol 

is less effective than in ethanol, which is consistent with a previous report 20  and this will be 

discussed in the next Chapter 4 in more detail.  
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 Based on the monomeric product distributions, we concluded that the catalyst shows 

low ring-hydrogenation activity in all of the cases. This finding deviates from results 

presented in literature. It was reported that a mixed oxide catalyst containing Cu, Mg and Al 

exhibited good ring-hydrogenation activity during biomass conversion (lignocellulose and 

lignin) in supercritical methanol at 300 °C.14, 15 The authors claimed that the soluble fraction 

of lignin was depolymerized by hydrogenolysis of aryl ethers followed by aromatic ring 

hydrogenation. An important finding of this work of the Ford group was that after 2 h 

reaction time lignin had already been largely disassembled with most of its aromatic rings 

hydrogenated together with a significant degree of deoxygenation.21 This conclusion was 

based on changes in the 1H NMR spectra in aromatic, oxygenated and aliphatic regions of 

the lignin oil during a time course study of lignin conversion, supported by non-quantitative 

GC-MS analysis, which revealed formation of some hydrogenated cyclic oxygenate 

products such as propylcyclohexanol.14 In the present study, we also observed formation of 

hydrogenated cyclic products, mainly alkylated cyclohexenes, cyclohexanes and 

cyclohexanones. However, their yields are relatively small irrespective of whether the 

reaction was carried out in methanol or ethanol (Figures 3.2b and c). We also observed 

very similar changes in the 1H NMR spectra during our time course study. However, these 

changes were not caused by hydrogenation of the aromatic rings but by the alkylation of the 

rings. This will be discussed below in more detail. 

 In order to explain the different amounts of deoxygenated aromatics when reactions 

were performed in methanol and ethanol, additional reactions were performed involving the 

addition of molecular hydrogen to the reaction mixture. We suspected that the better 

reaction performance of ethanol over methanol is related to the more facile 

dehydrogenation of ethanol compared to methanol as followed from analysis of the gas-

phase products. The concentration of hydrogen formed in an experiment in ethanol was 

about three times higher than in an experiment in methanol. The hydrogen concentration 

may influence the rates of the hydrogenolysis/hydrodeoxygenation reactions, which may 

lead to formation of deoxygenated aromatics. To verify this assumption, a pressure of 10 

bar hydrogen was applied to the reactant mixture instead of 10 bar nitrogen. With ethanol 

as solvent (Table 2.1, entry 5), more deoxygenated aromatics were formed. No 

deoxygenated aromatics were observed when methanol was the solvent with hydrogen 

addition (Table 2.1, entry 6), an essentially similar result to the methanol case without 

hydrogen addition. This result indicates that the dehydrogenation activity difference 
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between ethanol and methanol reactants is not the main reason for the different product 

compositions obtained by using these two alcoholic solvents. 

 We also investigated the effect of the transition metal. Metal-free MgAl, NiMgAl and 

PtMgAl mixed oxide catalysts were tested for lignin depolymerization in ethanol under 

similar conditions (Table 2.1, entries 7-11). All of these reactions resulted in very low 

monomer yields and total yield, similar to the blank reaction. Moreover, no deoxygenated 

aromatics were found in these cases. Variation in the Pt content of PtMgAl mixed oxide 

catalyst did not improve the results (Table 2.1, entries 9-11). We conclude that the 

combination of Cu and ethanol is essential for formation of deoxygenated aromatics during 

lignin conversion. The role of individual components of the CuMgAl mixed oxide catalyst will 

be discussed in Chapter 4 in more detail.  

Effect of reaction time 

The effect of reaction time was also investigated during the catalytic conversion of lignin in 

ethanol at 300 °C over the CuMgAl mixed oxide catalyst (Table 2.1, entries 3 and 12-15). 

When the mixture was only heated to this temperature followed by immediate cooling, a 

significant amount of heavy lignin residue (49 wt%) was obtained, together with a 

comparable amount of light lignin residue. The monomer product yield was only 5 wt%. By 

increasing the reaction time at 300 °C the monomer yield was seen to increase. Notably, no 

char was formed in all of these cases, although significant amounts of light and heavy lignin 

residues were obtained. Under optimal conditions (300 °C, 8 h), a monomer yield of 23 wt% 

was obtained (Table 2.1, entry 14). The fraction of deoxygenated products within the 

monomer fraction was 43 % of which about 80 % were oxygen-free aromatics (Figure 2.3d). 

This indicates that the catalyst maintained high deoxygenation and low ring-hydrogenation 

activities, which was also confirmed by analyzing the lignin residue using elemental analysis. 

Figure 2.4 depicts the changes of H/C and O/C atomic ratios of light lignin residue obtained 

after reaction at 300 °C with the CuMgAl mixed oxide catalyst for varying times in a 

modified Van Krevelen plot.13 The O/C atomic ratio shows a continuous decrease with 

increasing reaction time, whereas the H/C ratio already reaches its final value at 

comparatively shorter reaction times. Under optimal condition, the O/C atomic ratio 

decreases by 68 %, while the H/C atomic ratio increases by 24 %. Similar trend was also 

observed in the hydrodeoxygenation of switch grass lignin using a Pt/C catalyst.13 
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Figure 2.4 Elemental analysis of the parent lignin and its light lignin residue following reaction in 

ethanol at 300 °C over the CuMgAl mixed oxide catalyst (■： H/C ratio, ▲: O/C ratio). 

 

Figure 2.5 Molecular weight distributions of Protobind lignin (THF-soluble fraction) and (a) light 

lignin residue, (b) heavy lignin residue obtained after reaction in ethanol at 300 °C over CuMgAl 

mixed oxide catalyst. (Depicted chromatograms have been normalized). 

 Interestingly, we observed that the heavy lignin residue was primarily formed at the 

early stages of the reaction and decreased for longer reaction times. On the contrary, the 

yields of light lignin residue show the opposite trend. These findings are similar to yield 

trends observed during the pyrolysis of lignin. It was for instance reported that 

recondensation reactions are the predominant pathway in the early heating stages in 

pyrolysis studies of lignin model compounds.22 In another report, it was concluded that 
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recondensation reactions dominate at low temperature (200-250 °C), and the rate of 

depolymerization becomes more significant at higher temperature (300-350 °C).23 The 

consistency of our findings with these reports were further confirmed by analyzing the two 

fractions of lignin residue using GPC. The result shows that the high-MW shoulder of the 

light lignin residue continuously increases during the first 2 h reaction time and then 

decreases with increasing reaction time up to 8 h (Figure 2.5a). The trend for the heavy 

lignin residue was similar (Figure 2.5b). These results show that repolymerization reactions 

dominate the early stages of the reaction (0-2 h), after which depolymerization reactions 

become dominant. Although the high-MW shoulders tend to increase for longer reaction 

times, the total amount of repolymerized lignin residue is decreasing. 

Repolymerization 

In order to better understand lignin depolymerization and repolymerization reactions 

occurring in ethanol, we first employed 1H NMR to investigate the structural changes of 

lignin during the reaction. Figure 2.6 shows selected 1H NMR spectra of lignin and its 

residues obtained at various (catalytic) reaction conditions. It can be observed that for the 

residues obtained from the catalytic experiments the signals of aromatic (δH=6.0-7.7 ppm)24 

and oxygenated (δH=3.0-5.0 ppm)14 side-chain regions decrease, while those of the 

aliphatic (δH=0.6-2.3 ppm)24 side-chain region significantly increase. This phenomenon is 

also observed for the reaction performed without catalyst (Figures 2.6b and d). This trend is 

qualitatively similar to the one observed by the Ford group,14 who investigated lignin 

depolymerization in supercritical methanol under similar conditions. The signals 

corresponding to the phenolic hydroxyl groups24, 25 can be clearly seen in the spectra of the 

lignin residue obtained in blank reactions (Figures 2.6b and d) and methanol (Figure 2.6c) 

solvent. These signals can also be observed in the early stages (0-2 h) of the catalytic 

reactions in ethanol (Figures 2.6e and f), in line with the high yield of the heavy lignin 

residue (Table 2.1, entries 10 and 11) and with the increase of the MW derived from GPC 

analysis (Figure 2.5). Increasing the reaction time to 4 h led to the disappearance of these 

signals (e.g., Figures 2.6g, h and i), also in line with the low yield of heavy lignin residue 

(Table 2.1, entries 3, 14 and 15) and with the decrease of the MW (Figure 2.5). 

Summarizing, we found good correlation between the yield of repolymerized products 

(heavy lignin residue and char) and the signals of phenolic hydroxyl groups. The 1H NMR 

spectra of the residues from reactions resulting in high yield of heavy lignin residue 

consistently show strong signals corresponding to phenolic hydroxyl groups. 
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Figure 2.6 1H NMR of parent lignin and its light lignin residue following reaction in (m)ethanol at 

300 °C under varying conditions (spectra have been normalized by the total area of full region). 

 

Scheme 2.2 Example of coupling reactions involves quinone methide initiated by phenolic hydroxyl 

group (adapted from ref.26). 

 Based on these results, we conclude that phenolic hydroxyl groups are the main actors 

in repolymerization and char formation. This finding supports the conclusion made in the 

previous publications.6, 22, 26-28 It was reported that lignin condensation reactions usually 

involve highly reactive phenolic hydroxyl groups, which will form new carbon-carbon bonds 

on the ortho- and para- positions by forming quinone methide intermediates.26, 28 Nakamura 

et al.26 studied condensation reactions of several model compounds (guaiacol, 
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methylguaiacol, coniferyl alcohol etc.) under pyrolysis conditions at 250 °C and concluded 

that vinyl condensation, quinone methide and radical coupling through phenoxy or benzyl 

radicals were important condensation pathways. Among the model compounds, coniferyl 

alcohol which contains a phenolic -OH group and Cα=Cβ unsaturated side-chain was found 

to be the most reactive towards repolymerization due to the condensation between aromatic 

rings and the side-chain carbons. The proposed mechanism is depicted in Scheme 2.2. 

Dimers 3 and 4 are expected to form via nucleophilic attack of creosol-C6 and hydroxyl 

group in creosol moiety to quinone methide intermediates, respectively. Notably, the 

polymerization activity of the phenolic form of the coniferyl alcohol was much higher than its 

non-phenolic form (coniferyl alcohol methyl ether). In their follow-up study on the pyrolysis 

behavior of lignin in the 200-400 °C temperature range, phenolic end-groups were also 

found to be important during low-temperature condensation and methylation of the hydroxyl 

groups in lignin substantially reduced the condensation reactivity.23 Hosoya et al.22 also 

reported that phenolic aromatic rings and unsaturated side-chains (-CH=CH-) are the most 

reactive structures in high temperature (600 °C) pyrolysis, both of which are the major 

structures of the primary tar fraction, which will be converted to condensation products. 

Others have alternatively discussed the ionic mechanism for condensation reactions, 

especially in the presence of metal salts (e.g., alkali carbonates).6, 29 Roberts et al.6 

investigated base-catalyzed depolymerization (BCD) of lignin under supercritical water 

using NaOH as the catalyst. They proposed that condensation reactions occur between 

highly reactive phenolic and catecholic monomers. The phenolic monomers are negatively 

charged and they are in equilibrium with their corresponding phenolate and carbanion forms 

under BCD conditions. The latter have a negative charge in ortho- or para-position to the 

phenolic hydroxyl groups28 and will react with other species such as carbonyl groups to 

form carbon-carbon bonds.6, 29 They also reported that coke formation can be greatly 

reduced by adding boric acid as capping agent by forming corresponding boric esters with 

highly reactive phenolic hydroxyl groups.6 In the present study, we observed the 

disappearance of phenolic hydroxyl groups after a reaction time of 4 h at 300 °C in ethanol. 

This implies that the phenolic hydroxyl groups might also be capped during the reaction. In 

order to reveal this, we employed 2D HSQC NMR to follow the structural changes in lignin. 

Alkylation and esterification 

2D HSQC NMR, which has been widely used for elucidating lignin structure,30-32 was 

employed for the characterization of the starting lignin and lignin residue. The assignments 
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of the original lignin signals are based on published literature18, 33, 34 (Figure 2.7 and Table 

2.3). Cross-signals from syringyl (S), guaiacyl (G) and hydroxyphenyl (H) lignin units can be 

clearly observed in the aromatic region of the spectrum (Figure 2.7a). The measured S/G/H 

ratio in the original lignin is 50/37/13, which is in good agreement with the literature 

(S/G/H=48/35/17) for the same Protobind lignin.24 Significant signals of ferulate (FA), 

cinnamyl (I), p-hydroxybenzoate (PB), and p-coumarate (pCA) units can be clearly seen. In 

the side-chain region (Figure 2.7b), three main interunit linkages (β-O-4’, β-5, β-β’) can be 

observed with a relative ratio of 74/14/12. However, other reported linkages (5-5/β-O-4’, β-

1)33, 34 cannot be detected, probably due to their relatively low abundance. Also, the 

occurrence of 4-O-5 and 5-5 bonds cannot be detected by HSQC NMR.30 

 

 

Figure 2.7 The (a) aromatic region and (b) oxygenated side-chain region of 1H-13C HSQC NMR 

spectra of Protobind lignin. 
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Table 2.3 Assignment of the 1H-13C correlation peaks of the lignin in aromatic and oxygenated side-

chain regions in the 2D HSQC NMR spectra.18, 33, 34  

  

 Figure 2.8 compares the NMR spectra of the parent lignin and its residue following 

reaction in ethanol at 300 °C for 4 h over the CuMgAl mixed oxide catalyst. NMR signals in 

aromatic and oxygenated side-chain regions decrease, while those in the aliphatic side-

chain region significantly increase, similar to the results in 1H NMR (Figure 2.6). Signals in 

the aromatic region assigned to G and S units both decrease or even disappear, while 

those of H units increase relatively speaking (Figure 2.8a). The initially strong signals 

corresponding to FA, I, PB and pCA units completely disappear during reaction. The 

disappearance of these units was found in all of the performed measurements. Many new 

peaks assigned to ethyl and methyl groups of alkylated products and esters appear in the 

Label δC/δH (ppm) Assignments 

Cβ 53.3/3.46 Cβ-Hβ in phenylcoumarane substructures  (C) 

Bβ 53.5/3.06 Cβ-Hβ  in resinol substructures (B) 

-OCH3 55.6/3.73 C-H in methoxyl groups 

Aγγγγ 59.5/3.40-3.61 Cγ-Hγ in β-O-4’ substructures (A) 

I γγγγ 61.4/4.10 Cγ-Hγ in p-hydroxylcinnamyl alcohol end-groups 

Cγγγγ 62.5/ 3.63 Cγ-Hγ in phenylcoumarane substructures  (C) 

A'γγγγ 63.2/3.83 and 4.30 Cγ-Hγ in γ-acetylated β-O-4’ substructures (A’) 

Aα and A'α 70.9/4.81 
Cγ-Hγ in β-O-4’ substructures (A) and γ-acetylated β-O-4’ 
substructures (A’) 

B γγγγ 71.0/3.61 and 4.18 Cγ-Hγ in resinol substructures (B) 

B α 84.8/4.65 Cα -Hα  in resinol substructures (B) 

Aβ 85.9/4.10 Cβ-Hβ in β-O-4’ substructures (A) 

S2,6 103.8/6.71 C2,6-H2,6 in etherified syingyl units (S) 

S'2,6 106.2/7.23 C2,6-H2,6 in oxidized (Cα=O) syingyl units (S) 

G2 110.9/6.99 C2-H2 in guaiacyl units (G) 

FA2 111.0/7.32 C2-H2 in ferulate (FA) 

pCAβ and FAβ 113.5/6.27 pCAβ and FAβ in p-coumarate (pCA) and ferulate (FA) 

G5 and G6 
114.9/6.72 and 6.94, 
118.7/6.77 

C2,6-H2,6 in oxidized (Cα=O) syingyl units (S) 

H2,6 127.8/7.22 C2,6-H2,6 in p-hydroxyphenyl units (S) 

Iβ 128.4/6.44 Cβ-Hβ in p-hydroxylcinnamyl alcohol end-groups (I) 

pCA2,6  130.1/7.45 C2,6-H2,6 in p-coumarate  (pCA)  

PB2,6 131.2/7.67 C2,6-H2,6 in p-hydroxybenzoate substructures (PB) 

pCAα and FAα 144.7/7.41 pCAα and FAα in p-coumarate (pCA) and ferulate (FA) 
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Figure 2.8 Comparison of the (a) aromatic region and (b) side-chain region of the of 1H-13C HSQC 

NMR spectra of the parent Protobind lignin (green color) and the light lignin residue (red color) 

following catalytic reaction at 300 °C for 4 h with the CuMgAl mixed oxide catalyst (spectra 

normalized by the total area of full region). 

side-chain region (Figure 2.8b). More specifically, the most important observation is the 

formation of ethyl ester cross peaks in the oxygenated side-chain region. A weak cross 

peak assigned to ethoxy groups bonded to aromatic rings also appears. Many new cross 

peaks correspond to methyl and ethyl groups bonded to aromatic rings are clearly seen in 

the aliphatic side-chain region. The assignment of these peaks are made by comparing with 

the authentic compounds (4-ethyl-2-methoxyphenol, 4-methyl-2-methoxyphenol, 2-
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methylphenol, 2-ethoxyphenol, ethyl acetate and 2, 4, 6-trimethylphenol) which contains the 

same functional groups. These results imply that esterification, O-alkylation (alkylation on 

phenolic -OH groups) and C-alkylation (alkylation on the aromatic ring) have taken place. 

Both methylation and ethylation reactions occur during reaction in the ethanol solvent. Ring-

methylated products may be formed either by dealkylation of methoxy groups of the original 

lignin followed by rearrangement to the ring35, 36 or by direct removal of methoxy groups via 

hydrogenolysis followed by ring-methylation with the methanol product.37, 38 The former 

process would lead to new phenolic hydroxyl groups in the lignin residue. However, no 

signals correspond to phenolic groups are present in the 1H NMR spectra of the lignin 

residue after more than 2 h reaction (Figures 2.6h, i and j), so that the methoxy removal and 

methylation by methanol product route is the more probable one. This is confirmed by the 

observation of methanol in the product mixtures after reaction for less than 2 h (at longer 

reaction time the methanol peak overlaps with other products). The application of a basic 

CuMgAl mixed oxide catalyst in our reactions will favor the direct removal of methoxy 

groups from aromatic rings via hydrogenolysis reaction rather than dealkylation reaction.35, 

38 Similar observations were reported by others. Supported metal catalysts on weakly acidic 

ZrO2
38 and carbon37, 39 supports also favor direct elimination of the methoxy group from 

guaiacol by hydrogenolysis. 

 The formation of ester products was also observed during product analysis (Figure 2.1). 

We found ethyl hexadecanoate (~1-2 wt%) and ethyl octadecanoate (~0.5-1.5 wt%) in the 

reaction products from lignin depolymerization in supercritical ethanol. These compounds 

have been observed earlier in lignin studies.40 Corresponding methyl esters were also 

found when methanol was used as solvent. We suspect that these esters come from 

transesterification between alcohols and triglycerides. The triglycerides are present in the 

Protobind lignin as impurities. The alkyl unsaturated -CH=CH- chain signal in the HSQC 

NMR spectra is consistent with the presence of triglycerides. Similar observations were 

made by Joffres et al.24 It should be noted that the transesterification of triglycerides has 

been widely reported for biodiesel production using supercritical alcohols via catalytic or 

non-catalytic processes.41, 42 The observation that these esters also form in the blank 

reactions is consistent with these results. Apart from transesterification between 

triglycerides and ethanol, esters may also form from the reaction between lignin and ethanol 

via oxidative esterification. It has been widely reported that esterification reactions can take 

place between alcohols and/or aldehydes involving adsorbed alkanol and alkanals 
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intermediates over metal oxides such as Cu/SiO2,43 CuMgAl mixed oxide,21 CuZnAlOx
43-45 

and CuMgOx.46 For example, Bravo et al.21 reported about coupling between methanol and 

ethanol using a CuMgAl mixed oxide catalyst. They proposed that esters were formed from 

the C-O coupling reactions of adsorbed methoxy and ethoxy intermediates and aldehyde 

(e.g., formaldehyde and acetaldehyde) species on the Cu surface. There are many aliphatic 

-OH groups in lignin, for example γ-OH end-groups in the most abundant β-O-4 linkages 

(Figure 2.7b). It is reasonable to assume that esters can also be formed via oxidative 

esterification between ethanol and these aliphatic -OH groups of lignin or its fragments. 

 Selected spectra of the lignin residue are shown in Figure 2.9. Alkylation reactions were 

already observed to proceed during heating of the reaction mixture (Figure 2.9a). Both C-

alkylated and O-alkylated  products were formed with the former as primary products, 

suggesting that the alkylation reactions are prone to take place on the aromatic ring of lignin 

in the presence of CuMgAl mixed oxide catalyst, but their amount is relatively small. 

Increasing the reaction time to 4 and 8 h results in a significant and continuous increase of 

C-alkylated products (Figures 2.9b and c). However, no significant change can be found in 

terms of O-alkylated products, probably because O-alkylation is limited by the amount of 

phenolic hydroxyl groups formed during lignin depolymerization (no phenolic hydroxyl 

groups were observed in the lignin residue after more than 2 h reaction (Figures 2.6g, h and 

i)). It is also possible that ethoxy groups of O-alkylated products are directly removed via 

hydrogenolysis, similar to the removal of methoxy groups as mentioned before. The 

removal of methoxy and ethoxy groups is suspected to be the key route for formation of 

deoxygenated aromatic products. Interestingly, when the reaction was performed in 

methanol, C-methylated products were found to be dominant which is different from the 

observations in ethanol (Figure 2.9d). The comparatively small amount of ethylated 

products in this case most likely derive from cleavage of phenyl propane units of the parent 

lignin. Apart from these alkylated products, the corresponding methyl esters were also 

found in the oxygenated side-chain regions. Based on these results, we can already explain 

the observation of changes in the 1H NMR spectra in aromatic, oxygenated and aliphatic 

regions of lignin oil during time course study. These changes are not caused by 

hydrogenation of the aromatic rings as concluded by the Ford group earlier.14 The 

alternative explanation, which we put forward here, is that extensive alkylation and 

esterification has occurred. The presence of methyl and ethyl substituents on the aromatic 

rings is the cause of the decrease of the aromatic signals in the 1H NMR spectra. Similarly, 
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esterification also leads to a decrease of the aromatic signals as aliphatic groups are 

introduced in lignin side-chains. 

 

Figure 2.9 The oxygenated side-chain region of 1H-13C HSQC NMR spectra of the light lignin 

residue following reaction of lignin in ethanol using the CuMgAl mixed oxide catalyst at 300 °C for 

(a) 0 h, (b) 4 h, (c) 8 h and (d) in MeOH for 4 h. 

Effect of alkylation 

As discussed above, repolymerization reactions usually involve highly reactive phenolic 

hydroxyl groups and will form new carbon-carbon bonds on the ortho- and para- positions. 

Methylation of phenolic hydroxyl groups in lignin can substantially reduce the 

repolymerization activity.23 Capping the phenolic hydroxyl groups by forming esters with 

boric acid has been shown to reduce coke formation in the BCD process.6 In the present 

case, we show that ethanol acts as a capping agent, which stabilizes the highly reactive 

phenolic intermediates either by O-alkylating the phenolic hydroxyl groups, or by C-

alkylating the aromatic rings. With alkyl groups substituted on the phenolic hydroxyl group 

and on the aromatic ring, the quinone methide intermediates and new carbon-carbon bonds 
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between lignin fragments cannot form, essentially inhibiting repolymerization reactions. 

These findings are consistent with an earlier assertion by Zakzeski et al. that ethoxylation of 

guaiacol formed by reaction with ethanol solvent results in protective capping of the 

phenolic functionality of depolymerized lignin, hindering repolymerization.27 The role of 

hydrogenation to suppress repolymerization appears to be limited as reaction experiments 

with a Cu-free MgAl mixed oxide catalyst did not result in significantly higher amount of 

heavy lignin residue (Table 2.1, entry 7). Consistent with this supposition, adding H2 to the 

reaction mixture (Table 2.1, entry 5) does not reduce the formation of repolymerized 

products. These results evidence that hydrogenation of lignin-derived fragments is not as 

important as alkylation. The negative effect of hydrogenation is probably due to deactivation 

of the alkylation activity of the catalyst by reduction.47 In our case, the reduction of CuO to 

metallic Cu was confirmed by the color change from initial green to red following the 

reaction and further supported by X-ray photoelectron spectrometer (XPS) measurement of 

spent catalysts. These results confirm that reduction of CuO takes place during the catalytic 

reaction in line with the report of Matson et al.15 Alkylation reactions might be suppressed 

and, consequently, induce more repolymerized products following reduction of the catalyst. 

 Scheme 2.3 summarizes the possible pathways for catalytic lignin depolymerization in 

supercritical ethanol. Lignin depolymerization and repolymerization occur simultaneously 

during reaction, resulting in depolymerized lignin fragments (light lignin residue) and 

repolymerized lignin fragments (heavy lignin residue), respectively. Depending on the 

reaction conditions, the repolymerized lignin fragments can either undergo further 

repolymerization, leading to char formation (e.g., without catalyst) or depolymerization to 

form smaller lignin fragments (e.g., in the presence of the CuMgAl mixed oxide catalyst). 

Similarly, the depolymerized lignin fragments will also undergo repolymerization and 

depolymerization reactions. Depolymerization will ultimately lead to formation of monomers. 

Alkylation reactions, which stabilize lignin fragments by capping the reactive sites, will shift 

the balance towards monomeric products of depolymerization. Given the composition of the 

product mixture, it is reasonable to suggest that a secondary treatment, which could involve 

hydrodeoxygenation reactions, is useful.12 Alternatively, the oxygenated aromatic products 

have value as additives to diesel fuels as they decrease soot emissions.17 
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Scheme 2.3 Possible reaction routes during lignin depolymerization in ethanol in the presence of 
catalyst. 

 With these reaction pathways, we can explain the catalytic results during the time 

course study. Formation of repolymerized products is a result of a balance between 

depolymerization (mainly by pyrolysis and hydrogenolysis reactions), repolymerization and 

reactions that suppress repolymerization, i.e. alkylation. At relatively low temperatures, the 

overall rate of repolymerization is much higher than those of depolymerization and 

alkylation reactions. With increasing reaction time, the initially formed repolymerized 

products can be disassembled due to the increased hydrogenolysis activity, most likely to 

be attributed to the presence of metallic Cu and H2 and the suppression of repolymerization 

by alkylation. The overall result is that the amount of repolymerized products decreases 

with increasing reaction time in the presence of the CuMgAl mixed oxide catalyst. As in the 

non-catalytic reactions alkylation activity is limited, more char is obtained. We note that the 

total yield of the products improved when the reaction was performed between lignin and 

ethanol with prolonged reaction times. We attribute this to the increased degree of 

alkylation for long reaction times. 

2.4 Conclusions 

We have demonstrated a single-step process that can effectively depolymerize lignin in 

supercritical ethanol using an inexpensive CuMgAl mixed oxide catalyst. The use of ethanol 

was found to be more effective than methanol. Phenolic hydroxyl groups were found to be 

the main actors in repolymerization and char formation. Ethanol not only acts as a 
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hydrogen-donor solvent, but also as a capping agent which can protect the highly reactive 

phenolic intermediates either by O-alkylation of hydroxyl groups or by C-alkylation of the 

aromatic rings. With alkyl groups substituted on the phenolic hydroxyl group and on the 

aromatic ring, the quinone methide intermediates and new carbon-carbon bonds between 

lignin fragments cannot form, essentially inhibiting repolymerization reactions. With 

repolymerization being suppressed, high monomer yield can be obtained without char 

formation. Hydrogenation is found to play a negative role in suppressing repolymerization, 

probably due to deactivation of the alkylation activity of the catalyst by reduction. This 

catalytic system exhibits excellent (hydro-)deoxygenation and low ring-hydrogenation 

abilities, yielding a significant amount of deoxygenated aromatic compounds (BTX). The 

oxygenated aromatics are primarily phenolic products with the oxygen-containing functional 

groups partially removed. These simple aromatic building blocks can be used as fuel 

additives or they can be further converted to a variety of useful chemicals. 
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Chapter 3 

Elucidating the Solvent and Temperature Effects on Lignin 

Conversion   

Abstract 

Obtaining renewable fuels and chemicals from lignin presents an important 

challenge to the use of lignocellulosic biomass to meet sustainability and energy 

goals. We report on a thermocatalytic process for the depolymerization of lignin in 

supercritical ethanol over a CuMgAl mixed oxide catalyst. In this chapter, the solvent 

and temperature effects will be discussed. Ethanol as solvent results in much higher 

monomer yields than methanol. In contrast to methanol, ethanol acts as a 

scavenger of formaldehyde derived from lignin decomposition. Studies with phenol 

and alkylated phenols evidence the critical role of the phenolic -OH groups and 

formaldehyde in undesired repolymerization reactions. O-alkylation and C-alkylation 

capping reactions with ethanol hinder repolymerization of the phenolic monomers 

formed during lignin disassembly. The effect of temperature on lignin 

depolymerization have also been discussed. Various techniques including 2D HSQC 

NMR, GPC, elemental analysis (CHO) and radiocarbon dating (14C) were applied to 

characterize lignin residues and char. After reaction in ethanol at 380 °C for 8 h, this 

process delivers high yields of mainly alkylated mono-aromatics (60-86 wt%, 

depending on the lignin used) with a significant degree of deoxygenation. The 

oxygen-free aromatics can be used to replace reformate or can serve as base 

aromatic chemicals; the oxygenated aromatics can be used as low-sooting diesel 

fuel additives and as building blocks for polymers. 

 

 

 

This Chapter is based on: X. Huang, T. I. Korányi, M. D. Boot, E. J. M. Hensen, 

Ethanol as Capping Agent and Formaldehyde Scavenger for Efficient 

Depolymerization of Lignin to Aromatics, Green Chem., 2015, 17, 4941-4950. 
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3.1 Introduction  

The utilization of biomass as a renewable source of energy and chemicals requires 

significant technological breakthroughs.1 With cellulosic ethanol production approaching 

commercial practice,2 it becomes necessary to economically process the lignin co-product 

obtained from lignocellulosic feedstock. The amount of lignin will exceed both the internal 

energy needs of biorefineries and the world market for lignin-derived specialty products by a 

large margin.1 If lignin could be efficiently depolymerized, it could serve as a renewable 

feedstock for aromatic compounds. Such a process would not only help to meet 

sustainability goals, but also to secure an aromatics supply for the chemical industry that 

increasingly makes use of natural gas.3  

 The depolymerization of lignin into value-added chemicals such as aromatics and fuels 

has already been explored by approaches such as pyrolysis, hydrocracking, 

hydrogenolysis, oxidation and hydrolysis.4,5 Hydrogenolysis in the presence of hydrogen or 

hydrogen-donating solvents is promising, because higher monomer yields can be obtained 

in this way and less char is formed.4 Solvents such as sub- and supercritical water,6-8 

methanol,9-11 ethanol,11-13 2-propanol,11,14 ethanol/water15-17 and methanol/water18 have 

been investigated for the solvolysis and hydrogenolysis of lignin. The yield and product 

distribution strongly depends on the solvent used. For example, catalytic single-step 

deconstruction of lignin into monomeric cyclohexyl derivatives in supercritical methanol at 

300 °C was reported by Ford and co-workers.9, 10 At lower temperatures (140-220 °C), 

mainly aromatics were formed in the presence of H2.19
 Switch grass lignin was converted 

into phenolic products in ethanol at 350 °C over a Pt/C catalyst with formic acid as the 

hydrogen source, resulting in significant reduction in molecular weight and oxygen 

content.20 Wang and Rinaldi 14 compared various alcohols as solvent for the catalytic 

depolymerization of lignin model compounds and organosolv lignin at 300 °C over a Raney 

Ni catalyst. They found that 2-propanol is the preferred alcohol solvent because of its good 

transfer hydrogenation properties in the catalytic depolymerization of organosolv lignin. The 

Weckhuysen group15,21 developed an aqueous phase reforming process of lignin in 

ethanol/water solvent using a Pt/Al2O3 catalyst. At 220 °C, a combined yield of monomeric 

aromatic oxygenates such as guaiacol and substituted guaiacols of 17 % was obtained 

without char formation. It was observed that ethanol hinders lignin repolymerization; without 

ethanol, highly recalcitrant solids are formed. Recent work by Ma et al.13 reported on the 

catalytic conversion of kraft lignin in supercritical ethanol at 280 °C over an α-MoC1-
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x/activated carbon catalyst without the addition of gaseous hydrogen. Ethanol was found as 

a much more effective solvent than pure water, methanol or 2-propanol. Song et al.11 tested 

the different alcohols including methanol, ethanol, 2-propanol, ethylene glycol, etc. at 200 

°C using Ni/C catalyst in the presence of molecular H2. In this case, methanol was preferred 

over ethanol. In our earlier study (Chapter 2), we reported that the use of ethanol is much 

more effective than that of methanol in the presence of a CuMgAl mixed catalyst.12 Despite 

the apparent promise of alcohol for lignin depolymerization, there is a lack of detailed 

knowledge about its role in obtaining high product yield. Understanding the influence of the 

solvent effect on the hydrogenolysis is highly desirable to rationally design catalyst/solvent 

systems for the valorization of lignin. Herein, we report on a novel catalytic process that can 

convert a variety of lignins into aromatics with high yield in supercritical ethanol. A non-

noble-metal oxide catalyst protects the monomers and larger fragments from 

repolymerization by alkylation with the solvent. Another important aspect of the use of 

ethanol in this process is that it scavenges formaldehyde formed during lignin 

decomposition. 

3.2 Experimental section 

Chemicals and materials 

Protobind 1000 alkali lignin was purchased from GreenValue. It was produced by soda 

pulping of wheat straw (sulfur-free lignin with less than 4 wt% carbohydrates and less than 

2 wt% ash). AlcellTM organosolv lignin was obtained from the Wageningen UR Lignin 

Platform. It was extracted from mixed hardwoods by an organosolv process using ethanol-

water solvent. Kraft lignin was purchased from Sigma-Aldrich. All commercial chemicals 

were analytical reagents and were used without further purification. The Cu20MgAl(2) 

catalyst was prepared in the way as shown in Chapter 2.  

Catalytic reactions 

50 ml AmAr stirred high-pressure autoclaves were used to study the (catalytic) conversion 

of lignin in (m)ethanol. Typically, the autoclave was charged with a suspension of 0.5 g 

catalyst and 1.0 g lignin in 20 ml solvent. An amount of 10 µl n-dodecane was added as the 

internal standard. The reactor was sealed and purged with nitrogen several times to remove 

oxygen. After leak testing, the pressure was set to 10 bar and the reaction mixture was 

heated to the desired reaction temperature under continuous stirring at 500 rpm within 1 h. 

After the reaction, the reactor was quenched to room temperature in an ice bath. For those 
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reactions conducted at 100 ml Parr autoclaves, the same procedure was applied. The only 

difference is that 40 ml solvent was applied and the same amount of n-dodecane internal 

standard was added after reaction.  

 For the model compound reactions, 50 ml AmAr autoclave was used following the same 

procedure as the lignin reaction mentioned above. In these cases, 1.0 g feedstock (e.g., 

phenol, o-cresol, anisole, etc.) and 0.2 g catalyst were added in 20 ml solvent. The 

reactions were performed at 300 °C for 1 h. After reaction, 10 µl n-dodecane internal 

standard was added in the solution. The reaction mixture was collected and combined with 

the solution obtained from washing the autoclave and volume to 20 ml with acetone. The 

reaction mixture was subjected to filtration with a 0.45 µm syringe filter. The resulting 

solution was further subjected to GC-MS, GPC and 1H-13C HSQC NMR analysis. 

The work-up procedure and product analysis approaches are the same as shown in 

Chapter 2. 

1H and 1H-13C HSQC NMR analysis 

In this Chapter, all NMR spectra were recorded using a VARIAN INOVA 500 MHz 

spectrometer. For the model compound sample, an aliquot of 2 ml solution was taken from 

the reaction mixture followed by removing the solvent by an air flow at room temperature. 

The resulting mixture was dissolved in 0.7 ml dimethylsulfoxide-d6 (DMSO-d6). For analysis 

of the lignin residue, approximately 70 mg of lignin residue was dissolved in 0.7 ml DMSO-

d6. 1H-13C HSQC NMR spectra were obtained using the gHSQCAD program. Normally, 8 

(model compound sample) or 16 (lignin residue sample) scans, 2 s relaxation delay, and 

256 t1 increments were used. Data processing was performed using the MestReNova 

software.  

Gel permeation chromatography  

GPC analyses were performed by using a Shimadzu apparatus equipped with two columns 

connected 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 with a flow rate of 1 ml/min. For the model compound analysis, 

an aliquot of 40 µl solution was taken from the reaction mixture followed by removing the 

solvent by blowing with air under room temperature. The sample was dissolved with 1 ml 

THF (the concentration is ~2 mg/ml). For the lignin residue analysis, the sample was 
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prepared at a concentration of 2 mg/ml. All the samples were filtered using 0.45 µm filter 

membrane prior to injection.  

3.3 Results and discussion  

3.3.1 Influence of reaction solvnet 

Table 3.1 compares typical data for soda lignin conversion in supercritical methanol and 

ethanol. A work-up procedure (Scheme 2.1, Chapter 2) was applied to distinguish light 

lignin residue and heavy lignin residue and char.12 In the presence of the CuMgAl mixed 

oxide catalyst, the monomers yield in the ethanol solvent was 17 wt% and no char was 

formed under these conditions (entry 1 inTable 3.1). The effect of alkylation on hindering 

repolymerization and char formation has been discussed in Chapter 2.12 In this respect, one 

would expect that methanol is preferred over ethanol, because alkylation of aromatics with 

methanol proceeds at a higher rate.22 However, the monomers yield was much lower when 

lignin was catalytically depolymerized in methanol; the heavy lignin residue was also higher 

in this case (entry 2). Gel gel permeation chromatography (GPC) analysis of this residue 

revealed that much more repolymerized products formed in methanol than in ethanol 

(Figure 3.1). These findings indicate that catalytic depolymerization of lignin is more 

effective in ethanol than in methanol.6, 13, 23 The better performance of ethanol compared 

with methanol as a solvent for lignin depolymerization is also evident from the literature.6, 13, 

23 For example, Miller reported, that in the base-catalyzed depolymerization of lignin at 

290 °C, supercritical ethanol resulted in much less ether-insoluble residue compared to 

supercritical methanol.6 Ma et al. also observed that kraft lignin can be more effectively 

converted in ethanol than in methanol.13 These reports and our own findings prompted us to 

investigate in detail the reason for this substantial difference between methanol and ethanol.  

Table 3.1 Yields of monomers, lignin residues, and char and the total yields following lignin 

depolymerization under varying conditions at 300 °C for 4 h. 

Entry Catalyst Solvent 
Yield of products (wt%) Total yield 

(wt%) Monomers Light residue Heavy residue Char 

1 Cu20MgAl(2) EtOH 17 73 18 0 108 

2 Cu20MgAl(2) MeOH 6 57 39 1 103 

3 Cu20MgAl(2) 50% MeOH/EtOH 9 77 18 0 104 
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Figure 3.1 GPC chromatograms of the heavy lignin following reaction in methanol, ethanol and 

50%/50% (v/v) methanol/ethanol mixture at 300 °C for 4 h over the CuMgAl mixed oxide catalyst 

(chromatograms normalized to the total peak area). 

 

Figure 3.2 GPC chromatograms of reaction mixtures obtained from the reaction of phenol at 300 °C 

for 1 h over the Cu20MgAl(2) catalyst in methanol, ethanol and 50%/50% (v/v) methanol/ethanol 

mixture (chromatograms normalized to total peak area). 

 In order to understand how the solvent affects repolymerization of monomers, we 

compared the conversion of phenol into high-molecular-weight products in methanol and 

ethanol. We chose phenol because it is the basic motif in the monolignols that make up the 

lignin structure. When phenol was reacted in methanol at 300 °C for 1 h in the presence of 

the catalyst, a white resin-like residue was formed, which stuck to the reactor wall. GPC 

analysis revealed that the reaction mixture contained a large number of products with a 

broad molecular weight distribution (Figure 3.2). The broad peak at early elution times is 

indicative of polymer formation. GC-MS analysis helps to identify the relatively light  
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Figure 3.3 GC–MS chromatograms of reaction mixtures obtained from reaction of phenol at 300 °C 

for 1 h over the Cu20MgAl(2) catalyst in (a) methanol, (b) ethanol, and (c) 50%/50% (v/v) 

methanol/ethanol solvents (GC-MS chromatograms normalized to the internal standard, ISTD). 

products (with molecular weights in the range from 188 to 256 g/mol) of this polymerization 

reaction (Figure 3.3a). Using the NIST 11 and NIST11s libraries, we identified 2, 2'-

methylenebis (4-methyl-phenol) among the products (Mw = 228 g/mol). From the mass 

spectra, we deduce that the other high-molecular-weight products are also methylene-

bridged isomers with different degrees of methylation of the aromatic ring and the phenolic 

hydroxyl group. Quantitative analysis based on GC-FID showed that phenol conversion was 

95 wt%; the monomer product yield was only 23 wt%. The significant loss of mass balance 

is due to the formation of oligomers and polymers as also evidenced by GPC. We also 

analyzed this reaction mixture by 1H-13C heteronuclear single quantum coherence (HSQC) 

NMR spectrometry (Figure 3.4a). The NMR spectrum contains many cross-peaks assigned 

to C-methylated and O-methylated products. It confirms our claim of extensive methylation. 

As expected, three types of methylene bridge isomers were observed: o–o’ (δC/δH at 

29.3/3.86), o–p’ (δC/δH at 34.4/3.76), and p–p’ (δC/δH at 39.6/3.60).24 Among these, the o–o’ 

bridges were present most frequently. This cross-linking structure arises from reaction of 

two moles of (methylated) phenol and one mole of formaldehyde formed by 
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dehydrogenation of methanol.30, 31 The results were very different when the reaction was 

performed in ethanol. No resin-like polymer was observed in the reactor, and, notably, no 

products with molecular masses exceeding 178 g/mol were present as confirmed by GC–

MS (Figure 3.3b). GPC analysis also confirms the absence of oligomers and polymers after 

reaction in ethanol. The narrow GPC peak corresponds to unconverted phenol and its 

monomeric derivatives (Figure 3.2). HSQC NMR analysis (Figure 3.4b) also shows that no 

cross-linking reactions with formaldehyde took place that occurred in the reaction with 

methanol. Instead, many other cross-peaks assigned to higher alcohols, alkyl esters, as 

well as the C-ethylated and O-ethylated aromatic products were formed. These results point 

out the fact that Guerbet reactions of ethanol as well as esterification and C- and O-

ethylation reactions of phenol dominated in ethanol.  

Figure 3.4 The side-chain region of the 1H-13C HSQC NMR spectra of the reaction products of 

phenol conversion (300 °C; 1 h; Cu20MgAl(2) catalyst): (a) spectrum for methanol solvent, (b) 

spectrum for ethanol solvent and (c) combined spectra of methanol (red) and 50%/50% (v/v/) 

methanol/ethanol solvent (green) (The combined spectra have been normalized by the total peak 

volume). 
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Taken together, these results show that significant phenol oligomerization takes place 

in methanol, but not in ethanol. The reaction of phenol with formaldehyde for the production 

of phenolic resins (e.g., resoles and novolaks) is well known in the polymer industry.25, 26 

Methanol can be readily converted to formaldehyde in the presence of metal catalysts.27, 28 

Compared with the high reactivity of formaldehyde, the reaction of phenol with higher 

aldehydes to form resins requires strongly acidic conditions.25, 26 Under base-catalyzed 

conditions, higher aldehydes tend to undergo aldol condensation and self-resinification 

reactions,30, 31 as also evident from our GC-MS data that point to the formation of higher 

alcohols (e.g., 1-butanol) and esters (e.g., ethyl acetate) (Figure 3.3b). The Guerbet-type 

reactions between aldehydes and alcohols are known to be catalyzed by Cu-based 

catalysts.10 Methanol cannot self-couple through the Guerbet reaction,29 as also apparent 

from our GC analysis of possible methanol conversion products (Figure 3.3a). We infer from 

these data that the monomeric products formed during lignin disassembly at elevated 

temperatures will react with formaldehyde formed by dehydrogenation of the methanol 

solvent. When the reaction is conducted in ethanol, acetaldehyde does not exhibit such 

behavior. However, we stressed that this repolymerization evidence is based on 

experiments with phenol as model reactant. The actual lignin depolymerization products are 

manifold and each of them might exhibit slightly different behaviors with formaldehyde.   

On the basis of these findings, we conclude that formaldehyde plays an important role 

in the repolymerization of lignin decomposition products and char formation.30, 31 Given this 

polymerization characteristic, lignin has been used for partially replacing phenol in phenol-

formaldeyde (PF) resins production.32, 33  Saisu et al. reported that the negative effect of 

formaldehydecan be mitigated by adding phenol as a capping agent during lignin 

depolymerization.30, 31, 34, 35 They used a water–phenol mixture at 673 K to demonstrate the 

conversion of organosolv lignin into chemicals.31 However, the high value of phenol 

prohibits its use as capping agent in practice. In the present study, we observed that the 

Guerbet reaction and esterification of ethanol solvent occurred at very high rates. Ethanol is 

also known to react with methanol/formaldehyde to form higher alcohols and esters over 

Cu20MgAl(2) mixed-metal oxides.27, 29  Accordingly, we hypothesized that ethanol will also 

react with formaldehyde formed during lignin conversion. In order to confirm this 

assumption, we conducted another model reaction with phenol as the reactant, but this time 

in a 50%/50% (v/v) methanol/ethanol solvent mixture. Also in this case, no resin-like residue 

formed. The GPC analysis of the resulting mixture gave results very similar to those 
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obtained in the ethanol case (Figure 3.2). The GC–MS (Figure 3.3c) results confirm that 

hardly any high-molecular-weight products formed in this alcohols mixture. HSQC NMR 

revealed that almost no methylene-bridged structure formed (Figure 3.4c). As expected, we 

observed significant amounts of higher alcohols (e.g., 1-propanol) and esters (e.g., methyl 

acetate) (Figure 3.3c); this result is also supported by HSQC NMR analysis (Figure 3.4c). 

Thus, we can firmly conclude, that ethanol can efficiently scavenge formaldehyde formed by 

methanol dehydrogenation. 

 

Figure 3.5 GC-MS chromatograms of reaction mixtures obtained from reaction of guaiacol at 

300 °C for 2 h over the Cu20MgAl(2) catalyst in ethanol. 

The scavenging of formaldehyde by ethanol is important, because methanol and 

formaldehyde can be formed during the lignin depolymerization process. Methoxy groups 

on the phenolic ring are present in the syringyl and guaiacyl monolignols.5 These methoxy 

groups are easily eliminated as methanol.8, 15, 36 Demethoxylation of lignin is confirmed by 

the observation that methoxy groups are removed from the parent lignin and by the 

presence of methanol in the product mixture during the early stage of reaction. It has also 

been suggested that formaldehyde can be directly obtained from the γ-carbon of the alkyl 

side-chain in lignin during hydrolysis31, 37 and pyrolysis.38,4 Based on our results, we 

speculated that formaldehyde formation from lignin during its disassembly is a major cause 

of the undesired repolymerization reactions that leads to low monomer yields and char. In 

order to verify whether formaldehyde derived from methoxy groups in lignin can also be 

scavenged by ethanol, we conducted an experiment with guaiacol as the reactant. Figure 

3.5 shows the GC-MS result of guaiacol conversion in ethanol at 300 °C (reaction time: 2 h). 

Methanol and phenol are among the reaction products; the formation of methyl acetate and 

2-propanol proves that ethanol reacts with formaldehyde derived from guaiacol 

3.5 4.0 4.5 5.0 5.5 6.0 25 30 35 40 45 50

 

 

In
te

n
s
it
y
 

Retention time (min)



 Elucidating the Solvent and Temperature Effects on Lignin Conversion      

 

63 
 

demethoxylation. Based on these findings, we can now firmly conclude that ethanol acts as 

a scavenger for reactive formaldehyde intermediates. In this way, ethanol can effectively 

suppress repolymerization reactions involving formaldehyde derived from lignin itself during 

its depolymerization. During lignin depolymerization in a methanol/ethanol mixture (entry 3, 

Table 3.1) we observed a significant decrease in the yield of heavy lignin residue (18 wt%) 

compared to the yield obtained in methanol solvent (39 wt%, entry 2). GPC analysis of this 

residue further evidences a lower rate of repolymerization (Figure 3.1). Again, significant 

amounts of 1-propanol and methyl acetate were obtained. These results are consistent with 

the phenol model compound reactions in this mixture. Unfortunately, although 

repolymerization was substantially suppressed, the monomer yield increased only slightly 

from 6 wt% to 9 wt% compared with the reaction in methanol. 

 

Figure 3.6  GPC chromatograms of reaction mixtures obtained from the reaction at 300 °C for 1 h 

over the Cu20MgAl(2) catalyst using different reactants in methanol solvent (depicted 

chromatograms have been normalized by the sum of the peak area). 

In our earlier study (Chapter 2), we suggested that alkylation plays an important role in 

suppressing repolymerization. Ethanol acts as a capping agent, protecting the highly 

reactive phenolic intermediates by O-alkylating the hydroxyl groups and C-alkylating the 

aromatic rings.12 In order to further verify this statement, we explored in more detail how 

alkylation suppresses the repolymerization of model monomers. To this end, we also used 

o-cresol, 2,4,6-trimethylphenol, and anisole as reactants in methanol. The former two 

compounds are models for C-alkylated phenols, the latter one for O-alkylated phenol. 
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Figure 3.6 shows the GPC analysis results for the product mixtures. We observed a good 

correlation between the extent of polymerization and the degree of C-alkylation. With one 

methyl group present in the ortho-position (o-cresol), polymerization occurred at a much 

lower rate compared with phenol as the reactant. When the phenolic ring contained three 

methyl groups at ortho- and para-positions, almost no polymerized products was observed. 

Furthermore, we found that polymerization was completely suppressed when anisole was 

the reactant. These results point out the important role of the phenolic hydroxyl group in 

repolymerization processes during lignin depolymerization. Both C-alkylation and O-

alkylation contribute to suppress repolymerization, which provides a solid evidence for the 

importance of alkylation during lignin conversion.12  

 

Scheme 3.1 The roles of alkylation, the Guerbet reaction, and esterification in suppressing char 

formation during lignin depolymerization over the Cu20MgAl(2) catalyst in supercritical ethanol. 

Scheme 3.1 summarizes the most important aspects of lignin depolymerization in 

supercritical ethanol. Ethanol has three important functions. First, ethanol serves as a 

source of hydrogen to facilitate the lignin depolymerization and deoxygenation reactions by 

hydrogenolysis. Hydrogen is observed among the gas-phase products of ethanol-mediated 

lignin depolymerization. Second, ethanol acts as a scavenger for formaldehyde formed by 

removal of methoxy groups from the lignin, thereby suppressing repolymerization reactions 

involving formaldehyde. Third, ethanol serves as a capping agent to stabilize the reactive 

phenolic intermediates by O-alkylating the phenolic hydroxyl groups and C-alkylating the 

aromatic rings. Given the low reactivity of BTX-like compounds, we surmise that 

repolymerization of oxygen-free aromatics will not occur. The latter two roles of ethanol 

cause the rate of repolymerization of phenolic products derived from lignin disassembly to 

be low, which explains the absence of char formation in ethanol solvent.  
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3.3.2 Influence of the reaction temperature  

Table 3.2 Yields of monomers, lignin residues, and char and the total yields following lignin 

depolymerization under varying conditions. 

Entry Catalyst 
Temp. 

(°C) 

Phot 

(bar) 

Time 

(h) 

Yield of products (wt%) Total 

yield 

(wt%) Monomers 
Light 

residue 

Heavy 

residue 
Char 

 Reactions in 50-ml autoclave a 

1 Blank 200 42 4 2 49 0 26 77 

2 Blank 250 70 4 4 39 0 35 78 

3 Blank 300 98 4 6 30 0 41 78 

4 Blank 340 115 4 8 15 0 36 58 

5 Cu20MgAl(2) 200 44 4 1 21 41 1 64 

6 Cu20MgAl(2) 250 82 4 3 35 59 1 98 

7 Cu20MgAl(2) 300 104 4 17 73 18 0 108 

8 Cu20MgAl(2) 340 140 4 20 69 9 3 101 

 Reactions in 100-ml autoclave b 

9 Cu20MgAl(2) 300 127 4 19 67 11 0 97 

10 Cu20MgAl(2) 340 168 4 30 72 8 1 111 

11 Cu20MgAl(2) 380 234 4 42 56 1 6 105 

12 Cu20MgAl(2) 420 307 4 49 55 0 12 116 

13 Cu20MgAl(2) 380 241 8 60 52 1 10 123 

14 Cu20MgAl(2) 380 258 20 49 47 1 18 115 

a 50-ml autoclave conditions: 1 g of lignin, 0.5 g of catalyst, and 20 ml of solvent. b 100-ml autoclave 

conditions: 1 g of lignin, 0.5 g of catalyst, and 40 ml of solvent.  

 With these insights in hand, we optimized the reaction temperature for the production of 

monomeric aromatics. We first investigated the reaction temperature effect using a 50 ml 

high pressure autoclave and varied the temperature from 200 °C to 340 °C (maximum limit 

for this autoclave). Without catalyst, with increasing the reaction temperature, both the yield 

of lignin monomers and char were seen to increase, while the yield of light lignin residue 

decreased. This suggests that both lignin depolymerization and repolymerization were 

enhanced at higher temperature. However, without catalyst the reaction is dominated by 

char-forming reactions. The total yield is low (< 80 wt%), which is due to formation of a lot of 

char, which sticks to the reactor and its internal parts and can not be recovered completely. 

In the presence of Cu20MgAl(2) catalyst, the monomers yield increases with increasing 

reaction temperature (Table 3.2, entries 5-8). Therefore, we expected that higher 
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monomers yield could be achieved at higher temperature. To realize this, we used a larger 

autoclave (100 ml) with a higher maximum temperature limit in the next step. The 

performance obtained at 300 °C and 340 °C (Table 3.2, entries 9 and 10) in this autoclave 

was better than the corresponding experiments (Table 3.2, entries 7 and 8) in the smaller 

autoclave, presumably because of the higher ethanol to lignin ratio. Higher ethanol to lignin 

ratio results in better solubility of lignin and also generates higher pressure (Table 3.2). 

Indeed, the hot pressure in these reactions is higher than the corresponding experiments in 

the small autoclave. Formation of more hydrogen is confirmed by analysis of the gas-cap by 

GC-TCD. The higher hydrogen pressure faciliates hydrogenolysis reactions and results in 

more lignin monomers. Another contributing factor is that at higher temperature cracking of 

the recalcitrant parts of lignin structure is becoming more easy. A monomers yield of 42 

wt% could be obtained when increasing the reaction temperature to 380 °C. Further 

increasing the temperature to 420 °C results in 49 wt% monomers yield. We observed that 

at this temperature ethanol starts to decompose at an appreciable rate, even without 

catalyst. This and also the high operation pressure (307 bar) limit the reaction temperature 

to below 400 °C.    

 We also carried out experiments at lower reaction temperatures (200-250 °C). In such 

experiments, the dominant product was heavy lignin residue. Its contribution decreases with 

increasing temperature. At high temperatures (380-420 °C), almost no heavy lignin residue 

could be recovered. Instead, considerable amount (6 -12 wt%) of char was obtained. The 

formation of char at high temperature is also common during lignin pyrolysis.39 It was 

reported that, with increasing pyrolysis temperature, condensation, depolymerization and 

carbonization (formation of a multiple aromatic ring system) initiated at 250 °C, 350 °C and 

400 °C, respectively.39 A mechanistic study using model lignin compounds revealed that 

condensation at lower temperature is due to reactive conjugated Cα=Cβ groups and 

phenolic -OH groups. The char formation at high temperature is due to the carbonization 

reaction that leads to the polyaromatic structure.39  

 We characterized the light and heavy lignin residues by GPC. The results are 

summarized in Table 3.3. For comparision, the starting P1000 lignin was also analyzed 

after dissolving it in THF. As P1000 soda lignin is only partially soluble in THF, the 

presented value of Mw of 1100 g/mol pertains to the fraction that can be dissolved. After 

derivatization by acetylation, this lignin is fully soluble in THF and GPC gave a Mw of 6310 

g/mol, which is in good agreement with the GPC result of the same lignin reported in a  
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Table 3.3 GPC analysis of the lignin residues obtained from reactions at different temperature using 

the Cu20MgAl(2) catalyst  

a 50-ml autoclave conditions: 1.0 g of lignin, 0.5 g of catalyst, and 20 ml of solvent. b 100-ml autoclave 

conditions: 1.0 g of lignin, 0.5 g of catalyst, and 40 ml of solvent.  

recent study.40 It should be noted that acetylation slighlty increased the molecular weight of 

lignin, depending on the number of -OH groups in the lignin. Alkaline size exclusion 

chromatography (SEC) analysis by using a 0.5 M NaOH as solvent was claimed to be a 

more accurate method to determine molecular weight of lignin that does not require 

derivatization.40 The determined Mw of the same P1000 lignin (non-acetyated) by this 

method was 3270 g/mol.40 For the light and heavy residues recovered from THF, the THF-

based GPC method is preferred which gave similar result as the alkaline SEC method.40 

The GPC analysis of the light lignin residue showed that the Mw decreased with increasing 

reaction temperature (Table 3.3). This is in line with the improved monomers yield due to 

the improved depolymerization at high reaction temperature. On the other hand, the Mw of 

the heavy lignin residue increased with increasing reaction temperature (Table 3.3), which 

ultimately resulted in char formation at the highest temperatures (380-420 °C). 

 Based on the change in yields of heavy residue and char, we conclude that 

condensation is dominant at low reaction temperature (200-250 °C), while char-forming 

reactions become significant at high reaction temperature (380-420 °C). At low temperature, 

the lignin depolymerization reactions are catalyzed by hydrogenolysis, with thermolysis 

being largely absent. Rather condensation reactions that involve reactive side-chains like 

C=C double bonds39 and reactive species such as formaldehyde41 are important in this 

temperature regime. These condensation reactions are known to take place at low 

temperature. Another aspect is that the rates of reactions that can limit char formation such 

as alkylation, Guerbet and esterification reactions are low in the low end of the reaction 

Entry 
Temp. 

(°C ) 

Reactor 

volume 

( ml) 

Light residue  Heavy residue 

Yield 

(wt%) 

Mw 

(g/mol) 

 Yield 

(wt%) 

Mw 

(g/mol) 

1 a 200 50 21 3376  41 4071 

2 a 250 50  35 1475  59 13325 

3 a 300 50 73 1269  18 21142 

4 a 340 50  69 926  9 32514 

5 b 380 100  56 475  1 - 

6 b 420 100 55 486  0 - 
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temperatures explored. The lower activity in depolymerization and char-hindering reactions 

shift the reaction balance towards condensation, which explains the high yield of heavy 

lignin residue at low temperature. At moderate reaction temperature (300-340 °C), 

depolymerization reactions are enhanced and more recalcitrant bonds in the lignin can be 

cleaved, generating more lignin fragments and reactive phenolic intermediates. These 

reactive phenolic intermediates can be better protected by the enhanced alkylation and 

Guerbet and esterification reactions. This shifts the reaction balance towards 

depolymerization, which explains the decreased yield of heavy residue and increased yields 

of light residue and monomers. The enhanced rate of alkylation, Guerbet and esterification 

reactions at high temperature has been confirmed by analyzing the lignin residues using 

14C analytical technique, which will be discussed later. At high temperature (380-420 °C), 

char-forming reactions due to carbonization become dominant. These carbonization 

reactions can not be suppressed. It was reported that the methlyation of the phenolic -OH 

reduces the reactivity of phenolic intermediates and lowers the repolymerization rate when 

reaction temperature is lower than 300 °C. At higher reaction temperature (400 °C), 

methylated phenolics became reactive and carbonization starts. Based on these results, we 

conclude that high reaction temperature is needed in order to effectively break down lignin, 

especially for the recalcitrant bonds in its structure. Alkylation, Guerbet and esterifiation 

reactions are effective in suppressing char formation in the moderate temperature range of 

300-340 °C and in avoiding char formation.  

 The results above indicate the promise of converting lignin in supercritical ethanol. 

Alkylation contributes to obtaining good monomers yield. Both C- and O-alkylation of the 

phenolics are involved in protecting the rings from repolymerizing. It is difficult to determine 

what extent of lignin has reacted with ethanol. In order to obtain a reasonable estimate, 

carbon-14 dating has been applied. This radiometric technique is widely used for dating the 

age of archaeological materials. It determines the amount of carbon-14 (14C) relative to the 

amount of carbon-12 (12C). As the former is radioactive and decays with a half-life of 5730 

years, the 14C-to-12C ratios can be used to determine the age of a former-living object. 

Further details concerning the basic principle of the radiocarbon dating method can be 

found in the literature.42 As the ethanol we used in the lignin conversion experiments is 

fossil based, its 14C content is much lower compared to the 14C content of lignin. The 14C 

level of lignin is close to that of the 14C level of atmospheric CO2. We analyzed by this 

technique all the light and heavy lignin residues obtained from reactions at different 
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temperatures. However, the lignin monomer fraction can not be analyzed in this way, 

because it always mixed with ethanol conversion products (long-chain alcohols and esters, 

etc.) which can not be easily separated. The results, which are collected in Table 3.4, show 

that at the lowest reaction temperature the fraction of ethanol-derived carbon in the light 

lignin residues is 18%. This fraction increases with increasing reaction temperature. For the 

highest temperatures (380-420 °C), more than half (~60 %) of the carbon in the residue 

originates from ethanol. This is due to the extensive alkylation of the aromatics in the solid 

lignin. The dominance of alkylation of aromatics is in keeping with the GC-MS and HSQC 

NMR results. The fraction of ethanol-derived carbon in the heavy lignin residues is similar to 

that in the light lignin residues, suggesting that alkylation reactions occur at similar rates for 

the light and heavy lignin residues. This also applies to the char obtained at higher reaction 

temperature (380 °C and 420 °C), where about half of the carbon is originated from ethanol.  

Table 3.4 Results of radiocarbon (carbon-14) dating analysis of the lignin residues obtained from 

reactions at different temperature for 4 h over the Cu20MgAl(2) catalyst. 

Entry Temp. 

(°C) 

Volume 

( ml) 

 Light residue  Heavy residue  Char 

Yield 

(wt %) 

fC 

lignin 

(%) 

fC 

ethanol 

(%) 

 
Yield 

(wt %) 

fC 

lignin 

(%) 

fC 

ethanol 

(%) 

 
Yield 

(wt %) 

fC 

lignin 

(%) 

fC 

ethanol 

(%) 

1 200 50 21 82 18  41 83 17  1 - - 

2 250 50 35 61 39  59 64 36  1 - - 

3 300 50 73 55 45  18 53 47  0 - - 

4 340 50 69 53 47  9 48 52  3 - - 

5 380 100 56 40 60  1 - -  6 52 48 

6 420 100 55 39 61  0 - -  12 42 58 

Note: fC lignin means fraction of carbon from lignin. 

Figure 3.7 shows the elemental analysis (CHO) result of light lignin residues obtained at 

different reaction temperatures. The results show that the oxygen content of the parent 

P1000 lignin is 31 % and decreases with increasing reaction temperature. Following 

reaction at 380 °C for 4 h, the oxygen content decreases to 10 %, indicaitng that extensive 

deoxygenation has taken place. Removal of the oxygenated functional groups was also 

evident from GC-MS and 2D HSQC NMR analysis of the lignin oil and residue. Under 

optimized conditions, a monomers yield of 60 wt% was obtained after reaction for 8 h at 

380 °C  (Table 3.2, entry 13).  



Chapter 3       

70 
 

 

Figure 3.7 Elemental analysis of the parent lignin and its light lignin residue following reaction in 

ethanol at different temperatures for 4 h over the Cu20MgAl(2) catalyst. 

 

Figure 3.8 Monomeric product distribution following lignin reaction at 380°C for 8 h over the 

Cu20MgAl(2)  catalyst in ethanol solvent. 

Figure 3.8 shows the monomers distribution in the product mixture of this reaction. The 

selectivity to oxygen-free aromatics and hydrogenated cyclics (cycloalka(e)nes) is 68 %. 

After reaction under optimized conditions, lignin has been largely depolymerized (Mw = 469 

g/mol) and deoxygenated (O/C ratio = 0.09). The H/C molar ratio of this residue is 1.25. 
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When this fraction was subjected to a second reaction in ethanol, more monomers were 

obtained (Table 3.5, entry 1). HSQC NMR analysis of this lignin residue showed that almost 

no methoxy groups remained due to demethoxylation (Figure 3.9). The formation of alkyl 

ester and alcohol groups reveals that the Guerbet and esterification reactions also took 

place between ethanol and the lignin side-chains These findings indicate that ethanol might 

also play role in capping the reactive side chains (e.g., aldehyde groups) of lignin, 

preventing condensation reactions between larger lignin fragments. These results further 

support the conclusion that alkylation, Guerbet reactions and esterification suppress 

repolymerization reactions of larger fragments and, in this way, char formation during lignin 

depolymerization.   

 
 

Figure 3.9 Side-chain region of the 1H-13C HSQC NMR spectra of the light lignin residue obtained 

from the lignin reaction at 380 °C for 8 h over the CuMgAl mixed oxide catalyst in ethanol solvent. 

Table 3.5 Yields of monomers, lignin residues, and char and the total yields following lignin 

depolymerization under 380 °C for 8 h over the CuMgAl mixed oxide catalyst in ethanol solvent. 

Entry Lignin 
Yield of products (wt%) Total yield 

(wt%) Monomers Light residue Heavy residue Char 

1 Light residue a 47 72 0 3 122 

2 Alcell 62 47 1 6 116 

3 Kraft 86 26 3 31 146 

a 1.07 g of light lignin residue was obtained from a reaction of 2.0 g of lignin, 1.0 g of catalyst, and 40 ml of 

ethanol at 380 °C for 8 h . 
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Figure 3.10 Monomeric product distribution following reaction at 380 °C for 8 h over Cu20MgAl(2) in 

(a) Alcell lignin and (b) kraft lignin. 

We also applied the optimized depolymerization process (380 °C 8 h)  to other types of 

lignin. The use of an organosolv lignin (Table 3.5, entry 2) gave similar product yield to soda 
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lignin (60 wt%). The monomeric product yields and distributions were quite similar (Figure 

3.10 a). The yield of char from organosolv lignin was slightly lower than that from soda 

lignin, presumably because of the better solubility of organosolv Alcell lignin in ethanol. With 

kraft lignin (entry 3), the monomers yield was 86 wt%. About 35 wt% yield of BTX aromatics 

were formed together with 25 wt% yield of alkylated cycloalka(e)nes (Figure 3.10 b). 

Surprisingly, a relative high yield of char (31 wt%, determined by TGA) was obtained. We 

suspect that it might be due to the presence of impurities (Na and S content: 13.1 and 2.8 

wt%, etc.13) that might change the catalyst properties and reaction chemistry. On the other 

hand, this result shows that the catalyst can also convert sulfur-containing lignins. 

3.4 Conclusions 

In summary, we have demonstrated high-yield production of monomeric aromatics 

from lignin using a Cu20MgAl(2) catalyst in supercritical ethanol with little char 

formation. The monomeric products are mainly composed of alkylated aromatics and 

cycloalka(e)nes. The oxygen-free aromatics can be used as chemical building blocks 

and as octane boosters when blended with gasolines.43 Oxygenated aromatics may 

serve as valuable compounds for the chemical and polymer industry.44 They can 

also be used as low-sooting diesel fuel additives.45 Our approach does not require 

critical metals nor external molecular hydrogen, thereby greatly reducing operational 

costs. These aspects render the described lignin depolymerization process a viable 

candidate for the conversion of lignin into a range of valuable products. We revealed 

important new mechanistic insights about lignin depolymerization. Ethanol is 

effective as a capping agent and formaldehyde scavenger, suppressing 

repolymerization and char-forming reactions. An additional benefit is that different 

types of lignin can be effectively converted. 
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Chapter 4  

Role of CuMgAl Mixed Oxide Catalysts in Lignin 

Depolymerization in Supercritical Ethanol 

Abstract  

The role of CuMgAl mixed oxides 

in depolymerization of soda lignin 

in supercritical ethanol was 

investigated. A series of mixed 

oxides with varying Cu content 

and (Cu+Mg)/Al ratio was 

prepared. The optimum catalyst 

containing 20 wt% Cu and having 

a (Cu+Mg)/Al ratio of 4 yielded 36 

wt% monomers without formation of char after reaction at 340 °C for 4 h. Comparison with 

Cu/MgO and Cu/γ-Al2O3 emphasized the excellent catalytic performance of Cu-Mg-Al 

oxides. These mixed oxides catalyze the reaction between formaldehyde and ethanol, 

which limits polymerization reactions between phenolic products and formaldehyde. The 

combination of Cu and basic sites catalyzes associated Guerbet and esterification 

reactions. These reactions also protect lignin side-chains (e.g., aldehyde groups). Lewis 

acid sites of the catalyst, mainly Cu and Al cations, catalyze C- and O- alkylation reactions, 

which protect phenolic products and phenolic moieties in lignin oligomers. Hydrogen 

produced by dehydrogenation reactions is involved in hydrogenolysis reactions of the 

chemical bonds in lignin and also to deoxygenate the monomeric and oligomeric products. 

Guerbet and esterification reactions are more important than alkylation reactions in avoiding 

formation of heavy products such as char. These insights guide design of improved 

catalysts for lignin conversion. Recycling of the CuMgAl mixed oxide catalyst for biomass 

upgrading was also investigated. The recycled catalyst had a lower activity due to loss of 

MgO, presumably due to hydrolysis by product water, resulting in loss of basicity and 

formation of a CuAl2O4 spinel oxide with less favorable textural properties. 
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This Chapter is based on: X. Huang, C. Atay, T. I. Korányi, M. D. Boot, E. J. M. Hensen, 

Role of Cu-Mg-Al Mixed Oxide Catalysts in Lignin Depolymerization in Supercritical Ethanol. 

ACS Catal., 2015, 5, 7359-7370.   

4.1 Introduction 

Lignin is a natural amorphous polymer that acts as the essential glue that gives plants their 

structural integrity. Along with cellulose and hemicellulose, lignin is one of the major 

components of lignocellulosic biomass, constituting 15-30 % of the weight and 

approximately 40 % of the energy content depending on the source.1 It is the only large 

volume renewable feedstock that comprises aromatics.2 For this reason and also because 

of its richness in functional groups,4 lignin is a potential resource for the production of 

renewable fuels and chemicals. In current practice, the energy content of lignin waste 

produced in the paper industry is recovered by combustion and used to supply the heat 

required for paper pulping. With the development of second-generation bioethanol 

processes, it is expected that the amount of available lignin will rapidly increase.3 This will 

by and large exceed the demand in current niche applications such as vanillin production 

and for dispersing cement. Thus, it is desirable to develop efficient catalytic processes to 

valorize lignin.   

 A variety of chemical conversion approaches such as pyrolysis, hydrocracking, 

hydrogenolysis, oxidation and hydrolysis have already been explored in order to convert 

lignin into monomeric units such as aromatics.4 Despite significant advances made in 

recent years,5-8 the selective conversion of lignin into small molecules remains a challenge.9 

This is mainly due to the recalcitrant nature and heterogeneous structure of lignin and also 

because the intermediates formed during its depolymerization are highly reactive, which 

leads to rapid repolymerization into heavier products than the starting lignin.10, 11   

 Mechanistic studies have proven that repolymerization usually involves oxygenated 

species such as phenolic12 and aldehyde intermediates.10 To tackle these problems, 

Roberts et al.13 explored the use of boric acid in combination with NaOH to protect the 

hydroxyl groups of phenolic fragments. Barta et al.10 demonstrated a strategy to protect 

reactive aldehyde fragments by reacting them with ethylene glycol to form acetals. Another 

undesired pathway that lowers the yield of monomers is the cross-linking of lignin fragments 

with formaldehyde.3, 14 Formaldehyde can be formed from lignin’s native methoxy groups 15-

17  as well as from the γ-carbon of the alkyl side-chains in lignin.14, 18 An approach to counter 
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these reactions is the addition of phenol to the reaction mixture, which scavenges 

formaldehyde and, in this way, prevents repolymerization.14, 19, 20 Also radical species and 

unsaturated Cα=Cβ side-chains were reported to play a role in repolymerization of lignin 

fragments.12, 21 In this case, hydrogenation of the Cα=Cβ double bonds helps to reduce the 

negative effect of such radical reactions. 22 Reduction of oxygen functionalities also results 

in less reactive aromatic products such as benzene, toluene, and xylenes.11, 23, 24  

 Hydrogenolysis of lignin has been most frequently discussed in the scientific literature in 

recent years. Typically, hydrogenolysis is carried out at relatively high hydrogen pressure; in 

some cases hydrogen donors are used as well such as formic acid,25,26 methanol,6 ethanol 

27, 28 and 2-propanol 7, 29. A variety of transition metals have been explored as catalysts for 

lignin depolymerization and the use of model compounds is often part of such 

investigations. Raney Ni catalyst was found to be useful in the hydrogenolysis of organosolv 

and kraft lignins.24, 30, 31 Wang and Rinaldi 32, 33 demonstrated a catalytic process for the 

hydrogenolysis of model substrates, bio-oils as well as organosolv lignin involving hydrogen 

transfer using i-propanol as hydrogen donor solvent. Raney Ni was found to be very active 

in transfer hydrogenation and hydrogenolysis reactions for upgrading bio-oils.30, 32, 33 

Recently, Ni-based bimetallic catalysts, such as Ni-Au 23 and Ni-Me (Me = Ru, Rh and Pd) 

34 were reported to be active for the hydrogenolysis of lignin. Multifunctional catalytic 

systems comprising different transition metals and supports have also been widely 

investigated.28, 35-39 For instance, Song et al.35 reported an alcoholysis-hydrogenolysis 

process, which yielded propylguaiacol and propylsyringol compounds in reasonable yield 

over a Ni/C catalyst in methanol. Ma et al.28, 38 reported on the catalytic conversion of kraft 

lignin in supercritical ethanol at 280 °C using an activated carbon supported α-MoC1-x 

catalyst. Ford and co-workers reported about a catalytic single-step deconstruction of lignin 

into cyclohexyl derivatives in supercritical methanol over a Cu-doped porous metal oxide 

catalyst at 300 °C.29, 40  At lower temperatures (140-220 °C), mainly aromatics were formed 

in the presence of H2.41 Recently, Sels et al. presented a biorefinery process that selectively 

converts wood sawdust into a carbohydrate pulp and phenolic monomers-rich lignin oil in 

the presence of a Ru/C catalyst in methanol under H2 atmosphere.42 Beckham et al. 

reported a supported layered-double hydroxide (LDH) containing Ni as an active component 

for the depolymerization of lignin model compounds as well as lignin into alkylaromatics.43 

This study pointed out the promise of LDHs as catalytically active supports in multifunctional 

catalyst applications. In addition to these catalyst systems, others explored the combination 



Chapter 4        

 

80 
 

of supported metal catalysts with homogeneous catalysts such as mineral and Lewis acids 

as well as bases such as Pt/Al2O3-H2SO4,
17

 Ru/C-NaOH,44 Ni/ZSM-5-NaOH,45 and Pd/C-

ZnCl2.8 The addition of homogeneous acids or bases aids in the hydrolysis of the ether 

linkages to smaller fragments.17,44 The use of basic catalysts increases the solubility of 

lignin.45, 46 Very recently, Abu Omar et al.8 reported a synergistic Pd/C-ZnCl2 system that 

selectively converts lignin in woody biomass into methoxyphenols in methanol, leaving 

behind the carbohydrates as a solid residue.  

 Earlier, we have reported about a one-step lignin upgrading process in supercritical 

ethanol using a CuMgAl mixed oxide catalyst (Chapter 2 and 3).27, 47 This process allowed 

obtaining 23 wt% monomers without char formation after reaction at 300 °C for 8 h without 

using external hydrogen.27 At higher temperature (380 °C), alkylated aromatic and 

cyclohexanes and cyclohexenes monomer yields in the range of 60-86 wt% were obtained 

from organosolv, soda and kraft lignins. 47 The oxygen-free aromatics such as benzene, 

toluene, and xylene and other alkylated benzenes can be used to replace reformate or 

serve as base aromatic chemicals; the oxygenated aromatics are prospective fuel additives 

with low-sooting properties and also find application as building blocks for polymers. 44 In 

this chapter, we aim at understanding the roles of the various components of the CuMgAl 

mixed oxide catalyst for this lignin depolymerization process. In literature, most of the 

investigations have been exploratory in nature with relatively little attention for 

understanding the role of the catalyst in the complex conversion chemistry of lignin. 

Especially, fundamental understanding how particular functional properties of the catalyst 

affect the achievable yield and the product distribution deserve more attention, because it 

would allow predicting catalyst-solvent combinations for improved lignin conversion. 

Therefore, we follow up our earlier work on mixed CuMgAl oxide catalysts for lignin 

upgrading27, 47 by varying the (Cu+Mg)/Al ratios and the Cu content in the hydrotalcites 

precursor and studying their influence on lignin conversion. XRD, N2 physisorption, ICP and 

CO2-TPD characterization were employed to investigate the physico-chemical properties of 

the materials. Catalyst performance data were obtained for soda lignin conversion in 

supercritical ethanol at 340 °C. 2D Heteronuclear Single Quantum Coherence (HSQC) 

NMR spectroscopy and gel permeation chromatography (GPC) were applied to follow the 

structural changes of lignin. In addition to lignin products, the side-products derived from 

ethanol conversion reactions were also analyzed. Phenol was used as a model reactant to 

understand the role of acid and base sites in Guerbet, esterification and alkylation 
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reactions. Our findings will be discussed with respect to the optimum catalyst for lignin 

depolymerization and strategies to control the product distribution. 

4.2 Experimental section 

Detail information of the chemicals, lignin product analysis approach, and work-up 

procedure can be found in Chapter 2. 

Catalyst preparation 

Two series of Cu-Mg-Al mixed oxide catalysts with varying M2+/M3+ atomic ratios or Cu 

content were obtained from calcination of Cu-doped Mg-Al hydrotalcite precursors prepared 

by a co-precipitation method. The catalyst samples are denoted by CuxMgAl(y), where x 

corresponds to the Cu content (by weight) and y is the atomic ratio of (Cu+Mg) /Al. Typical 

method for the synthesis of CuxMgAl(y) catalysts can be referred to Chapter 2. The 

Cu20MgO sample was prepared by co-precipitation in the following way: 30.31g 

Mg(NO3)2·6H2O and 4.65 g Cu(NO3)2·2.5 H2O were dissolved in a 150 ml de-ionized water. 

This solution in parallel with a 150 ml Na2CO3 (15.90 g) solution were slowly added in 250 

ml de-ionized water in a 1000 ml flask. The pH of the slurry was kept at 8.5 under vigorous 

stirring at 60 °C for 3 h. The resulting precipitate was thoroughly washed with de-ionized 

water, dried overnight at 105 °C and calcined at 460 °C for 6 h in air. The Cu20/γ-Al2O3 

catalyst was prepared by incipient wetness impregnation using Cu(NO3)2·2.5 H2O precursor 

and a commercial γ-Al2O3 support (Ketjen CK 300).  

Catalyst characterization 

Powder X-ray diffraction (XRD) of the catalysts was measured on a Bruker Endeavour D4 

equipment with Cu Kα radiation (40 kV and 30 mA). The patterns were recorded with 0.02° 

steps over the 5-80° angular range with 0.2 s counting time per step. N2 physisorption was 

measured on a Tristar 3000 system. The samples were degassed at 300 °C for 5 h prior to 

measurements. The metal content of the catalysts was determined by inductively coupled 

plasma atomic emission spectrometry (ICP-AES) on a Spectro Ciros CCD ICP optical 

emission spectrometer with axial plasma viewing. All the samples were dissolved in an 

equivolumetric mixture of H2O and H2SO4.  

 Temperature programmed desorption of CO2 (CO2-TPD) was carried out in a home-built 

reactor system coupled to a mass spectrometer. After pretreatment at 460 °C for 1 h in a 

flow of 50 ml/min He, the sample (50 mg) was cooled to 100 °C and exposed to CO2 (25 
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vol% in He) for 0.5 h. After sweeping with He for 1 h to remove physisorbed CO2, the 

temperature was increased linearly at a rate of 10 °C/min in He and the signal of CO2 (M/e 

= 44) was recorded by online mass spectrometry (quadrupole mass spectrometer, Balzers 

Omnistar). The amount of CO2 was quantified by a calibration curve, which was established 

by thermal decomposition of known amounts of NaHCO3. 

Catalytic activity measurements 

The catalytic conversion of lignin and phenol were carried out in 100 ml stainless-steel high-

pressure autoclaves (Parr Instrument Company). Typically, the autoclave was charged with 

a suspension of 0.5 g catalyst and 1.0 g feedstock (lignin or phenol) in 40 ml ethanol. The 

reactor was sealed and purged with nitrogen several times to remove oxygen. After leak 

testing, the pressure was increased to 10 bar with nitrogen and the reaction mixture was 

heated to 340 °C under continuous stirring at 500 rpm within 1 h. After the reaction, the 

heating oven was removed, and the reactor was allowed to cool to room temperature. A 

work-up procedure was developed to distinguish light lignin fragments and heavy lignin 

fragments and char. A detailed description of this work-up procedure can be found in 

Chapter 2.47  

 In order to estimate the yield of ethanol conversion products, the effective carbon 

number (ECN) method was used to determine the relative response factors of the 

compounds related to n-dodecane as the internal standard.48 

1H-13C HSQC NMR analysis 

All NMR spectra were recorded using a VARIAN INOVA 500 MHz spectrometer equipped 

with a 5-mm ID AutoX ID PFG Probe. For the model compound sample, an aliquot of 1 ml 

solution was taken from the reaction mixture followed by removing the solvent by an air flow 

at room temperature. The resulting mixture was dissolved in 0.7 ml dimethylsulfoxide-d6 

(DMSO-d6). For analysis of the lignin residue, approximately 70 mg of lignin residue was 

dissolved in 0.7 ml DMSO-d6. 1H-13C HSQC NMR spectra were obtained using the phase-

sensitive gradient-edited HSQC program (gHSQCAD). The main parameters were as 

follows: 4 (model compound sample) or 16 (lignin residue sample) scans, acquired from 0 

to 16 ppm in F2 (1H) with 1200 data points (acquisition time 150 ms), 0 to 200 ppm in F1 

(13C) with 256 t1 increments (acquisition time 10 ms) and 2 s relaxation delay. Data were 

processed using the MestReNova software. The residual DMSO solvent peak was used as 

an internal reference (δC = 39.5 ppm; δH = 2.50 ppm).  
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Figure 4.1 Side-chain region of the of 1H-13C HSQC NMR spectra of the lignin residue (green 

colour) following catalytic reaction at 340 °C for 4 h over the Cu20MgAl(4) catalyst and the 

standard compounds: (a) 2-ethoxyphenol (red), 4-ethyl guaiacol (orange) and 4-methyl 

guaiacol (blue); (b) ethyl acetate (red), 1-butanol (black), 2-methyl phenol (brown) and 2,4,6-

trimethyl phenol (orange). 

 The assignments of the cross-peaks were made by comparison with standard 

compounds, which contain the same functional groups (Figure 4.1); the assignments 

beyond these standard compounds were made by use of the NMR prediction tool in 

ChemBioDraw Ultra 14.0. 

Catalyst recycling 

Recycling experiments with the CuMgAl mixed oxide catalyst experiments were performed 

in the same Parr autoclave under the optimal reaction conditions (380 °C, 8 h) for P1000 

lignin. The solid residues obtained from two fresh reactions were washed with ethanol and 

THF and then subjected to calcination at 500 °C for 6 h to remove char. 0.5 g of the thus 

regenerated catalyst was subjected to a new reaction. The remaining catalyst was 

subjected to characterization by XRD, CO2-TPD and N2 physisorption techniques.       
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4.3 Results and discussion 

4.3.1 Varying the M2+/M3+ ratio  

 

Figure 4.2 XRD patterns of the (a) Cu20LDH(y) precursors and (b) mixed oxide catalysts after 

calcination at 460 °C for 6 h. 

 Layered double hydroxides containing 20 wt% Cu, denoted by Cu20MgAl(y) with varying 

M2+/M3+ ratios (y = 2, 3, 4 and 6), were prepared by precipitation. Mixed oxide catalysts 

were obtained by calcination in air. Figure 4.2a shows the XRD patterns of the Cu20MgAl 

precursors. The patterns contain the characteristic diffraction peaks of the hydrotalcite 

structure. 49 The peaks become broader and less intense with increasing M2+/M3+ ratio, 

which indicates that the crystallinity decreases with decreasing Al3+ content. The 

Cu20LDH(6) hydrotalcite shows the lowest crystallinity and, likely, contains the largest 

amount of amorphous material. Figure 4.2b shows the XRD patterns of the mixed oxides 

obtained by calcination of the Cu20LDH(y) precursors at 460 °C for 6 h. All of the 

Cu20MgAl(y) samples have the MgO structure with Cu2+ and Al3+ cations dissolved in the 

lattice. 50 The Cu20/γ-Al2O3 sample prepared by impregnation shows diffraction features of 

the crystalline CuO phase as well as poorly crystallized γ-Al2O3. The Cu20MgO catalyst 

prepared by co-precipitation also contains only MgO as crystalline phase; no other 

crystalline phases such as CuO and Cu0 were observed. The presence of Cu2+ in the 

Cu20MgO and Cu20MgAl(4) samples have been confirmed by XPS (Figure 4.3).  
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Figure 4.3 XPS spectra of (a) Cu20MgAl(4) and (b) Cu20MgO catalysts. 

 

Table 4.1 Textural properties and chemical composition of mixed oxide catalysts with different 

M2+/M3+ ratios. 

Catalyst 
SBET 

(m2/g) 

Va   

(cm3/g) 

db  

(nm) 

Cu 

(wt%) 

Mg 

(wt%) 

Al 

(wt%) 

(Cu+Mg)/Al 

(atomic ratio) 

Cu20/γ-Al2O3 150 0.41 7.6 17.8 - 38.0 0.2 

Cu20MgAl(2) 189 0.53 15.6 16.1 21.9 14.2 2.2 

Cu20MgAl(3) 183 0.80 13.8 16.2 26.2 11.1 3.3 

Cu20MgAl(4) 206 0.72 14.9 16.3 28.3 9.1 4.2 

Cu20MgAl(6) 170 0.71 14.9 16.4 31.5 6.5 6.5 

Cu20MgO 173 0.49 10.9 20.2 33.9 - - 

a Average pore volume; b Average pore diameter. 

 Table 4.1 summarizes the textural properties and elemental composition of the mixed 

oxide catalyst samples. The Cu20MgAl(y) samples have surface areas in the 170 - 206 m2/g 

range and large pore volumes (0.53 - 0.80 cm3/g). Elemental analysis shows that the actual 

Cu content is slightly lower than the intended one, which is likely due to the absorption of 

atmospheric CO2 and H2O after calcination. The (Cu+Mg)/Al ratios are slightly higher than 

expected.    
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Figure 4.4 CO2-TPD profiles of the mixed oxide catalysts with different M2+/M3+ ratios. 

 CO2-TPD can be used to determine the number and strength of basic sites in mixed 

oxides obtained by calcination of hydrotalcites. 51, 52 The CO2-TPD profiles of the catalysts 

are shown in Figure 4.4. In all cases, a broad desorption band is observed between 100 °C 

and 460 °C, which can be deconvoluted into three contributions at about 165 °C (weak 

basic strength), 200 °C (medium basic strength) and 255 °C (high basic strength).52 The low 

temperature desorption peak corresponds to basic surface OH- groups. The medium 

temperature peak can be ascribed to Mg2+-O2-, Al3+-O2- and Cu2+-O2- acid-base pairs. The 

high temperature peak is usually attributed to the strong basic sites associated with low 

coordinated O2- anions.51, 52  The amount of CO2 desorbed represented by these features 

allows estimating the number of basic sites of the samples (Table 4.2). We observe a small 

shift of the desorption peak towards higher temperature when the M2+/M3+ ratio is increased 

from 2 to 4 (Figure 4.4). In addition, the total amount of basic sites of these catalysts also 

increased (Table 4.3). When the M2+/M3+ ratio is further increased from 4 to 6, both the 

number of basic sites and their strength decreased. We attribute this to partial collapse of 

the hydrotalcite structure during synthesis of the sample with the highest M2+/M3+ ratio in 

keeping with the lowest crystallinity of this sample as followed from XRD (Figure 2a). 

Among all of the samples, Cu20MgAl(4) contains the largest amount of basic sites (0.35 

mmol/g) of which weak, medium and strong basic sites account for 26 %, 39 % and 35 %, 

respectively. The Cu20/γ-Al2O3 sample contains the least basic sites (0.03 mmol/g), while 

the Cu20MgO contains an intermediate amount of basic sites (0.25 mmol/g). 
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Table 4.2 Basic properties of the mixed oxide catalysts with different M2+/M3+ ratios. 

Catalyst 

CO2 desorption peaks (area %) 
Total basic sites 

(mmol CO2/g) 
Weak  

(~165 °C) 

Medium 

 (~200 °C) 

Strong  

(~255 °C) 

Cu20/γ-Al2O3 46 39 14 0.03 

Cu20MgAl(2) 25 41 34 0.25 

Cu20MgAl(3) 24 43 32 0.27 

Cu20MgAl(4) 26 39 35 0.35 

Cu20MgAl(6) 26 38 36 0.31 

Cu20MgO 21 42 37 0.25 

4.3.2 Catalytic performance in lignin conversion 

Table 4.3 Product distribution for the reaction of lignin in ethanol at 340 °C for 4 h over mixed oxide 

catalysts with different M2+/M3+ ratios.  

Entry Catalyst 

Yield lignin products (wt%) 

 

Yield ethanol products (C4+, mg) 

Mono-

mers 

Light 

residuea 

Heavy 

residueb 
Char 

Total 

yield 
Alcohols Esters 

Alde-

hydes 
Ethers 

Hydro-

carbons 

1 Cu20/γ-Al2O3 26 40 4 23 93 

 

234 130 1 2490 83 

2 Cu20MgAl(2) 30 72 8 0 110 2276 776 32 103 193 

3 Cu20MgAl(3) 31 75 8 0 114 2348 663 40 125 317 

4 Cu20MgAl(4) 36 69 6 0 110  3214 1069 67 105 336 

5 Cu20MgAl(6) 31 70 7 0 108  2996 695 31 153 300 

6 Cu20MgO 20 47 15 0 82  2722 371 96 51 155 

 a Relatively light lignin fragments with molecular weight lower than starting lignin, b heavy lignin fragments. 

 We evaluated these samples as catalysts in the conversion of soda lignin in 

supercritical ethanol at a temperature of 340 °C and a reaction time of 4 h. We have chosen 

soda lignin, because it is one of the few commercially available lignins together with 

lignosulfonates and kraft lignin.53 Soda lignin is free from sulfur and relatively pure, which 

are ideal properties for the present detailed mechanistic study. The results of the reaction 

experiments with soda lignin are collected in Table 4.3. As described earlier, lignin is 

partially depolymerized and the products are further converted by alkylation, 

hydrodeoxygenation and hydrogenation reactions.27, 47 Ethanol acts as an efficient 

alkylation agent. At the same time, ethanol reacts itself to higher alcohols, esters, 

aldehydes, ethers and a small amount of hydrocarbons. The ethanol conversion products 

were identified by carrying out the same reaction without lignin under similar conditions. It 
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was observed that molecules with hydrocarbon rings were derived from lignin and acyclic 

hydrocarbons stemmed from ethanol. As an example, for Cu20MgAl(4) about 84 lignin 

products and 48 ethanol-derived products were identified by GC-MS. Without catalyst, lignin 

was only partially depolymerized and the main product was char with only a small amount 

of monomers (Chapter 2).27    

 All the basic catalysts produce high yields of C4+ alcohols and esters (Table 4.3, entries 

2-6). These products are formed via Guerbet-type reactions as well as esterification 

reactions, which are all catalyzed by basic sites.54 For example, when Cu20MgAl(4) was 

used as the catalyst (entry 4), 3214 mg of higher alcohols and 1069 mg of higher esters 

were obtained. The most significant products were 1-butanol, 2-buten-1-ol, 1-hexanol and 

ethyl acetate. Among the C4+ molecules, 1-butanol and ethyl acetate were dominant with 

selectivities of 47 wt% and 13 wt%, respectively. On contrary, with Cu20/γ-Al2O3 only 

comparatively small amounts of higher alcohols and esters were formed. The difference can 

be related to the low basicity of the alumina-supported Cu catalyst (Table 4.2). In this 

experiment, the amount of C4+ ethers was high; about 81% of these ethers was diethyl 

ether. Diethyl ether is formed by dehydration of two ethanol molecules, which is typically 

catalyzed by acid sites as present on the surface of alumina.51, 55 Comparison of the ethanol 

conversion products (Table 4.3) with the catalyst properties (Table 4.2) shows a strong 

correlation between the basic sites and the overall yield of alcohols and esters. The higher 

the basicity of the catalyst is, the higher the amount of alcohols and esters formed via 

Guerbet-type and esterification reactions.54, 56 

 In addition to cyclic products obtained from lignin, the reaction mixture also contained 

light residue, heavy residue and char. In a typical reaction with Cu20MgAl(2) catalyst at 340 

°C for 4 h. The weight-averaged molecular weight (Mw) of the light residue is 817 g/mol, 

which is lower than the THF-soluble fraction of P1000 lignin (Mw = 1104 g/mol). The light 

residue represents fragments of lignin that have been depolymerized to lower molecular 

weight.27 These fragments are extensively alkylated as reported earlier.27 The Mw of heavy 

residue is 8479 g/mol, much higher than that of the starting lignin. The heavier molecules 

originate from condensation reactions between lignin fragments. Finally, char is 

characterized by the fraction that is strongly adsorbed to the solid catalyst; it had the lowest 

H/C ratio of the different solid fractions.27  From Table 4.3, it follows that the use of the non-

basic Cu20/γ-Al2O3 catalyst results in a significant amount of char (23 wt%, entry 1). On the 

contrary, the use of basic catalysts did not lead to char formation (entries 2-6). Thus, it can 
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be inferred that the basic sites of the hydrotalcites-derived mixed oxides play an important 

role in preventing char formation. The beneficial effect of bases such as NaOH during lignin 

conversion has been recognized before.13, 46 The usual explanation is that the base helps to 

increase solubility of lignin, resulting in a better dispersion and lower probability of 

recombination reactions.13, 46 The influence of base-catalyzed side-reactions such as 

Guerbet and esterification reactions has only been scarcely discussed. Recently, we have 

demonstrated that methanol and formaldehyde are effectively scavenged by reaction with 

ethanol.47 The main product from the reaction between ethanol and formaldehyde is 1-

propanol. In this way, ethanol can effectively suppress repolymerization reactions involving 

formaldehyde, which can be formed in a variety of manners from the lignin structure. In line 

with this, the most basic Cu20MgAl(4) sample gave also the highest yield of ethanol-derived 

products and the lowest yield of heavy residue(6 wt%, entry 4).  

 

Figure 4.5 Side-chain region of the 1H-13C HSQC NMR spectrum of the reaction mixture obtained 

by reaction of phenol in ethanol at 340 °C for 4 h over the Cu20/γ-Al2O3 catalyst. 

 Although Cu20MgO contains basic sites and produces similar Guerbet and esterification 

reaction products (Table 4.3, entry 6) compared with Cu20MgAl(2) (entry 2) and 

Cu20MgAl(3) (entry 3), its heavy residue yield is significantly higher. We relate this to 

different rates of the alkylation reactions of the aromatic products, which also contribute to 

suppressing repolymerization reactions.27, 47  It is reasonable to postulate that the lower 

alkylation activity is associated with the absence of Al. It is well known that alkylation 

reactions (e.g., phenol alkylation with alcohols) are catalyzed by inorganic Lewis and/or 

Brønsted acids such as H2SO4, AlCl3, BF3,57 as well as solid acids such as zeolites.58   
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 In order to establish whether differences in the alkylation activity can explain the better 

performance of the hydrotalcites derived catalysts, we carried out model reactions using phenol as 

reactant in supercritical ethanol (340 °C,  4 h, 1 g phenol, 40 ml ethanol). The reaction mixtures 

were analyzed by GC-MS and quantified by GC-FID. The reaction mixtures were further analyzed 

by 2D HSQC NMR. Semi-quantitative analysis was achieved by integrating the C- and O-ethylated 

product peaks (-CH2 group) using the DMSO-d6 residual solvent peak as the internal standard 

(Figure 4.5). The resulting value reflects the degree of phenol alkylation.  

Table 4.4 Phenol alkylation in ethanol at 340 °C for 4 h over the mixed oxide catalysts with different 

M2+/M3+ ratios. 

Catalyst X (wt%) a 
Yield of alkylated products (wt%)a  Alkylation 

degree b Mono-alkylated Multi-alkylated Sum  

Cu20/γ-Al2O3 85 23 58 81  8.1 

Cu20MgAl(2) 72 34 35 69  5.4 

Cu20MgAl(3) 70 33 32 65  3.7 

Cu20MgAl(4) 69 30 34 64  3.4 

Cu20MgAl(6) 64 30 31 61  3.3 

Cu20/MgO 56 28 21 49  2.4 

a Conversion determined by GC-FID using area normalization method, b Determined by 1H-13C HSQC NMR 

using DMSO d6 residue peak as internal standard.  

 The alkylation degree of Cu20MgO is 2.4 (Table 4.4). This value is much lower than the 

phenol alkylation degree using the Al-containing Cu20MgAl(y) catalysts, which had values 

between 3.3 and 5.4 (Table 4.4). In line with this, the Cu20MgO sample gave the lowest 

yield of alkylated products (49 wt%) of which more than half are mono-alkylated products 

(28 wt%). The Al-containing Cu20MgAl(y) catalysts gave much higher yields of alkylated 

products (between 61 wt% and 69 wt%), about half of which are multi-alkylated products. 

The Cu20/γ-Al2O3 sample gave the highest alkylation degree of 8.1 and the highest alkylated 

product yield of 81 wt% (Table 4.4); the yield of multi-alkylated products is 58 wt%. Thus, 

the alkylation activity strongly correlates with the Al content (Table 4.4). The higher the Al 

content is, the higher the degree of alkylation of phenol. Although Cu20/γ-Al2O3 has the 

highest alkylation activity, its performance in lignin conversion is worse than that of 

Cu20MgAl(4). Thus, we infer that Guerbet and esterification reactions are more important 

than alkylation in suppressing char formation. This emphasizes the role of formaldehyde in 

the condensation reactions that give rise to high-molecular weight side-products.47 
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Figure 4.6 The side-chain region of the 1H-13C HSQC NMR spectrum of the light residue obtained 

from the reaction in ethanol at 340 °C for 4 h for (a) Cu20MgAl(4) and (b) Cu20MgO (red) and Cu20/γ-

Al2O3 (green). The combined spectra in panel (b) have been normalized to the total peak volume.  

 The light residue yields are between 69 and 75 wt% and the total yields between 108 

and 114 wt% for the Cu20MgAl(y) catalysts (Table 4.3). The high yields of light residue and 

higher than 100% total yields are due to the significant degree of alkylation of the lignin-

derived products. Figure 4.6a shows the HSQC NMR spectrum of the light residue obtained 

from the reaction over the Cu20MgAl(4) catalyst. Significant alkylation of aromatic rings and 

phenolic groups is evident. A high amount of C- and O-ethylated products were formed, 

which proves that ethanol alkylates the lignin fragments. A significant number of cross 

peaks due to ester and alcohol groups are also seen, which indicates that Guerbet and 

esterification reactions took place between hydroxyl and aldehyde groups of the lignin 

fragments and ethanol. These reactions are important, because aldehyde intermediates are 

known to play a significant role in aldol condensation reactions during lignin 

depolymerization.59 For instance, Barta et al.59 demonstrated a novel strategy to stabilize 

these reactive aldehyde fragments (C2-aldehyde) by reacting them with ethylene glycol to 

form acetals. The formation of higher molecular weight side-products was markedly 

suppressed in this way. The importance of these reactions in our approach is underpinned 

by the absence of 1H NMR signals related to aldehyde groups in the spectrum of the light 

residue obtained by reaction at 340 °C for 4 h over Cu20MgAl(4). Consistently, very few 

aldehyde products were formed from ethanol conversion (Table 4.3). These results indicate 

that aldehyde groups can be effectively capped by ethanol via Guerbet and esterification 

reactions. Figure 4.6b shows the NMR spectra of the light residue obtained from lignin 

conversion using Cu20/γ-Al2O3 and Cu20MgO catalysts. With Cu20/γ-Al2O3, more ethylated 
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groups but much less ester and alcohol groups were formed as compared with Cu20MgO. 

This finding is consistent with the activity differences based on the yields of ethanol-derived 

products in lignin conversion. The low alkylation activity of Cu20MgO, on the one hand, and 

the low Guerbet and esterification activities of Cu20/γ-Al2O3, on the other, explain the lower 

light residue yields compared with the performance data for the Cu20MgAl(y) catalysts. 

Thus, we attribute the promising performance of Cu20MgAl(y) catalysts in terms of high 

monomers yield and low yield of repolymerized products during lignin depolymerization to 

their high activity in Guerbet, esterification and alkylation reactions.  

 

Figure 4.7 Distribution of lignin monomers after reaction of lignin at 340 °C for 4 h over 

Cu20MgAl(4). 

 Figure 4.7 shows a typical lignin-derived product distribution of the monomer fraction of 

the products obtained after reaction at 340 °C for 4 h over Cu20MgAl(4). The main products 

were aromatics with hydrogenated cyclic products as the main side-products. Most of these 

products were alkylated with methyl and/or ethyl groups substituted on the rings. Notably, a 

substantial amount of deoxygenated aromatics such as benzene, toluene, xylenes, and 

ethyl benzene were observed, pointing to direct hydrogenolysis of the aryl-OR bonds (R = 

alkyl). The most frequently observed oxygenated aromatics were substituted benzylalcohols 

and alkylphenols. Besides, small amount of guaiacols were observed among the products. 
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The monomeric products were divided into four groups, namely hydrogenated cyclics (-O), 

hydrogenated cyclics (+O), aromatics (-O) and aromatics (+O).  

 

Figure 4.8 Monomers yield  and product selectivity after lignin conversion in ethanol at 340 °C for 4 

h over mixed oxide catalysts as a function of the M2+/M3+ ratio. 

 Figure 4.8 shows the trends in monomers yield and the product selectivity among the 

different catalysts. Using Cu20/γ-Al2O3, the amount of monomers was 26 wt%. Increasing 

the M2+/M3+ ratio in the LDH precursor (Table 4.3, entries 2-5) led to higher monomers 

yields. The highest monomers yield of 36 wt% was obtained with Cu20MgAl(4). Cu20MgO 

gave the lowest monomers yield (20 wt%). The product distributions of the monomers were 

quite similar among the Cu20MgAl(y) catalysts. Cu20MgAl(4) showed slightly higher 

selectivity towards deoxygenated aromatics than the other Cu20MgAl(y) (y = 2, 3 and 6) 

catalysts. This indicates that the Cu20MgAl(4) catalyst has the highest deoxygenation 

activity. This is likely due to the larger amount of H2 formed (34.76 mmol) from ethanol 

dehydrogenation. Hydrogenation is needed for the direct hydrogenolysis reactions of aryl-

OR bonds. In line with this, the Cu20/γ-Al2O3 catalyst, which exhibited the lowest 

dehydrogenation activity (7.59 mmol H2 production) gave the highest selectivity towards 

oxygenated aromatics (~ 83% in the monomers mixture).  
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4.3.3 Varying the Cu content 

 

Figure 4.9 XRD patterns of (a) the CuxLDH(4) precursors and (b) mixed oxides after calcination at 

460 °C for 6 h. 

Table 4.5 Textural properties and chemical composition of the mixed oxides as a function of the Cu 

content. 

Catalyst 
SBET  

(m2/g) 

V a  

(cm3/g) 

d b  

(nm) 

Cu  

(wt%) 

Mg 

 (wt%) 

Al 

 (wt%) 

(Cu+Mg)/Al  

(atomic ratio) 

MgAl(4) 245 0.82 13.0 - 36.50 9.77 4.20 

Cu10MgAl(4) 240 0.73 12.1 8.08 33.64 9.66 4.27 

Cu20MgAl(4) 206 0.72 14.9 16.33 28.30 9.13 4.24 

Cu40MgAl(4) 125 0.56 24.5 31.43 16.67 7.54 4.25 

a Average pore volume, b Average pore diameter. 

 In order to better understand the role of Cu, we varied the Cu content (0 wt%, 10 wt%, 

20 wt% and 40 wt%) in the MgAl(4) precursor and obtained mixed oxide catalysts by 

calcination. The M2+/M3+ atomic ratio of 4 was chosen, because the highest monomers yield 

was achieved at this composition during lignin conversion. Figure 4.9a shows the XRD 

patterns of the CuxLDH(4) precursors. The pattern of the Cu-free precursor contains the 

characteristic peaks corresponding to hydrotalcite. Partially replacing Mg by 10 wt% or 20 

wt% of Cu did not notably change the double-layered structure. However, further increasing 

the Cu content to 40 wt% resulted in the formation of CuO, and at the same time, lower the 

intensities of the peaks due to the hydrotalcite structure. This indicates that too high Cu 

content caused partial collapse of the hydrotalcite structure. Figure 4.9b shows the XRD 
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patterns of the mixed oxides obtained by calcination of the corresponding hydrotalcite 

precursors. The MgAl(4), Cu10MgAl(4) and Cu20MgAl(4)  samples all have the MgO 

structure. In Cu40MgAl(4), both MgO-like and CuO crystalline phases are present.  

 Table 4.5 summarizes the textural properties and elemental composition of the mixed 

oxides. The MgAl(4) sample has the highest surface area (245 m2/g) and pore volume (0.82 

cm3/g). The replacement of Mg by Cu to yield 10 wt% and 20 wt% Cu led to only slightly 

lower surface areas and pore volumes. At the highest Cu content, the surface area was 

much lower (125 m2/g), which can be related to the collapse of the hydrotalcite structure of 

the precursor (Figure 4.9). The (Cu+Mg)/Al ratios in the calcined samples were between 

4.20 and 4.27. 

 

Figure 4.10 CO2-TPD profiles of the mixed oxide catalysts as a function of the Cu content. 

 

Table 4.6 Basic properties of the mixed oxide catalysts as a function of the Cu content. 

Catalyst 

CO2 desorption peaks (area %) 
Total basic sites 

(mmol CO2/g) 
Weak 

 (~165 °C ) 

Medium 

 (~200 °C ) 

Strong  

(~255 °C ) 

MgAl(4) 20 28 52 0.27 

Cu10MgAl(4) 24 38 38 0.32 

Cu20MgAl(4) 29 38 33 0.35 

Cu40MgAl(4) 30 39 31 0.15 
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Table 4.7 Product distribution for the reaction of lignin in ethanol at 340 °C for 4 h over the mixed 

oxide catalysts as a function of the Cu content. 

Entry Catalyst 

Yield lignin products (wt%)  Yield ethanol products (C4+, mg) 

Mono-

mers 

Light 

residuea 

Heavy 

residueb 
Char 

Total 

yield 
 Alcohols Esters 

Alde-

hydes 
Ethers 

Hydro-

carbons 

1 MgAl(4) 9 42 15 0 66 

 

1343 150 10 247 102 

2 Cu10MgAl(4) 21 61 13 0 95 2471 506 36 123 127 

3 Cu20MgAl(4) 36 69 6 0 110 3214 1069 67 105 336 

4 Cu40MgAl(4) 26 79 8 0 113  2372 593 80 116 254 

 a Relatively light lignin fragments with molecular weight lower than starting lignin, b Heavy lignin fragments. 

 The CO2-TPD profiles of the catalysts are shown in Figure 4.10. The number of basic 

sites and basic sites densities are shown in Table 4.6. The Cu-free catalyst (MgAl(4)) 

mainly contains medium (28 %) and strong basic sites (52 %). With increasing Cu content, 

the amount of strong basic sites decreases, while the amount of weak and medium basic 

sites increased (Table 4.6). Consistently, the desorption peak shifted to lower temperatures 

(Figure 4.10). The amount of basic sites was seen to increase with increasing Cu content 

up to 20 wt% (Table 4.6) at the expense of their strength. A further increase of the Cu 

content to 40 wt% resulted in a significant decrease of the amount of basic sites, probably 

due to the formation of CuO as a result of the collapse of the hydrotalcite precursor.  

 Using the Cu-free MgAl(4) sample as the catalyst, the monomers yield is only 9 wt% 

with the major products being light residue (42 wt%) and heavy residue (15 wt%) (Table 

4.7). The total yield in this case is 66%. We speculate that the low total yield is due to the 

low rates of Guerbet, esterification and alkylation reactions in the absence of Cu. Based on 

our experimental observations, part of the lignin fragments - likely dimers and trimers -  

could not be completely recovered during the acidification and filtration steps of the work-up 

procedure.47 We expect that this loss will be lower when lignin has been extensively 

alkylated, as the heavier and more apolar compounds will be less soluble in ethanol. 

Consistent with this, the yield of light residue and the total yield increased when the rates of 

Guerbet, esterification and alkylation reactions catalyzed by Cu were enhanced by 

increased Cu content. In keeping with this conclusion, the alkylation degree obtained from 

phenol alkylation model experiments also increased with the Cu content (Table 4.8). For 

example, the alkylation degree of Cu40MgAl(4) is 5.9, which is significantly higher than that 

of MgAl(4). Besides, GC-MS results also show that significant higher yields of multi-

alkylated products (42 wt%) were obtained with Cu40MgAl(4) as the catalyst as compared 
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with MgAl(4). This implies that Cu and Al sites are both key to catalyze alkylation reactions 

and it is reasonable to state that these sites constitute Lewis acid sites for aromatics 

alkylation. The optimum Cu content is 20 wt%.  

Table 4.8 Phenol alkylation in ethanol at 340 °C for 4 h over the mixed oxide catalysts with different 

Cu content. 

Catalyst X (wt%) a 

Yield of alkylated products (wt%) a  

Alkylation degreeb 

Mono- alkylated Multi- alkylated Sum  

MgAl(4) 62 41 19 60  2.0 

Cu10MgAl(4) 65 27 36 63  2.1 

Cu20MgAl(4) 69 30 34 65  3.4 

Cu40MgAl(4) 70 24 42 66  5.9 

a Conversion determined by GC-FID using area normalization method, b Determined by 1H-13C HSQC NMR 

using DMSO d6 residue peak as internal standard.  

 
Figure 4.11 GPC analysis of the heavy residue obtained from the reaction of lignin in ethanol at 340 

°C for 4 h over the mixed oxide catalysts as a function of the Cu content. 

 Different from the monomers yield trend, the yield of heavy residue decreased with 

increasing Cu content (Table 4.7). This also follows from the analysis of the heavy residue 

by GPC (Figure 4.11). The heavy residue obtained from reactions using MgAl(4) and 

Cu40MgAl(4) as catalysts show higher signals in the early retention time region than the 

other two catalysts. This indicates that more repolymerized products were formed with 

these catalysts. Consistent with this, the least repolymerized products were formed with 

Cu20MgAl(4) as the catalyst (Figure 4.11). Compared with Cu20MgAl(4), the Cu40MgAl(4) 
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had higher alkylation activity (Table 4.8), but it yielded more repolymerized products (Table 

4.7 and Figure 4.11). This can be explained by the lower basicity of this sample, which 

results in lower activity in Guerbet and esterification reactions. This conclusion is in keeping 

with the relatively low yield of higher alcohols and esters (Table 4.7, entries 2 and 4). 

Compared with the Cu40MgAl(4), Cu10MgAl(4) exhibited very similar activity in Guerbet and 

esterification reactions, but it gave higher yield of heavy residue (entries 3 and 4). This can 

be related to the lower alkylation activity of Cu10MgAl(4). From phenol model reactions, we 

observed that the alkylation degree increased with the Cu content (Table 4.8). Accordingly, 

we infer that Cu is pivotal to the high alkylation activity of the hydrotalcites-derived catalysts.  

 All data considered, we can firmly conclude that lignin depolymerization strongly 

benefits from Guerbet, esterification and alkylation reactions, because these reactions 

suppress repolymerization of lignin fragments. Among these reactions, the Guerbet and 

esterification reactions catalyzed by basic sites are more important in suppressing 

repolymerization than the alkylation reaction catalyzed by Lewis acid sites. 

 

Figure 4.12 Monomers yield and product distribution after reaction of lignin in ethanol at 340 °C for 

4 h over mixed oxide catalysts as a function of the Cu content.  

 Figure 4.12 shows how the monomers distribution depends on the Cu content. Without 

Cu, about 85% of the monomers are oxygenated aromatics. With Cu in the catalyst, the 

selectivity to oxygenated aromatics is always lower. This difference indicates the important 

role of Cu in hydrogenation and hydrogenolysis reactions. For the experiment with the Cu-
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free catalyst, 6.81 mmol of H2 was formed, which was much lower as compared with the 

other catalysts.  In addition to increased H2 production, the amount of CO, CO2 and C1-C3 

alkane and alkene products in the gas phase were also higher in the presence of Cu. The 

Cu10MgAl(4) exhibited the highest deoxygenation activity. The fraction of deoxygenated 

aromatics was 25%. A further increase the Cu content to 40 wt% resulted in decreasing H2 

production and deoxygenation activity. This may be explained by the reduced basicity, as 

basic sites are involved in ethanol dehydrogenation. Based on these results, we conclude 

that the combination of Cu and basic sites facilitates dehydrogenation and 

deoxygenation/hydrogenolysis reactions.   

4.3.4 Catalyst recyclability   

Catalyst recycling is an important aspect of implementing the present batch process at the 

industrial scale. We explored recovery of the fresh Cu20MgAl(2) catalyst used 380 °C for 8 

h. The solid residue was subjected to a regeneration procedure and employed for another 

reaction. The results show that the catalytic activity of the recovered catalyst is significantly 

lower than the activity of the fresh one. It was also observed that the hot pressure during 

this experiment was lower than a comparable experiment using the fresh catalyst, indicating 

that the catalyst was less active in generating gaseous products due to reforming and 

deoxygenation. The lignin monomer yield decreased from 60 wt% (fresh catalyst) to 39 wt% 

(first recycle) and 16 wt% (second recycle). This demonstrates that the catalyst cannot be 

completely regenerated by calcination at 500 °C for 6 h. In order to gain insight into the 

cause of deactivation, XRD, ICP and CO2-TPD were used to characterize fresh, spent and 

regenerated catalyst samples.  

Table 4.9 Textual and elemental properties of fresh and regenerated Cu20MgAl(2) catalysts.  

Catalyst 
SBET 

(m2/g) 

Va 

(cm3/g) 

Db 

(nm) 

Atomic ratios 

Cu/Al Mg/Al (Cu+Mg)/Al 

Fresh catalyst 189 0.53 15.6 0.48 1.73 2.20 

Regenerated catalyst 51 0.32 20.9 0.44 1.36 1.80 

a Average pore volume; b Average pore diameter.  
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Figure 4.13 (a) XRD patterns of the fresh, spent and regenerated Cu20MgAl(2) catalysts,（（（（b）CO2-

TPD profiles of fresh and regenerated Cu20MgAl(2) catalysts. 

 

 Table 4.9 summarizes the textural properties and elemental composition of the mixed 

oxide catalysts. The specific surface area and pore volume of Cu20MgAl(2) fresh sample 

are 189 m2/g and 0.53 cm3/g, respectively. After reaction and regeneration, these 

parameters decrease to 51 m2/g and 0.32 cm3/g. Elemental analysis shows that the Cu/Al 

ratio is slightly decreased from 0.48 in the fresh catalyst to 0.44 in the regenerated catalyst, 

while the Mg/Al ratio decreased from 1.73 to 1.36. These changes show that both Cu and 

Mg leach from the catalyst during its operation in supercritical ethanol. XRD evidences that 

the amount of MgO decreases and that it is replaced by a CuAl2O4 spinel phase after 

reaction (Figure 4.13a). This spinel phase is stable during the regeneration. Regeneration 

also leads to a separate CuO phase. CO2-TPD evidences that the basicity of the catalyst 

decreased significantly after regeneration. (Figure 4.13b). About 80 % of the basic sites 

were lost, presumably due to the decrease of the Mg (MgO) content. Thus, it is reasonable 

to conclude that leaching of Mg is the main cause of catalyst deactivation, resulting in a loss 

of active sites and formation of a spinel oxide structure with different properties (lower 

surface area, less Lewis acid sites) than in the fresh mixed oxide catalyst. We speculate 

that the removal of MgO is due to its hydrolysis in water formed during the extensive 

deoxygenation reactions of lignin. Although water product is consumed by the water-gas-

shift reaction,40 the presence of water in the reaction mixture was evident as a separate 
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phase after reaction at 420 °C for 4 h and 380 °C for 20 h. This suggests that the stability 

may be improved by selecting a hydrothermally more stable basic catalyst. 

 

Scheme 4.1 Proposed reaction network of catalytic depolymerization of lignin in ethanol over the 

CuxMgAl(y) catalysts. 

4.4 Conclusions 

 Scheme 4.1 summarizes the proposed reaction network and the required active sites 

for lignin depolymerization in supercritical ethanol over the CuxMgAl(y) catalysts. Ethanol is 

not only a solvent, but also a reactant that participates in the reaction. The ethanol-derived 

products are mainly C4-C8 alcohols and C4-C12 esters produced by Guerbet and 

esterification reactions. Without using catalyst, the main product is char and the yield of 

aromatic monomers derived from lignin is very low. The combination of Cu and basic sites 

as well as Lewis acid sites are important for obtaining high monomers yield and low rates of 

repolymerization during lignin conversion. The combination of Cu and basic sites facilitates 

the dehydrogenation of ethanol, producing hydrogen needed for hydrogenolysis and 

hydrodeoxygenation reactions. This results in higher yields of monomers from lignin and 
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also a higher fraction of deoxygenated monomer products. Cu and basic sites also catalyze 

Guerbet and esterification reactions, producing higher alcohols and esters from ethanol. 

The higher is the activity of the catalyst in Guerbet and esterification reactions, the less 

repolymerization products are produced. This can be linked to the scavenging of reactive 

species such as formaldehyde, which are involved in polymerization reactions of phenolic 

groups in the products. In addition, the reactive side chains such as aldehyde groups of 

lignin fragments are also protected by forming new ester and alcoholic groups. Such 

reactions suppress the repolymerization of lignin fragments into high-molecular weight 

products. The Lewis acid sites due to the presence of Cu and Al catalyze C- and O-

alkylation reactions, which lower the reactivity of the phenolic fragments and, in this way, 

contribute to formation of heavy products. Guerbet and esterification reactions are more 

important in suppressing repolymerization and char formation than alkylation reactions. 

Among all evaluated catalysts, the catalyst with 20 wt% Cu derived from a hydrotalcite with 

a (Cu+Mg)/Al molar ratio of 4 exhibited the highest activity for Guerbet and esterification 

reaction as well as nearly optimum alkylation activity. Consistently, it gave the highest 

monomers yield and the least repolymerization products during soda lignin conversion. With 

this, we point out that base catalysts with sufficient activity for Guerbet and esterification 

reactions with alcohols are promising for lignin upgrading into useful aromatics. Loss of 

basic sites due to hydrolysis of MgO and a concomitant loss of surface area due to spinel 

oxide formation of the Cu and Al components were identified as the main causes of the 

lower activity of regenerated catalysts. 
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Chapter 5 

One-pot Catalytic Conversion of Woody Biomass into Liquid 

Fuel Components 

 

Abstract 

Using raw lignocellulosic biomass as feedstock for sustainable production of chemicals has 

a great significance. Herein, we report on the one-pot catalytic conversion of raw woody 

biomass into fuel components over a CuMgAl mixed oxide catalyst in a batch reactor in 

supercritical ethanol. The major products are C5~C16 aliphatic alcohols and esters, which 

are suitable for applications as liquid fuels. By-products are also mono-aromatics, deriving 

from depolymerization of the lignin part of the biomass. Scotch pine woody biomass gave 

more of these mono-aromatics than soda lignin. Quantification suggests that the lignin 

embedded in lignocellulosic biomass is easier to be depolymerized than technical lignins. 

This was confirmed by comparing organosolv and enzymatic lignins obtained from wheat 

chaff. The enzymatic lignin which was obtained from a milder pretreatment process gave 

much higher monomer yield than the organosolv lignin. Lignin extraction from lignocellulosic 

biomass significantly decreases its reactivity, which implies that the subsequent valorization 

of lignin requires harsh conditions.  
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5.1 Introduction 

Biorefining is gaining in importance as a technology to increase energy security, to mitigate 

emissions of carbon dioxide, and to increase rural development.1 Widespread production of 

biomass-derived fuels and chemicals will require cost-effective processes for breaking 

down the principle biomass constituents cellulose, hemicellulose and lignin into their 

monomers.2 One-pot conversion of whole woody biomass results in a complex mixtures of 

aromatics, alkanes and alcohols, which can find applications as fuels and chemicals.3-6 In 

Chapter 3, we have demonstrated that different types of lignin (soda, Alcell and kraft lignin) 

can be effectively converted into high yield of mainly mono-aromatics over CuMgAl mixed 

oxide catalyst under supercritical ethanol. In order to test whether this process can also 

convert the sawdust of raw woody biomass, softwood Scotch pine was chosen as feedstock 

and directly used under similar reaction conditions as used for lignin conversion, that is at 

300 °C and 340 °C for 4 h in supercritical ethanol. Two types of lignin from the same source 

(wheat chaff), but obtained by different pretreatment of the biomass (organosolv and 

enzymatic hydrolysis) were compared. The purpose was to reveal the influence of lignin 

pretreatment process on the subsequential valorization step.  

5.2 Experimental section 

Chemicals and materials 

Table 5.1 Detailed composition analysis results of the Scotch pine and enzymatic lignin. 

Sample 
name 

Total 
sugars 

Gluc-
ose 

Xyl-
ose 

Man-
nose 

Arabi-
nose 

Galac-
tose 

Rham-
nose 

Klason 
lignin 

Acid 
soluble 
lignin 

Extrac-
tives 

Ash 

Scotch 
pine 

58.22 39.75 5.24 10.17 1.19 1.73 0.12 25.70 0.45 9.47 0.35 

Enzymatic 
lignin 

14.91 4.59 6.92 1.92 0.89 0.54 0.05 40.50 3.70 - 28.57 

Note: All data are presented as wt% of total dry matter. Detailed analysis approach can be referred to Chapter 

6.  

 Scotch pine (SP, also known as Scots pine) was harvested from the field in the vicinity 

of Bursa, Turkey in 2014 and chopped into small pieces on site. SP in the form of sawdust 

was used for the experiments. First, suitable amount of the SP was milled and sieved to a 

particle size below 125 µm and then dried at 105 °C for 12 h before use. Organosolv lignin 

and enzymatic lignin were kindly provided by Dr. Henning Storz (Thunen Institute of 

Agricultural Technology, Adenstedt, Germany). The detailed composition of the SP and 
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enzymatic lignins can be found in Table 5.1. Microcrystalline cellulose and D-(+)-Glucose 

were purchased from Sigma Aldrich. 

Acetylation  

The enzymatic lignin sample was acetylated prior to GPC analysis. During GPC analysis, 

tetrahydrofuran (THF) was used as eluent. The acetylation step allowed the complete 

solubilization of lignin in THF.7 Before acetylation, the lignin was dried at 60 °C under 

vacuum for 1 h and then 0.5 g was introduced in 25 ml of an equivalent volume of acetic 

anhydride and pyridine under argon. After 24 h of reaction, the reaction was stopped by 

adding 2 ml of cold distilled water. Then, the acetylated lignin was recovered by 

dichloromethane extraction. The organic phase was washed successively with a 100 ml 

NaCl saturated water and 100 ml distilled water solution, before evaporating 

dichloromethane to recover the acetylated lignin. 

Catalytic reactions 

The catalytic reaction procedure is described in detail in Chapters 3 and 4.  

5.3 Results and discussion 

5.3.1 Woody biomass depolymerization 

Table 5.2 Results of catalytic SP depolymerization over the Cu20MgAl(2) catalyst in ethanol. 

Entry Temp. 

(°C) 

SP 

loading 

(g) 

Lignin monomer  

yield (wt%) 

Holocellulose monomer  

yield (wt%) 

Sum of monomer  

yield (wt%) 

Lignin base Wood base Sugar base Wood base Wood base 

1 300 1.0 19 5 36 21 26 

2 300 3.0 20 5 13 7 12 

3 340 1.0 67 18 63 36 54 

4 340 3.0 45 12 29 17 29 

Note: The lignin content of SP is 26.1 wt%, The holocellulose content is 58.2 wt%. 

Scotch pine (SP) was chosen as a softwood lignocellulosic form of biomass in sawdust form 

for conversion at 300 °C and 340 °C for 4 h. GC-MS was used to analyze the product 

mixture. A blank reaction without biomass was performed under the same conditions and 

used as reference for distinguishing holocellulose (holocellulose = the total polysaccharide 

fraction of wood comprised of cellulose and hemicellulose) conversion products from 

ethanol conversion products. Only new peaks in the biomass conversion experiments were 
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taken into account for product quantification. The yields of holocellulose monomers are 

summarized in Table 5.2. 

        When the reaction was performed at 300 °C for 4 h using 1.0 g wood sawdust, a yield 

of 19 wt% lignin products was obtained (Table 5.2, entry 1, based on the 26.1 wt% lignin 

content). This value is similar to the monomer yield obtained from P1000 lignin under the 

same condition (19 wt%, Table 3.2, entry 9). A yield of 36 wt% holocellulose conversion 

products was obtained (based on 58.2 wt% of the holocellulose content in SP wood). We 

further increased the wood loading to 3.0 g in order to increase the amount of lignin. Similar 

lignin monomer yield (20 wt%, Table 5.2, entry 2) was obtained as the previous experiment 

(entry 1). However, the yield of holocellulose conversion products decreased significantly. 

The total monomer yield (wood base) decreased from 26 wt% to 12 wt%, when increasing 

the SP loading from 1.0 g to 3.0 g at 300 °C (entries 1 and 2). Notably, by increasing the 

reaction temperature to 340 °C, the lignin monomer yield increased to 67 wt% (lignin base, 

entry 3). Moreover, the holocellulose conversion products were also seen to increase. A 

total yield of 54 wt% (wood base) was obtained. Increasing the amount of woody biomass 

loading to 3.0 g resulted in a decrease of the lignin monomer yield to 45 wt%. In both cases, 

the lignin monomer yields were much higher than the yield obtained from P1000 lignin (30 

wt%, Table 3.2, entry 10) under the same condition. The total monomer yield of catalytic SP 

depolymerization at 340 °C for 1.0 g of SP and 3.0 g of SP were 54 wt% and 29 wt%, 

respectively (Table 5.2, entries 3 and 4). Notably, the holocellulose conversion yields seem 

to be affected more than the lignin fraction. This suggests that converting the lignin in wood 

is easier compared to the holocellulose fraction. The difficulty in the conversion of cellulose 

is likely due to the crystalline structure of cellulose. Table 5.3 presents the holocellulose 

conversion products obtained from reaction at 340 °C for 4 h using 1.0 g SP feedstock. The 

main products are alcohols, aldehydes, alkanes, alkenes, esters, ethers, and ketones 

ranging in carbon number from C5 to C16. Ford and co-workers also reported one-pot 

catalytic conversion of woody biomass into liquid fuels using a similar Cu-doped porous 

metal oxide in supercritical methanol at 300 °C and reported C2-C6 aliphatic alcohols as 

the main products.4 In our case, longer-chain products were formed, which is likely due to 

the coupling reactions between these holocellulose-derived short-chain aliphatic alcohols 

via the Guerbet-type reactions. This is effectively caused by running the reaction in ethanol 

rather than methanol.   

 



 One-pot Catalytic Conversion of Woody Biomass into Liquid Fuel Components       

 

109 
 

Table 5.3 Yield of cellulose and hemicellulose conversion products of SP depolymerization at 

340 °C for 4 h over Cu20MgAl(2) catalyst  (Table 5.2, entry 3). 

Name of Compound  Carbon Number Molecular Weight 

(g/mol) 

Amount 

 (mg) 

Alcohols 

2-methyl-1-butanol  C5 88 34.0 

3-hexen-1-ol  C6 100 10.3 

1-hexen-3-ol  C6 100 3.5 

2-Hexen-1-ol C8 128 11.6 

5-methyl-1-heptanol  C8 130 19.5 

2-propyl-1-heptanol  C10 158 34.1 

2-decanol  C10 158 11.3 

2-butyl-1-octanol  C12 186 7.2 

2-hexyl-1-decanol C16 242 5.1 

Aldehydes 

2-ethyl-2-butenal  C6 98 28.4 

Octanal  C8 128 8.4 

2-ethyl-hexanal  C8 128 2.9 

Alkanes 

Nonyl-cyclopropane C12 168 4.8 

Alkenes 

3-methyl-2-heptene  C8 112 4.3 

2-octene  C8 112 2.5 

3-ethyl-3-hexene  C8 112 1.9 

3-methyl-heptene C8 112 1.2 

6-methyl-1-heptene  C8 118 0.1 

4-dodecene  C12 168 5.6 

Esters 

2-hydroxy-propanoic acid, ethyl ester  C5 118 8.5 

3-methyl-butanoic acid, butyl ester  C9 158 6.9 

2-methyl-propanoic acid, 2-methyl butyl ester  C9 158 2.5 

Acetic acid, octyl ester  C10 172 4.8 

2-ethyl-hexanoic acid, ethyl ester  C10 172 12.7 

4-methyl-octanoic acid, ethyl ester  C11 186 10.1 

2-ethyl butyl hexanoate  C12 200 19.4 

Acetic acid, decyl ester C12 200 9.9 

4-ethyl butyl octanoate  C14 228 23.9 

4-methyl octanoic acid, pentyl ester  C14 228 6.5 

Dodecanoic acid, ethyl ester C14 228 4.6 

Octanoic acid, hexyl ester C14 228 15.3 

Ethers 

1,1-diethoxy-butane  C8 146 4.9 

Ketones 

2-methyl-cycloheptanone C8 126 8.2 

3-nonen-2-one  C9 140 15.8 

3-decanone  C10 156 18.3 

Internal Standard (ISTD) 

n-dodecane  C12 170 7.5 

Note: Effective carbon number (ECN) method was applied to calculate the response factors of the compounds relative to 

the n-dodecane internal standard. 
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Figure 5.1 Lignin monomers distribution of SP depolymerization at 340 °C for 4 h over Cu20MgAl(2) 

catalyst (Table 5.2, entry 3, the yield is based on 26.1 wt% lignin content in SP).   

       Figure 5.1 shows a representative lignin monomeric products distribution obtained from 

reaction at 340 °C for 4 h using 1.0 g SP feedstock. The products were quite different from 

the one obtained from P1000 lignin, as more oxygenated aromatics such as guaiacyl-type 

monomeric products were obtained from biomass (Figure 4.7). It suggests lower rate of 

deoxygenation, which is in keeping with the lower amount of BTX formed. The presence of 

sugars and their derivatives might contribute to this difference. Microcrystalline cellulose 

and glucose were also tested over the same catalyst in supercritical ethanol at 300 °C for 4 

h, respectively. Catalytic depolymerization of cellulose led to 52 wt% monomer yield, 

whereas conversion of glucose resulted in 57 wt% monomer yield. Very similar products 

were produced, dominated by long-chain aliphatic alcohols and esters. These products are 

suitable to be further fractionated or converted to variety of bulk chemicals, or used as fuel 

additives. These initial results demonstrate that woody biomass can be effectively 

converted into wide range of aliphatic alcohols and esters in a single step. This avoids the 

costly pretreatment process, reducing the capital cost for the biorefinery.  
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5.3.2 Influence of lignin pretreatment process 

Table 5.4 Yield of monomer, light residue of catalytic depolymerization of the organosolv and 

enzymatic lignin at 340 °C for 4 h over the Cu20MgAl(2) catalyst. 

Entry Lignin pretreatment process Monomers Light lignin residue 

1 Organosolv extraction 11 95 

2 Enzymatic hydrolysis 79 a 37 b 

a Based on 44.2 wt% lignin content, b based on 1.0 g lignin feedstock. 

 
Figure 5.2 GPC chromatograms of the (a) organosolv and (b) enzymatic lignin and their light lignin 

residue obtained from reaction at 340 °C for 4 h.  

 In Chapter 3, we reported that the different kinds of lignin including Alcell lignin and kraft 

lignin can be used as feedstock which gave very similar results under the condition of 

380 °C for 8 h. However, we tested the organosolv Alcell lignin at 300 °C for 8 h using the 

same process. Surprisingly, we could hardly detect any cyclic monomeric products, which is 

significantly different from converting P1000 lignin. We suspect that the organosolv lignin 

has already been recondensed and formed a significant number of C-C bonds, which make 

the technical lignin more recalcitrant against depolymerization.8-10 In line with this, 

converting lignin from woody biomass gave higher monomer yield than P1000 soda lignin at 

340 °C for 4 h. This also shows that technical lignin is more difficult to be depolymerized 

than native lignin. 

 To further verify this concept, we tested two lignin samples which were obtained from 

wheat chaff via two different pretreatment approaches. One is obtained from organosolv 

process and the other one by a gentle, non-thermo-chemical enzymatic hydrolysis process. 
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The organosolv lignin has high purity with less than 2 wt% carbohydrates, while the 

enzymatic lignin still contains 14.9 wt% of carbohydrates and 28.6 wt% of ash as 

determined by standard analysis approaches (See Chapter 6). The lignin content of this 

enzymatic lignin is 44.2 wt%. Due to the gentle pretreatment by the enzymatic process, the 

resulting lignin is expected to preserve more of its native lignin structure, viz. more ether 

linkages, than the lignin obtained by organosolv pretreatment. We expect that this 

enzymatic lignin would be easier to be depolymerized. Characterization of the enzymatic 

lignin by 1H-13C HSQC NMR was not successful, presumably due to the high ash content 

that interferes with the NMR measurements. We tested the two lignins in ethanol 

conversion over the Cu20MgAl(2) catalyst at 340 °C for 4 h. 

 From Table 5.4, we can clearly see that the organosolv lignin gave much lower lignin 

monomers yield (11 wt%) than the P1000 as feedstock under otherwise similar conditions. 

Following the work-up procedure (Scheme 2.1, see Chapter 2), a high yield of light lignin 

residue (95 wt%) was obtained. However, GPC analysis of the lignin residue showed an 

increase of the molecular weight compared to the starting organosolv lignin. This suggests 

that the organosolv lignin was not depolymerized under these conditions. Likely, the lignin is 

condensed by formation of C-C bonds, which require higher temperature for effectively 

break down. Depolymerization of enzymatic lignin gave 79 wt% yield of monomers (based 

on the 44.2 wt% lignin content) and 37 wt% yield of light lignin residue. Moreover, the GPC 

analysis of this light lignin residue shows a decreasing trend of molecular weight compared 

with the enzymatic lignin (Figure 5.2). This result shows that the lignin, which resembled 

more the lignin in the native biomass, could be much easier depolymerized. This and also 

the SP sawdust conversion results show that the starting lignin material as well as the 

pretreatment process have significant influence on its valorization. This explains why most 

proposed processes for valorization of technical lignin require harsh conditions to obtain a 

reasonable product yield.11-15 When starting from lignocellulosic biomass, milder conditions 

can be applied to obtain a good yield of aromatics from the lignin fraction.16-20 

5.4 Conclusions 

Lignocellulosic biomass is an indispensable feedstock for biorefineries, which are the key 

pathways for future bio-based economy. One-step catalytic depolymerization of 

lignocellulosic biomass can eliminate the problems involving pretreatments that commonly 

applied before the conversion. In this chapter, catalytic depolymerization of Scotch pine 
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experiments were carried out over Cu20MgAl(2) catalyst at 300 °C and 340 °C for 4 h. A 

wide range of products including alcohols, aldehydes, alkanes, alkenes, esters, ethers and 

ketones with the carbon chain ranging from C5 to C14 were obtained from conversion of 

holocellulose. The monomer yield was 63 wt% from conversion of 1000 mg SP at 340 °C 

(holocellulose base). The major products are aliphatic alcohols and esters. Conversion of 

lignin from woody biomass is easier than starting from technical lignin such as P1000 soda 

lignin. Up to 67 wt% monomer yield (lignin base) could be obtained under the same 

conditions. The overall yield of aromatic and long chain aliphatic products is 54 wt% (wood 

base). Comparison between the organosolv and enzymatic lignin also confirm that the 

milder pretreated lignin is easier to be depolymerized than the conventional organosolv 

process. These findings and also the recent reports motivated us to shift our research 

interest from technical lignin to wood lignin and develop suitable co-catalysts for speeding 

up the process of obtaining aromatics from whole biomass. The results will be discussed in 

Chapters 6 and 7.  
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Chapter 6  

Reductive Fractionation of Woody Biomass into Mono-

aromatics and Cellulose-rich Carbohydrate by a Tandem Metal 

Triflate and Pd/C Catalyst System 

Abstract 

Adding value to lignin, the most complex and recalcitrant fraction in lignocellulosic biomass, 

is highly relevant to cost-efficient operation of biorefineries. We report the use of 

homogeneous metal triflates to rapidly release lignin from lignocellulosic biomass. 

Combined with metal-catalyzed hydrogenolysis, the process separates woody biomass into 

few lignin-derived alkylmethoxyphenols and cellulose under mild conditions. Model 

compound studies show the unique catalytic properties of metal triflates in cleaving lignin-

carbohydrate interlinkages. The lignin fragments can then be disassembled by 

hydrogenolysis. The tandem process is flexible and allows obtaining good aromatic 

monomer yields from different woods (36-48 wt%, lignin base). The cellulose-rich residue is 

an ideal feedstock for established biorefining processes. The highly productive strategy is 

characterized by short reaction times, low metal triflate catalyst requirement and leaving 

cellulose largely untouched. 

 

 

 

This Chapter is based on: Xiaoming Huang, Jiadong Zhu, Tamás I. Korányi, Michael D. 

Boot, Emiel J. M. Hensen, Effective Release of Lignin Fragments from Lignocellulose by 

Lewis Acid Metal Triflates in the Lignin-first Approach, ChemSusChem, 2016, Doi: 

10.1002/cssc.201601252. 
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6.1 Introduction 

With the rising deployment of second generation biorefineries, which convert lignocellulosic 

biomass (woody crops, agricultural residues and waste) into fuels and chemicals, 

considerably more lignin will be generated than necessary to power them. Therefore, cost-

effective separation and valorization of lignin is becoming a necessity.1 Whilst mainly 

cellulose is considered for production of biobased fuels and chemicals,2 lignin is 

increasingly recognized as an additional valuable resource for the production of liquid fuels 

and aromatic chemicals. Together with cellulose and hemicellulose, lignin is a main 

component of all plant biomass. Its highly branched three-dimensional phenolic structure is 

built up from three main phenylpropane units (p-coumaryl, coniferyl and sinapyl).1 

Fractionation of biomass, one of the most costly steps, usually targets high-purity cellulose. 

Kraft and sulfite pulping separate high-quality cellulose fibers from lignin and hemicellulose 

sugars. In the biorefinery context, chemical, physical and biological methods are developed 

for lignocellulosic biomass fractionation.3-5 Technical lignins obtained in this way are usually 

much less reactive than native lignin. Breaking down technical lignin requires harsh 

conditions and typically affords many aromatic compounds in low overall yield as well as 

structurally ill-defined oligomers.6, 7 The change in reactivity between native and technical 

lignin is due to significant alteration of lignin structure during extraction, most prominently 

the replacement of reactive β-O-4 ether linkages with recalcitrant C-C bonds.6-9 This 

explains recent interest in obtaining lignin in more reactive form. Lignocellulose can be 

separated into sugars and lignin in γ-valerolactone solvent.10 Oxidation of lignin makes it 

more reactive towards depolymerization in aqueous formic acid with a yield higher than 60 

wt%.9 Use of hydrosilane reductant and a B(C6F5)3) catalyst resulted in room-temperature 

conversion of lignin to aromatics.11 Recently, the “lignin-first” approach has been intensively 

explored, which comprises catalytic hydrogenolysis of lignin fragments solvolytically 

released from whole biomass in alcohol solvents.12-15 Metal catalysts are used for 

hydrogenolysis of lignin, while solvolysis is uncatalyzed. Song et al. studied valorization of 

birch wood lignin into alkylmethoxyphenols in alcohols over nickel.13 Rinaldi et al. reported 

about catalytic conversion of lignin  from wood in H2O/2-propanol, followed by upgrading of 

the bio-oil by Raney Ni in 2-propanol.14 Abu-Omar et al. discussed a bimetallic Zn/Pd/C 

catalyst that directly converts lignin from biomass into two alkylmethoxyphenols in 

methanol.12 Sels and co-workers demonstrated delignification of birch wood in methanol 

using Ru/C or Pd/C, resulting in a limited number of alkylmethoxyphenols and carbohydrate 
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pulp.15, 16 These catalytic methods suffer from the relatively slow release of lignin fragments 

during alcohol solvolysis,12 requiring long reaction times and elevated temperatures, which 

lead to degradation of cellulose and the valuable sugars released from it.  

As delignification of lignocellulose is slow in the lignin-first approach, we targeted ether 

and ester interlinkages between lignin and cellulose in woody biomass by selective 

catalysis. Diluted aqueous acids (e.g., HCl, H2SO4 and H3PO4) used in organosolv 

pretreatment accelerate lignin release,17 but are problematic as they hydrolyze cellulose 

and degrade sugars into furfural and 5-hydroxymethyl furfural, which can further condense 

with lignin fragments and also cause problems such as corrosion.4, 5 Metal-catalyzed lignin 

deconstruction itself can be promoted by Lewis (Zn2+, Al3+) and Brønsted acids.18  

Herein we describe a catalytic method for the rapid extraction of lignin and a significant 

fraction of hemicellulose sugars from lignocellulose, leaving behind a cellulose-rich solid 

residue. This overcomes the limitation of slow lignin fragment release in the lignin-first 

approach. Under optimized conditions with Pd/C as a hydrogenolysis catalyst, we obtain a 

limited number of C9 lignin monomeric aromatics in 46 wt% yield (lignin base) in a matter of 

minutes under mild conditions (Figure 6.2a). We describe the discovery of metal triflates as 

water-tolerant and very active Lewis acid catalysts for the cleavage of the chemical bonds 

between lignin and carbohydrates, mechanistic insights into the underlying reaction 

chemistry and the promise of tandem extraction and depolymerization of these lignin 

fragments.  

Metal triflates are known to be active catalysts for trans-esterification19 and, accordingly, 

we anticipate them to be active in cleaving ester and ether linkages between lignin and 

carbohydrates. Metal triflates are also thermally stable, non-corrosive and, importantly, 

water-tolerant and can therefore replace corrosive and moisture-sensitive catalysts.19 

Compared with conventional Lewis acids, they can be more easily reused as they form less 

stable complexes with reactants and water. We first investigated the ability of metal triflates 

in breaking typical bonds between lignin and the polymeric carbohydrate backbone 

encountered in lignocellulose. 

6.2 Experimental section 

Chemicals and materials 

Birch and poplar wood samples were obtained from the Energy Research Center of 

Netherlands (ECN), Scotch pine and oak biomass were obtained from Istanbul Technical 



Chapter 6       

 

118 
 

University, Turkey. All metal triflates and 5 wt% Pd/C were purchased from Sigma Aldrich 

and used as-received. All sugars (including xylose, arabinose, mannose and glucose) and 

their methylated derivatives (including methyl β-D-xylopyranoside, methyl α-D-

mannopyranoside, methyl α-D-glucopyranoside, methyl β-L-arabinopyranoside and methyl-

β-D-galactopyranoside) were purchased from Sigma Aldrich. 4-n-propanolguaiacol (PG-

OH) was purchased from TCI. 4-n-propylsyringol (PS-H), 4-n-propanolsyringol (PS-OH) and 

4-n-methoxy propyl syringol (PS-OCH3) were prepared and then separated using column 

chromatography by 1:9 (v/v) hexane/diethyl ether eluent. These commercial and isolated 

phenolic compounds were used to determine the weight relative response factors related to 

n-dodecane. Extra-dry absolute methanol was purchased from Biosolve. Glyceryl trioleate 

(> 97.0 %) and phenyl β-D-glucopyranoside (> 97.0 %) were purchased from Sigma Aldrich. 

All other commercial chemicals are analytical grade and used without further purification.  

Feedstock pretreatment 

All of the feedstocks were firstly ball milled to small particles and then sieved to obtain 

particle size between 150 µm and 300 µm. The selected wood sawdust was further 

subjected to Soxhlet extraction with water followed by ethanol to remove extractives. After 

Soxhlet extraction, the feedstock particles were dried at 105 °C overnight. 

Lignocellulosic composition analysis 

Table 6.1 Detailed composition analysis results of the lignocellulosic biomass. 

Sample 

name 

Total 

sugars 

Gluc-

ose 

Xyl-

ose 

Man-

nose 

Arabi-

nose 

Galac-

tose 

Rham-

nose 

Klason 

lignin 

Acid 

soluble 

lignin 

Extrac-

tives 
Ash 

Birch  63.77 40.00 21.12 1.29 0.32 0.66 0.39 20.13 3.65 - 0.28 

Scotch pine 58.22 39.75 5.24 10.17 1.19 1.73 0.12 25.70 0.45 9.47 0.35 

Poplar  63.60 43.63 17.24 1.29 0.25 0.82 0.38 22.20 2.63 - 0.78 

Oak  65.16 48.21 13.56 2.22 0.32 0.57 0.29 23.74 3.73 - 0.20 

Wheat chaff 62.97 36.86 21.23 0.48 3.10 1.19 0.11 18.29 2.23 - 11.18 

Note: All data are presented as wt% of total dry matter, all the wood samples have been extracted except the 

Scotch pine. 

 All the wood samples were delivered to Celignis Limited Nexus Innovation Centre, 

University of Limerick, Ireland (www.celignis.com) for analysis. All the samples were 

analyzed in duplicate and take the mean value. The detailed analysis procedure is shown 

as follows. 
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Acid insoluble lignin (Klason lignin) 

Weight 300 mg of the sample into a pressure tube, then adding 72 % H2SO4 (3 ml) by 

means of an automatic titrator. The sample and acid were then mixed thoroughly using a 

glass rod and the pressure tube was transferred to a water bath, maintained at 30 °C, for a 

period of 1 h. The sample/acid mixture was stirred every 5 min. Subsequently 84 ml of 

water was added to achieve a 4 % acid concentration and the pressure tube sealed. All of 

the pressure tubes of an analytical batch (between 16 and 20) were then transferred to an 

autoclave along with two/three pressure tubes each containing 10 ml of a solution of a 

known sugar composition to which 348 µl of 72 % H2SO4 was added. These additional 

tubes are referred to as the sugar recovery solutions and were used to determine the sugar 

losses associated with this secondary hydrolysis step (121 °C for 60 min). The pressure 

tubes were removed from the autoclave once the temperature fell below 80 °C and allowed 

to cool to room temperature at which point the hydrolysates were filtered (using vacuum 

suction), through filter crucibles of known weight, and the resulting filtrate was stored. 

Residual solids were washed from the tube using deionised water until all the residue 

resided on the filter crucible. This was then dried overnight at 105 °C and weighed to 

determine the acid insoluble residue (AIR) content. The filter crucible was then ashed to 

determine the acid-insoluble ash (AIA) content. The Klason lignin content was determined 

as AIR minus AIA. The sum of Klason and acid soluble lignin was used for lignin monomer 

yield calculation.  

Acid soluble lignin (ASL) 

The hydrolysate was placed in a 1 cm path-length (3 ml volume) quartz cuvette and diluted 

with water until the UV-absorbance was within a linear region. The spectrum of the sample 

was collected in transmission mode using a HP Agilent 8452A diode array 

spectrophotometer. The absorbance at 205 nm was used to determine the ASL content 

using an absorptivity constant of 110 M-1 cm-1 

Sugar analysis 

The hydrolysates were diluted 5 times with a solution containing a known concentration of 

the internal standard fucose. A series of sugars including arabinose, galactose, rhamnose, 

glucose, xylose, and mannose were used for sugar quantification. Relative response factors 

were determined via sugar standard samples injected at regular intervals in the analytical 

sequence. Detailed description of the analysis procedure can be found in ref 20.  
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Catalytic reactions 

In a typical reaction experiment for the catalytic depolymerization of lignocellulose with 

metal triflate, the autoclave was charged with a suspension of 2.0 g feedstock, 200 mg 

Pd/C (5 wt% Pd loading), 0.0322 mmol metal triflate and 30 µl n-dodecane internal 

standard in 40 ml methanol. The reactor was sealed and purged with nitrogen and then 

filled with hydrogen. After leak testing, the hydrogen pressure was set to 30 bar and the 

reaction mixture was heated to the reaction temperature under continuous stirring at 500 

rpm within 0.5 h. A sampling valve was installed which allows sampling during the reaction. 

In some cases, about 0.4 ml solutions were taken out from autoclave during reaction and 

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

was cooled to room temperature by ice-water bath. 

For model compound experiments, 12 ml mini-autoclaves were used. In a typical 

reaction experiment with both Yb(III)-triflate and Pd/C, 50 mg of the model compound, 10 

mg Pd/C, 5 mg Yb(III)-triflate and 30 µl n-dodecane internal standard were added to 5 ml 

methanol. After sealing, purged and checking for leaks, the autoclave was heated to the 

reaction temperature and maintained at this 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.  

Work-up procedure  

 

Figure 6.1 Work-up procedure of reaction product mixture from lignocellulose reaction. 

 A work-up procedure was developed for the analysis of both liquid products and solid 

residue as shown in Figure 6.1 At first, the remaining mixture was collected and combined 
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with the solution obtained from washing the autoclave with methanol. Then the collected 

reaction mixture was filtered and separated into liquid and solid phases. For liquid phase, 

the methanol was removed by rotary evaporation and the remaining “product oil” was 

extracted by water and ethyl acetate three times to obtain an aqueous phase (mainly 

consisting of sugar products) and an ethyl acetate phase (mainly consisting of lignin 

products). The carbohydrate and Pd/C solid residue was left to air dry for one day to 

determine the amount of solid residue. The solid residue was further subjected to a two-

stage acid hydrolysis to determine the (hemi-) cellulose, lignin, and ash compositions.  

Product analysis  

Liquid phase products were analyzed by a Shimadzu 2010 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 spectrometry detection. For lignin monomers, peak identification of products 

was done using authentic compounds. For methylated monosaccharides, peaks were 

identified by comparison of retention times with standard methylated monosaccharides. All 

the quantitative analyses of liquid phase product were based on GC-FID. Experimentally 

determined weight relative response factors (RF) were used for quantification using n-

dodecane as the internal standard. For some of the commercial unavailable compounds 

(small amount of side-products), the same RF of PS-OCH3 was used for quantification. The 

yields of lignin monomers and methylated sugar and the mass balance are calculated using 

the following equations: 

Yield of monomers (wt%) = (weight of monomers)/(weight of starting feedstock × lignin weight 

percentage in feedstock) × 100% 

Yield of methylated sugars (wt%) = (weight of methylated sugars)/(weight of starting feedstock) × 

100% 

Total yield (wt%) = (weight of residue + weight of methylated sugars + weight of monomers)/(weight 

of starting feedstock) × 100% 

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 
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was prepared at a concentration of 2 mg/ml. All samples were filtered using 0.45 µm filter 

membrane prior to injection. 

1H-13C HSQC NMR Analysis 

All NMR spectra were recorded using a Varian 400 MHz spectrometer. The samples were 

dissolved in DMSO-d6. 1H-13C HSQC NMR spectra were obtained using the phase sensitive 

Crisis gc2HSQC program. The spectral widths were 5000 Hz and 20000 Hz for the 1H- and 

13C-dimensions, respectively. Normally, a 1.5 s relaxation delay was used; the number of 

scans was 16, and 256 time increments were recorded in the 13C dimension. Data 

processing was performed using the MestReNova software. The residual DMSO solvent 

peak was used as an internal reference. The assignment of the cross-peaks were made by 

comparison with literature data and standard compounds which contain the same functional 

groups. 

6.3 Results and discussion 

 

Figure 6.2 (a) The cleavage of representative linkages between carbohydrates and lignin (γ-ester, 

phenyl ether and phenyl glycoside) and (b) the dominant intra-lignin ether linkages as studied by 

model compounds: (b-1) glyceryl-trioleate (γ-ester) and (b-2) phenyl glycoside (phenyl ether and 

phenyl glycoside). Compared are blank reactions without catalyst with catalytic reactions with Pd/C, 

Yb(III)-triflate, and a combination of Pd/C and Yb(III)-triflate.  
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Figure 6.3 (Non-) catalytic results of the reaction of (a) glyceryl-trioleate and (b) phenyl glycoside at 

160 °C in methanol solvent over Pd/C and/or Yb(III)-triflate (Reaction time: 1 h for (a) and 2 h for 

(b)). 

 Phenyl glycoside, benzyl ether and γ-ester are common linkages between lignin and 

carbohydrates in woody biomass.21 We selected glyceryl trioleate and phenyl glycoside as 

model compounds, representing γ-ester and phenyl glycoside ether-type linkages, 

respectively (Figure 6.2b). The trans-esterification of γ-esters is a relatively facile reaction. 

In an autoclave experiment without catalyst, 21.4 % of the methyl ester is obtained from 

glyceryl trioleate in 1 h at 160 °C in methanol in 30 bar H2 (Figure 6.2b-1 and Figure 6.3a). 

As expected, adding Pd/C did not significantly improve conversion, as specific catalysts and 

harsh conditions are needed to reduce esters. 22 A small amount (5 mg) of Yb(III)-triflate is 

already very effective in quantitative conversion of the unsaturated methyl ester. This 

proves that Yb(III)-triflate is very active in trans-esterification of ester bonds with methanol. 

In combination with Pd/C, the metal triflate affords near-quantitative yield of the saturated 

methyl ester. 

 In using phenyl glycoside as substrate (Figure 6.2b-2 and Figure 6.3b), we observed 

that Yb(III)-triflate also cleaves the phenyl glycoside bonds by trans-etherification (T = 

160 °C, methanol, 30 bar H2, t = 2 h). In experiments with Pd/C and without catalyst, the 

phenol yield was very low. The use of Yb(III)-triflate or a combination of Yb(III)-triflate and 

Pd/C afforded 58.0 % phenol and 71.9 % phenol-derived products, respectively. In the latter 

case, extensive ring hydrogenation took place, resulting in high methoxycyclohexane 

selectivity. These model compound investigations show that Yb(III)-triflate can cleave the 
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different types of ester and ether linkages between lignin and carbohydrates. It is also 

active in cleaving some ether linkages within the aromatic lignin fragments released which 

will be discussed in Chapter 7 in more detailed. Whilst heterogeneous Pd/C is very active in 

cleaving the phenyl ether bonds, but less active in cleaving the phenyl glycoside bonds 

between lignin and sugars. Besides, a significant advantage of the homogeneous metal 

triflate catalyst is its better accessibility to the lignocellulose matrix. We hypothesize that, in 

addition to releasing lignin fragments from the sugar backbone, metal triflates also 

contribute to decreasing the molecular weight of lignin fragments by cleavage of β-O-4 

linkages. This will be discussed in Chapter 7. 
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Figure 6.4 GC-MS chromatograms of mixtures obtained from reaction of birch wood sawdust in 

methanol at 180 °C in 30 bar H2 for 2 h catalyzed by (a) Pd/C and (b) Pd/C + Yb(III)-triflate, and (c) 

gel permeation chromatography (GPC) of these reaction mixtures， lignin C9 monomer yield 

indicated. GPC chromatograms of reference compounds (β-O-4 dimer: guaiacylglycerol-β-guaiacyl 

ether and PG-OH: 4-n-propanolguaiacol) are included. 
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Table 6.2 The effect of Pd/C catalyst and Yb(III)-triflate co-catalysts on birch wood sawdust 

depolymerization under methanol at 180 °C. 

Entry Catalyst Co-catalyst 
Residue 

mass (mg) a 

Lignin monomer yield 

 wt%  (mg)  

Methyl 

C5 sugars 

(mg)  

Total 

yield 

(%) 1 h 2 h 

1 - - 1810 2 4 (20) 0 92 

2 5wt% Pd/C - 1790 10 14 (64) 6 93 

3 - Yb(III)-triflate 1410 6 7 (33) 136 79 

4 5wt% Pd/C Yb(III)-triflate 1360 39 43 (203) 205 88 

Conditions: 2000 mg extracted birch wood sawdust (125-300 µm), 200 mg 5 wt% Pd/C, 20 mg Yb(III)-triflate, 

40 ml methanol, 30 bar H2, stirring speed: 500 rpm. a Mass of the residue excluding Pd/C catalyst and 

moisture. 

Encouraged by these findings, we then explored the Yb(III)-triflate and Pd/C tandem-

catalyzed reductive conversion of lignocellulosic biomass. In a typical experiment, 2.0 g of 

extractive-free birch wood sawdust, 0.2 g Pd/C and 0.02 g (0.0322 mmol) Yb(III)-triflate 

were placed in an autoclave together with 40 ml methanol  (T = 180 °C, p = 30 bar H2; t = 2 

h). An aliquot of the reaction mixture was analyzed by GC-MS and GC-FID to quantify the 

lignin monomers and sugars. After separation of the sugars, the reaction mixture was 

analyzed by gel permeation chromatography (GPC) and two-dimensional 1H-13C 

heteronuclear single quantum coherence (HSQC) nuclear magnetic resonance (NMR) 

spectroscopy (Figures 6.4 and 6.5, respectively). 

Without catalyst, the reaction mixture has a light amber color (Figure 6.5a). The 

reaction mixture contains only 4 wt% C9 lignin monomers (based on lignin content of 

starting biomass, Table 6.2, entry 1). These monomers contained one C=C bond in the 

propyl side-chain, consistent with 2D HSQC NMR. The Cα=Cβ derived from dehydration of 

α-OH groups. GPC analysis shows that the reaction mixture also contains some lignin 

oligomers (Figure 6.4c), characterized by β-O-4 and β-β linkages as confirmed by 2D 

HSQC NMR (Figure 6.5a). Thus, lignin fragments are slowly extracted from the biomass 

and only a very small amount of aromatic C9 lignin monomers can be obtained.13, 15 With 

Pd/C (entry 2), the monomer yield increases to 14 wt%, with 4-n-propylsyringol (PS-H), 4-n-

propanolsyringol (PS-OH) and 3-(4-hydroxy-3-methoxyphenyl)-1-propanol (4-n-

propanolguaiacol, PG-OH) as main products (Figure 6.4a) in keeping with results of the 

conventional lignin-first approach.12 Small amounts of methylated C5 sugars, mainly methyl 

xylose, were detected. From GPC, it follows that mainly oligomers have been converted to 
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monomers, highlighting that Pd/C catalyzes hydrogenolysis reactions, which reduce the 

molecular weight of lignin fragments but not the release of lignin itself. 2D HSQC NMR 

spectrum only contains cross peak signals of lignin monomers (PS-OH and PS-H, etc.); 

signals corresponding to β-O-4 and β-β ether linkages are completely absent (Figure 6.5b). 

Notably, the amount of solid residue using Pd/C is close to the one obtained in a blank 

reaction. These observations evidence that delignification is slow and solely due to 

solvolysis by methanol.12 

Figure 6.5 2D HSQC NMR analysis of mixtures obtained from reaction of birch wood sawdust in 

methanol at 180 °C in 30 bar H2 for 2 h (a) without catalyst, and catalyzed by (b) Pd/C, (c) Yb(III)-

triflate, (d) Pd/C + Yb(III)-triflate in methanol (the insets show the color of the reaction mixtures after 

removal of the solids).    
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Using Yb(III)-triflate as the catalyst significantly improves delignification, as only 70 wt% 

of the starting biomass is left as solid residue (Table 6.2, entry 3). This leads to large lignin 

fragments as evident from the dark amber color of the solution (Figure 6.5c). The yield of 

aromatic C9 lignin monomers was only 7 wt%, and substantial amounts of hemicellulose-

derived sugars were obtained. GPC shows that mainly lignin dimers and oligomers were 

obtained. 2D HSQC NMR resolves the ether linkages of these oligomers. By combining 

Yb(III)-triflate and Pd/C, a transparent solution was obtained. The C9 lignin monomer yield 

for this tandem reaction was 43 wt% with PS-H, PS-OH and 4-n-methoxy propyl syringol 

(PS-OCH3) and their corresponding guaiacyl unit-derivatives, namely PG-H, PG-OH and 

PG-OCH3 (Figure 6.4b), as the main products (Table 6.2, entry 4). PS-OCH3 was isolated 

by column chromatography and its structure was confirmed by 1H and 2D 1H-13C HSQC 

NMR. This product stems from etherification of the propanol side-group with methanol 

catalyzed by Yb(III)-triflate or the slightly acidic character of subcritical methanol.23 GPC 

shows that some dimers and oligomers cannot be depolymerized, most likely due to 

recalcitrant C-C (e.g., 5-5) linkages.15, 17 These results attest to the high effectivity of Yb(III)-

triflate in releasing lignin fragments from the biomass. Compared with the conventional 

lignin-first approach represented by the experiment with Pd/C, the monomer yield is much 

higher under mild conditions and at short reaction time. 

A striking result is the absence of aromatic ring hydrogenation of aromatics derived 

from woody biomass, whereas conversion of model compounds (phenyl glucoside, 

guaiacyl-β-guaiacyl ether and benzyl phenyl ether) leads to saturation of aromatic rings in 

reactants and products. In separate experiments with phenol, guaiacol, PG-H and PG-OH 

(Pd/C catalyst, methanol, 160 °C, 30 bar H2, 2 h), we found that the aromatic ring of the 

former three compounds are readily saturated. Nearly all of the phenol, PG-H and 70 % of 

guaiacol were converted to their ring-saturated products, whereas hydrogenation of the ring 

of PG-OH was absent (Figure 6.6). We conclude that the presence of a propanol side-chain 

hinders hydrogenation of the aromatic ring, presumably due to coverage of the Pd surface 

by propanol groups hindering aromatic ring adsorption.  

In order to verify whether the hydroxyl groups from the sugars also contribute to 

hindering hydrogenation, we performed two additional experiments: one with the guaiacol 

as the substrate, the other one with guaiacol and an equivalent mass of glucose as 

substrate. The reactions were performed at 160 °C for 2 h in methanol over the Pd/C 

catalyst. Figure 6.7 shows the yield of ring-hydrogenated products as function of reaction 
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time. The results attest to the lower rate of ring hydrogenation of guaiacol in the presence of 

sugars. Therefore, we can conclude that the dominance of propanol-substituted aromatics 

and the presence of hydroxyl-rich sugars in the reaction mixture both play a role in 

suppressing to a significant extent ring hydrogenation of the aromatic monomer products. 

Figure 6.6 Gas chromatograms of the reactions in methanol over Pd/C catalyst using (a) phenol, (b) 

guaiacol, (c) propylguaiacol (PG-H) and (d) propanolguaiacol (PG-OH) as model substrate. 

(Conditions: 160 °C, 2 h, 50 mg substrate, 40 ml methanol, 10 mg Pd/C, 30 bar H2)  
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Figure 6.7 Yield of ring-hydrogenated products obtained from hydrogenation reaction of Guaiacol 

(black) and Guaiacol + Glucose (red) in methanol in presence of Pd/C catalyst at 160 °C for 2 h. 

Table 6.3 Effect of reaction temperature on lignin monomers yield and unconverted biomass when 

using birch sawdust as feedstock.  

Entry 
Temp. 

(°C) 

Residue 

mass 

 (mg)  

Lignin monomer yield 

wt% (mg) 
Methyl C5 

sugar (mg) 

Total yield 

 (wt%) 
0h a 0.5h 1h 2h 

1 160 1650 10 17 20 25 (121) 110 94 

2 180 1360 21 31 37 43 (203) 205 88 

3 200 1080 35 43 43 46 (219) 339 82 

4 220 940 43 43 44 45 (211) 347 75 

Conditions: 2.0 g Birch sawdust (125-300 µm), 0.2 g 5 wt % Pd/C, 0.02 g (0.0322 mmol) Yb(III)-triflate, 40 ml 

methanol, 30 bar H2, stirring speed: 500 rpm, a heating time (30 min). 

In optimizing the reaction temperature (Table 6.3) we found that nearly-optimum C9 

lignin monomer yield (43 wt%) could be obtained by heating the birch wood to 220 °C. The 

monomer yield increased to 46 wt% by prolonging the reaction for 2 h. The amount of 

hemicellulose-derived methylated sugars increased, which is inherent to the process as 

these carbohydrates are part of the linkages between the lignin and the biomass matrix. In 

these experiments, no cellulose-derived C6 sugars were detected by our analysis, which 

renders the residue an ideal feedstock for further upgrading processes. 
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Figure 6.8 Lignin monomer yields of reactions at 200 °C for 1 h using different feedstocks in 

methanol. Lignin (acid insoluble + acid soluble fractions) content of the extracted wood: wheat chaff 

(20.5 wt%), scotch pine (28.8 wt%), poplar (24.8 wt%), oak (27.5 wt%) and birch (23.8 wt%).  

Our method is also effective in rapidly obtaining high lignin monomer yield from oak and 

poplar hardwood and Scotch pine softwood. In all cases, the addition of Yb(III)-triflate 

increased the C9 lignin monomer yield in comparison with the Pd/C reference (Figure 6.8). 

Whilst good C9 lignin monomer yields (36-48 wt%, lignin base) were obtained from the 

three hardwoods, the yield from Scotch pine softwood was much lower (24 wt%, lignin 

base), even after 6 h reaction at 200 °C. Compared with hardwood, softwood contains less 

syringyl units. The predominance of guaiacyl units, up to 90 %, in softwood goes together 

with a higher abundance of C-C interlinkages such as 5-5 linkages (19-22 %) compared 

with hardwood (9 %), explaining the difficulty in depolymerizing lignin in softwood.24  

One challenge of the lignin-first approach is that the metal catalyst (Pd/C) ends up in 

the solid residue. Possible solutions include the use of a magnetic catalyst13, 14 or 

embedding the metal function in a cage12 for separation. An alternative solution is to 

separate the lignin release step and hydrogenolysis steps. Initial experiments show that 

nearly similar yield is obtained in this way (Table 6.4). We first treated birch wood with 

Yb(III)-triflate at 180 °C in methanol for 2 h. The solid residue was then removed by filtration 

and the filtrate was subjected to a second reaction in the presence of Pd/C and H2, leading 

to nearly similar C9 lignin monomer yield (Table 6.4).  
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Table 6.4 Lignin monomer and solid residue yields obtained from reactions at 180 °C for 2 h in 

methanol using birch sawdust as feedstock.  

Entry Catalyst 

Residue 

mass 

(mg) 

Lignin monomer yield 

wt% (mg) 

0 h 0.5 h 1 h 2 h 

One-pot Yb(III)-triflate + Pd/C 1360 21 31 37 43 (203) 

Two-step a 
Yb(III)-triflate N.A N.A N.A N.A 5 (24) 

Pd/C N.A 37 36 37 36 (170) 

a Reactions were performed in two consecutive steps. In the first step, 0.02 g Yb(III)-triflate was used as 

catalyst. After reaction, the obtained mixture was filtered, and the filtrate was subjected to a second reaction 

with adding 200 mg Pd/C. 

 

 

Figure 6.9 Composition of birch wood and the liquid and solid products after catalytic 

depolymerization at 180 °C for 2 h in methanol using different catalyst systems. Lignin analysis is 

based on sum of acid-soluble and -insoluble. Reference data are for kraft pulping of birch wood 

(from 25). Detailed composition analysis results are shown in Table 6.5.  
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Table 6.5 Composition of birch wood biomass and residue and product oil mixture after reductive 

fraction (all values are in mg). 

 Birch wooda Reductive fractionationb 

Catalyst - Pd/C 
Pd/C 

Yb(III)-triflate 

Pd/C 

Al(III)-triflate 

Solidsc 

 Sugarsd 

  Glucan 

  Xylan 

  Arabinan 

  Galactan 

  Mannan 

  Rhamnan 

 Lignine 

  Klason 

  Acid soluble 

 Ash 

 Unknown 

 2000 

  1276 

   800.0 

   422.0 

   6.0 

   14.0 

   26.0 

   8.0 

  475 

   402.0 

   73.0 

  5.5 

  243.5 

 1790 

  1249.4 

   801.9 

   407.9 

   2.0 

   9.9 

   23.8 

   4.0 

  319.4 

   281.2 

   38.2 

  17.2 

  204.0 

 1360 

  1082.6 

   817.4 

   238.7 

   0.0 

   1.6 

   21.8 

   0.0 

  120.5 

   109.9 

   10.6 

  22.1 

  137.9 

 1190 

  975.8 

   772.8 

   187.7 

   0.0 

   1.4 

   19.5 

   0.0 

  91.2 

   83.4 

   7.8 

  14.4 

  103.1 

Product oil 

 Methylated sugarsf  

 Phenolicsg 

 Unknown  

- 

- 

- 

- 

 210 

  6 

  64 

  140 

 640 

  205 

  203 

  232 

 810 

  352 

  212 

  246 

Notes: a Birch wood sample subjected to Soxhlet extraction with water followed by ethanol. b Reaction 

conditions: 2000 mg extracted birch wood sawdust (125-300 µm), 200 mg 5 wt% Pd/C, 0.0322 mmol metal 

triflate, 40 ml methanol, 30 bar H2, stirring speed: 500 rpm, 2 h. c Solids analysis done by Celignis Limited 

Nexus Innovation Centre, University of Limerick, Ireland (www.celignis.com); mass of the residue excluding 

Pd/C catalyst and moisture. d Based on monomeric sugars detected after two-stage acid hydrolysis following a 

standard protocol.20 e Based on the of acid-soluble and -insoluble (Klason) lignin. f Methylated sugars are 

detected and quantified by GC-FID. g Based on the total lignin content. 

6.4 Conclusions 

In this chapter, we have demonstrated how a small amount of metal triflate overcomes the 

problem of slow release of lignin from the lignocellulose matrix in the lignin-first approach.12-

15 The metal triflates act as water-tolerant and non-corrosive Lewis acid catalysts able to 

cleave lignin-carbohydrate interlinkages under mild conditions, thereby substantially 

reducing the time needed for obtaining high aromatic monomers yield. The potential of our 

tandem catalyst approach is highlighted in Figure 6.9 based on the conversion of birch 

wood at 180 °C for 2 h. Addition of metal triflates increases the aromatic monomers yield. 

Also, a significantly larger fraction of hemicellulose sugars is removed in the tandem system 

with Al(III)-triflate as the preferred catalyst (Optimization of the metal triflates will be 

discussed in Chapter 7). The solid residue is comparable in composition to cellulose 

obtained by kraft pulping of birch hardwood. Besides a possible feedstock for paper industry, 
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it is an ideal starting material for production of biochemicals such as ethanol, levulinic acid, 

and γ-valerolactone. Prominently, our approach rapidly converts lignin into a limited number 

of structurally identified aromatic monomers with a yield of nearly 50 wt%, the remaining 

fraction being predominantly low-molecular weight lignin dimers. The lignin-derived 

alkylmethoxyphenols can be used in the fragrance industry or upgraded to produce 

alkylbenzenes or alkylphenols by catalytic hydrodeoxygenation.12 Another interesting option 

is to demethoxylate and dealkylate the obtained methoxylphenols to obtain phenol, which is 

a valuable base chemical.26  
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Chapter 7 

Elucidating the Mechanisms of Metal Triflate and Pd/C 

Catalyzed Reductive Depolymerization of Lignin in Woody 

Biomass 

Abstract 

A catalytic process for 

the upgrading of 

woody biomass into 

mono-aromatics, hemi-

cellulose sugars and a 

solid cellulose-rich 

carbohydrate residue is presented. Lignin is effectively extracted from the lignocellulosic 

matrix of birch wood by cleavage of ester and ether linkages between lignin and 

carbohydrates. This process is effectively catalyzed by homogeneous Lewis acid metal 

triflates in methanol. The released lignin fragments are then further converted into lignin 

monomers by the combined catalytic action of Pd/C and metal triflates in hydrogen. Al(III)-

triflate is the preferred Lewis acid. The mechanism of ether bond cleavage was investigated 

by using model dimers of lignin including benzyl phenyl ether, guaiacylglycerol-β-guaiacyl 

ether, 2-phenylethyl phenyl ether and 2-phenoxy-1-phenylethanol. In addition to cleaving 

ester and ether linkages between lignin and the carbohydrates in the biomass matrix, metal 

triflates are also effective in cleaving β-O-4 ether linkages within aromatic lignin structure. 

Whilst metal triflates are more active than Pd/C for β-O-4 ether bond cleavage, Pd/C is 

required for the cleavage of α-O-4, 4-O-5 and β-β. Pd/C also saturates C-C double bonds 

and removes aliphatic OH groups which contribute to the conversion of β-O-4 to α-O-4 

linkages. Thus, the Pd-to-metal triflates ratio should be limited, as otherwise metal triflates 

cannot effectively cleave the dominant β-O-4 linkages. Under optimized conditions, 55 wt% 

mono-aromatics, mainly alkylmethoxyphenols, can be obtained from the lignin fraction (23.8 

wt%) of birch wood in a reaction system comprising 2 g birch wood, 20 mg 5 wt% Pd/C, 15 

mg Al(III)-triflate at 180 °C in 2 h in an atmosphere of 30 bar H2. Moreover, this process can 

be scaled up by 50 times using a 4 L autoclave.  
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This chapter is based on: Xiaoming Huang, Olivia M. M. Gonzalez, Jiadong Zhu, Tamás I. 

Korányi, Michael D. Boot, and Emiel J.M. Hensen, Reductive Fractionation of Woody 

Biomass into Lignin Monomers and Cellulose by a Tandem Metal Triflate and Pd/C Catalyst 

System (submitted).  

 

7.1 Introduction  

In biorefinery, biomass is usually pre-treated by physical, chemical or biological methods, in 

order to improve conversion efficiency and product selectivity. Pre-treatment of 

lignocellulosic biomass is one of the most costly operations in its valorization.1, 2 Biological 

approaches are time-consuming, while mechanical operations are usually energy- and 

capital-intensive. Chemical pretreatment with alkali, ozone, peroxide or organic solvents is 

typically targeted at the extraction of lignin from the whole biomass with the purpose of 

enhancing enzymatic degradability of cellulose. Treatment with mineral acids, mostly H2SO4 

and HCl, is widely practiced to hydrolyze (hemi-)cellulose into fermentable sugars, leaving 

behind lignin as solid residue.1, 3 A significant problem in the upgrading of such technical 

lignin is that it has become much less reactive than the lignin originally contained in the 

lignocellulose matrix.4-6 During pre-treatment, the relatively labile and dominant β-O-4 ether 

linkages in lignin can be easily cleaved. The resulting fragments are reactive and 

recondense into a more recalcitrant structure, which contains more C-C bonds than the 

original lignin. The condensation reactions typically involve phenolic fragments, 

formaldehyde7 and sugar-derived dehydration products such as 5-hydroxymethylfurfural 

and furfural. The problem of condensation of lignin fragments is more significant in the 

presence of acid or base catalysts. The low reactivity of technical lignin obtained by kraft 

and soda pulping and organosolv methods has been emphasized in recent work.8 Detailed 

characterization revealed considerable condensation of lignin during extraction.8 As a 

consequence, the depolymerization of lignin requires high temperature (> 250 °C) to 

increase the rate of (thermal) C-C bond cleavage.9, 10,11  

Common approaches to depolymerize lignin such as pyrolysis, hydrocracking, 

hydrogenolysis, oxidation, and hydrolysis have been well documented in recent reviews.12-

16 Most of the thermo-catalytic processes are non-selective and give rise to mixtures of tens 

or even hundreds of different compounds. The complexity of these product mixtures hinders 

application of lignin as feedstock for producing high-value chemicals. As an example, we 
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refer to our own work in which catalytic depolymerization of a technical soda lignin in 

ethanol over a Cu-Mg-Al mixed oxide catalyst allowed obtaining lignin monomers in high 

yield (typically ~60 wt% for soda and organosolv lignins and 86 wt% for kraft lignin). The 

complex product mixture was obtained under severe conditions (T = 380 °C, supercritical 

ethanol).7, 17, 18 Despite these and other efforts,4, 19, 20 efficient conversion of lignin into 

useful chemicals remains a significant challenge. 

A major step forward has recently been made by obtaining monomers directly from 

lignin fragments removed from whole woody biomass. For instance, Yan et al. reported that 

birch wood lignin can be hydrogenated 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. 
21 Li et al. reported the direct catalytic conversion of woody 

biomass into diols and alkylmethoxyphenols in water over a carbon-supported Ni-W2C 

catalyst at 235 °C for 4 h.22 Song et al. studied valorization of birch wood lignin into 

alkylmethoxyphenols in alcohols over nickel catalysts and reported a lignin conversion of 

about 50 %.5 Ferrini et al. discussed a catalytic biorefining method that converts lignin from 

woody biomass into bio-oil rich in phenolic compounds and (hemi-)cellulose-rich pulp over a 

Raney Ni catalyst in a H2O/2-propanol mixture. The obtained bio-oil was further upgraded 

using the same catalyst in 2-propanol.10 The group of Abu Omar used a bimetallic Zn/Pd/C 

catalyst to convert lignin in lignocellulosic biomass into two alkylmethoxyphenols in 

methanol. A yield of 52 wt% of lignin monomers was obtained from birch hardwood after 

reaction at 225 °C for 12 h.23, 11 Sels and co-workers reported that birch wood sawdust was 

efficiently delignified through simultaneous solvolysis and catalytic hydrogenolysis 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 containing more than 50 % phenolic 

monomers.6, 24 The addition of acids such as H3PO4 improved the overall efficiency of the 

process.25  

Related to these “lignin-first” approaches, we have demonstrated that metal triflates act 

as efficient co-catalysts in the delignification of biomass (Chapter 6). In combination with 

Pd/C and methanol as the solvent a narrow stream (3-7 compounds) of lignin-derived 

alkylmethoxyphenols is obtained under mild conditions. Cellulose is retrieved as a separate 

fraction mixed with small amounts of remaining hemi-cellulose and lignin. The overall 

composition is not too different from cellulose obtained by kraft pulping of birch wood. We 

have already discussed mechanistic aspects about the role of metal triflates in freeing lignin 
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fragments from lignocellulosic biomass. By use of model compounds, it was shown that 

homogeneous metal triflates are effective in catalyzing cleavage of γ-ester and phenyl ether 

and glycoside bonds between lignin and (hemi-)cellulose. The resulting lignin fragments can 

then be disassembled by Pd-catalyzed hydrogenolysis reactions to obtain aromatic 

monomers. In this chapter, we focus on the synergistic effect of metal triflates in the Pd-

catalyzed deconstruction of lignin fragments. For this purpose, we employ benzyl phenyl 

ether (BPE), guaiacylglycerol-β-guaiacyl ether (GG), 2-phenylethyl phenyl ether (PPE-H) 

and 2-phenoxy-1-phenylethanol (PPE-OH) as model reactants. Plausible mechanisms for 

the conversion of these model lignin compounds as well as the depolymerization of wood 

lignin will be discussed. We also varied the type of metal triflates and supported metal 

catalysts as well as the solvent to identify optimum conditions for woody biomass upgrading. 

In so doing, we were able to optimize the tandem process to obtain high aromatic 

monomers yield from birch wood under mild conditions (aromatic monomers yield of 55 wt% 

at T = 180 ° C for t = 2 h).  

7.2 Experimental section 

Chemicals and materials 

Birch wood samples was obtained from the Energy Research Center of Netherlands (ECN). 

The oak and Douglas-fir wood sawdusts were obtained from Houtzagerijmennen.nl 

(Detailed composition analysis see Table 7.1). Benzyl phenyl ether and 2-phenoxy-1-

phenylethanol were purchased from Sigma Aldrich. Guaiacylglycerol-β-guaiacyl ether 

(>97%) was purchased from TCI. 2-phenylethyl phenyl ether was purchased from Santa 

Cruz Biotechnology. All the other commercial chemicals are analytical grade and used 

without further purification. 

Table 7.1 Detailed composition analysis results of the lignocellulosic biomass. 

Sample 
name 

Total 
sugars 

Gluc-
ose 

Xyl-
ose 

Man-
nose 

Arabi-
nose 

Galac-
tose 

Rham-
nose 

Klason 
lignin 

Acid 
soluble 
lignin 

Extrac-
tives 

Ash 

oak  56.75 37.55 15.65 1.83 0.42 0.98 0.32 23.30 2.98 8.80 0.32 

Douglas-
fir 60. 45 41.88 3.25 12.15 1.06 2.00 0.11 29.29 0.50 5.77 0.16 

Feedstock pretreatment 

Birch wood was first ball milled to small particles and then sieved to obtain particle with 

sizes between 150 µm and 300 µm. The wood sawdust was subjected to Soxhlet extraction 
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with water followed by ethanol to remove extractives. After extraction, the feedstock 

particles were dried at 105 °C overnight for catalytic reaction.  

Metal triflate recyclability test 

The reaction mixture was treated under the established work-up procedure (see Figure 6.1). 

From the liquid fraction MeOH was removed by evaporation from the liquid products 

(methanol-soluble lignin and sugar products). The residue was separated by extraction with 

water and ethyl acetate. The water soluble fraction will contain most of the Al(III)-triflate. 

Water was removed from this solution by rotary evaporation under vacuum. The resulting 

product was re-dissolved in 40 ml methanol and used in new reaction under standard 

conditions.   

Catalytic activity measurements 

The reaction conditions for birch wood experiments can be found in Chapter 6. 

A mini-autoclave with a volume of 12 ml was used for reactions with model compound. 

In a typical run, 50 mg model compound (BPE and GG), 10 mg Pd/C, 5 mg Yb(III)-triflate 

and 30 µl n-dodecane internal standard were added to 5 ml methanol. 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. In experiments involving PPE-H and PPE-OH as model compounds, 30 mg reactant 

was used, and the reaction temperature and time were 200 °C and 4 h, respectively. For 

the time course study experiment involving the PPE-OH substrate, 100 ml Parr autoclave 

was used. In a typical reaction, 30 mg PPE-OH, 10 mg Pd/C, 5 mg Yb(III)-triflate and 30 µl 

n-dodecane internal standard and 30 ml methanol were added to the reactor, the reactions 

were operated at 200 °C for 4 h. Samples were taken along the reaction through a sampling 

valve. The samples were directly analyzed by GC-MS without dilution.  

Scale-up (4 L) reactions  

Douglas-fir and oak wood sawdusts were used for scaled-up experiments. The sawdusts 

were dried overnight in the oven at 105 °C and sieved to obtain particles with sizes between 

0-300 µm and 300-1000 µm for oak, and between 300-1000 µm for Douglas-fir. No 

extraction treatment was made for these samples. 
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The reactions were carried out in a 4 L Parker autoclave. In a typical run the autoclave 

was loaded with 100 g of wood sawdust, 2.5 g of Pd/C, 750 mg Al(III)-triflate, 1.5 mL n-

dodecane (ISTD) and 2 L of technical grade MeOH. The reactor was sealed and purged 

with N2 and H2 several times to remove air, after the leak test pressure in the reactor was 

set to 30 bar H2. The reaction was carried at 180 °C for 5.5 h time with a continuous stirring 

at 800 rpm. Samples were taken along the reaction through a sampling valve. Once the 

reaction was finished, the heater was turned off but the stirring was kept. The reactor was 

left to cool down until room temperature was reached. Then the autoclave was 

depressurized and opened to retrieve the products. Solids were separated from liquids by 

filtration with a filter paper. After filtration a liquid sample was taken and analyzed by GC-

MS without dilution. 

7.3 Results and discussion 

7.3.1 Model compound studies 

 

Figure 7.1 Reaction of (a) benzyl phenyl ether (BPE) and (b) guaiacylglycerol-β-guaiacyl ether (GG) 

in methanol over Pd/C and/or Yb(III)-triflate catalysts at 160 °C for 2 h in 30 bar H2. 

With the purpose of understanding better the role of metal triflates in Pd-catalyzed 

deconstruction of lignin fragments, we employed benzyl phenyl ether (BPE) and 

guaiacylglycerol-β-guaiacyl ether (GG) as models for α-O-4 and β-O-4 ether lignin 

intralinkages in woody biomass, respectively. BPE is often used as model compound in 

screening studies.26-28 Although it does not contain hydroxyl and methoxy groups usually 

encountered in lignin, its benefit is the relative facile product identification and quantification 

in evaluating catalyst performance in ether linkage disruption and aromatic ring 
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hydrogenation.12 GG is one of the most suitable commercially available model compounds 

for the most abundant β-O-4 (40-65 %) ether linkage present in native lignin.16 Accordingly, 

this compound has been the choice in many mechanistic studies.4, 19, 20, 29-31 Model 

reactions using these two dimer compounds were performed at 160 °C for 2 h in methanol 

and in an atmosphere of 30 bar H2. Experiments without catalyst were compared to 

catalytic experiments with either Pd/C or Yb(III)-triflate or a combination of the two. Figure 

7.1 shows the product yield obtained in these experiments. Without catalyst, the ether 

bonds are relatively stable under the given reaction conditions. Pd/C is very active in 

cleaving the α-O-4 ether bond and complete ether bond conversion was achieved within 2 h. 

However, Pd is much less active in cleaving the β-O-4 ether bond in GG; the product of 

ether bond cleavage, guaiacol, is only obtained in 18 % yield. The substantial activity 

difference stems from the competition of the ether bond and α-OH and γ-OH groups of the 

reactant for the Pd metal sites.11 Yb(III)-triflate is nearly inactive in cleaving the α-O-4 ether 

bond of BPE, yet very active in rupture of the β-O-4 ether bond in GG. This difference is 

caused by the strong activation of the ether bond upon coordination of a Lewis acid to 

oxygen atoms of OH groups in α- and γ-positions of the ether bond.11, 30, 32, 33 This explains 

the higher activity of Yb(III)-triflate in cleaving the β-O-4 ether bond in GG as compared with 

the β-O-4 ether bond in BPE. A combination of Pd/C and Yb(III)-triflate results in similar 

BPE conversion and products as Pd/C, suggesting that in this case the metal triflate does 

not affect the performance of Pd/C. Figure 7.1b shows the yield of guaiacol and thereof-

derived products obtained by conversion of GG. Contrary to the results with BPE, the rate 

of ether bond conversion in GG is significantly lower in the tandem catalyst system 

compared with Yb(III)-triflate. Thus, the ether bond cleavage activity of Yb(III)-triflate is 

suppressed in the presence of Pd/C. The reason is that Pd/C is active in the removal of the 

α-OH group. This converts the β-O-4 ether bond into an ether bond which cannot be 

cleaved by the metal triflate. As we will show later, this result is important in optimizing 

further the tandem catalyst system towards maximum aromatic monomers yield.  

It is worthwhile to mention that in the tandem system mainly ring-saturated products are 

obtained, very different from the experiments with only Pd/C or the metal triflates. The 

enhanced hydrogenation activity of Pd/C in the presence of Yb(III)-triflate is confirmed in an 

experiment with guaiacol as the reactant. The use of Pd/C results in a conversion of 61% to 

ring-saturated products. In the presence of Yb(III)-triflate, full conversion was achieved 

under the same conditions. Accordingly, we conclude that there is synergy between Pd/C 
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and Yb(III)-triflate in aromatic ring hydrogenation. On the other hand, no synergy was 

observed with respect to ether bond cleavage. Synergy in aromatic ring hydrogenation 

between Lewis acids and Pd/C has been described in recent literature.32, 33 For instance, 

Zhou and co-workers have shown that the presence of Lewis acids such as AlCl3 and ZnCl2 

on Pd/C improve aromatic ring  hydrogenation activity.32 

 

 

Figure 7.2 Catalytic results for the reaction of (a) 2-phenylethyl phenyl ether and (b) 2-phenoxy-1-

phenylethanol in methanol solvent over Pd/C and/or Yb(III)-triflate at 200 °C for 4 h.  
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 The distinct difference observed in the way the two catalysts convert the model 

compounds prompted us to more systematically investigate the importance of aliphatic OH 

groups close to the ether bond linkage. This is cumbersome with GG as side-reactions such 

as etherification and hydrogenation occur. Thus, we carried out reactions with two other 

model compounds 2-phenoxy-1-phenylethanol (PPE-OH) and 2-phenylethyl phenyl ether 

(PPE-H). The former compound contains an OH group in the position β to the ether bond, 

while the latter does not. The reactions were conducted at 200 °C for 4 h in presence of 30 

bar H2. Consistent with the BPE and GG results, Pd/C is much more active in cleaving the 

ether bond in PPE-H than in PPE-OH. As expected, the amount of products derived from 

the phenyl and benzyl parts of the reactant were very similar. Yb(III)-triflate alone did not 

convert PPE-H, in keeping with the result obtained with BPE. On the other hand, the metal 

triflate is very active in ether bond cleavage of PPE-OH due to the presence of the α-OH 

group. We observed only one product in this case, namely 1-phenyl-1,2-dimethoxyethane 

deriving from the trans-etherification of the α-OH group and ether linkage by methanol. No 

products from the phenyl part were observed by GC-MS, indicating that phenolic 

intermediates rapidly underwent secondary reactions. When Pd/C was used in combination 

with Yb(III)-triflate, the conversion of the PPE-H ether linkage decreased. The opposite was 

observed when PPE-OH was used as substrate, that is, Yb(III)-triflate promoted the Pd-

catalyzed ether bond cleavage. Again, we found that the phenyl derivatives obtained by 

ether bond cleavage were all ring-saturated (Figure 7.2), whereas the aromaticity of the 

benzyl derivatives was largely retained. For instance, a significant amount of 2-

phenylethanol was observed, whereas nearly all the phenolic monomers were converted 

into cyclohexanol compounds. Thus, aromatics with aliphatic OH groups are more difficult 

to be saturated than phenolic compounds under the given conditions. This is in line with the 

results discussed in Chapter 6, where the propanol group hinder ring-hydrogenation of PG-

OH. We surmise that the difference stems from a change in the way the reactants adsorb to 

the Pd metal surface. 

Planar adsorption involving both the phenolic -OH group and the aromatic ring will 

facilitate aromatic ring hydrogenation. When the -OH group is too far from the aromatic ring 

such as in 2-phenylethanol, end-on adsorption via the OH group is apparently preferred. As 

aromatic ring hydrogenation requires a larger ensemble of surface sites, surface blocking 

by OH groups will limit ring hydrogenation. This would offer a reasonable explanation for the 

absence of ring-saturated products in the conversion of woody biomass with Pd/C and 
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metal triflates, as all of the lignin monomer products contain aliphatic (propyl) OH groups 

and its derivatives.34 It is also in accord with the finding that no ring-saturated products are 

obtained from the GG model compound (Figure 7.1b), because its aliphatic OH groups will 

also block the surface. The addition of metal triflates, on the other hand, results in 

methylation of the aliphatic OH groups, thereby limiting the inhibition of aromatic ring 

hydrogenation. As such, this explains why more ring-saturated products were produced in 

the tandem catalytic system in the conversion of the model compounds (Figure 7.1b), but 

not in the case of lignin conversion.   

 

Figure 7.3 Proposed mechanism for the cleavage of β-O-4 ether linkage using (a) PPE-H by Pd/C; 

(b) PPE-H by Pd/C+ metal triflate; (c) PPE-OH by Pd/C and (d) PPE-OH by Pd/C+ metal triflate. (X 

= ether bond conversion). 

Based on these model lignin compound investigations, we propose a reaction 

mechanism for the cleavage of the β-O-4 ether linkage as illustrated in Figure 7.3. Pd/C is 

very active in cleaving the ether linkage in PPE-H by hydrogenolysis (Figure 7.3a). However, 

in the presence of metal triflate the Lewis acid will coordinate the ether bond,35 preventing 

its cleavage as evident from experiments with BPE and PPE-H as the model reactant 

(Figure 7.3b). The preference of the ether linkages to coordinate to the metal triflates over 

the metal surface results in a decrease of the rate of ether bond cleavage. When PPE-OH 

is the reactant, the ether bond conversion rate is slower due to the competitive adsorption 

of the α-OH and ether bonds on the Pd active sites (Figure 7.3c). We argue that this 

competitive adsorption for sites on the metal surface is partially suppressed by the strong 

coordination of the metal triflate to the α-OH group (Figure 7.3d). This interaction increases 

the ether bond cleavage rate, as it contributes to weakening of the ether linkage. This 

aspect of the mechanism also explains why addition of metal triflate significantly increases 

the lignin monomers yield during sawdust wood upgrading.  

 

 



Mechanisms of Metal Triflate and Pd/C Catalyzed Reductive Depolymerization of Lignin     

145 
 

7.3.2 Different metal triflates 

Table 7.2 Influence of metal on the tandem-catalyzed reductive depolymerization of lignocellulosic 

biomass in methanol at 180 °C. 

Entry Catalyst Co-catalyst 

Residue 

mass  

(mg) a 

Lignin monomers yield 

 wt%  (mg)  

Methylated  

C5 sugars 

(mg)  

Total 

yield 

(%) 1 h 2 h 

1 5wt% Pd/C - 1790 10 14 (64) 6 93 

2 5wt% Pd/C Ni(II)-triflate 1340 32 37 (176) 194 86 

3 5wt% Pd/C Cu(II)-triflate 1360 33 34 (163) 162 84 

4 5wt% Pd/C Al(III)-triflate 1190 42 45 (212) 352 88 

5 5wt% Pd/C Yb(III)-triflate 1360 39 43 (203) 205 88 

6 5wt% Pd/C Sc(III)-triflate 1250 37 39 (187) 259 85 

7 5wt% Pd/C La(III)-triflate 1390 32 36 (171) 190 88 

8 5wt% Pd/C Hf(IV)-triflate 1110 40 42 (200) 345 83 

9 5wt% Pd/C ZnCl2 1690 14 22 (104) 31 91 

10 5wt% Pd/C AlCl3 1540 20 28 (134) 64 87 

Conditions: 2000 mg extracted birch wood sawdust (125-300 µm), 200 mg 5 wt% Pd/C, 0.0322 mmol co-

catalyst, 40 ml methanol, 30 bar H2, stirring speed: 500 rpm. a mass of the residue excluding Pd/C catalyst and 

moisture. 

 In order to explore whether Yb can be replaced by the other less scarce metals, 

divalent (Ni and Cu), trivalent (Al, Sc and La) and tetravalent (Hf) triflates were evaluated for 

woody biomass conversion. All of the tested metal triflates significantly increase the C9 

lignin monomers yield as compared with the Pd/C-only reference (Table 7.2, entry 1). The 

promoting effect is higher for tri- and tetravalent metal triflates than for divalent metals, 

which is most likely related to the increasing Lewis acidity with increasing cation charge of 

the transition metal. Quantitative determination of the Lewis acidity of metal triflates is 

challenging, especially when a coordinating solvent is involved. Lawton ranked the Lewis 

acidity of metal triflates on the basis of pyridine IR in an ionic liquid ([bmim][OTf]) and found 

that trivalent (Al, Sc, La, In) and tetravalent (Zr and Hf) metal triflates are much stronger 

Lewis acids than divalent metal triflates.36 These Lewis acidity differences qualitatively 

explain the activity differences in woody biomass conversion. Among the metal triflates 

tested here, Al(III)-triflate and Hf(IV)-triflate gave the highest lignin monomers yield, slightly 

higher than the monomers yield obtained with Yb(III)-triflate (Table 7.2). Concomitantly, the 

methylated C5 sugar yield with these two metal triflates was higher, showing the efficient 

removal of hemi-cellulose from the biomass matrix. In lignocellulose, lignin is typically 
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bound to hemi-cellulose. Conventional Lewis acids such as AlCl3 and ZnCl2 were much less 

effective in deconstructing lignocellulose. Hydrolysis of these Lewis acids by water 

generated in etherification and hydrogenolysis reactions will likely contribute to the lower 

efficiency of these Lewis acids. Based on the above results, the preferred catalyst is Al(III)-

triflate.  

7.3.3 Different metal catalysts and solvents 

Table 7.3 Birch wood sawdust depolymerization in methanol at 180 °C over Al(III)-triflate.  

Entry Catalyst Solvent 
Residue mass  

(mg) a 

Lignin monomers yield (wt%)  

1 h 2 h 

1 5wt% Pd/C methanol 1180 39 44 

2 5wt% Ru/TiO2 methanol 1290 17 27 

3 10wt% Ni/TiO2 methanol 1260 12 13 

4 10wt% Ni/SiO2 methanol 1370 29 37 

5 10wt% Ni/ASA methanol 1330 32 40 

6 5wt% Pd/C  ethanol 1227 43 44 

7 5wt% Pd/C  2-propanol 1155 26 33 

8 5wt% Pd/C  THF 1089 11 12 

9 5wt% Pd/C  water 1149 NA 6 

10 5wt% Pd/C n-hexane 1824 1 2 

Conditions: 2000 mg extracted birch wood sawdust (125-300 µm), 200 mg 5 wt% Pd/C, 15 mg (0.0316 mmol) 

Al(III)-triflate, 40 ml methanol, 30 bar H2, stirring speed: 500 rpm. a mass of the residue excluding Pd/C 

catalyst and moisture. 

 We also evaluated whether other metal catalysts can replace Pd/C, in particular 

Ru/TiO2, Ni/TiO2, Ni/SiO2 and Ni/ASA (ASA = amorphous silica-alumina) (Table 7.3, entries 

2-5). These catalysts were chosen, because they are active hydrogenation catalysts and 

have been used in lignin upgrading before.37-39 Typically, the lignin monomers yield was 

lower than obtained with Pd/C. Moreover, we observed that most of these lignin monomers 

contained unsaturated C-C bonds in the propyl side-chains, indicating the lower 

hydrogenation activity of these catalysts than Pd/C. The lower performance in 

depolymerizing lignin fragments was also evident from the dark amber color of the solution, 

caused by the larger fraction of oligomers. We also tested other solvents such as ethanol, 

2-propanol, tetrahydrofuran (THF), water and n-hexane under the same tandem catalysis 

conditions (Table 7.3, entries 6-10). When ethanol was the solvent, monomers yields after 

reaction at 180 °C for 1 h or 2 h were similar to those obtained with methanol. On the other 

hand, the use of 2-propanol solvent gave poor results with a lignin monomers yield of 33 
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wt% after 2 h reaction. All the three alcoholic solvents gave rise to etherification of the lignin 

monomers. The use of n-hexane as solvent led to the lowest monomers yield, which is 

likely due to the low solubility of lignin fragments and monomers in this apolar solvent. The 

limited solubility of these products in water also caused low monomers yield. Finally, 

although THF is a very good solvent for lignin and its products, the lignin monomers yield 

was still much lower than obtained in alcoholic solvents. We speculate that the main reason 

for this is the absence of trans-etherification and trans-esterification in this solvent, which 

play an important role in the delignification as well as lignin depolymerization. Thus, 

alcohols are the preferred solvents in the tandem catalyzed delignification and reductive 

depolymerization of lignocellulosic biomass.  

7.3.4 Optimization catalyst ratio in tandem Pd/C-Al(III)-triflate system 

Table 7.4 Lignin monomers yield after reaction in methanol at 180 °C over the Pd/C and Al(III)-

triflate catalysts as a function of the Pd/Al molar ratio.  

Entry Pd/Al molar 

ratio 
Al(III)-triflate (mg) 

Residue 

mass (mg) 

Lignin monomers yield 

(wt%)  

0 h a 1 h 2 h 

1 No triflates 0 1790 N/A 10 14 

2 9 5 1645 12 15 23 

3 3 15 1180 23 39 44 

4 1.5 30 828 43 46 48 

5 1 45 156 45 42 41 

Note: a heating time (30 min), the amount of 5 wt% Pd/C is fixed as 200 mg (0.0940 mmol Pd). 

 With the optimal Al(III)-triflate catalyst, we then varied the ratio between the Pd/C metal 

and Lewis acid functions. In a first set of experiments, we fixed the amount of 5 wt% Pd/C 

to 200 mg (0.0940 mmol Pd) and varied the amount of Al(III)-triflate between 5 mg and 45 

mg so as to obtain molar Pd/Al ratios of 1, 1.5, 3 and 9. At the highest Pd/Al ratio (5 mg 

Al(III)-triflate, Table 7.4, entry 2), the monomers yield is significantly higher than the Pd-only 

case. Increasing the amount of Al(III)-triflate to 15 mg (Pd/Al ratio = 3, Table 7.4, entry 3) 

results in a strong increase of the lignin monomers yield to 44 wt% after reaction at 180 °C 

for 2 h. At Pd/Al ratio = 1.5 (Table 7.4, entry 4), the same monomers yield was already 

reached upon heating to 180 °C. After 2 h, the monomers yield amounted to 48 wt%. At the 

highest Pd/Al ratio of 1 (Table 7.4, entry 5), the highest lignin monomers yield of 46 wt% 

was also reached during heating and it slightly decreased when prolonging the reaction 

time. For longer reaction times, a larger variety of aromatic products were obtained. By GC-
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MS, we could detect 12 monomeric compounds in amounts greater than 2 mg, whereas at 

a Pd/Al ratio of 3 only 6 compounds were observed in such amount. The wider range of 

products is the result of etherification of different hydroxyl groups, among which the 

phenolic -OH groups, due to the high amount of metal triflate. In addition, some aliphatic 

ketones such as 2,5-hexanedione and esters such as the methyl ester of levulinic acid were 

observed in higher amounts than in the other experiments. This points to more extensive 

degradation of cellulose in this case at low Pd/Al ratio. Consistent with this, only 156 mg 

solid residue remained after 2 h reaction, showing that in this case not only hemi-cellulose 

but also a large part of cellulose was converted. As the presence of these additional 

products is undesired as their separation is not straightforward, the amount of metal triflates 

should be limited during the reaction.  

 

Figure 7.4 Influence of Pd/Al molar ratio on (a) lignin monomers yield (different reaction times) and 

(b) product distribution after reaction in methanol for 2 h. Conditions: 2000 mg birch wood, 15 mg 

(0.0316 mmol) Al(III)-triflate, 40 ml methanol, 180 °C, 30 bar H2.  

 Using an amount of 15 mg Al(III)-triflate (0.0316 mmol), which is sufficient to break the 

lignin-carbohydrate intralinkages but small enough to prevent release and degradation of 

glucose, we then varied the amount of Pd/C from 0 mg to 300 mg (Pd/Al ratios from 0 to 

4.5). The product distribution and molecular weight distribution of the product mixture are 

shown in Figure 7.4 and Figure 7.5, respectively. Without Pd/C, the amount of lignin 

monomers is low (Figure 7.4a) and the product mixture contains mainly dimers and 

oligomers, as evident from the gel permeation chromatogram shown in Figure 7.5. Already 

addition of a small amount of Pd/C (20 mg, Pd/Al ratio= 0.3) was effective in converting 
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most of these oligomers and a significant fraction of the dimers to monomers (Figure 7.4b 

and Figure 7.5). 

 

Figure 7.5 Influence of the Pd/Al molar ratio on the molecular weight distribution of the product 

mixture determined by GPC. Reaction conditions: 2000 mg birch wood, 15 mg (0.0316 mmol) Al(III)-

triflate, 40 ml methanol, 180 °C, 30 bar H2. The maxima observed in GPC chromatograms of 

solutions of PG-OH (monomer model) and GG (dimer model) are indicated. 

The lignin monomers yield for Pd/Al = 0.3 was 55 wt% after reaction at 180 °C for 2 h. 

Two products were obtained in high yield, namely 160 mg PS-OCH3 and 40 mg PG-OCH3 

(the lignin content of the feedstock was 476 mg). Increasing the amount of Pd/C led to 

enhanced depolymerization of the lignin oligomers, as the broad peak due to higher-

molecular-weight compounds decreased (Figure 7.5). This confirms that Pd/C is active in 

cleaving ether bonds that cannot be cleaved by metal triflates. It is also seen that the 

amount of dimers does not change appreciably for Pd/Al > 0.3, indicative of the 

recalcitrance of the C-C intralinkages in these dimers. These C-C intralinkages are either 

from native lignin structure, or retained after the cleavage of the recalcitrant ether linkages 

such as β-5 and β-β.12, 37, 40 For instance, the cleavage of ether bond in phenylcoumaran (β-

5/cyclic α-O-4) results in a structure that is still linked by the original C-C bond (β-5),40 and 

this does not contribute to monomers formation. Thus, the use of very small amounts of 

Pd/C and Al(III)-triflate is sufficient to reach maximum lignin monomers yield. With 

increasing Pd/Al ratio, the product distribution shifts from PS-OCH3 and PG-OCH3 to PS-

OH, PG-OH, PS-H, and PG-H. Moreover, despite enhanced depolymerization of oligomers, 

the lignin monomers yield is seen to decrease with increasing Pd/Al ratio (Figure 7.4). 
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These two trends are caused by competitive reactions catalyzed by Pd/C and Al(III)-triflate 

as shown in Figure 6.2a. Pd/C catalyzes the removal of γ-OH groups by hydrogenolysis, 

while Al(III)-triflate catalyzes the etherification of OH groups by methanol solvent. Therefore, 

the increasing hydrodeoxygenation activity and associated removal of γ-OH groups when 

more Pd/C is added results in the different product mixture. Consistent with this, 

comparison of the data at short and long reaction times (Figure 7.4a) shows that at the 

initial stages of the reaction a smaller amount of Pd/C is preferred. A too high amount of 

Pd/C appears to hinder the catalytic action of Al(III)-triflate. There are two explanations for 

this behavior. First, the high activity of Pd/C in the removal of α-OH and γ-OH groups close 

to ether bonds decreases the ability of metal triflates to cleave ether bonds. Second, part of 

the metal triflate might be immobilized on the activated carbon, for instance, by interaction 

with surface hydroxyl groups. Such interactions have also been proposed to be relevant in 

the ZnCl2 and Pd/C catalyzed depolymerization of lignocellulose.11, 33 

 

Figure 7.6 Plausible scenario for the tandem catalyzed reductive depolymerization of wood lignin 

into phenolic monomers over Pd/C and Al(III)-triflate at different Pd/Al ratios.  

 Figure 7.6 illustrates a plausible scenario for the influence of the ratio of the metal and 

Lewis acid functionalities in the tandem reductive depolymerization of wood lignin. Al(III)-

triflate is active in catalyzing the cleavage of ether and ester interlinkages between lignin 

and carbohydrates, facilitating the release of lignin from the lignocellulosic matrix. The metal 

triflate can also selectively cleave β-O-4 lignin ether bonds, which contain both α-OH and γ-

OH groups. The β-O-4 ether linkage is the dominant lignin intralinkage, usually making up 
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between ca. 43 % and ca. 65 % of all intralinkages in soft- and hardwood, respectively.16 

Metal triflates are more active in cleavage of these bonds than Pd/C. On the other hand, 

metal triflates cannot cleave ether bonds in the absence of an α-OH group. Such ether 

linkages (α-O-4, 4-O-5 and β-β) are also common in lignin, accounting for ca. 12-16 % and 

ca. 13-22 % in soft- and hardwood, respectively.16 In the tandem system, Pd/C is able to 

cleave these bonds. This specificity for cleaving ether bonds explains the benefit of 

combining metal triflates and Pd/C in the reductive depolymerization of lignin fragments 

released from biomass. The amount of metal triflate should be kept relatively low to limit the 

release of glucose from cellulose and its further degradation. The results show that this 

does not impede its effectiveness in releasing lignin from biomass and aiding in the 

depolymerization of the released lignin fragments. The Pd/Al ratio is a key parameter 

controlling the activity and product selectivity. When the Pd/Al ratio is too high (Pd/Al ratio > 

3-4.5), the monomers yield is decreased, because Pd/C removes α-OH groups that enable 

the metal triflates to cleave ether bonds. The model compound results show how the 

positive effect of metal triflates in the presence of α-OH groups changes to a negative effect 

once these hydroxyl groups are removed. A time course study for the conversion of the 

PPE-OH model compound in the tandem Pd/C and Yb(III)-triflate system confirms that the 

α-OH group are completely removed during heating to 200 °C  (t = 30 min) before ether 

bond cleavage commences (Figure 7.7). Accordingly, the amount of Pd/C should also be 

limited. Optimum Pd/Al ratios are in the 0.3 - 3 range.  

 

Figure 7.7 Time course study for the conversion of the PPE-OH model compound in the tandem 

Pd/C and Yb(III)-triflate system at 200 °C for 4 h. 
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Thus, the role of the metal triflates as a homogeneous catalyst is two-fold. First, metal 

triflates enhance delignification of the solid biomass (as demonstrated in Chapter 6) and, 

second, they help to rapidly decrease the molecular weight of the released lignin backbone 

by cleaving the β-O-4 ether linkage. The smaller fragments should be more accessible for 

the Pd/C hydrogenolysis catalyst. Pd/C is also active in cleaving more recalcitrant ether 

linkages as well as removing α-OH and γ-OH groups. In this way, the ether linkages of the 

lignin structure can be effectively cleaved by metal triflates via trans-etherification, followed 

by Pd/C catalyzed hydrogenolysis.  

7.3.5 Recycling of Al(III)-triflate 

Table 7.5 Results of recyclability test of 30 mg Al(III)-triflate. 

Entry Pd/Al molar ratio 
Pd/C 

(mg) a 

 Al(III)-triflate 

(mg) 

Lignin monomer yield (wt%) 

0 h  1 h 2 h 

1 2 200 30 45 47 52 

2 1st recycling  200  - 34 43 49 

3 2nd recycling 200  - 23 29 37 

a Fresh Pd/C was used for the reaction. 

 The literature contains many instances in which metal triflates are recyclable without 

loss of activity.41, 42 We evaluated the possibility to recycle Al(III)-triflate in the current 

process. A partitioning work-up using ethyl acetate and water solvent was applied in order 

to recover the metal triflates from the liquid products (Figure 6.1). As metal triflate exhibits 

better solubility in water than common organic solvents, it can be recovered in aqueous 

phase after evaporating the water solvent under vacuum. In subsequent recycling 

experiments, fresh Pd/C and reagents (methanol and woody biomass) were charged into 

the reactor together with the recovered metal triflate catalyst. Taking into account the 

possible loss of the metal triflate during the work-up, twice amount of the Al(III)-triflate (30 

mg) compared with the standard conditions was used in the fresh case (Table 7.5, entry 1). 

The lignin monomer yield is 55 wt% after reaction at 180 °C for 2 h using the fresh catalysts. 

In the first recycling test, a slight decrease of the reaction rate was observed (Table 7.5, 

entry 2). Up to 49 wt% yield of lignin monomer was obtained after 2 h reaction. In the 

second recycling test, a more obvious decrease of the reaction rate was observed. Only 37 

wt% yield of lignin monomer was obtained after 2 h reaction (Table 7.5, entry 3). These 

initial experiments suggest that the recovery of the metal triflate catalyst was incomplete by 

using the given work-up procedure. The incomplete recovery of the metal triflate could be 
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due to metal triflate being adsorbed on the activated carbon surface, for instance by 

interaction with its functional groups (e.g., -OH, C=O groups, etc.). In order to check this, 

additional experiments were carried out. Different amounts of Pd/C (0, 50, 100, 200 and 

300 mg) were mixed with the same amount of Al(III)-triflate (15 mg) in 40 ml methanol and 

stirred at room temperature for 2 h. After filtration to remove the solid catalyst, the solutions 

were analyzed by inductively coupled plasma optical emission spectrometry (ICP-OES) to 

determine the aluminum content. In the presence of Pd/C, the aluminum contents were 

seen to decrease by 21-37 % compared with the blank case (without Pd/C). These results 

suggest that the interaction of metal triflate with Pd/C can explain the loss of the co-catalyst 

during recycling and thus the lower performance in the second experiments. Taken together, 

these recycling experiments show that metal triflate can in principle be recycled, although a 

small fraction is lost due to interaction with the hydrogenolysis catalyst. Further optimization 

is needed in order to minimize the loss of Al(III)-triflate.    

7.3.6 Process scaling up 

Table 7.6. Scale-up of reduction fractionation of oak and Douglas-fir sawdust at 180 °C for 4 h 

(Pd/Al molar ratio = 0.75).  

Entry Feedstock 
Lignin monomer yield (wt%)  

0 ha  1 hb 2 hb 4 hc 

1 oak (300-1000 µm) 40 40 41 46 

2 oak (0-300 µm) 36 39 39 40 

3 Douglas-fir (300-1000 µm) 14 17 16 17 

a Heating time (1 h). b Samples were taken during reaction via a sampling valve. c Sample were taken after the 

reactor was cooled down to room temperature. Conditions: 100 g dry wood substrate, 1.5 g 5 wt% Pd/C, 0.75 

g Al (III)- triflate, 2 L MeOH, 30 bar H2, 180 °C, stirring speed : 800 rpm. 

 In order to demonstrate the feasibility of this catalytic tandem system on the larger, a 4-

litre high-pressure autoclave was used to convert larger amounts of lignin. Two types of 

wood sawdust were selected as substrates, namely oak (hardwood) and Douglas-fir 

(softwood), which were obtained from a timber manufacturing company. Detailed 

composition of these wood types can be found in Table 7.1. The sawdust was dried and 

sieved to obtain particles in the range of 0 - 300 µm, and 300 -1000 µm, and it was directly 

used without further extraction pretreatment. Table 7.6 presents the lignin monomer yield of 

the reactions operated at 180 °C. The initial experiments show that during heating (60 min), 

about 40 wt% of lignin monomer could be obtained when oak sawdust was used as 

feedstock. Further increasing the reaction time did not increase much further the monomer 
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yield (40-46 wt%). There is no obvious difference between the two particle size ranges. 

When Douglas-fir sawdust was used as feedstock, the lignin monomer yield is very low (17 

wt%), which is consistent with the results obtained using a softwood (Scotch pine) as 

feedstock (see Figure 6.7, Chapter 6). These results prove that this process can be easily 

scaled up. Wood sawdust can be directly used as feedstock without further fine milling and 

extraction pretreatment, which significantly simplifies the process and reduces the energy 

cost.       

7.4 Conclusions  

We developed a tandem catalyst system comprising Pd/C and metal triflates to remove 

lignin fragments from lignocellulosic biomass and convert these fragments in good yield to 

alkylmethoxyphenols, leaving cellulose as a solid residue. Under optimized conditions (20 

mg Pd/C, 15 mg Al(III)-triflate, 180 °C, 2 h), the monomers yield obtainable from birch wood 

is 55 wt% (based on a lignin content of 23.8 wt% in the biomass). This optimized lignin 

monomers yield is close to the theoretical maximum value, which is based on the typical 

ether content of lignin in lignocellulosic biomass in the 67%-76%.12 The solid residue is 

mainly composed of cellulose with small amounts of hemi-cellulose and lignin (Figure 6.8, 

Table 6.5). The metal triflate is effective in breaking the bonds between lignin and the 

carbohydrate part of biomass, which are typically comprised of ether and ester linkages. 

Dimer model compound experiments revealed that both metal triflates and Pd/C contribute 

to the further depolymerization of the resulting fragments into aromatic monomers. Metal 

triflates catalyst can cleave (β-O-4) ether linkages within the aromatic lignin structure due to 

their interaction with vicinal OH groups that activate the ether bond. Metal triflates are more 

active for this reaction than Pd/C. Pd/C is able to cleave a wider range of ether linkages 

such as α-O-4, 4-O-5 and β-β. The Pd-to-metal triflate ratio is an important parameter to the 

overall efficiency of the reductive fraction process of woody biomass. Lower Pd/Al ratios 

resulted in PS/PG-OCH3 as dominant reaction products, while higher ratios led to formation 

of PS/PG-OH and PS/PG-H products. It is important to use a small amount of Pd/C, as 

otherwise rapid hydrodeoxygenation of aliphatic OH groups occurs, which limits the synergy 

with metal triflates. In addition to deoxygenation, Pd/C also saturates C-C double bonds of 

small lignin fragments, which are formed from fragmentation reactions catalyzed by metal 

triflate. These insights have allowed decreasing the amount of metal and metal triflates 

catalysts and lower the reaction temperature and time. A range of metal triflates are 

effective with Al(III)-triflate giving the best results. Besides methanol, also ethanol can be 
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used as a solvent for this process. The metal triflate catalyst is recyclable, but with slightly 

loss of the initial activity due to the incomplete recovery caused by the adsorption of the 

metal triflate on Pd/C surface. The process can be easily scaled up by 50 times using a 4 L 

autoclave, delivering 40~46 wt% lignin monomer yields using non-extracted oak wood 

sawdust as feedstock. The mild conditions, short reaction times, good scalability and use of 

small amounts of catalyst make this tandem process very promising as a method to remove 

and upgrade lignin from second generation biomass. Prospects of the resulting 

alkylmethoxyphenols are their use in the fragrance industry (e.g., dihydroeugenol), their 

upgrading to alkylbenzenes or alkylphenols by catalytic hydrodeoxygenation, or combining 

demethoxylation and dealkylation to obtain phenol, a valuable base chemical.  
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Summary and Outlook 

Catalytic Conversion of Lignin and Woody Biomass for the 

Production of Fuels and Chemicals 

 

8.1 Summary 

Lignocellulosic biomass is a low-cost renewable feedstock that is uniquely suited for the 

production of sustainable liquid fuels. One approach to valorize the carbohydrate fraction is 

to convert the constituent sugars to ethanol by fermentation. While this process has been 

commercialized in several settings, cellulosic ethanol production is also approaching 

commercial implementation. Moreover, various chemocatalytic approaches to convert 

sugars into chemicals and fuels are under development. Different from cellulose and 

hemicellulose, technologies to upgrade lignin into useful products are at a very early stage 

of development. With cellulosic ethanol production in view, a considerable challenge is 

associated with the co-production of large amounts of lignin. These amounts are expected 

to exceed both the internal energy needs of biorefineries and the world market for lignin-

derived specialty products by a large margin. As lignin is the only renewable source of 

aromatics, its valorization may also become important in view of the impending shift from 

crude oil to shale gas resources for chemicals production. Therefore, new processes to add 

value to lignin beyond its combustion heat are needed. Lignin is a hard nut to crack, 

because it consists of a strong polymer network of aromatic monomers. Moreover, lignin is 

obtained as by-product from the paper and pulping industry and conventional biorefineries. 

Lignins obtained from these processes (technical lignins) are usually contaminated by 

sulphur, ash and carbohydrates residue. Another problem is that the structure of these 

lignins has been altered such that they become less reactive. The readily cleavable ether 

linkages have been largely broken and replaced by more recalcitrant C-C linkages. These 

highly recondensed lignin structure pose significant challenge to valorization. Breaking 

down these technical lignins requires harsh conditions and typically affords many different 

aromatic compounds (“lignin soup”) in low overall yield as well as structurally ill-defined 

oligomers. An alternative is then to convert the lignin in its native form in the lignocellulosic 

biomass matrix in order to achieve higher lignin aromatic monomer yield at mild conditions. 
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The aim of this thesis was to systematically investigate different thermocatalytic approaches 

to valorize both technical lignins and native lignins into fuel components and high-value 

chemicals. A one-step process to do so was developed that comprises the use of 

supercritical ethanol and a cheap Cu-based catalyst to upgrade technical lignin into a 

mixture of alkylated cycloalkanes, aromatics and phenolic compounds. In the second part, 

we investigated a tandem catalytic system that couples delignification and reductive 

depolymerization of wood sawdust lignin in one pot using methanol as solvent. This 

approach selectively extracts lignin from woody biomass and converts it into a narrow 

stream of methoxyphenols. These phenolic compounds are the precursors of phenols which 

could be used in phenolic resin industry after a second upgrading step. 

 

Figure 8.1. Schematic representation of the conversion of technical lignin in supercritical ethanol 

and the various roles of ethanol (first part of this thesis). 

The first part of this thesis is concerned with studies of one-pot depolymerization of 

technical (soda, Alcell and kraft) lignins in supercritical ethanol (critical point: Tc= 240.8 °C, 

Pc= 61.4 bar) over a non-noble CuMgAl mixed oxide (obtained by calcination of a 
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hydrotalcites precursor) catalyst. Ethanol was the preferred solvent over other alcohols, 

water and apolar hydrocarbons for three reasons: (i) it is a reasonable good solvent for 

lignin; (ii) it is a source of hydrogen for removing oxygen functionalities and breaking ether 

linkages by hydrogenolysis; (iii) it is unique in protecting the useful lignin fragments against 

undesired repolymerization. 

Chapter 2 introduces the one-step valorization of soda lignin in supercritical ethanol 

using a CuMgAl mixed oxide catalyst at 300 °C. The reactions were conducted in a batch 

reactor using soda lignin as the feedstock. A comprehensive work-up procedure was 

developed to distinguish the aromatic monomers, light and heavy lignin residues and char. 

This work-up procedure has been proved to be very useful in understanding the chemistry 

occurring under the harsh reaction conditions. It not only allows comparing the extent of 

depolymerization and repolymerization, but also obtaining mechanistic insight by application 

of various techniques such as GC-MS, 2D GC–MS, 1H and 1H-13C HSQC NMR, GPC and 

elemental analysis (CHO). Lignin was only partially depolymerized in ethanol without 

catalyst. The main product was char and the monomer yield was low. In the presence of a 

CuMgAl mixed oxide catalyst, up to 23 wt% monomer yield was obtained after reaction for 8 

h without char formation. Aromatics were the main products. The catalyst combines 

excellent deoxygenation activity with low ring-hydrogenation activity, yielding a significant 

amount of deoxygenated aromatic compounds (BTX). CuMgAl mixed oxide gave much 

higher yield than MgAl, NiMgAl and Pt-promoted MgAl mixed oxide catalysts. The effect of 

reaction time was also investigated. The heavy lignin residue was primarily formed at the 

early stages of the reaction and its amount decreased during prolonged reaction. Based on 

the extensive product analysis, we concluded that phenolic hydroxyl groups are the main 

actors in repolymerization and char formation, involving quinone methide intermediates. 

Analysis of light lignin residues by 1H-13C HSQC NMR revealed that lignin residue was 

heavily alkylated, with alkyl groups substituted on the phenolic hydroxyl group (O-alkylation) 

and on the aromatic ring (C-alkylation). Therefore, ethanol not only acts as a hydrogen-

donor solvent, but also as a capping agent, which protects the highly reactive phenolic 

intermediates by O-alkylation of hydroxyl groups and by C-alkylation of the aromatic rings. 

In this way, the quinone methide intermediates and new carbon–carbon bonds between 

lignin fragments cannot form, essentially inhibiting repolymerization reactions.  

In the work in Chapter 2, we found that alkylation plays an important role in 

suppressing repolymerization and char formation. In this respect, one would expect that 
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methanol is preferred over ethanol, because alkylation of aromatics with methanol proceeds 

at higher rate. However, in Chapter 3, we found that ethanol is significantly more effective 

in producing monomers and avoiding char than methanol. We compared the conversion of 

phenol into high-molecular-weight products in methanol and ethanol under similar 

conditions. Consistently, we found that polymerization of phenol took place in methanol, but 

not in ethanol. This is because methanol can be readily dehydrogenated to form 

formaldehyde, which easily reacts with phenol to form bonds that are also common in 

phenol-formaldehyde resins. This explains why the use ethanol is significantly more 

effective in producing monomers and avoiding char than the use of methanol. Furthermore, 

we proved that ethanol also acts as formaldehyde scavenger as it reacts with the 

formaldehyde formed from methoxy group cleavage or by elimination of the γ-CH2OH 

groups of the lignin structure. This explains the absence of char formation in ethanol. We 

explored in more detail how alkylation suppresses the repolymerization of model monomers 

using different alkylphenols as reactants. The results further confirmed that both C-

alkylation and O-alkylation contribute to suppressing repolymerization. The influence of 

temperature also has a profound influence on the reaction outcome. Condensation 

reactions are dominant at low temperature (200-250 °C), while char-forming reactions 

become significant at very high reaction temperature (380-420 °C). At low temperature, 

lignin depolymerization involves hydrogenolysis reactions; thermal cracking is nearly absent 

under these conditions. As the rates of condensation reactions involving reactive side-

chains like C=C double bonds and species such as formaldehyde are higher than that of 

hydrogenolysis, heavy residue is formed in this temperature regime. Moreover, the rates of 

reactions that can limit char formation such as alkylation, Guerbet and esterification 

reactions are low below 300 °C. This shifts the balance towards condensation rather than 

depolymerization. At moderate temperature (300-340 °C), depolymerization reactions are 

enhanced, mostly because thermal cracking starts, and the more recalcitrant bonds in the 

lignin can now also be cleaved including these of heavy residue formed during heating. This 

generates more lignin fragments and reactive phenolic intermediates. The reactive phenolic 

intermediates are obtained in higher proportion, because they are protected by alkylation 

and Guerbet and esterification reactions. This shifts the reaction balance towards 

depolymerization. The enhanced rate of alkylation, Guerbet and esterification reactions 

acting on lignin at high temperature has been confirmed by analyzing lignin residues using 

14C radiocarbon dating. At the highest temperatures used in this study (380-420 °C), char-



 Summary and Outlook  

161 

 

forming reactions due to carbonization become dominant. These carbonization reactions 

cannot be suppressed. Three types of lignin (soda, Alcell and kraft) were used as feedstock 

under optimized conditions. High monomer yields (typically ~60 wt% for soda and 

organosolv lignins and 86 wt% for kraft lignin) can be obtained after reaction of lignin in 

ethanol at 380 °C for 8 h, with little char formation. 

From Chapter 2 and Chapter 3, we confirm the important roles of alkylation, Guerbet 

and esterification reactions in suppressing repolymerization. In Chapter 4, we aim at gain 

understanding about the active sites of the CuMgAl mixed oxide catalyst for these reactions 

and their influence on lignin depolymerization. We varied the (Cu+Mg)/Al ratios (M2+/M3+ 

ratios = 2, 3, 4 and 6) and the Cu content (0 wt%, 10 wt%, 20 wt% and 40 wt%) of the 

catalysts and studied the influence of these compositional changes on lignin conversion at 

340 °C. Comparison with Cu/MgO and Cu/γ-Al2O3 catalysts emphasized the excellent 

performance of CuMgAl mixed oxides. In addition to lignin products, the side-products 

derived from ethanol conversion reactions were also analyzed and linked to the chemical 

reactions (Guerbet and esterification). Phenol was used as a model reactant to understand 

the role of acid and base sites in alkylation reaction. The combination of Cu and basic sites 

facilitates hydrogen production by dehydrogenation of ethanol. Cu and basic sites also 

catalyze Guerbet and esterification reactions, producing higher alcohols and esters from 

ethanol. The higher the activity of the catalyst in Guerbet and esterification reactions is, the 

less repolymerization products it produces. This can be linked to the scavenging of reactive 

species such as formaldehyde and aldehyde side-chains. The Lewis acid sites due to the 

presence of Cu and Al catalyze C- and O-alkylation reactions. Guerbet and esterification 

reactions are more important in suppressing repolymerization and char formation than 

alkylation reactions. Loss of basic sites due to hydrolysis of MgO and a concomitant loss of 

surface area due to spinel oxide formation of the Cu and Al components were identified as 

the main causes of the lower activity of regenerated catalysts. 

In Chapter 5, we report on the one-pot catalytic conversion of raw woody biomass into 

fuel components over a CuMgAl mixed oxide catalyst in a batch reactor in supercritical 

ethanol. Woody biomass, Scotch pine (SP) softwood, was chosen as feedstock and directly 

used under similar reaction conditions as used for lignin conversion (i.e., 300 °C and 340 °C 

for 4 h). A wide range of products including alcohols, aldehydes, alkanes, alkenes, esters, 

ethers and ketones with the carbon chain ranging from C5 to C16 were obtained from 

conversion of the holocellulose (sum of cellulose and hemicellulose) fraction of the woody 
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biomass. Conversion of lignin from woody biomass is easier than starting from technical 

lignin. Up to 67 wt% monomer yield (lignin base) could be obtained after reaction at 340 °C 

for 4 h. This was confirmed by comparing organosolv and enzymatic lignins obtained from 

wheat chaff. The enzymatic lignin which was obtained from a milder pretreatment process 

gave much higher monomer yield than the organosolv lignin. Lignin extraction from 

lignocellulosic biomass significantly decreases its reactivity, which implies that the 

subsequent valorization of lignin requires harsh conditions.  

 

 

Figure 8.2. Schematic representation of the conversion of wood lignin in methanol (second part of 

this thesis). 

In Chapter 5, we demonstrate that lignin obtained from milder pretreatment process is 

easier to be depolymerized. Combining the lignin extraction and valorization in one pot 
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would be promising as it largely avoids the condensation of lignin during pretreatment. In 

Chapter 6, we developed a novel tandem catalytic system for the valorization of lignin 

contained in woody biomass. The one-pot reaction is carried out in methanol. Metal triflate 

was used as a catalyst for accelerating the extraction of lignin from the lignocellulosic matrix 

by cleaving ether and ester lignin-carbohydrate intralinkages. These lignin fragments are 

then disassembled by Pd-catalyzed hydrogenolysis reactions involving molecular hydrogen. 

The benefit of using metal triflate has been confirmed by carrying out control experiments 

using birch wood sawdust as the feedstock. Without Yb(III)-triflate, the process is limited by 

slow delignification. Without Pd/C, the process is limited by the low rate of depolymerization 

of the released lignin fragments, resulting in a product mixture containing a large amount of 

oligomers. When Yb(III)-triflate and Pd/C were used together, up to 43 wt% C9 lignin 

monomers yield can be achieved (T = 180 °C, t = 2 h). A narrow stream (3-7 compounds) of 

lignin-derived alkylmethoxyphenols composed of 4-n-propylsyringol (PS-H), 4-n-

propanolsyringol (PS-OH) and 4-n-methoxy propylsyringol (PS-OCH3) and their 

corresponding guaiacyl counterparts, namely PG-H, PG-OH and PG-OCH3 were obtained. 

The solid residue was mainly comprised of cellulose, hemicellulose and small amount of 

lignin together with the Pd/C catalyst. About 35 wt% of the hemicellulose in the raw birch 

wood was converted to methylated C5 mono-sugars (mainly methyl xylose). The cellulose 

content in the carbohydrate solid residue was nearly unchanged. The important discovery 

enabling this novel chemistry was that metal triflates are water-tolerant and non-corrosive 

homogeneous catalysts with very high activity in cleaving the linkages between lignin and 

the lignocellulosic matrix. Their promise in bond cleavage was demonstrated by employing 

model compounds (glyceryl-trioleate (γ-ester), and phenyl glycoside (phenyl ether and 

phenyl glycoside)) that mimic lignin-carbohydrate linkages. We found that the presence of a 

propanol side-chain and hydroxyl groups of the sugars in the reaction mixture suppress ring 

hydrogenation of the aromatic monomer products. The influence of reaction temperature 

was also investigated. Nearly optimum C9 lignin monomer yield (43 wt%) could be obtained 

by heating birch wood to 220 °C. Different types of lignocellulosic biomass including 

hardwoods (birch, oak and poplar), softwood (Scotch pine) and grass (wheat chaff) were 

tested. Higher lignin monomer yields (36-48 wt%, lignin base) were obtained from the 

hardwoods, while the yield from Scotch pine softwood was much lower (24 wt%, lignin 

base). We could attribute this difference to the higher fraction of lignin C-C interlinkages 

such as 5-5 linkages in softwood. This relates to the higher content of guaiacyl units in 
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softwood. One challenge of this approach is that the metal catalyst (Pd/C) ends up in the 

solid residue. A solution briefly explored by us is to separate the lignin releasing step 

(without isolating lignin from the solution) and the hydrogenolysis step. We have shown that 

this approach yields nearly similar results in terms of lignin monomers.  

In Chapter 7, we focus on the synergistic effect of metal triflates in the Pd-catalyzed 

deconstruction of lignin fragments. We first employed benzyl phenyl ether (BPE) and 

guaiacylglycerol-β-guaiacyl ether (GG) as models for α-O-4 and β-O-4 ether lignin 

intralinkages in woody biomass, respectively. Pd/C was very active in cleaving the α-O-4 

ether bond. Pd was much less active in cleaving the β-O-4 ether bond in GG. On the other 

hand, Yb(III)-triflate was nearly inactive in cleaving the α-O-4 ether bond of BPE and very 

active in rupturing the β-O-4 ether bond in GG. The combination of Pd/C and metal triflate 

gave lower activity in cleaving the β-O-4 ether bond in GG than using metal triflate alone. 

The distinct difference prompted us to more systematically investigate the importance of 

aliphatic OH groups close to the ether bond linkage. We carried out reactions with two other 

model compounds 2-phenoxy-1-phenylethanol (PPE-OH) and 2-phenylethyl phenyl ether 

(PPE-H). We found that metal triflates can cleave (β-O-4) ether linkages within the aromatic 

lignin structure due to their interaction with vicinal OH groups that activates the ether bond. 

Metal triflates are more active for this reaction than Pd/C.  In the case of Pd/C, it tends to 

remove the vicinal OH groups before cleaving the ether bond. Therefore, in the tandem 

catalyst system the high activity of Pd/C in the removal of α-OH and γ-OH groups close to 

ether bonds decreased the ability of metal triflates to cleave ether bonds, which limited the 

synergy with metal triflates. Different metals, including divalent (Ni and Cu), trivalent (Al, Sc 

and La) and tetravalent (Hf) triflates were evaluated for woody biomass conversion. The 

preferred catalyst delivering the highest lignin monomer yield is Al(III)-triflate. Conventional 

Lewis acids such as AlCl3 and ZnCl2 were much less effective, presumably due to their 

hydrolysis by water. Other solvents such as ethanol, 2-propanol, tetrahydrofuran (THF), 

water and n-hexane were also tested under the same tandem catalysis conditions. Besides 

methanol, ethanol can also be used as a solvent for this process. The other solvents gave 

poor yields. With the optimal Al(III)-triflate catalyst, we then varied the ratio between the 

Pd/C metal and Lewis acid functions. In a first set of experiments, we fixed the amount of 5 

wt% Pd/C to 200 mg and varied the amount of Al(III)-triflate between 5 mg and 45 mg. The 

results showed that the amount of metal triflate should be kept relatively low to limit the 

release of glucose from cellulose and its further degradation. We fixed the amount of Al(III)-
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triflate to 15 mg in the next step, and varied the amount of Pd/C from 0 mg to 300 mg (Pd/Al 

ratios from 0 to 4.5).  When the Pd/Al ratio is too high (Pd/Al ratio > 3-4.5), the monomers 

yield was decreased, because Pd/C removed α-OH groups that enabled the metal triflates 

to cleave ether bonds. Accordingly, the amount of Pd/C should also be limited. Optimum 

Pd/Al ratios are in the 0.3-3 range. In this case, metal triflate co-catalyst was active in 

cleaving β-O-4 ether bonds in the lignin backbone itself. This facilitated the reduction of the 

molecular weight of lignin rapidly during the initial stages of the reaction, enabling the metal-

based hydrogenolysis catalyst to achieve high yield of mono-aromatics. The metal triflate 

catalyst is in principle recyclable, although a slight loss of the activity is due to the 

adsorption of metal triflate on the surface of the Pd/C catalyst. In understanding this, we 

were able to optimize the conditions. Up to 55 wt% mono-aromatics, mainly 

alkylmethoxyphenols, can be obtained from the lignin fraction (23.8 wt%) of birch wood in a 

reaction system comprising 2 g birch wood, 20 mg 5 wt% Pd/C, 15 mg Al(III)-triflate at 

180 °C in 2 h in an atmosphere of 30 bar H2. The process can be easily scaled up by a 

factor of 50 using a 4 L autoclave, delivering 40~46 wt% lignin monomer yield using non-

extracted oak wood sawdust as feedstock. The mild conditions, short reaction times, good 

scalability and use of small amounts of catalyst make this tandem process very promising 

as a method to remove and upgrade lignin from second generation biomass. The lignin-

derived alkylmethoxyphenols can be used in the fragrance industry (e.g., dihydroeugenol) 

or upgraded to produce alkylbenzenes or alkylphenols by catalytic hydrodeoxygenation. 

Another interesting option is to demethoxylate and dealkylate the obtained methoxyphenols 

to obtain phenol, which is a valuable base chemicals. The solid residue is comparable in 

composition to cellulose obtained by kraft pulping of birch hardwood. Besides a possible 

feedstock for the paper industry, it is an ideal starting material for production of 

biochemicals such as ethanol, levulinic acid, and γ-valerolactone.  

8.2 Outlook 

The results of this thesis mainly contribute to better understanding the influence of various 

factors on lignin valorization and elucidating the mechanistic insights. Most attention has 

been devoted to understanding the process, rather than simply boosting the lignin monomer 

yields. Combination of lignin and lignin model compounds reactions were both extensively 

studied. Most of the studies in the field of lignin depolymerization are predominantly focused 

on the use of relatively simple model dimers or oligomers in the early stage and translate it 

to real lignin later. However, in many cases, the optimal conditions for cleavage of model 
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compounds do not translate well into those for real lignin depolymerization.1 In this thesis, 

the main purpose of carrying out model compound studies was to gain understanding in the 

underlying chemical phenomena of lignin depolymerization. Some valuable mechanistic 

insights have been revealed which can shed light on research done by others. The obtained 

insights of this thesis allows formulating some general recommendations: 

1) In Chapter 2 and 3, we point out that the phenolic hydroxyl group and formaldehyde 

are the key chemical groups involved in condensation. We have also proved that 

alkylation, Guerbet and esterification reactions contribute to suppressing 

repolymerization and char formation. Accordingly, it is recommended to focus 

catalyst development on these reactions, especially at much milder conditions than 

possible with the catalysts studied in this thesis. Alternatively, the use of capping 

agents (e.g., boric acid2, 3) or co-catalyst (e.g., decarbonlyation catalyst4) to protect 

or remove reactive groups may be promising, but the approach followed should be 

cheap and scalable.  

2) The insights obtained from Chapter 4 offer the possibility to design novel catalyst for 

lignin depolymerization. The catalyst should contain a transition metal, a Lewis acid 

and basic sites which are required for catalyzing alkylation, Guerbet and 

esterification reactions, as well as hydrogenolysis reactions. A major limitation of the 

currently used mixed oxide catalyst is that it deactivates during the reaction, limiting 

the activity during reuse. Catalyst stability is a key issue in biomass conversion, 

which usually involves solvents and harsh conditions conducive to metal leaching 

and sintering of the active phase. 

3) Whilst the protection of aromatics freed from lignin by ethanol capping has been 

shown to be effective, a major problem remains the side-reactions of ethanol, which 

in itself is a valuable biochemical. High ethanol consumption should be avoided. 

Lowering the reaction temperature is a must, as investment in high-pressure, high-

temperature reactors may be prohibitive as margins on fuels production are usually 

very small. On the other hand, the current work also emphasizes the need for 

applying harsh conditions to convert the recalcitrant bonds in technical lignins. A 

holistic approach could then be followed in which the cleavable fraction of such 

lignins can be extracted by depolymerization as mono-aromatics. The recalcitrant 

fraction of lignin, most likely in the form of oligomers, can be used as intermediates 
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for production of phenolic resins or bio-bitumen. The char fraction could be used for 

producing bio-materials such as activated carbon.5, 6 

4) Chapter 5 demonstrated that converting mildly treated enzymatic hydrolysis lignin or 

native lignin from raw biomass offers more promising results. This has also been 

further confirmed in Chapter 6 and 7 using raw woody biomass as feedstock. It 

points out that preparing more reactive lignin by a suitable pretreatment method 

would be essential for lignin depolymerization research. Therefore, a more 

systematic investigation on the influence of lignin pretreatment methods on its 

structure change and catalytic performance would be interesting.  

5) Chapter 6 and 7 evaluated the recently advocated “lignin-first” approach by using a 

novel tandem catalytic system comprised of metal triflate and Pd/C catalysts in 

methanol in hydrogen atmosphere. Aspects to be improved in this approach are 

reclaiming the noble metal catalyst and the soluble metal triflate catalyst. Part of the 

solution can be in innovative reactor technology and separation of different reaction 

steps in the overall process. Also, avoiding interaction of metal triflate with the 

heterogeneous catalyst, by which part of the metal triflate is lost, should be a topic of 

further investigation.  

6) Although some of the products are already in the market (e.g. dihydroeugenol), 

further upgrading of the product mixture is needed. For example, one interesting 

perspective is selectively remove the methoxy group and alkyl side-chains of the 

alkylmethoxyphenols obtained in good yield in the “lignin-first” approach; in this way, 

pure phenol can be obtained which is a high-value chemical intermediate.7 

Integration of an optimized lignin conversion process in nearly-commercial second-

generation bio-ethanol refineries should be explored.       

7) From a fundamental point of view, the use of model compounds for lignin conversion 

should be done with greater care. Clearly, subtle variations in the model compounds 

can have a great impact on the reaction outcome. For example, in Chapter 6 we 

found that one OH group difference between the two model dimers results in 

significant different reactivity. Therefore, more realistic model compounds and/or 

smart combinations of different model compounds in systematic studies should be 

the basis to better understand reaction mechanism of lignin conversion.  

8) A word of caution is in place concerning the analytic protocols used. Standardization 

of analytic protocols is currently lacking, although some efforts have already been 

made to arrive at a best-practices approach. Nevertheless, the lack of consensus on 
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work-up procedures, identification and quantification methods makes it very 

cumbersome to compare results of different groups. Of course, attempts at 

standardization will suffer from the feedstock variability and the dependence on the 

work-up method. Nevertheless, developing a useful work-up procedure for the 

separation of different lignin residues, char and reaction products as done here is 

recommended as it will eliminate the possible interference caused by the solvent-

derived by-products during characterization, for example in GPC and HSQC NMR.  

In conclusion, lignin, being the second most abundant but least valorized biomass 

component, has drawn an increasing research interest in recent years. This work has 

shown possibilities to valorize technical and native lignins, but foremost led to new insight 

into the mechanism by which these materials can be effectively deconstructed. Despite all 

of this and commensurate progress reported by others, it is fair to conclude that the 

entrenched myth in industry that “you can make anything you want out of lignin...except 

money.” will remain true for a while; nevertheless, the current work helps to identify the 

technical barriers that need to be overcome and provide direction to make lignin usage 

economically viable.  
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