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Abstract  

 

This chapter outlines possible scenarios for using lignin as a feedstock in a biorefinery 

environment. We first explain the position of biomass with respect to fossil carbon 

sources and the possibilities of substituting these in tomorrow’s transportation fuels, 

energy, and chemicals sectors. Of these, the conversion of biomass to chemicals is, in 

our opinion, the most worthy. Focusing on lignin, we describe the four main processes 

for its industrial separation (the Sulfite, Soda, Kraft, and Organosolv processes). Then, 

we detail several short- and long-term perspectives for its valorisation to aromatics, 

polymers and materials. Combining the chemical aspects with up-to-date data from 

economic analyses gives a pragmatic and realistic overview of the commercial 

applications and possibilities for lignin in the coming decades, where biomass will join 

shale gas and crude oil as a valid and economical carbon source.  

 

 

 

 

 

 

 

 

 

 

 Part of this work has been published as: “The pros and cons of lignin valorisation 

into an integrated biorefinery” Z. Strassberger, S. Tanase and G. Rothenberg, RSC 

Adv., 2014, 25310-25318. 
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1.1. Introduction 

Anyone dealing with energy, chemicals, and especially renewables and biomass 

will tell you that the past decade has been an interesting one. Much more so, perhaps, 

than the half-century that preceded it. The second half of the 20th century was dominated 

by crude oil as the raw material for energy, transportation, and chemicals. Technologies 

for processing crude oil have been developing since the 1860s, and today’s refineries are 

highly integrated industrial plants.1, 2 But even though we were reminded that fossil 

fuels will not last forever (cf. as early as 1956 Hubbert’s pioneering work3) it was 

business as usual until the onset of the so-called “peak oil”.4-6 With the help of public 

opinion, and the increasing threat of global warming, governments began to look 

seriously for alternatives to fossil fuels.7 Renewables, and especially biodiesel8 and 

bioethanol,9 which are relatively easy to implement, featured high on governmental 

wish lists. 

 

And then, out of the blue, came the discovery of shale gas. In fact, it was not the 

discovery of shale gas per se as the development of its efficient and cheap extraction 

that made it such a game-changer.10 In less than five years, the availability of  gas across 

the world has changed radically the energy market. Depending on which forecast you 

read, reserves are projected to last between 50–200 years,11 with the US becoming one 

of the main energy exporters in world. This astounding change will have large 

economical and political ramifications. Currently, energy in the US is six times cheaper 

when it comes from gas compared to diesel, and the political consequences of energy 

independence will be far-reaching. 

 

But the gas bonanza should not stop renewables. Mankind has been given a 

temporary reprieve, but fossil fuels will run out, and they are not renewable on any 

human time scale. Moreover, the change in feedstock, from oil to gas, carries with it 

formidable chemical challenges and opportunities, as we will discuss here. 

 

The key point is that we’re changing the feedstock, but not the product. People still 

need the same energy, transportation fuels, and chemicals. But now these must come 

chiefly from C1 and C2 feeds, rather than from long alkanes. This will also redefine the 
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role of biomass and its derivatives. Figure 1 shows the relationship between the various 

feedstocks and the products. While it is true that a refinery can turn almost any carbon-

containing feedstock into almost any product, some routes are much simpler (and 

therefore more economical) than others. As such, shale gas and natural gas are highly 

suited for energy production, crude oil is typically used for making transportation fuels 

and chemicals. The dashed curves in Figure 1 denote the less efficient (but definitely 

doable) routes. 

Biomass!

Crude oil!

Natural Gas/
Shale Gas!

Chemicals!Trans. fuel!Energy!

 

Fig. 1. Feedstocks, routes, and products of the energy, transportation and chemicals sectors. The 
dashed curves represent less efficient connections. 

Now, let us consider the role that biomass can play in this scenario, taking into 

account the following five points: 

• Gas is cheap and currently plentiful, but its transportation is costly. 

• Biomass differs from crude oil and gas because it is over-functionalized and 

has a high oxygen content. 

• Biomass is available practically worldwide, on varying scales. 

• Unlike fossil hydrocarbons, biomass is renewable on a human timescale, but its 

large-scale cultivation raises ecological and economical concerns. 

• Over 93 vol% of all the crude oil and gas processed today are converted into 

energy and fuels. All the bulk chemicals, polymers, fine-chemicals and 

pharmaceuticals account for less than 7%. 
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Based on these facts, we can see that is makes much more sense to convert biomass 

into chemicals than into energy. Since biomass is already highly functionalized, smart 

chemical conversion would allow us to use these functions. Moreover, biomass is a 

lower-grade fuel precisely because it is already functionalized, so converting it “back” 

to hydrocarbons in order to burn those is simply a double waste. 

Vegetal biomass is comprised of cellulose, hemicellulose, and lignin. Current 

biorefinery concepts emphasize cellulose and hemicellulose, and these have been 

reviewed extensively.12, 13 Here, we will give only a short overview on cellulose and 

hemicellulose actual application on commercial scale. Our main focus will be on the 

conversion of lignin to useful chemicals, and on examining the possibilities of including 

lignin valorisation in future biorefineries.14 

1.2. From biomass to value products 

Biomass is a mixture of organic molecules, containing hydrogen, oxygen, nitrogen, 

phosphorous and sulfur atoms, plus small quantities of alkali-, alkaline-earth metals and 

heavy metals.15 We can consider lignocellulosic biomass as collection a fibrous 

cellulose backbones with a hemicellulose coating that are “glued” by lignin. 

 

Although biomass is annually renewable, it is still a limited resource.16 Today, the 

mean global land area per capita is only two soccer fields (2 ha; this includes non-arable 

areas such as Antarctica and the deserts17). Nevertheless, the European Environment 

Agency estimates that Europe’s biomass production capacity could grow up to 300 

Mtons by 2030.18 Similarly, the US Department of Energy estimates that sustainable 

biomass production in the US could reach 1.2 Btons per year by 2060, and this without 

compromising edible crops19 This last point is essential. Biomass used to replace petro-

based products should not compete with the food sectors. 

Much of the biomass that is currently considered waste will become a valuable 

feedstock. Hence, the main goal of tomorrow’s biorefineries will be the processing of 

lignocellulosic biomass by recycling forest and agricultural waste.4 These refineries will 

produce biobased energy and high value added chemicals. Indeed, renewable feedstocks 

can be incorporated in higher-value-added commercial scale processes, as we show in 
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the examples below. In principle, such processes can be integrated in an agro-biofuel-

biomaterial-biopower cycle (Figure 2), as shown by Ragauskas et al.20 The short 

examples below pertain all to cellulose/hemicellulose derivatives (carbohydrates). 

However, a complete solution would also have to include the processing of lignin, 

which is the main focus of this chapter. 

Hemicellulose!
Cellulose!

Lignin!

•  Residual lignin!
•  Aromatics: BTX, phenols!
•  Macromolecule!
!

•  Liquid fuels!
•  Platform chemicals:       

succinic acid  
furanes…!

Biofuels!

Heat/Electricity!

Biomaterials!

Crop residues!
37%!

Forest residues!
13%!

Primary Mill!
18%!

Secondary Mill!
1%!

Urban wood!
7%!

Switchgrass on CRP 
Lands!
20%!

Others!
4%!

 

Fig. 2: Cartoon showing the role of the future biorefinery as part of a fully integrated agro-biofuel-
biomaterial-biopower cycle. The pie chart shows the distribution of vegetal biomass by volume. 

(CRP=Conservation Reserve Program) 

 

1.2.1. Current examples: bioplastics from cellulose and hemicellulose 

derivates 

Recent research has focused on the conversion of cellulose and hemicellulose, 

targeting the “top 12 platform chemicals” list put forward by the US Department of 

Energy (succinic acid, fumaric acid, malic acid, 2,5 furan dicarboxylic acid, aspartic 

acid, glutamic acid, levulinic acid, glycerol, sorbitol, arabinol and xylitol).21-23 One 

promising market segment for these is the polymers industry. The global demand for 

conventional plastics in 2011 was 280 Mtons, of which 70% are made of polyolefins, 

PVC, PS, EPS or PET.24 As most of the petro-based plastics are not recycled, and not 

biodegradable, managing plastics waste is becoming one of mankind’s biggest 

problems.25  

Biobased plastics are emerging slowly, but promisingly. Examples include the 

replacement of polyethene terephthalate (PET) with a biobased alternative that has 

similar chemical and physical properties, such as polylactic acid (PLA). This polymer 

can be blended with cellulose.26-28 Unlike PET, PLA is biodegradable. It can be recycled 

to its monomers by thermal depolymerization, or hydrolysis. Today, PLA is used in 
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food packaging and the cosmetic industry. Natureworks, backed by Cargill, is the 

primary producer, with 140 ktpa.29 Similarly, polyhydroxyalkanoates (PHAs) are natural 

polyesters. Unlike PLA, they are UV stable as well as biodegradable. Industrially, PHAs 

are extracted and purified from bacteria.30 For example, Metabolix has commercialized 

under the trade name Mirel® a process leading to a broad range of PHAs biopolymers. In 

collaboration with Antibióticos in Spain, they announced a production of PHAs for 

2013 of 10 ktpa.31  

 

Another promising recent development is the YXY® process commercialised by 

Avantium Technologies in collaboration with Danone and the Coca-Cola company.32 

YXY uses a chemocatalytic route to convert sugars into furan dicarboxylic acid 

(FDCA), a bio-replacement for terephthalic acid.33 The FDCA is then polymerized with 

ethanol to polyethylene furanoate (PEF). Coca Cola and Danone see this process as a 

route for developing biobased PEF bottles.  

 

Polyethylene itself can also be made from biomass, via biobased ethanol. 

Bioethanol is already widely produced (for example, POET, a commercial biorefinery in 

Lennox U.S, produces 54 ktpa).34 Once ethanol is obtained, the alcohol can be 

dehydrated to ethylene.35 Braskem is now the world leader in the field of biopolymers 

because of its Green PE (polyethylene), first produced on a commercial scale in 

September 2010 with a production capacity of 30 ktpa.36  

 

But what applies to the nicely structured biomass fractions of cellulose and 

hemicellulose, does not necessarily apply also to lignin. A practical, if cynical, saying is 

“you can make anything from lignin, except money”.37 Here, we will try and understand 

the factors that can help unearth the now-hidden economical potential of lignin.38 

  

1.2.2. Short- and long-term perspectives for lignin valorisation 

Lignin structure and properties 

Lignin is a complex three-dimensional amorphous polymer. Its key function in 

woody biomass is providing strength, rigidity and resistance to degradation.39 

Chemically speaking, lignin is a highly complex polyphenol-derived resin, consisting of 



Chatper 1 

 8 

various methoxylated phenylpropane structures.40 There are three primary monomers: 

syringyl- (S), guaiacyl- (G), and p-hydroxyphenyl- (H, also called p-coumaryl) derived 

from the monolignols p-coumaryl, coniferyl, and sinapyl alcohols (see Figure 3). 

OH

OH

OH

OH

OH

OH
O O O

p-coumaryl alcoholconiferyl alcoholsinapyl alcohol

(G)(S) (H)  

Fig. 3: The three main monomer building blocks of lignin. 

The ratio between these units, the molecular weight and the amount of lignin differs 

from plant to plant. As a rule of thumb, the amount of lignin generally decreases from 

softwoods to hardwoods to grasses.41 The typical lignin content is 24–33% in 

softwoods, 19–28% in hardwoods depending on the sources, and 15–25% in cereal 

straws, bamboo or bagasse.41  

 

Although the exact polymeric structure of lignin is undefined, the key substructures 

are known.40, 42-44 The primary monomers of lignin are linked together through C–O 

bonds of α− and β−arylalkyl ethers.45, 46 The β−O−4 linkage predominates, accounting 

for roughly 50% of the linkages.47 Other common linkages are the 5−5, β−5, and the 

dibenzodioxocin linkage (see Figure 4). The ratio of linkages in softwood is given as an 

example in Table 1. 
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OH
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OH

OH
OMe
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OH

OH

O

O

O

O
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HO

MeO

HO

OH

OH

O

HO

O

OH
OH

HO

MeO O

O

OH

OMe

MeO

OMe

OMe

β�Ο�4 linkage 

β�β linkage 

5�5 linkage 

β�5 linkage 

 

Fig. 4: Schematic representation of lignin chemical bonds. The highlighted areas show the most 
common linkages. 

Table 1: Percentage of different linkages in softwood lignin.48-51  

Linkages Dimer structure 

Distribution in 

softwood 

Bonds per 100 C9 units 

Distribution in 

hardwood 

Bonds per100 C9 units 

β−O−4 
O4' β

γ
OH

α
OH

O
1'
2' 3'

5'
6'

4
1

2
3

5  

40-50 50-60 

β−5 
O

HO
β

5
γ

α

1
2

34
 

10-12 3 

5−5 

O

O
5
5'

 

13 3 

4−O−5 

O
O

4
5'

 

3 3 

β−β 
O

O

β'
βα'

γ

α

γ'

 

3 3 
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Isolation of lignin  

The technology for isolating lignin from biomass is no longer the main obstacle for 

valorisation. Four main industrial processes are currently producing high-purity lignin: 

the Sulfite, Soda, Kraft and Organosolv processes.  

 

Using aqueous solution of sulfur dioxide with different pH, the Sulfite process is 

by far the largest producer of lignins (Table 2). The so-called lignosulfonates formed are 

water-soluble making it different from other technical lignins. As carbohydrates are not 

removed selectively, further purified lignins are obtained by removing the carbohydrate 

impurities by fermentation, chemical removal, ultrafiltration or selective precipitation.52  

 

 The Soda lignin process uses sodium hydroxide to dissolve the lignin from 

lignocellulosic biomass.53 Lignin is recovered in several steps, including acid 

precipitation, maturation and filtration. This process gives sulfur-free lignin.  

 

In the Kraft process, wood chips are boiled at 170 °C for about two hours in an 

aqueous solution of sodium hydroxide and sodium sulfide (so-called white liquor). 

During this treatment, the hydroxide and hydrosulfide anions depolymerize the lignin 

into smaller water/alkali-soluble fragments.46 The extraction of lignin in this process can 

be improved using the LignoBoost technology.54 LignoBoost works in conjunction with 

evaporation. By lowering the pH with CO2, lignin precipitates from the black liquor, 

dewatered using a filter press and then re-dissolved in water and acid. The resulting 

slurry is once again dewatered and washed, to produce a high purity lignin stream.55 In 

2013, Domtar has successfully started up a 27 ktpa LignoBoost production plant.56  

 

Finally, the Organosolv fractionation (also known as Alcell), with ethanol/water, 

yields high purity lignin with <1 wt% residual carbohydrate content.42 Organosolv 

pulping or fractionation of lignocellulosic biomass is one of the routes that can produce 

high-quality cellulose biofuel plus a high purity lignin. However, until now no 

organosolv process has reached commercial scale.57 It is possible to obtain technical 

lignin via other processes such as hydrolysis or steam explosion of biomass, but these 

are only at a pilot plant level (for availability of technical lignin see Table 2). In 2010, 
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the pulp and paper industry produced about 50 Mtons of low-purity lignin. Of this, only 

2% was used commercially in the dispersants or binding sectors. The remaining 98% 

was recovered as a fuel.58 

 
Table 2: Commercial lignin production.41 

Process Scale 
(ktpa) Sulfur Suppliers 

Sulfite 
(Lignosulfonates) 

≈1000 yes Borregaard LignoTech (NO, worldwide) 
TEMBEC (FR, US) 

Domjö Frabiker (SE) 
La Rochette Venizel (FR) 

NipponPaper Chemicals (JNP) 

Kraft 60 yes Meadwestvaco (US) 
Kraft (LignoBoost)  27(a) yes Domtar (US) 
Soda 
(Sulfur free) 
 

5–10 no Greenvalue (CH, IND) 

Organosolv(b) 

(Sulfur free) 
≈3 no CIMV (FR) 

Lignol Innovations (CAN) 
DECHEMA/Frauhoffer (DE) 

Dedini (BR) 
(a) Domtar’s estimation for 2013.56  

(b) Pilot scale 

Valorisation of lignin to aromatics 

Lignin depolymerization and valorisation remain a challenge.59 Regardless of the 

source, gasification processes can be used with almost any lignin process stream. This 

makes lignin an ideal fuel for short- to medium-term applications in biorefineries. But 

lignin can also give a variety of aromatic building−blocks of high added value. With its 

intrinsic aromatic structure, lignin is in theory the most suitable renewable feedstock to 

substitute petro-aromatics. In practice, little progress has been made in this direction. 

The technologies were qualified by Gazellot as “Low, or Emerging, Requires Intensive 

Effort for Development”.60  

 

The unique exception is the biorefinery operated by Borregaard in Norway. Here, 

90% of the woody biomass input exits as marketable products. The refinery separates 

the biomass into cellulose specialty fibers (dissolving cellulose) and lignosulfonates. 

Part of the latter is then converted to vanillin, while the dissolved carbohydrates are 

fermented into 2nd-generation bioethanol.61 In this way, at least one high-value 
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chemical is produced from lignin. Vanillin is the world’s most used flavoring agent. Its 

production is about 16 ktpa (vanillin from vanilla beans represents only 1% of that).62 

 

Interestingly, converting lignin to aromatics used to be more common in industry, 

though vanillin remains today the only commercial aromatic product of lignin. In 1982, 

Huibers and Parkhurst reported the highest yields for the conversion of kraft lignin into 

aromatics.63 In a two-step process, including hydrocracking and hydrodealkylation over 

a catalyst bed in hydrogen, 20% of phenol and 14% of benzene (based on lignin) were 

isolated.63 Considering that today’s phenol market price is about 1220 €/ton and 

benzene 1050 €/ton (January 2014 prices), this could become a valuable process in a 

long- to medium-term application. The remaining 70% could still be burned to generate 

power, increasing the overall revenue. Currently, 95% of phenol production involves the 

partial oxidation of cumene (isopropylbenzene) via the Hock process.64 In the past two 

decades, much research was dedicated to synthesize phenol via the direct oxidation of 

benzene.65, 66 This could avoid the co-production of acetone, offering the potential 

economy of operation without by-product. As phenol is more expensive than benzene, 

producing phenol from lignin can be even more attractive. 

 

More and more lignin is available as technologies continuously improve. Hence 

more added value chemicals should be targeted within the lignin stream. Even if only 

25% of lignin will be isolated from 600 Mtons of biomass (only half of the US 

prediction by 2060), it would mean that 150 Mtons of isolated lignin would be available 

in the U.S.67 The market price of technical lignin is about 110 €/ton.68, 69 According to 

Holladay et al.,22 in a scenario where lignin is used as a fuel to generate power, the fuel 

credit value is €8.6bn.67, 70 But, rather than replacing fossil fuels, lignin should be 

converted into high-value aromatics and fine-chemicals. This market is much more 

lucrative. The global production of benzene, toluene and xylene (BTX) in 2012 was 102 

Mtpa.71 The market price of BTX was reported on average of 876€/ton in 2010.72 This 

represents a value of €73 bn.72 Replacing this type of market with lignin is economically 

much more interesting. These products could fed into conventional petrochemical 

processes, reducing the investment in new platform refineries (see Figure 5). 
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caprolactam!

styrene!cumene!

1,6-diaminohexane!Adipic acid!

cyclohexane!

bisphenol A!

nitrophenols!aminophenols!

cyclohexanone!cyclohexanol!

HO OH

OH O

OH

NO2O2NNH2H2N

HO2C (CH2)6

OH

HO

CO2H H2N (CH2)6
NH2

NH
O

 

  Fig. 5: Current petrochemical products starting from benzene and phenol. 

In a scenario where lignin is converted only to simple aromatics, with a 20 wt% 

conversion, 372 Mtons of BTX are produced at a value of €19bn.22, 73 But producing 

BTX selectively from lignin remains a challenge. Most processes deal with the 

conversion of a mixture of aromatic structures, increasing the difficulty of purification 

steps. Even if BTX would be produced in a mixture of other aromatics (80% of lignin), 

the benefit would be ca. €24bn, with the remainder converted to 290 Mtons of bio-

ethanol.22, 73 The mixture of compounds would be gasified to provide syngas alcohols 

with added value. Regrettably, lignin valorisation research has not improved since the 

80’s on a commercial scale. Much effort is now done on a labscale to understand and 

improve the different catalytic steps and overcome the challenge of pilot scale will need 

some extra time. The prize is tempting: compared with the €8.6bn for power generation, 

BTX production could double the added value of lignin income. 
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Valorisation of lignin to polymers 

Obtaining a selective and clean final product of lignin depolymerization will require 

technological progress in fractionation,74 purification and catalyst development. In the 

short-term, lignin could replace polymers such as polyacrylonitrile (PAN) as a source 

for producing carbon fibre.75 The first lignin-based carbon fibres were developed by 

Kayacarbon and made commercially available by Nippon Kayaku Co.76 The initial step 

in economical lignin-derived carbon fibre production requires that lignin is melt-spun at 

high rates. The pitfall is that this needs high-purity lignin. All impurities such as 

polysaccharides, salts, water and other volatiles have to be removed first. Oak Ridge 

National Laboratory and GrafTech International Holdings have developed high 

temperature thermal insulation prototypes made from lignin-based carbon fibers. Within 

2014, they plan to reach ton-scale production and field testing by customers.77  

 

Using lignin as of low-cost carbon source can decrease the sensitivity of the raw 

material to petroleum cost. The goal of replacing steel panels with lightweight, yet 

strong, carbon fibre-reinforced plastics is to significantly reduce vehicle weight and 

improve fuel transportation economy. The carbon fibre production requires approx. 0.6 

billion kg, composed of 90% lignin and 10% synthetic polymer with an overall weight 

yield of 45%. In a scenario where lignin is converted to 7.6 million tons of carbon 

fibres, considering that 45 kg of carbon fibres are needed per car, this would go into 15 

million cars. The remaining lignin would be converted to syngas and alcohols, which 

would increase the ethanol production of 360 Mtons and the revenue increase of 

€12bn.73  

 

In the agrochemicals sector, lignin can also have an impact. Lignosulfonates are 

already used commercially in many applications such as in the cement, polymers, resins 

and foams sectors. They are excellent dispersing agents, binders and dust controlling 

properties. Will and Yokose estimated the world production value in 2005 between 

€360m–€400m.78 As mentioned above, the majority of the lignosulfonates comes from 

sulfite pulping and fibre industry.  
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One of the largest applications of lignosulfonates is in the concrete industry. About 

700 ktpa of lignosulfonates are used only in this field.78 Their strong dispersing agents 

properties allows using less water to form workable mixtures.79 Thanks to lower water 

requirements, the resulting concrete has a higher density, better uniformity, higher 

compressive strength and better durability. Lignosulfonates are also used as set retarding 

agents in applications where concrete must remain fluid over extended periods of time. 

A key factor in cement deposition is controlling dust and surface stabilization.80 

Lignosulfonates are typically sprayed on the roads to prevent dust formation. In the 

form of potassium lignosulfonates, they can be used in up till 30 wt% in slow-release 

fertilizers. This improves the chelating of a variety of metal ions in the soil as well as 

increases the solubility of nitrogen, phosphorus and potassium in the soil.81 Their 

binding properties increase hardness and avoid cracking and dust in storing, from 

animal feed pellets to fertilizers.81, 82 In the past 30 years, numerous environmental 

studies were conducted to evaluate the toxicity risks and gas emission on the use of 

lignosulfonates. They concluded that lignosulfonates are non-toxic above the 

concentration level used, and that the surrounding vegetation is not affected by their 

application.83-85  

 

Polyurethane is one of the most versatile polymers, with a wide range of products in 

diverse sectors, as a foam, elastomer, paints and adhesive. With its high insulation and 

mechanical properties, rigid polyurethane (RPU), with  foams and elastomers are often 

used in the construction, automotive industry, freeze sectors, equipment manufacturing, 

nautical applications.86 The utilization of lignin in polyurethane synthesis often follows 

two global approaches: the direct utilization of lignin without any preliminary chemical 

modification (alone or in combination with other polyols)87, 88 or by making the 

hydroxyl functions more readily available by chemical modification such as 

esterification and etherification reactions.89 As lignin contains, both aliphatic and 

aromatic hydroxyl groups, it can potentially act as reactive sites for isocyanate groups 

(formation of urethane linkages). It can be directly incorporated into polyurethane 

formulations without any chemical transformation. Silva et al. outlined five synthetic 

routes for incorporating lignin into polyurethane materials (see Figure 6).90 The 

drawback is a more rigid and brittle end product compared to pure polyurethane. To 



Chatper 1 

 16 

overcome this, oxypropylation is used. This reaction grafts of poly(propylene oxide) on 

the lignin, allowing the hydroxyl groups to be released on the outer shell of the polymer 

(particularly the phenolic groups entrapped inside the molecule).91 Consequently, the 

solid lignin becomes a liquid polyol with an optimal hydroxyl index for polyurethane 

foam formulations. Both approaches, using lignin directly or after chemical 

modification, formed materials with promising properties.90 

Lignin!

Polyols !

Elastomers ! Rigid foams!

e

b

a c

d

 

Fig. 6: Synthetic routes for lignin incorporation in polyurethane materials: (a) direct use, (b) synthesis 
of liquid polyol, (c) synthesis of rigid polyurethane foams using lignin as reactive filler, (d) synthesis 
of polyurethane elastomers using lignin-based polyols and (e) synthesis of rigid polyurethane foams 

using lignin-based polyols.90 

 
Valorisation of lignin to new products and in-the-pipeline processes 

In addition to the classic aromatics and polymers, several academic groups are 

researching the use of lignin for making new products and applications. These include 

electrodes for batteries92 and fuel cells,93 high-performance materials93 and composites94 

(lignin itself can also be used as fuel in direct lignin fuel cells).95, 96 Industrial players 

are showing interest in the results (many of these projects are part of academia/industry 

consortia, such as the CatchBio initiative in the Netherlands,97 but as far as we know no 

application has reached the industrial process stage yet. For example, Wang et al. 

reported the development of a novel N-doped fused carbon fibrous mat that was made 

from a 9:1 blend of lignin:polyethylene oxide.98 The aromatic character of lignin makes 

it a good starting material for graphite electrodes, as shown by Popoval et al.99 and more 

recently by the groups of McGuire and Gnedenkov.100, 101 These can be used in both 

lithium batteries and fuel cells. 
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Moving forward: limitations and possible solutions 

Finally, let’s take a look at possible scientific and technological strategies for 

moving the valorisation of lignin forward and tackling the ‘cons’. With all the 

attractiveness of lignin as a natural source of aromatics, one could easily think that 

practical applications are only a short step away. But there are three serious barriers that 

must be scaled first: analytics, processing, and product application. Each one of these 

problem areas is being tackled by different groups from academia and industry, and 

quite successfully. In the analysis area, 2D NMR102, 103 and advanced chromatography 

methods104, 105 are enabling the characterisation of lignin down to single components. 

New reactor concepts are being developed for biomass, especially combining reaction 

and separation steps,106 and using both traditional chemistry and enzyme technology.107-

109 The problem is that each of these limitations is being tackled by different groups or 

business units, that often compete rather than collaborate with each other. This may 

sound trivial, but the problems of lignin valorisation are too far apart to be solved by 

single groups or companies.110 Collaborative projects are essential.  

 

Tacking the product application issues needs a more fundamental change. It 

requires a shift in the buyers’ view on chemicals, because of the inherent variety in 

biomass feeds. Some lignin extracts will serve as feedstocks for traditional products 

which require high-purity components. But we foresee a major market segment for 

aromatic “cocktails”, provided that the variety in the feed would not hamper the 

performance. As an example, consider linear alkylated benzenes (LABs),111 which are 

used for making surfactants and ultimately cosmetics. Since the active ingredients in 

these are typically formulated using several components, we can envisage a lignin-based 

cocktail of LABs that would be applied “as is” for making surfactant mixtures. This 

would be the best long-term approach for using biomass-derived feeds, as they are and 

will remain varied by location and time. 
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1.3. Conclusion 

Lignin is nature’s largest reserve of aromatics. Currently, with the exception of the 

vanillin process and the cement dispersion applications, it is typically burned as low-

grade boiler fuel. Considering its complexity and richness of functional groups, simply 

burning lignin is a waste. There are many possible alternatives for converting it instead 

into aromatics, agrochemicals, polymers and high-performance materials such as carbon 

fibres. However, all these processes depend on improvements and innovations in the 

fields of catalysis and product separation. The catalytic steps that need improvement 

include dealkylations and hydrodeoxygenation. Moreover, new types of catalysts are 

needed,112 that are compatible with biomass feedstocks. Most importantly, realizing the 

full industrial potential of lignin requires large-scale and intensive collaboration 

between scientists and engineers in the fields of analytics, catalysis, organic chemistry, 

and chemical engineering and processing. 



 Valorisation of lignin into an integrated biorefinery 

 19 

1.4. References 

1. I. V. Babich and J. A. Moulijn, Fuel, 2003, 82, 607-631. 

2. M. S. Rana, V. Sàmano, J. Ancheyta and J. A. I. Diaz, Fuel, 2007, 86, 1216-
1231. 

3. M. K. Hubbert, Nuclear Energy and the Fossil Fuels, American Petroleum 
Institute, Drilling and Production Practice. In: Proceedings of Spring 
Meeting., San Antonio, pp. 7–25., 1956. 

4. S. Sorrell, J. Speirs, R. Bentley, A. Brandt and R. Miller, Energy Policy, 2010, 
38, 5290-5295. 

5. K. Aleklett, M. Höök, K. Jakobsson, M. Lardelli, S. Snowden and B. 
Söderbergh, Energy Policy, 2010, 38, 1398-1414. 

6. P. de Almeida and P. D. Silva, Energy Policy, 2009, 37, 1267-1276. 

7. G. Maggio and G. Cacciola, Fuel, 2012, 98, 111-123. 

8. A. A. Kiss, F. Omota, A. C. Dimian and G. Rothenberg, Top. Catal., 2006, 40, 
141-150. 

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

10. World Energy Outlook 2010-12, IEA. International Energy Agency, Paris, 
2010, accessed on http://www.iea.org. 

11. C. Zou, D. Dong, S. Wang, J. Li, X. Li, Y. Wang, D. Li and K. Cheng, Pet. 
Explor. Dev., 2010, 37, 641-653. 

12. F. Carvalheiro, L. C. Duarte and F. M. Gìrio, J. Sci. Ind. Res., 2008, 67, 849-
864. 

13. S. Fernando, S. Adhikari, C. Chandrapal and N. Murali, Energy & Fuels, 2006, 
20, 1727-1737. 

14. K. J. Kudakasseril, N. G. Raveendran, A. Hussain and R. G. S. Vijaya, 
Renewable Sustainable Energy Rev., 2013, 25, 205-219. 

15. M. Foston and A. J. Ragauskas, Ind. Biotechnol., 2012, 8, 191-208. 

16. P. N. R. Vennestrøm, C. M. Osmundsen, C. H. Christensen and E. Taarning, 
Angew. Chem. Int. Ed., 2011, 50, 10502-10509. 



Chatper 1 

 20 

17. A. Jess and P. Wasserscheid, Chemical Technology - An Integrated Textbook, 
Wiley-VCH, Weinheim, 2013. 

18. T. Wiesenthal, A. Mourelatou, J.-E. Peterson and P. Taylor, How much 
bioenergy can Europe produce without harming the environment? European 
Environment Agency, Copenhagen, 2006, ISBN: 92-9167-849-X. 

19. R. D. Perlack and e. al., Biomass as Feedstock for a Bioenergy and 
Bioproducts Industry: The Technical Feasibility of a Billion-Ton Annual 
Supply., U.S. Department of Energy and U.S. Department of Agriculture, 2005, 
available on 
http://www1.eere.energy.gov/bioenergy/pdfs/final_billionton_vision_report2.p
df. 

20. 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. 

21. N. R. Shiju, D. R. Brown, K. Wilson and G. Rothenberg, Top. Catal., 2010, 53, 
1217-1223. 

22. 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, Pacific Northwest National Laboratory, 
2007. 

23. P. Demma Carà, M. Pagliaro, A. Elmekawy, D. R. Brown, P. Verschuren, N. 
R. Shiju and G. Rothenberg, Catal. Sci. Technol., 2013, 3, 2057-2061. 

24. Europlastics, http://www.plasticseurope.org/information-centre/press-room-
1351/press-releases-2012/first-estimates-suggest-around-4-increase-in-plastics-
global-production-from-2010.aspx press release 2012, accessed on July 2013. 

25. Y. Zheng, E. K. Yanful and A. S. Bassi, Crit. Rev. Biotech., 2005, 25, 243-250. 

26. C. Witthayaprapakorn, K. Thananukul, N. Suttenun, P. Punyamoonwongsa and 
R. Molloy, Adv. Mater. Res. (Durnten-Zurich, Switz.), 2013, 664, 702-706, 706 
pp. 

27. C. Xiang, Y. L. Joo and M. W. Frey, J. Biobased Mater. Bioenergy, 2009, 3, 
147-155. 

28. S. Pirani, H. M. N. Abushammala and R. Hashaikeh, J. Appl. Polym. Sci., 
2013, 130, 3345-3354. 

29. NatureWorks LLC http://www.natureworksllc.com/About-NatureWorks-LLC. 

30. Y. Poirier, C. Nawrath and C. Somerville, Nat. Biotechnol., 1995, 13, 142-150. 



 Valorisation of lignin into an integrated biorefinery 

 21 

31. Metabolix http://ir.metabolix.com/releasedetail.cfm?ReleaseID=695943 press 
release of July 26, 2012, accessed on July 2013. 

32. Avantium http://avantium.com/yxy.html accessed on July 2013. 

33. A. S. V. De Sousa Dias, G. J. M. Gruter and R.-J. Van Putten, 2010, WO 
2012/091770 A1. 

34. Poet, http://www.poet.com/chancellor accessed on July 2013. 

35. M. Zhang and Y. Yu, Ind. Eng. Chem. Res., 2013, 52, 9505−9514. 

36. Braskem, http://www.braskem.com/site.aspx/green-products accessed on July 
2013. 

37. J. K. Bourne and R. Clark, National Geographic, 2007, 212, 38-59. 

38. J.-K. Weng, X. Li, N. D. Bonawitz and C. Chapple, Curr. Opin. Biotechnol., 
2008, 19, 166-172. 

39. S. K. Ritter, Chem. Eng. News 2008, 46, 15. 

40. F. S. Chakar and A. J. Ragauskas, Ind. Crops and Prod., 2004, 20, 131-141. 

41. R. J. Gosselink, PhD Thesis, Lignin as a renewable aromatic resource for the 
chemical industry, Wageningen University, 2011,  

42. J. H. Lora, C. F. Wu, E. K. Pye and J. J. Balatinecz; Characteristics and 
Potential Applications of Lignin Produced by an Organosolv Pulping Process. 
In Lignin, American Chemical Society: 1989; Vol. 397, pp 312-323. 

43. G. Brunow; Methods to Reveal the Structure of Lignin. In: Biopolymers. 
Volume 1. Lignin, Humic Substances and Coal. M. Hofrichter and A. 
Steinbüchel, Eds. Wiley-VCH Weinheim, 2001; Vol. 1, p 106. 

44. J. Zakzeski, P. C. A. Bruijnincx, A. L. Jongerius and B. M. Weckhuysen, 
Chem. Rev., 2010, 110, 3552-3599. 

45. R. Vanholme, B. Demedts, K. Morreel, J. Ralph and W. Boerjan, Plant 
Physiol., 2010, 153, 895-905. 

46. J. Gierer, Wood Sci. Technol., 1980, 14, 241-266. 

47. E. Adler, Wood Sci. Technol., 1977, 11, 169-218. 

48. G. Henriksson, J. Li, L. Zhang and M. E. Lindstrom; Chapter 9 Lignin 
Utilization. In Thermochemical Conversion of Biomass to Liquid Fuels and 
Chemicals, The Royal Society of Chemistry: 2010; pp 222-262. 



Chatper 1 

 22 

49. L. Zhang and G. Gellerstedt, Magn. Reson. Chem., 2007, 45, 37-45. 

50. E. A. Capanema, M. Y. Balakshin and J. F. Kadla, J. Agric. Food. Chem., 
2004, 52, 1850-1860. 

51. E. A. Capanema, M. Y. Balakshin and J. F. Kadla, J. Agric. Food. Chem., 
2005, 53, 9639-9649. 

52. J. Lora, B. M. Naceur and A. Gandini; Industrial commercial lignins: sources, 
properties and applications. In Monomers, Polymers and Composites from 
Renewable Resources, Elsevier: Amsterdam, 2008; p 225. 

53. A. Abächerli and F. Doppenberg, 2000, CZ9903156. 

54. F. Öhman, H. Theliander, P. Tomani and P. Axegard, 2008, US Patent 
2008/0047674,  

55. Metso, http://www.metso.com. 

56. Metso Corporation’s press release on April 30, 2013; Metso-supplied world’s 
first commercial LignoBoost plant successfully starts up at Domtar in the USA, 
http://www.metso.com. 

57. X. Pan and J. N. Saddler, Biotechnol. Biofuels, 2013, 6, 12. 

58. A. Higson and C. Smith, Renewable Chemicals Factsheet: Lignin, NNFCC, 
2011, accessed on Oct. 2013 http://www.nnfcc.co.uk/publications/nnfcc-
renewable-chemicals-factsheet-lignin. 

59. P. Azadi, O. R. Inderwildi, R. Farnood and D. A. King, Renew. Sus. Energy 
Rev., 2013, 21, 506-523. 

60. P. Gallezot, ChemSusChem, 2008, 1, 734-737. 

61. Borregaard, http://www.borregaard.com/content/view/full/10231 accessed on 
Oct. 2013. 

62. R. T. Winter, H. L. van Beek and M. W. Fraaije, J. Chem. Educ., 2011, 89, 
258-261. 

63. D. Huibers, T. and H. J. Parkhurst, 1982, US 4420644. 

64. H. Hock and S. Lang, Ber. Dtsch. Chem. Ges., 1944, 77, 257-264. 

65. D. Bianchi, R. Bortolo, R. Tassinari, M. Ricci and R. Vignola, Angew. Chem. 
Int. Ed., 2000, 39, 4321-4323. 

66. W. Laufer and W. F. Hoelderich, Chem. Commun., 2002, 0, 1684-1685. 



 Valorisation of lignin into an integrated biorefinery 

 23 

67. T. Werpy, G. Petersen, A. Aden, J. Bozell, J. Holladay, J. White, A. Manheim, 
D. Eliot, L. Lasure and S. Jones, Top Value Added Chemicals From Biomass. 
Volume 1-Results of Screening for Potential Candidates From Sugars and 
Synthesis Gas, DTIC Document, 2004, accessed on 
http://www1.eere.energy.gov/bioenergy/pdfs/35523.pdf. 

68. M. R. Olsson, E. Axelsson and T. Berntsson, Nord. Pulp Pap. Res. J., 2006, 
21, 476-484. 

69. T. Voitl and P. R. v. Rohr, Ind. Eng. Chem. Res., 2009, 49, 520-525. 

70. A. Popov, E. Kondratieva, J. M. Goupil, L. Mariey, P. Bazin, J.-P. Gilson, A. 
Travert and F. Maugé, J. Phys. Chem. A, 2010, 114, 15661-15670. 

71. Chem Systems, http://www.chemsystems.com/. 

72. Chemical Economics Handbook Product review, SRI International, available 
on http://www.ihs.com, 2011. 

73. Notes and assumptions for the different scenarios: 1. Sixty billion gallons of 
fermentation ethanol requires 0.75 billion tons of biomass. If biomass is 
composed of 30% lignin that equates to 225 million tons (450 billion pounds) 
of lignin. 2. Lignin fuel value = $0.04/lb dry basis (Btu replacement with coal), 
but this is discounted to $0.025/lb as wet. 3. One ton of lignin yields 55 gallons 
of ethanol and 19 gallons of C3-C5 mixed alcohols when gasified and 
catalytically converted. 4. Mixed C3-C5 alcohols are valued at $2.55/gallon; 
BTX is valued at $2.00/gallon. 5. Lignin can be converted to BTX at a 20% 
weight efficiency; 1 ton BTX = 277 gallons. 6. Carbon fiber is composed of 
90% lignin and 10% synthetic polymer with an overall 45% weight yield; 
selling price = $3.50 (could be as high as $5–$7/lb). For 15 million cars / year 
at 100 lbs carbon/car, the carbon fiber demand would be 1.5 billion lbs 
(requires 0.0015 x 109 tons of lignin or < 1% of the 0.225 billions available., 
Dollar to Euro conversion at the exchange rate of 15th of July 2013. 

74. T. Saito, J. H. Perkins, F. Vautard, H. M. Meyer, J. M. Messman, B. Tolnai and 
A. K. Naskar, ChemSusChem, 2013, 7, 221-228. 

75. J. F. Kadla, S. Kubo, R. A. Venditti, R. D. Gilbert, A. L. Compere and W. 
Griffith, Carbon, 2002, 40, 2913-2920. 

76. Kayacarbon, Manufacturer’s brochure NKCL, ‘Kayacarbon’ Manufacturer’s 
brochure, Nippon Kayaku Co. Ltd., Japan. 

77. C. Eberle, D. C. Webb, T. Albers and C. Chen, Commercialization of New 
Carbon Fiber Materials Based on Sustainable Resources for Energy 
Applications, Oak Ridge National Laboratory (ORNL), 2013. 

78. T. Stern and P. Schwarzbauer, Forest Production Journal, 2008, 58, 81-86. 



Chatper 1 

 24 

79. N. P. Mailvaganam and M. Rixom, Chemical admixtures for concrete, Taylor 
& Francis, 2002. 

80. F. M. Ernsberger and W. G. France, Ind. Eng. Chem. Res., 1945, 37, 598-600. 

81. N. Acar, E. Moran, W. Revington and S. Bilgili, Poultry Science, 1991, 70, 
1339-1344. 

82. W. J. Detroit, 1989, U.S. Patent 5041153 A. 

83. J. W. Adams, Environmental Effects of Applying Lignosulfonate to Roads, 
Daishowa chemicals Incorporated, 1988. 

84. J. B. Nelson and R. A. Northey, J. Environ. Manage., 2004, 73, 333-338. 

85. M. A. Stapanian and D. W. Shea, Int. J. Environ. Stud., 1986, 27, 45-56. 

86. J. S. Amaral, M. Sepùlveda, C. A. Cateto, I. P. Fernandes, A. r. E. Rodrigues, 
M. N. Belgacem and M. F. Barreiro, Polym. Degrad. Stab., 2012, 97, 2069-
2076. 

87. C. A. Cateto, M. F. Barreiro, A. E. Rodrigues, M. C. Brochier-Salon, W. 
Thielemans and M. N. Belgacem, J. Appl. Polym. Sci., 2008, 109, 3008-3017. 

88. M. Vanderlaan and R. Thring, Biomass and Bioenerg., 1998, 14, 525-531. 

89. H. Nadji, C. Bruzzèe, M. N. Belgacem, A. Benaboura and A. Gandini, 
Macromol. Mater. Eng., 2005, 290, 1009-1016. 

90. E. Silva, M. Zabkova, J. Araùjo, C. Cateto, M. Barreiro, M. Belgacem and A. 
Rodrigues, Chem. Eng. Res. Des., 2009, 87, 1276-1292. 

91. J. P. S. Aniceto, I. Portugal and C. M. Silva, ChemSusChem, 2012, 5, 1358-
1368. 

92. S. V. Gnedenkov, D. P. Opra, S. L. Sinebryukhov, A. K. Tsvetnikov, A. Y. 
Ustinov and V. I. Sergienko, J. Solid State Electrochem., 2013, 17, 2611-2621. 

93. R. Zhang, X. Xiao, Q. Tai, H. Huang, J. Yang and Y. Hu, High Perform. 
Polym., 2012, 24, 738-746. 

94. J. Kadla, S. Kubo, R. Venditti, R. Gilbert, A. Compere and W. Griffith, 
Carbon, 2002, 40, 2913-2920. 

95. R. B. Lima, R. Raza, H. Qin, J. Li, M. E. Lindstroem and B. Zhu, RSC Adv., 
2013, 3, 5083-5089. 



 Valorisation of lignin into an integrated biorefinery 

 25 

96. H. H. Weetall, B. D. Forsyth and W. Hertl, Biotechnol. Bioeng., 1985, 27, 972-
979. 

97. W. J. Manning and A. v. Tiedemann, Environ. Pollut., 1995, 88, 219-245. 

98. S.-X. Wang, L. Yang, L. P. Stubbs, X. Li and C. He, ACS Appl. Mater. 
Interfaces, 2013, 5, 12275-12282. 

99. O. V. Popova, S. S. Popova and L. N. Ol'shanskaya, Russ. J. Appl. Chem., 
2008, 81, 786-791. 

100. W. E. Tenhaeff, O. Rios, K. More and M. A. McGuire, Adv. Funct. Mater., 
2014, 24, 86-94. 

101. S. V. Gnedenkov, D. P. Opra, S. L. Sinebryukhov, A. K. Tsvetnikov, A. Y. 
Ustinov and V. I. Sergienko, J. Solid State Electrochem., 2013, 17, 2611-2621. 

102. E. A. Capanema, M. Y. Balakshin, C.-L. Chen, J. S. Gratzl and H. Gracz, 
Holzforschung, 2001, 55, 302-308. 

103. J. C. del Rio, J. Rencoret, P. Prinsen, A. T. Martinez, J. Ralph and A. 
Gutierrez, J. Agric. Food Chem., 2012, 60, 5922-5935. 

104. S. Brudin, J. Berwick, M. Duffin and P. Schoenmakers, J. Chromatogr. A, 
2008, 1201, 196-201. 

105. S. Brudin and P. Schoenmakers, J. Sep. Sci., 2010, 33, 439-452. 

106. H.-J. Huang, S. Ramaswamy, U. W. Tschirner and B. V. Ramarao, Sep. Purif. 
Technol., 2008, 62, 1-21. 

107. A. C. Marr and S. Liu, Trends Biotechnol., 2011, 29, 199-204. 

108. C. E. Wyman and B. J. Goodman, Appl. Biochem. Biotechnol., 1993, 39-40, 
41-59. 

109. P. N. R. Vennestroem, C. H. Christensen, S. Pedersen, J.-D. Grunwaldt and J. 
M. Woodley, ChemCatChem, 2010, 2, 249-258. 

110. J. H. Clark, F. E. I. Deswarte and T. J. Farmer, Biofuels, Bioprod. Biorefin., 
2009, 3, 72-90. 

111. C. Perego and P. Ingallina, Catal. Today, 2002, 73, 3-22. 

112. N. R. Shiju, A. H. Alberts, S. Khalid, D. R. Brown and G. Rothenberg, Angew. 
Chem. Int. Ed., 2011, 50, 9615-9619. 

 



	  



 
 
 

Chapter 2 
 

 

Lignin and lignin-model compounds: catalytic 
depolymerization to aromatics 

 

 

 

 

 

 

 



Chapter 2  

 28 

 

Abstract  

 

Chapter 2 provides an overview of the catalytic depolymerization research using lignin 

or model compounds. Catalytic reduction and oxidation are presented, covering 

different studies from conventional catalysts to noble metal supported catalysts. The 

development and improvement of selective catalytic reactions, such as 

hydrodeoxygenation, are fundamental to enhance the catalytic valorisation of lignin 

towards high value aromatics including benzene, toluene and xylene (BTX) and 

phenols. 
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2.1. Introduction 

 The separation of biomass into distinct streams of hemicellulose, cellulose and 

lignin is no longer an obstacle for biorefineries. Hence, their valorisation to higher value 

chemicals has become a priority of biobased research. If hemicellulose and cellulose are 

used in several processes of value added applications, lignin is still considered as a 

waste. Therefore, the development and improvement of selective catalytic reaction are 

fundamental to enhance the depolymerisation of lignin towards high value aromatics, 

for example benzene, toluene and xylene (BTX) and phenols.  

2.2. Catalytic reduction and hydrodeoxygenation 

In petroleum refineries, hydrocracking is the process where the heavy 

hydrocarbons are fragmented into smaller alkanes, breaking C−C bonds. Fluid catalytic 

cracking is a succession of hydrogenation, hydrogenolysis, hydrodesulfurization and 

hydrodeoxygenation steps at elevated temperature and high hydrogen pressure.1 The 

most commonly used catalysts are bifunctional catalysts, combining the activity of 

metals such platinum, palladium, molybdenum or nickel over a support of silica-

alumina.1 Similar catalysts and conditions have been studied in lignin depolymerization 

strategies as early as 1938.2  

 

One of the first patented processes is the Noguchi process.3 Different co-catalysts 

were tested such as copper, silver, tin, iron, cobalt, chromium, nickel, zinc and 

molybdenum at temperature between 250−450 °C and hydrogen pressure of 150−450 

bar. Using an iron based catalyst (Fe−S−Cu−Sn ratio 10:12:1:1) in a batch reactor, the 

best yield of monophenol from lignin was 21%.3 Urban et al. synthesized the catalyst in 

situ and improved the process affording, 45% of cresols and 65% of monophenols from 

kraft lignin.4  

 

Liquification of lignin to aromatics uses xylenol as a liquid dispersing agent and 

ferrosulfate as a hydrogenation catalyst.5 In this process, lignin is depolymerized under 

rush conditions and the distillable products obtained contain a substantial amount of 
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phenolic products.5 Using only 2.5 wt% of catalyst, practically 100% of lignin is 

converted to about 60% in distillable aromatic products. 

 

In 1987, UOP Inc. patented the hydrocracking of lignin to phenolic products using 

a supported tungsten-nickel catalyst, which affords high yield and great selectivity.6 

Under hydrogen atmosphere, tungsten oxide is reduced to its metal state. Therefore, the 

catalyst is more active in cracking than in hydrogenolysis of lignin. The advantage of 

this catalyst is its stability toward sulfur content feedstocks. 

2.2.1. Conventional catalyst for hydrodeoxygenation: CoMo and NiMo 

The most studied system though is a combination of the sulfided CoMo and NiMo 

catalysts over different supports. In 1983, a process combining hydrotreatment and 

thermal dealkylation was patented.7 Using an ebullated-bed reactor, lignin was treated at 

400 °C to produce, according to the findings, 37% yield of phenols based on the organic 

content of lignin. This process used an alumina supported iron or molybdenum catalyst 

promoted with cobalt or nickel.7  

 

To understand the fundamentals of these catalysts, several studies were performed 

on monomeric model compounds having functional groups that mimick the original 

structure of lignin, such as cresol, anisole or guaiacol.8-10 The deoxygenation mechanism 

over sulfided catalyst is commonly known to occur on the active sites situated on the 

sulfur vacancies present on the edges of the MoS2 phase.11 However, it is not clear yet 

how the promoting effect of nickel or cobalt is affecting the vacancies number or 

electron donating properties. Notably, when cobalt or nickel is used as copromoter, the 

activity of the catalyst is greatly increased.11 NiMo promoted catalysts produce 

generally more hydrogenation (HYD) reaction, and hence CoMo supported catalyst are 

usually preferred when the aromaticity should be maintained. Some studies use sulfided 

CoMo/Al2O3 catalyst around 300 °C with 50 bar of hydrogen. In these cases, the main 

two reactions observed are demethylation and hydrodeoxygenation (HDO).8, 9 It was 

observed that for the hydrodeoxygenation occurs at slower reaction rate compared to the 

demethylation reaction. The hydrodeoxygenation to benzene is the main reaction when 

phenol was chosen as a model compound, see Scheme 3.9 
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 Scheme 3: Guaiacol observed pathways using sulfided CoMo catalysts.9 

Bui et al. studied in detail the influence of the support by testing various oxides 

like Al2O3, ZrO2 and TiO2 on the conversion of guaiacol.9 Sulfided CoMo supported on 

alumina and titania catalysts gave similar activities. The activity in HDO for the catalyst 

supported on ZrO2 was much higher. Interestingly, the three supports promote different 

reaction pathways. When alumina supported catalysts are used, methylated compounds 

were the main reaction products.9 For titania supported catalysts, the main product 

formed was methane, while using zirconia mostly methanol is obtained. The differences 

in activity to hydrodeoxygenation were attributed to the nature of the hydroxyl group 

where the adsorption takes place. The amphoteric nature of zirconia is essential in this 

case.9  

 

Yet sulfided catalysts suffer from several drawbacks. The reduction of the sulfided 

Co and Ni to a zero-valent state, which is then followed by coke formation gives them 

poor life time stability and rapid deactivation.12 As these catalysts are inspired from a 

high sulfur feedstock like crude oil, when used with biomass, the low sulfur contents 

make the catalysts unsuitable for large-scale applications.  
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2.2.2. Noble metal catalysts for hydrodeoxygenation   

Noble metals have also been tested in the catalytic HDO of lignin and model 

compounds. In the late 60s, Pepper and Lee reported the depolymerization of lignin over 

different noble metal catalysts such as Raney Nickel, palladium, ruthenium and rhodium 

using carbon as support.13 However, yields of phenols were rather low accounting for a 

maximum of 2.6 wt%.  More recently, Liguri and Barth published an elegant process 

where lignin is depolymerized under hydrogen transfer using formic acid in the presence 

of Pd/C catalyst and Nafion (sulfonated tetrafluoroethylene).14 Using water as solvent 

and at temperature of 300 °C, the final reaction mixture consisted of three phases. In the 

gas phase, the decomposition of formic acid was identified as well as gasification of 

lignin bridging groups. The catalyst and the unreacted lignin were in the solid phase and 

the liquid phase was a mixture of phenol derivatives mainly guaiacol, pyrocatechol and 

resorcinol.  The percentage of the products varied depending on the source of lignin.14 

 

Using guaiacol as model compound, high yields and selectivity to phenol were 

achieved with a PtSn bimetallic catalyst supported on an Inconel (trademark for a 

nickel/chromium support). Selectivity to phenol reached 80% and complete conversion 

of guaiacol is observed. Notably, the bimetallic catalyst deactivates to a far lower extent 

than its monometallic analogs.15,16 The side products of the reaction are benzene and o-

cresol. A carbon nanofiber (CNF)/Inconel support can improve the selectivity to 

benzene with the same yield of conversion. However, higher hydrogenation of the 

aromatic ring (to cyclohexanol, 2-methoxycyclohexanol, cyclohexane) occurs when 

using monometallic catalysts.  

 

Lee et al. reported that for a given support, Pt, Rh, Pd, and Ru monometallic 

catalysts had similar product distributions.17 At low reaction temperatures, hydrogenated 

products were observed. At temperatures higher than 250 °C, HDO was the main 

reaction.17 Lin et al. compared the activity of a Rh-based and conventional sulfided 

catalysts for guaiacol reactions.18 Their main finding was that the addition of Pt or Pd 

did not improve the activity or selectivity of Rh/ZrO2 catalysts.18 Below 400 °C, all Rh-

based catalysts showed significantly increased activity compared to their sulfided CoMo 
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and NiMo analogs. Nevertheless, the Rh-based catalysts gave also hydrogenation of the 

aromatic ring.18  

2.3. Catalytic oxidation  

The principle of catalytic oxidation of lignin relies on increasing the oxygen 

functionality, mostly towards aldehydes incorporated into the aromatic products of 

lignin depolymerization.19 At industrial scale, vanillin is produced via catalytic 

oxidation of alkaline lignin. Starting from lignosulfonates, lignin is oxidised under 

oxygen atmosphere at high pH, temperatures around 150 °C and 10 bar.19 Several 

studies focused on the mechanistic pathways involved in the production of vanillin 

under those conditions.20, 21 The following intermediate and compounds are proposed to 

be formed: phenoxyl radicals (by the detachment of one electron from phenoxyl anion), 

quinone methyde (by desproportionation of phenoxyl radical), formation of coniferyl 

alcohol (by nucleophilic addition of hydroxide ion), gamma-carbonyl (by oxidation of 

coniferyl alcohol) and vanillin (by the retro-aldol cleavage of the α− and β−unsaturated 

aldehydes).20, 21 The use of catalysts such as cupric salts can double the production of 

vanillin.21 

 

Noble metals can also be effective catalysts in the production of aldehydes from 

lignin.22 In a batch slurry reactor operated in a continuous fluidized-bed reactor, lignin is 

oxidized by partial oxygen pressure of 5-10 bar and temperature of 100-120 °C over a 

palladium catalyst supported on alumina.22 Scaling-up the reaction to a continuous 

process increases the aldehydes production considerably. The main products were 

aldehydes such as vanillin, syringaldehyde and p-hydroxybenzaldehyde. 

 

Bhargava et al. investigated the role of copper catalysts on the degradation of 

ferrulic model compounds.23 Several catalysts were tested among which metallic 

copper, bimetallic catalysts (Cu-Ni, Cu-Co and Cu-Mn), a mixture of reduced metals 

(Cu-Ni-Ce supported on alumina) and mixture of metal oxides (Cu-Ni-Mn and Cu-Ni-

Fe).23 Cu-Ni-Ce/Al2O3 was the most active catalyst but had the highest leaching of 

copper, where Cu-Mn/Al2O3 was the most stable catalyst tested.23  
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2.4. Motivation and aim of this work  

Since 2000, a number of processes were patented on the transformation of 

cellulose and hemicellulose to more valuable chemicals. So far, there is still no viable 

process for converting lignin into high value added chemicals. Because of its complex 

and recalcitrant nature, selective depolymerization of lignin is a real challenge. The pulp 

and paper sector produces massive amounts of lignin by-product, currently burned as a 

fuel.  Burning lignin is wasteful, because it is in fact the most abundant natural resource 

of aromatic compounds. Its selective depolymerization to platform chemicals like 

benzene, toluene and xylene (BTX) and phenol is much more attractive.  

 

The main goal of this thesis was to target aromatic building−blocks such as 

(BTX) and phenol using heterogeneous catalysts. As lignin is typically over-

functionalized, the main reactions encountered in lignin depolymerization are 

demethoxylation/demethylation and hydrodeoxygenation reactions. These reactions are 

hence explored in chapters 3, 4 and 5 using unconventional catalysts. Different 

monomeric and dimeric model compounds were selected, catalysts synthesized, 

characterized and screened to understand the fundamental factors governing these 

reactions.  

 

Surface reactions of the adsorbed species are crucial to explain the selectivity 

of the hydrogenolysis of C–O bonds. In both demethylation and hydrodeoxygenation, 

choosing the appropriate active metal as well as the support can have a great influence.  

Acidic catalysts are known to increase adsorption of the substrates, but the addition of 

basic sites can enhance the selectivity toward the hydrogenolysis of the C−O bonds. 

Understanding the reactivity of the catalysts under the specific reaction conditions was a 

strong motivation in the work done in every chapter.   

 

Finally, the challenge of developing new conditions to solubilize lignin without 

addition of alkaline salts encouraged us to build an entire set-up suitable for liquid 

ammonia. The building of the set-up is presented in an appendix describing every 

connection detail and sealing materials needed for the construction. The reactor was 

equipped with a glass window on each side, which allowed us to follow the 
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solubilisation process in time. Excitingly, liquid ammonia as solvent exhibits different 

properties than water and can interact with lignin in a gentle manner. Compared with 

water experiments, lignin can be fully solubilized in liquid ammonia at room 

temperature.  
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Abstract  

 

Alternative catalysts for biomass valorization are presented, specifically, lignin model 

compounds conversion to aromatics. A set of five magnesia-alumina mixed oxides were 

screened in the hydrodealkylation of alkyl phenyl ethers (R−O−Ph). The typical 

selectivity to phenol is 30–75%. Interestingly, we see that the more basic the catalyst, 

the higher the selectivity to phenol. We envision a reaction mechanism with the 

formation of phenoxide PhO−	 and RH3
+ fragments on the catalyst surface. These can 

then react with H+ and H− species formed by heterolytic dissociation of dihydrogen on 

the MgO surface, yielding phenol and hydrocarbons.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Part of this work has been published as: “Reductive dealkylation of anisole and 

phenetole: towards practical lignin conversion.” Z. Strassberger, S. Tanase and G. 

Rothenberg, Eur. J. Org. Chem., 2011, 5246-5249. 
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3.1. Introduction 

Thanks to government legislation and societal pressure, the use of biomass as a 

source of chemicals and fuels is spreading.1, 2 Changing the hydrocarbon feedstock from 

petroleum and coal to biomass also requires new types of catalysts. CoMo and NiMo are 

typically used for catalysing crude oil hydrodesulfurisation (HDS).3, 4 This catalytic 

process is widely used to remove sulfur from natural gas and fossil fuels to reduce the 

emission of sulfur dioxide from transportation fuel. But these refinery catalysts rely on 

feedstocks with high sulfur content. The lower sulfur content of biomass causes catalyst 

deactivation, via reduction of the sulfided Co or Ni followed by coking.5 It can be 

prevented by adding sulphur donor compounds to the feed,6, 7 which are then converted 

to H2S, but this is not a valuable solution. Thus, new catalysts are needed to convert 

these feedstocks.8 Moreover, lignin has a different intrinsic chemical nature than crude 

oils. Lignin is typically over-functionalized. Its polymeric structure must first be broken 

down to dimeric and monomeric components.3, 9 These must then be de-functionalized 

into the desired products. When looking at the aromatic structure of lignin, the most 

evident platform chemicals are benzene, toluene and xylene (BTX) as well as phenols. 

As once produced from biomass, they can be converted to a range of chemicals through 

the current refineries setup (see Figure 1). This means that the technologies and 

refineries are already suitable to convert them further on.10, 11  

NH2H2NNO2O2N

HO2C

OCN NCO

a! b!

c!

HO2C CO2H HO2C

CO2H

NH

O

OH

HO2C (CH2)4
CO2H

H2N (CH2)6
NH2

 

Fig. 1: Petrochemical platform chemicals: a) benzene, b) toluene and c) m-xylene (isomerization of 
mixed xylenes to p-xylene is commercially done today and could provide p-xylene for the polyester 

markets).12 



Chapter 3  

 42 

3.1.1. Hydrodealkylation reaction of aromatics 

An important method to produce benzene is hydrodealkylation (HDA) of toluene or 

alkyl aromatic mixtures that are regarded as lower raw materials.13 In this process, the 

first major (irreversible) reaction is the production of benzene and methane from toluene 

(or other alkylated benzene) and hydrogen.14 The second minor product is the 

equilibrium reaction with benzene to produce dibenzyl at higher temperature (see eq 1 

and 2).  

H2 CH4

2

+ +

+ H2

(1)

(2)
 

 

Hydrodealkylation is a highly exothermic reaction. In thermal HDA, typical 

reaction conditions are pressures of 25-35 bar and temperatures between 620-720 °C. 

The process block diagram for a hydrodealkylation unit is similar to that of an 

isomerization unit. The feed can be toluene or a mixture of toluene and xylenes. It is 

heated and charged to an open non-catalytic reactor where thermal dealkylation of 

toluene and xylenes takes place (typical residence time of 25–30 s). The hydrogenation 

step in the dealkylation reaction is highly exothermic and, at higher temperature, 

aromatic conversion increases but the selectivity drops rapidly. Therefore, the 

temperature is controlled by injecting/dosifying of  hydrogen at several points along the 

reactor. The hydrodealkylation reaction results in the conversion of about 90% of the 

aromatic feed and 95% selectivity to benzene.15 To prevent coke formation, a large 

excess of hydrogen is used, typically a molar ratio of 5:1.  

3.1.2 Catalytic hydrodealkylation reaction  

Catalytic HDA works at 100 °C lower than the thermal processes.16, 17 The most 

widely used catalysts in industry are Cr2O3, Mo2O3 and CoO supported on Al2O3.18 

These catalysts have to activate hydrogen to remove the alkyl groups from the 

alkylbenzene. But this should not go too far to avoid hydrocracking of the benzene ring, 

which generates coke formation and hence deactivation.  The typical disadvantage of 
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HDA catalysts is their relatively low activity. Research has been focusing on two ways 

to enhance substrate conversion: bifunctional catalysts and support acidity. Karaduman 

et al. investigated the effect of several co-promoters such as Fe, Co, or Ni on the activity 

of a Cr/Al2O3 catalyst.13 The promoters and their concentrations were found to 

significantly influence hydrodealkylation activity. The effects of promoters on initial 

toluene conversion are arranged as follow Ni > Fe > Co.13  

 

Noble metals (such as rhodium and platinum) have also been studied over different 

supports.19, 20 The main objective was to evaluate the role of the metallic acidic phases 

on the HDA reactions. Toppi et al. studied the conversion of propylbenzene using 

Pt/SiO2 and Pt-Sn/SiO2 catalysts to study the effect of the metallic function on the 

aromatic distribution.21 Surface reaction of the adsorbed phenyl propene species have to 

be considered to explain the hydrogenolysis of C–C bonds of the alkyl chain. Depending 

on the number and location of adsorption sites, different selectivities are observed. The 

elementary sequence of steps in the hydrogenolysis of propylbenzene involves one or 

two adjacent adsorption sites and they are illustrated in Figure 2. 1 wt% Cl-Al2O3 was 

used to understand the acidity of the support, Al2O3.21 Three independent pathways of 

cracking reactions have been postulated for acid sites: protolysis (carbonium ions), 

classical chain mechanism (carbenium ions) and a radical process (radical 

intermediates). Cracking by protolysis occurs through a monomolecular mechanism 

involving pentacoordinated intermediates22 and requires very strong protonic sites such 

as those found in zeolite-type catalysts. This is unlikely to happen with Al2O3 as the 

protonic sites are not acid enough to lead to this type of mechanism. Therefore either a 

carbenium ion chain cracking mechanism or a radical process is more likely over Al2O3. 

Cracking through a carbenium ion chain mechanism involves strong Brønsted acid sites, 

which are found on Al2O3.21, 23, 24  
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Fig. 2: Elementary steps for the hydrogenolysis of propyl benzene to benzene (3) toluene (4) and 
ethylbenzene (5). A double arrow represents a global step, single arrow an elementary step and 

stars represent adsorption sites.21 

To conclude, Toppi et al. found that on Al2O3, benzene is formed via a 

carbocationic pathway, and toluene and ethylbenzene via a radical pathway. For 

metallic sites, two types of reaction sequences are proposed: through adsorption on a 

single site for the formation of benzene, and through a two adjacent sites for the 

formation of toluene and ethylbenzene.  
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3.2. Reductive dealkylation of anisole and phenetole 

3.2.1. Catalytic screening of anisole and phenetole 

As lignin model compounds, we chose two simple alkyl-phenyl ethers, namely 

anisole (methoxybenzene) and phenetole (ethoxybenzene). These are also two important 

breakdown products of the lignin structure. As catalysts we used five different mixed 

alumina-magnesia oxides (catalysts A–E, see Table 1).  

 
Table 1. Catalysts tested in hydrodealkylation. 

Entry Catalysts MgO 
wt% 

Al2O3 
wt% 

Surface area 
[m2/g] 

Pore volume 
[cm3/g] 

1 A 0 100 193 0.46 
2 B 60 40 175 0.45 
3 C 66 34 167 0.41 
4 D 75 25 164 0.34 
5 E 80 20 159 0.33 
 

In a typical reaction (eq 6), a solution of the alkyl phenyl ether was reacted with 40 

bar H2 at 350 °C for 3 h in the presence of 10 wt% catalyst.  

OHO
R

OH
RR

3 + ++

OH

R (6)+H2 RH

350 °C, 3h
40 bar

catalyst,
decaline  

The main reactions observed were hydrodealkylation and alkyl rearrangement (eqs 

7−9). The latter is a very interesting reaction, as it leads to the formation of new C–C 

bonds. Until now, only acidic heterogeneous catalysts have been reported to achieve this 

result, including cation-exchanged montmorillonites,25 Nafion,26 and zeolites. We have 

not found any reports using heterogeneous basic catalysts. To investigate the effect of 

basic sites, we used MgO27 and MgO-Al2O3 mixed oxides at various Mg/Al ratios. In 

the latter case, the presence of Al3+ ions is expected to change the acidic character of 

MgO. 
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Both anisole and phenetole converted readily over pure alumina. For anisole, the 

main products of the demethylation were phenol, o-cresol and 2,6-xylenol (Table 2). O-

cresol is obtained by the isomerization of anisole (eq. 8). We did not observe any m-

cresol. This is expected if we consider that the meta- position is thermodynamically the 

most favoured for the substitution in phenol rings, whilst the ortho- position is 

kinetically preferred due to its reactivity towards electrophilic substitution. The 

formation of 2,6-xylenol can be explained by the disproportionation reaction between 

two o-cresol molecules (eq 9).28 

 

The high selectivity towards phenol can be interpreted by considering the 

adsorption of the anisole, a weak Lewis base, on the acidic Al2O3 sites. This makes the 

anisole prone towards nucleophilic attack. The most reactive nucleophilic site is the 

oxygen bound to magnesium, which can attack the methyl group of the anisole 

molecule. This gives phenoxide (PhO−) and CH3
+ fragments on the surface (Figure. 3). 

These fragments can then react with H+ and H− species formed by the heterolytic 

dissociation of dihydrogen on the MgO surface, giving phenol and methane (eq 7). 

Participation of H+ and H− is well documented in base-catalysed hydrogenation.29  

O CH3

Al+
O MgO

O
O Al O

+
Mg

O
CH3

O
 

Fig. 3. Proposed interaction of phenol with Al2O3-MgO support. 
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Our studies show, however, that anisole can be converted with good selectivity 

towards phenol also in the absence of hydrogen. Therefore, we do not rule out the 

possibility of a nucleophilic interaction between CH3
+ cations and an O2- anion from the 

MgO surface.29 This would give a formate surface species, which may decompose to 

CO and H2 at high temperatures.30  

 

Recent studies have shown that Lewis acid sites play a key role in the formation of 

CH3
+ fragments.31 Indeed, we also see that Al2O3 is necessary for activating anisole. 

Table 2 shows that lowering the Al2O3 content decreases anisole conversion. MgO alone 

does not catalyse the conversion of anisole. We also studied the rearrangement of 

phenetole. As seen in Table 2, phenetole is less reactive than anisole. Nevertheless, we 

see a similar trend for both substrates  in terms of conversion and product distribution. 

Table 2 also shows a definite synergistic behavior in the anisole conversion. The more 

basic the catalyst, the higher the selectivity to phenol. However, this happens at the 

expense of a sharp lowering of the anisole conversion. Such a decrease can be explained 

by considering that anisole molecules bind to the Lewis acid sites. When the number of 

these sites (Al2O3 sites) decreases, they are rapidly saturated and subsequent anisole 

molecules can interact only via hydrogen bonding.31 Therefore, less anisole molecules 

will be activated, lowering the conversion.  

 

Studies on the effect of temperature and hydrogen pressure were carried out using 

catalyst A (Table 2, Entry 2). The conversion of anisole decreased at lower temperature 

and lower hydrogen pressure. However, the selectivity towards phenol remained 

unchanged, although less methylated and dimethylated products were observed. 
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Table 2. Product distribution for anisole and phenetole conversion using catalysts A–E. 

Reaction conditions: 1 mL (9.2 mmol) anisole or 7.9 mmol phenetole in 20 mL decaline mixture of cis and 
trans; 40 Bar of H2; 350 °C; 3h.  
a) Reaction conditions: 1 mL (9.2 mmol) anisole substrate in 20 mL decaline mixture of cis and trans; 15 bar of 
H2; 300 °C; 3 h. 
b) Yields determined by GC analysis, using n-octane as external standard. 

 

Hydrogen impacts product distribution when using both decaline and hexadecane as 

solvents (Figure 4). The yields of o-cresol and xylenol are higher compared with those 

obtained under argon. However, the selectivity towards phenol is lower in hexadecane 

compared with decaline. This suggests the involvement of decaline as hydrogen donor. 

Using decaline as solvent gives similar anisole conversion for both argon and hydrogen 

atmosphere. Higher yields of o-cresol and xylenol are achieved. 

 

Entry Catalyst Reactant Conversion 

% Yields b) 

OH

 

 

OH

R1/R2  

R1=Me, 
R2=Et 

OH
R1/R2R1/R2

 

R1=Me, 
R2=Et 

1 A 

 

100 55.4 29.5 15.1 
2 A a) 54.5 31.1 14.7 8.7 
3 B 29.0 18.1 9.3 1.9 
4 C 26.9 17.1 7.7 2.0 
5 D 16.5 11.0 4.1 1.2 
6 E 10.7 7.1 2.1 0.8 
7 A  99.0 48.7 35.1 15.1 
8 B 8.9 6.7 1.4 0.7 
9 C 7.2 5.4 1.7 0.1 
10 D 3.7 2.8 0.9 0 

O

O
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Fig. 4. Effect of the solvent on the anisole conversion. 

In another set of experiments, we studied the role of the pre-treatment temperature 

on the 2:1 MgO-Al2O3 (catalyst C). We expected that the molecules covering the 

surface will desorb successively according to their interaction strength with the surface 

sites. The evolution of water and carbon dioxide continues up to 800 K for MgO. 29 

Consequently, stronger basic sites should form at higher temperatures. Table 3 shows 

indeed that anisole conversion increases with pretreatment temperature but the product 

distribution remains unchanged. 

 
Table 3. Temperature pre-treatment effects on conversion and yield. 

Entry 
Activation 

Temperature 

Anisole 

Conversion 

% Yield a) 

Phenol o/p-Cresol 2,6-Xylenol 

1 RT  23.6 15.0 6.8 1.9 

2 200 26.9 17.1 7.7 2.1 

3 400 29.8 19.6 8.1 2.0 

4 600 29.5 19.1 8.1 2.3 

Standard reaction conditions: 1 mL (9.2 mmol) anisole in 20 mL decaline mixture of cis and trans; 40 Bar of 
H2; 350 °C; 3h.  
a) Yields determined by GC analysis, using n-octane as external standard. 
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3.3. Conclusion 

Magnesia-alumina mixed oxides are attractive candidates to catalyse lignin-model 

compounds. These catalysts are highly stable, inexpensive, and readily available. Pure 

alumina is not the preferred catalyst because it gives low selectivity to phenol, but 60:40 

magnesia-alumin gives high selectivity to phenol at reasonable conversion. These mixed 

oxides can be used as alternative catalysts in the conversion of biomass and bio-oils. 

3.4. Experimental Section 

3.4.1. Materials and Instrumentation  

The Al2O3-MgO mixed oxides were provided by Eurosupport.32 Gas 

chromatography (GC) analysis was performed using an Interscience GC-8000 gas 

chromatograph equipped with a flame ionization detector (FID), 14% 

cyanopropylphenyl and 86% dimethyl polysiloxane capillary column (Rtx-1701, 30 m; 

25mm ID; 1µm df). Samples for GC analysis were diluted in 1 mL pentane. Reactants 

and products were quantified using octane as external standard. GC conditions: isotherm 

at 50 ºC (2 min); ramp at 2 ºC min-1 to 70 ºC; ramp at 70 ºC min-1 to 140 ºC; ramp at 10 

ºC min-1 to 260 ºC; isotherm at 260 ºC (2 min). Unless otherwise specified, all 

chemicals were purchased from commercial sources and used as received. All products 

were identified by comparison of their GC retention times to those of authentic samples.  

3.4.2. Procedure for alkyl transfer of anisole and ethyl benzene ether 

All reactions were performed under 40 bar of hydrogen using a 40 mL stainless 

steel autoclave. Screening of the different supports (0.1 g) was performed with a 

solution of 1 mL (9.2 mmol) anisole or (7.9 mmol) phenetole substrate in 20 mL 

Decahydronaphtalene (mixture of cis and trans) was charged in the reactor. The 

pressure was increased to 40 bar with pure H2 after which the reactor was heated at the 

desired reaction temperature (300–350 °C). All the supports were tested at 350 °C for 3 

h. The effect of the reaction temperature and pressure (300 °C and 15 bar H2) was 

studied only on catalyst A and using anisole as substrate. After reaction, the reactor was 

cooled down to room temperature using an ice bath. Liquid samples were analyzed by 

GC.  
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3.4.3. Procedure for catalyst activation 

Each catalyst sample was heated at 200 °C under N2 flow for 2 h prior catalytic 

tests. This precaution was taken to avoid any differences on the catalyst surface related 

to water or other species deposition that could interfere. Different temperatures of 

activation were also tested, from RT to 600 °C always under N2. 

3.4.5. Calibration of the products 

For every chemical present in our experiments, we prepared 10 stock solutions of 

each with different concentration using pentane as a solvent. From each stock solution 

prepared, 70 µL were taken, diluted in 1 mL pentane and then injected in the GC. A 

minimum of 6 points/samples were kept in order to obtain a significant trend line with a 

minimum R2 of 0,99 to reduce any experimental error and to close the mass balance. 

 

y = 0.8026x 
R² = 0.99873 

y = 0.5097x 
R² = 0.99464 

y = 0.2499x 
R² = 0.99578 

0 

0.5 

1 

1.5 

2 

2.5 

3 

3.5 

4 

4.5 

5 

0 1 2 3 4 5 6 7 

C
on

c 
[m

ol
%

] 

Area % 

 EtOBz 
4-ethyl-phenol 
2-ethyl-phenol 

y = 0.7439x 
R² = 0.99984 

y = 0.3159x 
R² = 0.99664 

y = 0.4928x 
R² = 0.99611 

y = 0.2499x 
R² = 0.99578 

y = 0.4965x 
R² = 0.98639 

y = 0.2953x 
R² = 0.99639 

0 

1 

2 

3 

4 

5 

6 

0 1 2 3 4 5 6 7 8 9 

C
on

c 
[m

ol
%

] 

Area % 

Area Anisole 
Area Phenol 
Area Xylenol 
Area o-cresol 
Area Benzene 
Area Toluene 

 

Fig. 5: Calibration curves of anisole and phenetole 
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Abstract 

 
Copper on γ-alumina and on mixed magnesia/alumina, Cu/MgO−Al2O3, catalyse 

the hydrodeoxygenation (HDO) of β−O−4 lignin-type dimers, giving valuable 

aromatics. The typical selectivity to phenol is 20%. By changing the support’s acidity 

we can modify the dispersion of copper. Interestingly, more HDO occurs with larger 

copper agglomerates than with finely dispersed particles. The presence of copper also 

increases the selectivity of the HDO cleavage when compared to the bare support. Three 

different pathways are hypothesized for the reaction on the catalyst surface. We believe 

that copper activates ketones and, especially, more selectively towards β−O−4 cleavage 

than the alcoholic counterparts. DFT calculations of bond dissociation energies correlate 

well with this experimental observation. Excitingly, ethylbenzene is formed in 

proportional amounts to phenol, showing that these catalysts can reduce the oxygen 

content of lignin-type product streams.  

 

 

 

 

 

Part of this work has been published as: “Catalytic cleavage of lignin ß-O-4 link 

mimics using copper on alumina and magnesia-alumina.” Z. Strassberger, A.H. 

Alberts, M.J. Louwerse, S. Tanase and G. Rothenberg, Green Chem., 2013, 15, 768-

774. The DFT simulations were done by Dr. M.J. Louwerse and are included here for 

clarity and completeness.  
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4.1. Introduction 

Historically, hydrodesulfurization (HDS) and hydrodenitrogenation (HDN) 

reactions were first investigated to improve the catalytical sulfur and nitrogen removal 

in crude oil upgrading to reduce SOx and NOx emission gases during combustion.1-3 In 

contrast to crude oil, hydrodeoxygenation (HDO) is the main reaction occurring in the 

hydrotreatment of biomass feedstock.4-6 The oxygen content of biomass can vary 

between 10 wt% to 45 wt%, where oxygen is present in more than 300 products 

identified in pyrolysis oils.7 Oxygen content is only about 2 wt% in conventional crude 

oil.8 This can also be explained by the intrinsic nature of lignin. Phenylpropane 

monomers are the major units of lignin, linked together through C–O bonds of α- and β-

arylalkyl ethers.9-11 The β−O−4 linkages account for roughly 50% of all the linkages in 

lignin.12-14 Cleaving them selectively would give smaller fragments, while preserving 

the aromatic groups. The difficult task is then not lignin depolymerisation, but rather 

finding a catalyst that will selectively cleave the β−O−4 linkages (and 

hydrodeoxygenate functional groups) while preserving the aromaticity. Hence, 

understanding HDO is essential for finding a selective catalytic alternative to convert 

lignin into high-value aromatics.  

 
Hydrodeoxygenation conditions and the hydrogen consumption depend 

significantly on the nature of the type of oxygenated	 compounds.1 Different chemical 

bonds have to be broken before the oxygen can be removed. The bond strength of the 

oxygen attached to an aromatic carbon is about 84 kJ/mol greater than the one attached 

to an aliphatic carbon.1 This means that the oxygen from an aromatic group is more 

difficult to remove than from an aliphatic one. Simple aromatic model compounds were 

first studied in hydrogenolysis and hydrocracking of the carbon-oxygen bond for 

phenol, o-cresol, anisole, and guaiacol.15, 16 Generally, hydrodeoxygenation can follow 

two pathways: (i) direct deoxygenation of phenolic types to aromatics or (ii) ring 

hydrogenation followed by deoxygenation.16  The pathways are significantly influenced 

by the hydrogen pressure and working at high pressure favors the second route.16  
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The reduction of aromatic ketones and aldehydes to their corresponding alkanes is 

an important reaction for the chemical industry. Traditionally, the acidic Clemmensen 

and the basic Wolff–Kishner–Huangminlon reactions were used.17  However, due to 

negative environmental impact, heterogeneous and homogeneous catalysis spread in 

practice.17 An example of large scale application is the reduction of 2,3-

dimethoxybenzaldehyde to 1,2-dimethoxy-toluene using Pd/C in ethyl acetate (see 

scheme 1).18 The first experiments using only 5 %wt Pd/C (with 5%wt active metal), 

hydrogen pressure (0.3 bar) and room temperature showed a rapid conversion to the 

alcohol (intermediate). Full reduction to its corresponding alkane took over 48h. 

Doubling the catalyst loading reduced the reaction time to 15h with only 0.4% residual 

alcohol.  

O

MeO

MeO

a

HO

MeO

MeO

MeO

MeO

H2 
10% Pd/C

EtOAc
RT
15h b

H2

-H2O

 

Scheme 1: Catalytic reduction of 2,3-dimethoxybenzaldehyde (a) to 2,3-dimethoxy-toluene (b). 

The reduction of ketones to alkane derivatives is more common than the analogous 

reduction of aldehydes. Several methods are published, including the Wolff−Kishner 

reaction (hydrazine/KOH),19 silicon-based reducing agents,20 and other homogeneous 

systems.21-23 Heterogeneous catalytic reactions use typically palladium17, 24 nickel,25 

platinum26, 27, ruthenium or copper as catalysts.28, 29 In most cases, two main factors 

influence selectivity towards hydrogenation of the C=O bond versus the aromatic ring: 

(i) the choice of support and (ii) the crystallite size.26 For platinum based catalysts, 

titania was found to be the more selective than SiO2 and Al2O3.30 In this study, bulk 

(unsupported) metal particles (940 nm) resulted in a higher selectivity towards 

cyclohexane and cyclohexanol when compared to finely dispersed supported particles (1 

nm).  
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4.2. Catalytic cleavage of lignin β-O-4 link mimics using 

copper on alumina and magnesia-alumina 

4.2.1. Copper catalysts in hydrodeoxygenation reactions 

First, we selected appropriate β−O−4 linkage analogues. These must be similar 

enough to real lignin so that the results are relevant, yet still simple enough for carrying 

out meaningful experiments on laboratory scale. In the line of previous research focused 

on small monomers and alcohol-ether-type dimers,31-33 we opted for ketone-ether 

dimers, which are also important products of lignin depolymerisation.34, 35 Thus, we 

selected 2−phenoxy−1−phenylethanone 1 and 2−phenoxy−1−phenylethanol 2.36 These 

were synthesized following the procedure of Britt et al.  (eqs 1 and 2).37 

O
Br

OH

+

O
O

O
O

DMF
KOH

MeOH
OH

O

16h, 25 °C

2h, 25 °C

(1)

(2)+ 0.5 NaBH4

isolated yield of 86%

isolated yield of 73%  

In terms of catalysts, we focused on copper and copper oxide supported on 

γ−Al2O3 and MgO−Al2O3. Apart from their economic and environmental advantages 

over noble metals,38 copper catalysts are also reported active for hydrodeoxygenation 

reactions.39-41 Allegrini et al.29 showed the potential of reductive deoxygenation using 

copper on different supports, where aromatic ketones were fully deoxygenated to their 

methylene analogues. More recently, Sittisa et al.42, 43 reported that surface copper 

interacts preferentially with carbonyl groups rather than with aromatic rings. This was 

explained in terms of the preferred adsorption mode on Cu, η1(O)−carbonyl, and the 

relatively weak interaction of copper with carbon-carbon double bonds.42 Therefore, we 

reasoned that copper sites might help to retain the aromaticity of our products. In terms 

of supports, we used the acidic/basic combination of magnesia-alumina (details of 

which are in Chapter 3 and published elsewhere)44 and pure γ−alumina. We thus 

synthesised CuO/γ−Al2O3 and CuO/MgO−Al2O3 by impregnation with Cu(NO3)2. 
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The X-ray diffraction patterns of Cu/γ−Al2O3 and CuO/γ−Al2O3 show broad 

peaks for the alumina, indicating lack of crystallinity of the sample. This is consistent 

with the literature.45 However, the copper peaks are very sharp, which suggests the 

presence of large Cu clusters (at least 5-10 nm, Figure 1). Using TPR data (see Figure 2) 

to approximate the reduced metal content by measuring the hydrogen consumption, we 

calculated that there was 10.6 wt% of copper on the alumina and 10.4 wt% of copper on 

magnesia-alumina. Nonetheless, two main differences can be observed when comparing 

the two graphs: the peak shape and the temperature of reduction. In Cu/γ−Al2O3, we can 

identify two peaks and a temperature of reduction ranging from 230 to 250 °C. Both 

peaks correspond to the reduction of Cu(II). The first peak is assigned to highly 

dispersed copper oxide species, whilst the second one is a bulk-like CuO phases, 

including large clusters CuO particles on the γ−Al2O3 surface.46 

 

10 20 30 40 50 60 70 80 90 
Degrees!(2θ)!

10 20 30 40 50 60 70 80 90 
Degrees (2θ)"

γ–Al2O3 !

Cu/γ–Al2O3 !

CuO/γ–Al2O3 !

★ "Cu!
!  CuO!
 γ–Al2O3!

"  

! ! 

! ! 

★ 

★ 

★ 

"  "  

Cu/MgO-Al2O3 !

CuO/MgO-Al2O3  

MgO-Al2O3 !

! 
! 

"  

"  

★ "Cu!
!  CuO!

"γ–Al2O3!

★ 

"  

! ! 

★ 

! 

10 20 30 40 50 60 70 80 90 
Degrees!(2θ)!

10 20 30 40 50 60 70 80 90 
Degrees (2θ)"

γ–Al2O3 !

Cu/γ–Al2O3 !

CuO/γ–Al2O3 !

★ "Cu!
!  CuO!
 γ–Al2O3!

"  

! ! 

! ! 

★ 

★ 

★ 

"  "  

Cu/MgO-Al2O3 !

CuO/MgO-Al2O3  

MgO-Al2O3 !

! 
! 

"  

"  

★ "Cu!
!  CuO!

"γ–Al2O3!

★ 

"  

! ! 

★ 

! 

 

Fig. 1: X-ray diffraction patterns of CuO/γ−Al2O3 and Cu/γ−Al2O3 (left) and CuO/MgO−Al2O3 and 
Cu/MgO−Al2O3 (right). 

In the case of Cu/MgO−Al2O3, the reduction temperature was higher than for 

CuO/γ−Al2O3 (see Figure 2). This indicates a stronger interaction between copper oxide 

and the MgO−Al2O3 support, hindering the reduction of Cu. This is in line with the 

temperature needed for calcination: 500 °C (2 °C/min) for 4 h.47  
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Fig. 2: Temperature programmed reduction (TPR) plots for CuO/γ−Al2O3 (gray line) and 
CuO/MgO−Al2O3 (black line) using hydrogen as reducing agent. 

4.2.2. Screening of copper catalysts 

In a typical reaction (eq 3), a solution of 2−phenoxy−1−phenylethanone 1 or 

2−phenoxy−1−phenylethanol 2 in ethyl acetate was stirred under 25 bar of H2 at 150 °C 

with 2 wt% unreduced catalyst (see detailed procedure in the experimental section). To 

investigate the possible role of Cu(0), the catalyst was also introduced after pre-reducing 

in H2 for 2 h at 300 °C (the reduction temperature was selected on the basis of TPR 

results, see figure 2). Reaction progress was monitored by GC. Note that obtaining a 

quantitative mass balance in HDO reactions is particularly difficult.32 Here we 

succeeded in quantifying typically 85–95% with careful calibration and rigorous low-

temperature quenching of the reaction mixture. 

 

The main products were monoaromatics, (see tables 1 and 2) plus typically 3–

18% of oligomers. When using the ketone 1, we also observed a significant amount of 

reduction to the alcohol 2. Using Cu/γ−Al2O3 and Cu/MgO−Al2O3 gives phenol and 

ethylbenzene as the main monoaromatic products. This indicates that the cleavage 

occurs mostly at the C–O−aryl bond (pathway B in Scheme 2) and that HDO is the main 

reaction route. Introducing basic sites on the support hinders HDO and the selectivity to 

ethylbenzene drops considerably (see for example the last two entries in table 1 and 2). 
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14%          5%              0%          2%

yield 24%

oligomers

13%

+

21h, 150 °C
25 bar H2Ph Ph

O
O

Ph Ph

OH
O

1 2
conversion 97%

+ PhOH + PhCOMe + PhOMe + PhCHO

EtOAc,

+ PhCOOH + PhC2H4OH + PhEt

3              4                 5             6

0%            <1%           21%
7                 8                9

(3)

A B

  

 

Table 1: Product distribution in the conversion of 2−phenoxy−1−phenylethanol 2  

Catalyst Reactant Conv. 
% 

Mass 
Balance % 

3 5 8 9 Olig. 
 Yield %a) 

no catalyst 

 

< 2 98.0 < 1 0 0 0 < 1 

γ−Al2O3 25.7 89.5 2.5 0.4 1.5 0 18.2 

MgO−Al2O3 23.4 94.8 5.0 0.4 3.9 0 11.8 

CuO/γ−Al2O3
b) 16.8 95.6 3.6 0.4 9.7 2.4 8.7 

CuO/MgO−Al2O3
b) 20.6 87.5 10.9 0 4.1 0 2.6 

Cu/γ−Al2O3
c) 52.5 93.0 21.7 0.1 2.4 19.1 5.2 

Cu/MgO−Al2O3
c)  47.0 95.0 24.7 0.1 1.3 8.3 9.1 

a) Yields determined by GC analysis (chlorobenzene is the external standard). 
b) Standard reaction conditions: 0.120 mg reactant 2 in10 mL EtOAc; 25 bar H2; 150 °C; 21 h, 2 
wt% catalyst (amount of copper relative to 2) and with a minimal TON of 8-10. Catalyst was used 
without prior reduction and no inert conditions during reaction process. 
c) Standard reaction conditions: 0.120 mg reactant 2 in 10 mL EtOAc; 25 bar H2; 150 °C; 21 h, 2 
wt% catalyst (amount of copper relative to 2) and with a minimal TON of 23-26. Prior to the 
experiments, all catalysts were reduced at 300 °C under a flow of H2 for 2 h, the solvent was 
purged for 2 h with N2 and autoclaves were purged twice with pure H2.  
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able 2: Product distribution for the conversion of 2−phenoxy−1−phenylethanone 1  

C
atalyst 

R
eactant 

C
onv. 
%

 
M

ass B
alance 

%
 

2 
3 

4 
5 

6 
7 

8 
9 

oligom
ers 

 
 

Y
ield %

[a] 

no catalyst 

 

4.71 
95.3 

0.0 
3.3 

0.0 
0.0 

0.0 
0.0 

0.0 
0.0 

0.9 

γ−A
l2 O

3  
38.7 

91.4 
0.0 

18.8 
0.5 

0.4 
1.2 

6.6 
0.0 

0.0 
7.8 

M
gO
−A

l2 O
3  

30.0 
89.0 

0.0 
12.2 

0.6 
0.6 

4.3 
2.6 

0.0 
0.0 

5.6 

C
uO

/γ−A
l2 O

3 [b] 
96.7 

88.1 
45.2 

17.3 
1.8 

0.7 
1.9 

9.1 
2.2 

0.0 
6.1 

C
uO

/M
gO
−A

l2 O
3 [b] 

99.1 
94.4 

50.3 
9.5 

5.6 
0.5 

0.0 
8.5 

0.6 
0.0 

18.1 

C
u/γ−A

l2 O
3 [c] 

97.7 
81.5 

24.5 
14.1 

5.1 
0.0 

0.0 
0.0 

0.6 
21.9 

13.6 

C
u/M

gO
−A

l2 O
3 [c] 

 
82.3 

87.5 
34.4 

10.2 
1.6 

0.1 
4.3 

0.0 
4.3 

5.3 
16.3 

 [a] Y
ields determ

ined by G
C

 analysis (chlorobenzene is the external standard). 
[b] Standard reaction conditions: 0.120 m

g reactant 1 in10 m
L EtO

A
c; 25 bar H

2 ; 150 °C
; 21 h, 2 w

t%
 catalyst (am

ount of copper relative to 1) and w
ith a 

m
inim

al TO
N

 of 48-50. C
atalyst w
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ithout prior reduction and no inert conditions during reaction process.  
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Interestingly, the alcohol 2 is less reactive than its ketone counterpart. Other 

studies on several β−O−4 models reported a reduction of the bond dissociation energy 

(BDE) for oxidized species compared to their alcohol analogues.48, 49 We calculated 

BDEs with DFT for our reactants as well, showing that indeed the ether bond is weaker 

in the ketone than in the alcohol (table 3). As BDEs only explain the thermal non-

catalytic cleavage, we also studied the cleavage of protonated molecules (the cleavage is 

catalysed by alumina, the activity of which is usually explained by its acidity). 

However, these calculations were severely hindered by reorganisation of bonds, and 

therefore no numbers are reported here. We do observe that for both, the ketone and the 

alcohol, the ether bond (pathway B in Scheme 2) is activated by protonation. In case of 

the alcohol, an immediate reorganisation occurs resulting in oligomerisation rather than 

cleavage. This fits strikingly well with the oligomerisation observed experimentally. 

 
Table 3: Bond dissociation energies (BDEs) of 1 and 2 for pathways A and B.  

Reactant Pathway 
BDE 

(kJ/mol) 

 

A 265 

B 253 

 

A 284 

B 201 

 

The three-dimensional shape/confirmation and bond rotations of the molecules 

could also be playing a role in the difference in reactivity between the alcohol and 

ketone. Modelling the ketone and the corresponding alcohol in the gas phase, we see 

that the ketone (sp2 carbon and oxygen bound by π) is planar, which allows for both 

oxygens to adsorb simultaneously (see Figure 3). In the alcohol, however this bond can 

rotate freely  (sp3 carbon and oxygen bound by σ) and, as a consequence, the molecule 

adsorbs twisted (see Figure 3) making adsorption more difficult. In fact, constraining the 

alcohol into a planar shape would require an extra 12 kJ/mol. 
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Fig. 3: DFT−optimised 3D structures of the ketone 1 (top left) and the alcohol 2 (top right) and a 
possible approach of these to the catalyst surface (bottom). 

Nichols et al.50 reported the oxidation of the alcohol dimer 2 to the ketone dimer 

1 via a well-known Ru–dehydrogenative equilibrium. In our conditions (substrate 2 and 

25 bar of hydrogen pressure), this equilibrium is not observed, as neither dimer 1 nor 

acetophenone 4 were detected by GC analysis. To rule out the influence of the thermal 

cleavage in absence of hydrogen, we ran a series of control experiments with argon. 

These reactions gave less than 5% conversion.  The main products were high-molecular-

weight oligomers, with no oxidation of dimer 2 to dimer 1. Thus, 150 °C and an external 

hydrogen source are required to cleave the β−O−4 linkage via hydrogenolysis. A series 

of blank experiments starting from 1, both in absence of catalyst and with the bare 

support, showed no traces of the alcohol 2 either. This confirms that the reduction of 1 

to 2 requires the presence of copper in the active site. 

 

For both, 1 and 2, we envisage a two-step process. To illustrate this hypothesis, 

we propose the following mechanism for dimer 1 (Scheme 2). Alumina-catalysed 

hydrogenolysis of the dimer’s C–O(aryl) bond (pathway B) occurs first, giving 

acetophenone and phenol. This is followed by copper-catalysed hydrodeoxygenation of 

the carbonyl group to the corresponding ethylbenzene. The presence of benzaldehyde 

and anisole can be explained by the hydrogenolysis of the OC–CH2O(aryl) bond 

(pathway A). Then, benzaldehyde is rapidly oxidized by air to benzoic acid (the latter is 

indeed absent under inert conditions, confirming that oxygen is needed51). If both bonds 

A and B are cleaved, methane may form. For dimer 1, the hydrogenation of the ketone 

can occur as a third pathway when Cu or CuO is present. Dimer 2 can also split under 

influence of the alumina, but this only leads to oligomerisation. When metallic copper is 

present, dimer 2 can be converted to phenol and 8. This explains the smaller amount of 

dimer 2 in the product mixture when starting from 1 and using the Cu/Al2O3 catalyst. 
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Scheme 2: Proposed mechanism for the β−O−4 cleavage of dimer 1. 

Notably, up to 22% yield of ethylbenzene was identified using a reduced copper 

catalyst and removing air/oxygen from the reaction mixture (see experimental procedure 

for both 1 and 2). This is in agreement with the two-step route outlined above. The 

experiments gave approximately proportional yields of phenol and ethylbenzene for 

both 1 and 2. Looking at the XRD pattern, we conclude that HDO occurs more readily 

with larger copper agglomerates than on finely dispersed sites.52 The highest selectivity 

towards phenol and ethylbenzene is obtained using plain alumina as a support, which 

also has the largest copper clusters. In contrast, when we used unreduced catalysts, 

copper is involved mainly in the reduction of 1 to 2, with only traces of HDO. In the 

absence of HDO, some phenol is still formed by the first reaction step, namely the 

hydrogenolysis of the C–O aryl bond B. In this case, products 4, 5 and 7 are formed in 

higher amounts. 
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To understand the stability of our catalyst, we performed a series of recycling and 

leaching tests with the unreduced catalyst. The conversion remains constant after 

filtering the catalyst out, showing that the catalyst does not leach into solution. 

However, in the recycling experiments the conversion dropped to 44% after the first 

cycle, indicating some degree of catalyst deactivation. Rao et al.53 studied the 

deactivation of several copper catalysts in the hydrogenation of aromatic ketones and 

aldehydes. They reported that the catalyst deactivation occurs via different pathways: 

coke formation and/or poisoning of the catalyst (by product adsorption), or a change in 

the oxidation state of the copper during the reaction. Twigg and Spencer54 studied the 

deactivation of supported copper metal catalysts for different hydrogenation reactions. 

They highlighted four main causes: (i) coke formation, (ii) sintering of copper particles, 

(iii) change in the oxidation state of copper and (iv) catalyst poisoning by chlorine or 

sulfur compounds or adsorbed by-products on the catalyst. Under our stated reaction 

conditions, poisoning of the catalyst with sulfur or chlorine is unlikely. The reaction 

temperatures are too low to involve sintering. Because we have organic hydrogenation 

reactions, coking is the more plausible explanation. Considering the close chemical 

similarity with our reaction products, similar deactivation processes may occur in the 

conversion of 1 and 2. 

4.3. Conclusion 

Copper particles supported on γ−alumina catalyse the scission of β−O−4 linkages 

under HDO conditions, yielding phenol and ethylbenzene in substantial amounts. Using 

magnesia-alumina as the support increases the dispersion of copper, yet lowers the 

selectivity towards HDO. For industrial applications, the catalyst price/performance 

ratio is a key criterion, and the main challenge in this case is catalyst stability. Working 

with real lignin depolymerisation feeds means dealing with sulphur in the feedstock, as 

well as rapid deactivation by coke formation and potential poisoning by water. 

Importantly, our supported copper catalysts are cheap and readily available. As such, 

they open a practical route for decreasing the oxygenated content of lignin model 

compounds streams while keeping the aromatic rings intact, a key hurdle for efficient 

biomass conversion.55  
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4.4. Experimental section 

4.4.1. Materials, instrumentation and computational methods 

Unless otherwise specified, all chemicals were purchased from commercial 

sources and used as received. The MgO−Al2O3 was provided by Eurosupport.56 X−Ray 

diffraction (XRD) patterns were obtained with a MiniFlex II diffractometer using 

Ni−filtered CuKα radiation. The X-ray tube was operated at 30 kV and 15 mA. 

Temperature programmed reduction (TPR) was carried out using hydrogen on an 

instrument equipped with a thermal conductivity detector (TCD). Samples of ca. 100 

mg were loaded into a quartz U-tube reactor and where pre-treated in N2 (40 ml/min) at 

473 K for 30 min. After cooling to ambient temperature, the gas stream was switched to 

5 % H2/N2 flowing at 40 ml/min. The samples were heated at 10 K/min to 1000 K, 

during which the hydrogen consumption was monitored by TCD. Quantification of H2 

content was based on detailed calibration of H2 injections in the same reduction  stream. 

Surface area measurements were performed by the BET method using N2 at 77 K on a 

Thermo Scientific Surfer instrument. The samples were dried in vacuum (1×10-3 mbar) 

for 3 h at 200 °C prior to the measurement. Gas chromatography analyses were run on 

an Interscience GC−8000 gas chromatograph with 14 % cyanopropylphenyl and 86 % 

dimethyl polysiloxane capillary column (Rtx-1701, 30 m; 25mm ID; 1µm df). Samples 

were diluted in 1 ml MeOH. GC conditions: isotherm at 50 ºC (2 min); ramp at 2 ºC 

min–1 to 70 ºC; ramp at 70 ºC min–1 to 140 ºC; ramp at 10 ºC min–1 to 280 ºC; isotherm 

at 260 ºC (2 min). Products were identified by comparing their retention times to those 

of authentic samples.  

4.4.2. Catalyst synthesis 

 10 wt% CuO/γ−Al2O3 was synthesized by adding 1.0 g of γ−Al2O3 to a solution 

of Cu(NO3)2·6H2O (0.38 g, 1.6 mmol) in 20 ml water and stirred for 2 h at 25 °C . The 

liquid was evaporated overnight on an oil bath at 60 °C, yielding a light green powder. 

This was dried at 120 °C for 24 h and then calcined in air at 500 °C (2 °C/min) for 4 h. 

The analogous 10 wt% CuO/MgO−Al2O3 was prepared as above starting from 1.0 g of 

γ−Al2O3.  
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4.4.3. Synthesis of 2-phenoxy-1-phenylethanone (1) 

 This is a modification of a previously published procedure.37, 59 

Bromoacetophenone (9.0 g, 45 mmol) and phenol (5.0 g, 53 mmol) were dissolved in 

200 ml DMF, mixed with KOH (3.0 g, 53 mmol) and stirred overnight at room 

temperature. The product was then extracted with H2O and Et2O, dried over Na2SO4 and 

recrystallized from ethanol (yellowish powder, 86 mol% pure product yield based on 

bromoacetophenone). 1H NMR (DMSO) δ 5.58 (s, 2H), 6.93–6.98 (m, 3H), 7.27–7.31 

(m, 2H), 7.56–7.60 (m, 2H), 7.68–7.72 (m, 1H), 8.02–8.04 (m, 2H). 

4.4.4. Synthesising of 2-phenoxy-1-phenylethanol (2)  

 This is a modification of a previously published procedure.37, 59 A solution of 2-

phenoxy-1-phenylethanone 1 (2.5 g, 11 mmol) in methanol (100 ml) was treated with 

small portions of sodium borohydride (5.5 mmol) and stirred for 2 h. A saturated 

solution of ammonium sulfate (200 ml) followed by CHCl3 (200 ml) was added to the 

reaction mixture. The organic layer was separated, washed with water (2×100 ml), dried 

and recrystallized from ethanol (fine white needles, 73 mol% pure compound yield 

based on 1). 1H NMR (DMSO) δ 4.01–4.02 (m, 2H), 4.90–4.94 (m, 1H), 5.63–5.64 (d, 

1H), 6.90–6.94 (m, 3H), 7.25–7.47 (m, 7H). 

4.4.5. Procedure for catalytic hydrodeoxygenation (HDO) 

 Experiments were carried out in a six-parallel stainless steel 75 ml autoclave. 

In a typical experiment without inert atmosphere and without pre-reducing the catalysts 

(results in tables 2 and 3), 2 wt% of catalyst (copper weight relative to starting material) 

was added to a solution of 2−phenoxy−1−phenylethanone 1 (0.120 g, 0.56 mmol) in 10 

mL of EtOAc. The autoclave was pressurized with 25 bar H2 and heated to 150 °C for 

21 h. Then, the reactors were cooled down to room temperature using an ice bath. 

Liquid samples were analysed by GC using chlorobenzene as external standard. 

 In a second set of experiments (results shown in tables 2 and 3), we used inert 

purging and the catalysts were pre-reduced as follows: 1.0 g of catalyst was heated at 

300 °C under a 40 ml/min H2 for 2 h. The solvent, EtOAc, was purged for 2 h with 

nitrogen. 2 wt% of catalyst (copper weight related to starting material) was added to an 
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autoclave containing a solution of 2−phenoxy−1−phenylethanone 1 (0.120 g, 0.56 

mmol) in 10 ml EtOAc. The autoclaves were flushed twice with argon, then pressurized 

to 25 bar H2 and heated to 150 °C for 21 h. The reactors were cooled down to room 

temperature using an ice bath. Liquid samples were analysed by GC using 

chlorobenzene as external standard. 

4.4.6. Procedure for recycling and leaching tests 

 Recycling and leaching tests were carried out in a six-parallel stainless steel 75 

ml autoclave. For the recycling test, 2 wt% of catalyst (copper weight relative to starting 

material using 10 wt% CuO/γ−Al2O3) was added to a solution of 

2−phenoxy−1−phenylethanone 1 (0.240 g, 1.12 mmol) in 20 ml of EtOAc. The 

autoclave was pressurized with 25 bar H2 and heated to 150 °C for 21 h. Then, the 

reactors were cooled down to room temperature using an ice bath. The catalyst was 

filtered out and placed in a desiccator overnight. The recycled catalyst was then reused 

for an extra 21 h reaction using 2−phenoxy−1−phenylethanone 1 (0.120 g, 0.56 mmol) 

in 10 mL of EtOAc with 2 wt% of catalyst (copper weight relative to starting material). 

Liquid samples were analysed by GC using chlorobenzene as external standard. 

 

 For the leaching test, the autoclave was pressurized with 25 bar H2 and heated 

to 150 °C for 3 h. Then, the reactors were cooled down to room temperature using an ice 

bath. The catalyst was filtered out and the reaction mixture (without catalyst) was 

charged again with 25 bar H2 and heated to 150 °C for 20 h. Liquid samples were 

analysed by GC using chlorobenzene as external standard. 

4.4.7. DFT calculations for the intimate pair of alcohol dimer 

DFT calculations were performed with the ADF package,57 using the rPBE 

functional58 and a DZP basis set. Calculations were done on isolated molecules. BDEs 

were calculated by comparing the energies of the starting molecules and the isolated 

radicals formed. For the protonated species, linear transits were performed, slowly 

breaking the bonds instead of comparing only the end energy. In this way, the 

calculations allow to simulate oligomerisation. 
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An alternative explanation is that two alcohol dimers may form an intimate pair 

via two hydrogen bonds. This would protect the alcohol dimer from reaction. However, 

both theory and experiment refute this hypothesis: our DFT calculations show that the 

hydrogen bonds between the alcohol dimer and a solvent molecule (ethyl acetate) are 

much stronger (24 kJ/mol) than those between two alcohol dimers. 

4.4.8. Surface area measurements (BET method) 

Name Active species Support 
Surface area 

[m2/g] 

Pore volume 

[cm3/g] 

Al2O3 - Al2O3 193 0.46 

MgO-Al2O3 - MgO-Al2O3 175 0.45 

Cu/MgO-Al2O3 10% Cu MgO-Al2O3 166 0.26 

Cu/Al2O3 10% Cu Al2O3 140 0.35 

 



Chapter 4 

 72 

4.5. References 
 

1. E. Furimsky, Appl. Catal. A., 2000, 199, 147-190. 

2. P. T. Vasudevan and J. L. G. Fierro, Catal. Rev., 1996, 38, 161-188. 

3. R. A. Sànchez-Delgado, Hydrodesulfurization and Hydrodenitrogenation, 
Springer, Amsterdam, 2002, 1-34. 

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. T. V. Choudhary and C. B. Phillips, Appl. Catal. A., 2011, 397, 1-12. 

6. E. Furimsky, Catal. Rev. Sci. Eng., 1983, 25, 421-458. 

7. D. Mohan, C. U. Pittman and P. H. Steele, Energy & Fuels, 2006, 20, 848-889. 

8. A. Jess and P. Wasserscheid, Chemical Technology; an Integrated Textbook., 
Wiley-VCH, Weinheim, 2013. 

9. J. Gierer, Wood Sci. Technol., 1980, 14, 241-266. 

10. R. Vanholme, B. Demedts, K. Morreel, J. Ralph and W. Boerjan, Plant 
Physiol., 2010, 153, 895-905. 

11. R. Hatfield and W. Vermerris, Plant Physiol., 2001, 126, 1351-1357. 

12. E. Adler, Wood Sci. Technol., 1977, 11, 169-218. 

13. F. S. Chakar and A. J. Ragauskas, Ind. Crops Prod., 2004, 20, 131-141. 

14. S. Kang, L. Xiao, L. Meng, X. Zhang and R. Sun, Int. J. Mol. Sci., 2012, 13, 
15209-15226. 

15. J. Zakzeski, P. C. A. Bruijnincx, A. L. Jongerius and B. M. Weckhuysen, 
Chem. Rev., 2010, 110, 3552-3599. 

16. J. B. s. Bredenberg, M. Huuska, J. Räty and M. Korpio, J. Catal., 1982, 77, 
242-247. 

17. J. Magano and J. R. Dunetz, Org. Process Res. Dev., 2012, 16, 1156-1184. 

18. T. J. Connolly, M. Matchett, P. McGarry, S. Sukhtankar and J. Zhu, Org. 
Process Res. Dev., 2004, 8, 624-627. 



Catalytic cleavage of lignin β-O-4 link 

 73 

19. J. T. Kuethe, K. G. Childers, Z. Peng, M. Journet, G. R. Humphrey, T. 
Vickery, D. Bachert and T. T. Lam, Org. Process Res. Dev., 2009, 13, 576-
580. 

20. D. Gauvreau, S. J. Dolman, G. Hughes, P. D. O'Shea and I. W. Davies, J. Org. 
Chem., 2010, 75, 4078-4085. 

21. S.-C. Kuo, F. Chen, D. Hou, A. Kim-Meade, C. Bernard, J. Liu, S. Levy and G. 
G. Wu, J. Org. Chem., 2003, 68, 4984-4987. 

22. H. Li, Z. Xia, S. Chen, K. Koya, M. Ono and L. Sun, Org. Process Res. Dev., 
2007, 11, 246-250. 

23. M. H. Yates, T. M. Koenig, N. J. Kallman, C. P. Ley and D. Mitchell, Org. 
Process Res. Dev., 2009, 13, 268-275. 

24. P. Herold, A. F. Indolese, M. Studer, H. P. Jalett, U. Siegrist and H. U. Blaser, 
Tetrahedron, 2000, 56, 6497-6499. 

25. R. H. Mitchell and Y.-H. Lai, Tetrahedron Lett., 1980, 21, 2637-2638. 

26. D. Poondi and M. A. Vannice, J. Mol. Catal. A: Chem., 1997, 124, 79-89. 

27. M. A. Vannice and D. Poondi, J. Catal., 1997, 169, 166-175. 

28. J. Ma, S. Liu, X. Kong, X. Fan, X. Yan and L. Chen, Res. Chem. Intermed., 
2012, 38, 1341-1349. 

29. F. Zaccheria, N. Ravasio, M. Ercoli and P. Allegrini, Tetrahedron Lett., 2005, 
46, 7743-7745. 

30. B. Coq, F. o. Figueras, P. Geneste, C. Moreau, P. Moreau and M. Warawdekar, 
J. Mol. Catal. , 1993, 78, 211-226. 

31. S. Jia, B. J. Cox, X. Guo, Z. C. Zhang and J. G. Ekerdt, Ind. Eng. Chem. Res., 
2010, 50, 849-855. 

32. A. L. Jongerius, R. Jastrzebski, P. C. A. Bruijnincx and B. M. Weckhuysen, J. 
Catal., 2012, 285, 315-323. 

33. H. Kawamoto, S. Horigoshi and S. Saka, J. Wood Sci., 2007, 53, 168-174. 

34. R. J. A. Gosselink, W. Teunissen, J. E. G. van Dam, E. de Jong, G. Gellerstedt, 
E. L. Scott and J. P. M. Sanders, Bioresour. Technol., 2012, 106, 173-177. 

35. K. Takeno, T. Yokoyama and Y. Matsumoto, BioResources, 2012, 7, 99-111. 



Chapter 4 

 74 

36. T. vom Stein, T. Weigand, C. Merkens, J. Klankermayer and W. Leitner, 
ChemCatChem, 2012, 5, 439-441. 

37. P. F. Britt, A. C. Buchanan, M. J. Cooney and D. R. Martineau, J. Org. Chem., 
2000, 65, 1376-1389. 

38. J. E. Tilton and G. Lagos, Resour. Policy, 2007, 32, 19-23. 

39. T. T. Pham, L. L. Lobban, D. E. Resasco and R. G. Mallinson, J. Catal., 2009, 
266, 9-14. 

40. M. V. Bykova, D. Y. Ermakov, V. V. Kaichev, O. A. Bulavchenko, A. A. 
Saraev, M. Y. Lebedev and V. A. Yakovlev, Appl. Catal. B., 2012, 113-114, 
296-307. 

41. V. Dundich, S. Khromova, D. Ermakov, M. Lebedev, V. Novopashina, V. 
Sister, A. Yakimchuk and V. Yakovlev, Kinet. Catal., 2010, 51, 704-709. 

42. S. Sitthisa and D. E. Resasco, Catal. Lett., 2011, 141, 784-791. 

43. S. Sitthisa, T. Sooknoi, Y. Ma, P. B. Balbuena and D. E. Resasco, J. Catal., 
2011, 277, 1-13. 

44. Z. Strassberger, S. Tanase and G. Rothenberg, Eur. J. Org. Chem., 2011, 5246-
5249. 

45. M. Trueba and S. P. Trasatti, Eur. J. Inorg. Chem., 2005, 2005, 3393-3403. 

46. W.-P. Dow, Y.-P. Wang and T.-J. Huang, Appl. Catal. A., 2000, 190, 25-34. 

47. K. M. Lee and W. Y. Lee, Catal. Lett., 2002, 83, 65-70. 

48. S. Kim, S. C. Chmely, M. R. Nimlos, Y. J. Bomble, T. D. Foust, R. S. Paton 
and G. T. Beckham, J. Phys. Chem. Lett., 2011, 2, 2846-2852. 

49. A. Beste and A. C. Buchanan, J. Org. Chem., 2011, 76, 2195-2203. 

50. J. M. Nichols, L. M. Bishop, R. G. Bergman and J. A. Ellman, J. Am. Chem. 
Soc., 2010, 132, 12554-12555. 

51. J. R. Pound, J. Phys. Chem., 1930, 35, 1496-1497. 

52. P. W. Park and J. S. Ledford, Appl. Catal. B, 1998, 15, 221-231. 

53. R. Rao, R. T. Baker and M. A. Vannice, Catal. Lett., 1999, 60, 51-57. 

54. M. V. Twigg and M. S. Spencer, Appl. Catal., A, 2001, 212, 161-174. 



Catalytic cleavage of lignin β-O-4 link 

 75 

55. P. Gallezot, ChemSusChem, 2008, 1, 734-737. 

56. E. J. A. X. van de Sandt, A. Wiersma, M. Makkee, H. Van Bekkum and J. A. 
Moulijn, Appl. Catal. A: General, 1997, 155, 59. 

57. G. te Velde, F. M. Bickelhaupt, E. J. Baerends, C. Fonseca Guerra, S. J. A. van 
Gisbergen, J. G. Snijders and T. Ziegler, J. Comput. Chem., 2001, 22, 931-967. 

58. B. Hammer, L. B. Hansen and J. K. NØrskov, Phys. Rev. B, 1999, 59, 7413-
7421. 

59. P. H. Kandanarachchi, T. Autrey and J. A. Franz, J. Org. Chem., 2002, 67, 
7937-7945. 

 

 
 

  



	  



 
 
 

Chapter 5 
 

 

Synthesis, characterization and testing of new  

V2O5 / Al2O3−MgO catalysts 
 

 

 

 

 

 

 

 



Chapter 5  

 78 

 

Abstract  

 

We report here the synthesis and characterization of new V2O5/Al2O3−MgO catalysts 

and their application in anisole deoxygenation, oxidative dehydrogenation and 

epoxidation reactions. The materials were prepared by wet impregnation under excess 

acid conditions. Anchoring of the desired species on the support occurs via ion 

exchange between the vanadium complex and surface hydroxyl groups. The IR and 

UV−Vis spectra of these catalysts indicate the presence of monomeric vanadium species 

at 5 wt.% V2O5 loading, along with small amounts of polymeric species at 10 and 15 

wt.% V2O5. Electron paramagnetic resonance (EPR) spectroscopy reveals the presence 

of ferromagnetic VO2+ dimers following calcination at 773 K. The catalysts were then 

tested in three reactions: (i) anisole deoxygenation, (ii) gas phase oxidative 

dehydrogenation of n-butane under flow conditions at 773 K and (iii) liquid phase 

epoxidation of limonene with H2O2. The deoxygenation reaction with anisole showed no 

activity. The dehydrogenation reaction gave butenes and 1,3-butadiene in moderate 

selectivity at 8-10% conversion. The epoxidation of limonene yielded 50-70% 

selectivity to the 1,2-epoxide at 10-20% conversion.  

 

 

 

 

 

 

 

Part of this work has been published as: “Synthesis, characterization and testing of 

a new V2O5/Al2O3−MgO catalyst for butene dehydrogenation and limonene oxidation.” 

Z. Strassberger, A. Boonstra, R. Jorna, E. V. Ramos-Fernandez, S. Tanase and G. 

Rothenberg, Dalton Trans., 2013, 42, 5546. 
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5.1. Introduction 

Solid catalysts are ubiquitous in the chemical industry (over 90% by volume of all 

chemicals are made using heterogeneous catalysis).1-4 Despite this, and notwithstanding 

the many years of research into the mechanisms of reactions on surfaces, we still do not 

know how most catalysts actually work.5 In fact, catalyst discovery is often 

serendipitous.6-9 

 

In this respect, the left side of the periodic table is somewhat neglected. Most 

catalytic studies concentrate on the electron-rich transition metals. The reason is that 

many of these metals can easily switch between two relatively stable oxidation states, 

making them ideal active site candidates. However, there are exceptions on the basic 

side. Vanadium, for example, is stable as V2+, V3+, V4+, and V5+. The V5+ state is found 

in tetrahedral (VO4), pentahedral (VO5) and octahedral (VO6) forms and tends to form 

polyoxoanions. Surface V5+ sites are usually present as isolated monomeric VO4 species 

at low vanadium loadings. These species are often good catalysts, thanks to their 

accessibility and high activity.10, 11 In fact, vanadium oxide supported catalysts are 

active in a wide range of catalytic process, where most well known are the manufacture 

of important chemicals (e.g. sulfuric acid, phthalic anhydride) and the reduction of 

environmental pollution (e.g. nitrogen oxides from flue gas of power plants).11 

 
Recently, redox active catalysts have been explored in hydrodeoxygenation 

processes under the premise that a Mars-van Krevelen reverse may take place.12, 13 Such 

a reaction involves the removal of the oxygen atom from the oxygenated compound 

upon the adsoption on the vacancy site with concomitant regeneration of the vacancy 

with H2 to produce water.12, 13 In this respect, Prasomsri et al. selected various metal 

oxides such as V2O5, Fe2O3, CuO, WO3, and MoO3, to explore their 

hydrodeoxygenation activity in the conversion of acetone to propylene.14 Working in a 

continuous flow reactor, it was shown that all oxides catalyzed the hydrodeoxygenation 

reaction, with the activity following trend: MoO3>V2O5>Fe2O3>CuO>WO3.14 Based on 

the same principle, Mortensen et al. studied the hydrodeoxygenation of phenol to 

cyclohexane.15 The order of activity of the best performing catalyst was: Ni/ZrO2>Ni-
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V2O5/ZrO2>Ni-V2O5/SiO2>Ru/C>Ni/Al2O3>Ni/SiO2>Pd/C>Pt/C.15 On these catalysts, 

hydrodeoxygenation reaction proceeds through an initial hydrogenation to 

cyclohexanone, followed by its hydrogenation to cyclohexanol. In the following step, 

cyclohexanol is dehydrated to cyclohexene, which is rapidly further hydrogenated to 

cyclohexane.15  

 

Filley et al. demonstrated that vanadium oxide supported on alumina is an active 

catalyst in the deoxygenation of guaiacol.16 When an equimolar mixture of guaiacol and 

α−terpinene was fed over the catalyst at 350 °C, up to 98% conversion of guaiacol can 

was observed with a selectivity of 41% to phenol.16 The deoxygenation reaction is 

highly efficient only in the presence of an equivalent of reducing agent in the form of 

hydrogen. In the absence of a hydrogen source, the yield of phenol is much lower and 

greater amounts of coke form at the catalyst surface.16 

5.2. Synthesis and characterization of new V2O5/Al2O3−MgO 

catalysts 

We report the synthesis and characterization of a new type of vanadium catalysts 

supported on a combined acid/base support: Al2O3−MgO. The advantages of this 

bifunctional support are detailed in chapter 3. We elucidate the oxidation states at the 

active site using electron paramagnetic resonance (EPR) spectroscopy and study the 

nanometric properties of the catalysts using surface and bulk characterization. We tested 

them on three types of reactions: (i) hydrodemethoxylation (HDM) and 

hydrodeoxygenation (HDO) of anisole, (ii) the gas-phase oxidative dehydrogenation 

(ODH) of n-butane under flow conditions at 773 K and (iii) liquid-phase epoxidation of 

limonene with H2O2. 

5.2.1. Catalyst synthesis 

The catalysts were prepared by wet impregnation using stoichiometric amounts of 

ammonium metavanadate and oxalic acid (see experimental section for details). The 

maximum amount of vanadium oxide that can form in a two-dimensional layer, e.g. 

monolayer coverage, depends on the support surface area and the concentration of 
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reactive surface hydroxyl groups.11 Therefore, we selected three different V2O5 

loadings. Table 1 gives the composition and surface properties of the three catalysts. We 

observed that, in order to have a good impregnation, one must use an excess of oxalic 

acid with respect to NH4VO3. This is because the acid acts both as a reducing agent and 

a complexing agent (eq 1).17 Under these conditions, the adsorption of the vanadyl 

complex on the support is carried out from acidic solutions. Therefore, the surface 

hydroxyl groups are protonated and the support surface has a positive charge (see eq 2, 

where x = number of functional groups at the oxide surface).11 

NH4VO3 + 3H2C2O4 H2[VO(C2O4)2] + 2CO2 + 2H2O + NH3 + 1/2H2 (1)

S-OH + H+ (S-OH2)+

x(S-OH2)+ + [VO(C2O4)2]2-

(2)

(S-O)x[VO(C2O4)2-x] + xH2C2O4 (3)  

The attachment of the desired species on the support occurs via ion exchange 

between the vanadium complex and (protonated) surface hydroxyl groups (eq 3). 

Importantly, ammonium and oxalate ions decompose fully, leaving no traces on the 

catalyst surface after calcination at 500 °C.18 Note that the ICP vanadium loadings are 

consistently lower than the nominal ones. This suggests that, for a complete 

complexation of vanadyl species, a higher excess of oxalic acid should be used and thus 

the theoretical values would be reached. 

Table 1. Catalyst composition and properties. 

Catalyst[a] wt.% V2O5
[b] V atoms/nm2[c] BET surface area 

(m2g-1) 
Pore volume 

(cm3g-1) 
A 4.2 1.5 217 0.30 

B 8.9 4.9 140 0.36 

C 12.5 5.2 190 0.35 
[a] In all cases, the support was 40:60 Al2O3-MgO, as 5 mm extrudates 
[b] Actual vanadium content determined by ICP. 
[c] The vanadium loading divided to the surface area of the catalyst. 
 

We first investigated the catalyst surface structure by IR spectroscopy. Figure 1 

shows the spectra for the catalysts and the plain support. The profiles show a typical 

hydroxyl group stretching mode (at ca. 3000 cm−1) which intensity decreases upon 

addition of 5% and 10% V2O5 (catalysts A and B, see Figure 1 for details). These results 
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demonstrate that the anchoring of the vanadium species on the support occurs via 

surface OH groups.  

! 

Fig. 1: IR spectra of the support and the catalysts A and B.  

The broad bands observed between 1000 and 1100 cm−1 reflects the V=O stretch of 

vanadyl groups on the Al2O3 sites. These groups possess a short terminal V=O bond and 

three bridging V−O−Al bonds.19 The weaker broad bands between 850 and 900 cm–1 are 

characteristic of pyrovanadate (V2O7
4−).19 Note that the IR spectrum of catalyst C shows 

two important bands at 830 cm−1 and 890 cm−1, respectively. These bands can be 

assigned to vanadate and pyrovanadate species on the MgO surface.20-22 We suggest that 

the surface vanadium species are attached to the alumina sites in catalysts A and B, and 

to magnesia sites in catalyst C (see Figure 2). 
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! 
Fig. 2: IR spectra of the plain support and catalysts A−C.  

 Both Al2O3 and MgO tend to polarize and be surface charged once suspended 

in an aqueous solution. However, the surface charge depends on the pH of the 

solution.23 If this is below the point of zero charge (PZC), the oxide surface is positively 

charged and will adsorb the negatively charged vanadium complex. The PZC is higher 

for MgO (12.1−12.7) than for Al2O3 (7.0−9.0). Moreover, the pH of the vanadium 

precursor solutions for low loaded catalysts is higher than the PZC (see supplementary 

information for details). This means that both support surfaces would be negatively 

charged in solution, but the alumina site would be less negatively charged than the MgO 

one. Therefore, vanadium species bind to Al2O3
 at low loadings (5% and 10%) and to 

MgO at high loading (15%). This is in agreement with the IR data discussed above. 

 

 The diffuse reflectance UV-visible spectra of catalysts A−C show a broad band 

with maxima around 260, 290 and 315 nm, due to the ligand-to-metal charge transfer 

(LMCT) transitions of V5+ (see Figure 3). These bands originate from VO4 species in 

tetrahedral coordination.24 The spectra of B and C display a slight tail extending beyond 

540 nm. This indicates the presence of small amounts of polymeric species. This 

observation finds agreement with the results of Muylaert et al.,10 who reported 

polymeric vanadium oxides at higher V loadings. The spectra of A and B are almost 
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identical in the UV range. We conclude that the domain size of the dispersed vanadium 

species remains unchanged, while the number of polymerized vanadium species 

increases at higher vanadium loadings. Vanadium oxide remains as a highly dispersed 

amorphous monolayer phase at low loadings. 25 This phase contains isolated vanadium 

oxide species anchored to the surface. Our support (composition of 60:40 Al2O3−MgO) 

has a surface area of 175 m2/g, requiring 16 wt.% V2O5 for monolayer coverage. The 

XRD patterns of catalysts A−C after calcination at 500 °C are similar to that of the 

MgO−Al2O3 support (see Figure 4). This suggests indeed that no crystalline V2O5 is 

present, in agreement with the IR spectra. Note that the ICP analysis shows that the 

vanadium loading is well below the monolayer coverage in all catalysts. BET surface 

areas of the calcined catalysts at 500 °C are presented in table 1. The BET surface area 

for catalysts A and C is higher than that of the support. These values are highly 

reproducible when using the same catalyst sample or a catalyst sample coming from a 

different synthesis performed in identical conditions. This suggests that some pores are 

opened during synthesis. The values of the BET surface area seem to decrease with 

increasing loading (catalysts A and B), but strongly depend on the active species at the 

support surface (catalysts B and C).26 

! 
Fig. 3: Diffuse reflectance UV-Vis spectra for catalysts A−C.  
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! 

Fig. 4: X-ray diffraction patterns of catalysts A−C.  

Polycrystalline vanadia can dissociate partially upon heating.27 It loses oxygen, 

resulting in V4+ defects. Some studies suggest that a specific reaction between the 

dispersed V5+ ion and the support matrix occurs upon calcination at elevated 

temperatures. This results in the formation of V4+ even in the presence of air. 28, 29 Clary 

et al. showed that the presence of vanadyl units in octahedral surroundings occurs at 

coverage below monolayer.30 This is also the case for catalysts A−C. We therefore used 

Electron Paramagnetic Resonance (EPR) for estimating the presence of paramagnetic 

surface VO2+ species. 

 

 The VO2+ ion has a d1 electronic configuration. In the presence of a magnetic 

field, this lone electron can take a parallel or antiparallel orientation to the magnetic 

field vector. This leads to two energy levels with mS = ±1/2. Because the nuclear spin of 

V4+ is I = 7/2, a so-called hyperfine interaction between S and I can arise. This leads to a 
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further splitting of the two electronic states into 2I+1 sublevels. The spin Hamiltonian 

then takes the form: 

 

H = βSgB0 + SAI - gNβNIB0   (4) 

 

where β is the Bohr magneton, S the electron spin operator and B0 the magnetic field 

vector. The g tensor is determined by the interaction of the S with B0 and by the orbital 

angular momentum which leads to the spin orbit coupling. Depending on the symmetry 

of VO2+ ion, the tensors g and A may be anisotropic. For an axial symmetry, there are 

two g components (gzz = g|| and gxx = gyy = g⊥). The same applies for the hyperfine 

tensor. Therefore, the EPR spectra of isolated VO2+ ions have well resolved lines 

corresponding to g|| and g⊥. These lines are split by the interaction with the vanadium 

nucleus into eight partially superimposed hyperfine structure lines. However, spin-spin 

dipolar or exchange interactions often occur between neighboring VO2+ ions. In such 

cases, the EPR spectra consist of single Lorentzian lines that are broadened due to spin-

spin exchange interactions. Therefore, the hyperfine structure is not well-resolved.  

 

 The EPR spectra of catalysts A and B at room temperature display a line 

centered at ca. 3300 G (Figure 5-7). This indicates the presence of VO2+ sites connected 

by oxygen bridges, forming polymeric species. The broadening of the signal is due to 

the effective spin-spin exchange interactions between neighboring VO2+ centres within 

the structure. For the same reason, the anisotropic g and hyperfine structure (hfs) are not 

well resolved. The band at half-field from the forbidden transitions (ΔMS = ±2) occurs at 

1650 G. This indicates intramolecular ferromagnetic interactions in the exchange-

coupled d1-d1 systems (VO2+– VO2+) and thus of a triplet ground state. It also indicates 

the presence of dimers at the catalyst surface. Lower temperatures give better hfs 

resolution, albeit with a slight decrease in signal intensity. At 30 K, the spectrum 

centered at 3300 G consists of the overlapping of low- and high-field parallel and 

perpendicular components. 
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! 
Fig. 5: The X—band EPR spectra of the non-reduced catalyst B recorded at 70 and 30 K. 

Insetshows a possible structure of the V(O)2V dimer wherein the two V=O double bonds are 
orthogonal, in agreement with the ferromagnetic interaction indicated by the band at half-field.  

 

0! 1000! 2000! 3000! 4000! 5000! 6000!

Magnetic Field (Gauss) 

A!

B!

 

Fig. 6: EPR spectra of catalysts A and B at 298 K.  
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Fig. 7: EPR spectra of catalyst A at 20 K and 70 K.  

A qualitative interpretation of the magnetic interactions in transition metal dimers is 

usually based on the interaction between pairs of natural magnetic orbitals.31 The 

unpaired electron in the oxovanadium(IV) unit resides in a metal-centered orbital with 

dxy character, with the oxo group oriented along the z-axis. The direct overlap pathway 

leads to an antiferomagnetic interaction when V(O)2V or V(O)V core is planar and the 

V−V distance is short. In an anti-coplanar configuration, orthogonality depends on the 

structural parameters of the dimer core. Moreover, the direct overlap between the two 

magnetic orbitals is expected to be rather small. Conversely, in a ferromagnetically 

coupled system the two magnetic orbitals are orthogonal. In our case, such a condition 

favours the observed ferromagnetic interaction. This suggests that the VO2+ dimers 

formed at alumina surface have either an anti-coplanar configuration, or that the vanadyl 

ions sit in two different geometrical surroundings. 

 

 The absorption band due to the d–d transition ion in the range 500 to 800 nm 

(Figure 2) is absent for catalyst A and weak for B and C. This indicates that the amount 

of V4+ is small. Thus, UV-Vis and EPR techniques are complementary for our studies. 

For catalysts A and B, we performed the spectroscopic analysis for both hydrated 
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samples and non-hydrated ones (the latter were treated at 200 °C for 4 h). However, we 

did not observe any change in the spectra. 

5.2.2. Characterization of the reduced catalysts 

We further used Temperature Programmed Reduction (TPR) to investigate the 

reducibility of the catalysts.32 Figure 8 shows the TPR profiles of catalysts A–C. The 

profiles of bulk V2O5 and the support are also shown for comparison. Pure V2O5 shows 

two reduction peaks at 937 K and 968 K and a broad peak at 1000 K. These three peaks 

correspond to the V5+ → V4+ → V3+ stepwise vanadium reduction,24 progressing through 

V2O5 → V6O13 → V2O4 → V2O3.10, 24, 33 In contrast, the support requires temperatures  

greater than 1000 K for reduction. The TPR profiles of catalysts A, B and C reveal an 

intense peak at 870 K, 885 K, and 880 K, respectively. The sharpness indicates a 

uniform distribution of the surface vanadia species. Table 2 lists the formal average 

oxidation states (AOS).  

 

Table 2. Total hydrogen consumption, H2/V ratios and Tmax values for catalysts A—C 

Catalyst[a] Total H2 consumption 
(µmol/gcat) 

H2/V 
mol/mol AOS of V[b] Tmax (K) 

A 576 1.04 2.9 870 

B 1263 1.14 2.7 885 

C 1801 1.09 2.8 880 

The formal average oxidation state of vanadium upon reduction was estimated assuming that the 
reduction of V5+ to V4+ corresponds to a consumption of 0.5 H2/V. 
[a] In all cases, the support was 40:60 Al2O3-MgO, as 5 mm extrudates. 
[b] Average oxidation state of vanadium. 
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Fig. 8: Temperature programmed reduction plots for catalysts A—C, using hydrogen as reducing 
agent. TPR profile of pure V2O5 is included as an inset.  

2500 3000 3500 4000 4500
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Fig. 9: EPR spectra of the reduced catalysts A at 70 K (grey line) and B at 298 K (black line).  

Using EPR, we gained further information about the nature of the reduced 

vanadium species. Catalysts A and B were reduced in hydrogen using the same 

conditions employed for TPR studies. The reduced A does not show EPR signals at 

ambient conditions. Figure 9 shows the EPR spectra of reduced A and B recorded at 70 

K and 298 K, respectively. These indicate the presence of V4+ ions. In both cases, the 

unpaired electron associated with V4+ (d1) interacts with the nuclear magnetic moment 

of 51V (I = 7/2) to give a complicated hfs. For sample A, the absence of the EPR 
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spectrum at 298 K indicates the presence of V4+ in an axial ligand field. This may arise 

from a distorted octahedron or tetrahedron of oxygen ions surrounding a V4+ ion. In both 

octahedral and tetrahedral ligand fields, V4+(d1) has excited states close to the ground 

state, giving short spin-lattice relaxation times. Therefore, the EPR spectra are not 

detectable at room temperature. A tetragonal distortion of V4+ in B may be responsible 

for the EPR activity at 298 K. The perpendicular components of the EPR spectrum 

indicate the presence of two chemically distinct V4+ species. This may arise from a 

different interaction of the V4+ with the surface oxygen atoms of Al2O3 support. We 

suggest that the V4+ is stabilized on alumina by removing oxygen from the V–O–V 

linkage in a dimeric surface vanadia species. After exposure to air, reduced catalyst A is 

EPR active at 298 K (Figure 10) while the spectrum of reduced B remains unchanged. 

All these spectra are complex and can be interpreted as a superposition of at least two 

signals. Both EPR and TPR data strongly indicate the coexistence of different surface 

vanadium species. 

2800 3000 3200 3400 3600 3800 4000

Magnetic Field (Gauss) ! 

Fig. 10: EPR spectrum of the reduced catalyst A recorded at 298 K, after keeping the catalyst two 
weeks at ambient conditions. 
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5.3. Catalytic activity of V2O5/Al2O3−MgO catalysts  

5.3.1. Catalytic demethoxylation and hydrodeoxygenation of anisole 

Vanadium oxide catalysts are well known catalysts for both gas phase liquid phase 

reactions.11 We first tested catalyst A−C using the same reaction conditions of Chapter 

2 for demethoxylation reaction. Consequently, in these reactions, a solution of anisole 

was reacted with 40 bar H2 at 350 °C for 3 h in the presence of 10 wt% catalyst. 

 

The results in Table 3 show that the conversion of anisole is mostly influenced by 

the support and that vanadium oxide does not enhance any demethylation reaction but 

actually saturate the surface lowering the conversion. No hydrogenated products could 

be observed. 

OHO
R

OH
RR

3 + ++

OH

R (5)+H2 RH

350 °C, 3h
40 bar

catalyst
decaline  

 

Table 3. Product distribution of anisole demethylation reaction catalyzed by A−C 

Standard reaction conditions: 1 mL (9.2 mmol) anisole in 20 mL decaline mixture of cis and trans; 40 bar of 
H2; 350 °C; 3h. 
a) Yields determined by GC analysis, using n-octane as external standard. 

5.3.2. Catalytic dehydrogenation of n−butane  

We then tested catalysts A−C in the oxidative dehydrogenation of n−butane (see 

results in Figure 11). The n-butane conversion for catalysts A, B and C are 3.8, 7.9 and 

4.7% respectively. There is no straight correlation between the conversion values and 

the loadings. This probably suggests that conversion is strongly sensitive to the nature 

of the vanadium species. To make a comparison of activities loading independent, we 

Entry Catalyst Conversion 
% Yields a) 

Phenol o-cresol xylenol 

1 Al2O3−MgO 29.3 18.1 9.3 1.9 
2 A 27.5 17.5 8.9 1.1 
3 B 26.3 17.9 8.3 0.1 
4 C 26.5 17.1 8.1 1.3 
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represented in Figure 6 the TOF for all the catalysts. Sample A and B perform similarly, 

however, catalyst C has a significant lower activity. This is in line with our 

characterization results. The vanadium species are placed on top of the alumina sites for 

catalysts A and B whilst they are located on the magnesia site in catalysts C. The lower 

TOF value for catalyst C can be explained taking into account two different factors: (i) 

for catalyst C, the metal loading is close to the theoretical limit to form a monolayer 

(suggesting that not all the vanadium atoms are available for reaction so TOF is 

underestimated) and (ii) vanadium atoms which are in close proximity with MgO (or 

even forming vanadate) have less intrinsic activity due to the weaker adsorption of the 

hydrocarbon in this system.34, 35 The highest selectivity for oxidative dehydrogenation 

(ODH) products was achieved with catalyst C, which has the highest vanadium content. 

The difference in butenes and butadienes selectivity is mainly related to CO2 formation. 

Similar results have been reported previously. 36, 37 It is well known that the incipient 

carbonaceous species formed in ODH reactions are rapidly oxidized to CO and CO2 in 

the presence of vanadium-based catalysts. 36, 37 Accordingly, deactivation by coke 

formation does not occur in our conditions. 

 

Generally, high selectivity is obtained for highly dispersed isolated and 

polymerized species in close proximity with the basics sites (magnesia).38 Note that the 

coke formation was not found, and the conversion and selectivities were stable for at 

least 24 h on stream.  
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Fig. 11: Product distribution (columns) and TOF (dots) using different catalysts in the 
dehydrogenation of n−butane. Reactions were run in a flow reactor at 500°C and 1 atm. 
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5.3.3. Catalytic epoxidation of limonene with hydrogen peroxide 

We also tested catalysts B and C in the epoxidation of (R)-limonene using hydrogen 

peroxide as oxidant (eq 6). 

2.5 wt% catalyst
3 ml 30% H2O2

1

O

O
2 3

(6)

"others"

OH
OH

OH
OH

O HO

1.3 ml benzonitrile
65 oC

+

+ + + +

 

These liquid-phase reactions were run in stainless steel autoclaves, using 

methanol as solvent at 65 °C. To avoid any effect of hydrogen peroxide concentration 

changes on the reaction rate, an 8:1 H2O2/limonene molar excess was used.39 Product 

yields were monitored by GC. The main product was the (R)-1,2-epoxide 2, with some 

epoxidation of the exocyclic double bond, giving the (R)-8,9-epoxide 3. Additionally, 

we observed small amounts of the epoxide hydrolysis product, (1S,2S,4R)-limonene-

1,2-diol, as well as traces of other diols, carvone, and carvol.40-42 These minor by-

products were quantified together and are denoted as “others” in Table 4.  

 

 In agreement with the results of Aramendia et al.,43 we observed that the 

presence of benzonitrile is a must for the reaction to proceed. A possible pathway for 

this reaction is described by eqs 7 and 8. In the first step, the catalytic reaction of 

benzonitrile and hydrogen peroxide gives a peroxycarboximidic acid. Subsequently, one 

oxygen of the acid is inserted in the olefin, giving the corresponding amide and the 

epoxide. Indeed, we identified the amide formation. A series of control experiments 

showed that benzonitrile is essential. Our studies show that the selectivity towards the 

epoxide 2 increases when V2O5 is added on the Al2O3−MgO surface. This suggests that 

the limonene oxidation takes place on both the support and on the vanadium site. 
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H2O2

Catalyst

base

C N CHN OOH

(7)

CHN OOH
CO NH2 O

+

++ + (8)

O

+

 

The main oxidation products are the epoxides 2 and 3. In the aqueous medium 

they can easily hydrolyse to the corresponding diols. However, only traces of limonene 

glycol were observed. We believe that this is due to the basic character of the MgO 

support. Limonene glycol is likely to form by acid catalysed hydration of limonene 

oxide. In fact, limonene epoxidation catalysed by V2O5 on acidic supports gives 

polymers as the main reaction products.44 For catalyst B, vanadia is supported on the 

alumina sites and it has a high dispersion. Alumina has surface Lewis acid sites with 

high relative strength. A decrease of the Lewis acidic sites occurs when vanadia is 

highly dispersed. This is because the former aluminium uncoordinated cations will bind 

VOx units. Therefore, the free basic sites of the magnesia prevent the formation of 

limonene glycol in this case. 

 
Table 4. Conversions and selectivity in the limonene epoxidation catalyzed by B 
and C. 

Entry Catalyst Conversion 
(%)[a] 

Selectivity (%)[a] 
1,2-limonene 

oxide 2 
8,9-limonene 

oxide 3 
others 

1 none[b] 1.7 43.9 45.8 10.3 
2 none[c] 4 51.3 37.9 10.8 
3 support only[d] 8.5 55.5 36.8 7.8 
4 
5 

B 
C 

13.7 
18.3 

69.3 
74.4 

26.4 
20.1 

4.3 
5.5 

Reaction conditions: 1.2 mL (6.2 mmol) limonene, 6.0 mL H2O2 (molar ration 8:1 H2O2:limonene) 1.3 
mL (12.4 mmol) benzonitrile; 0.025 g catalyst; 40 mL acetone:2-butanol (ratio 2:8), 65 °C, 6 h. 
[a] Quantitative GC-analysis using an external standard (anisole) calibration. 
[b] Blank experiment (no catalyst or benzonitrile). 
[c] Blank experiment, no catalyst. 
[d] Al2O3—MgO (40%—60%) 
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 We also tested our reaction for catalyst leaching. Leaching tests were 

performed in duplicated experiments using catalyst B. First, we ran our reactions under 

standard conditions (see experimental part) for 1 h with catalyst B. Then, we stopped the 

reaction, filtered out the catalyst and re-started the reaction without catalyst. Three 

samples were collected in total: first sample after 1 h with the catalyst, the second one 

after 3 h reaction without the catalyst and the third sampling at the end of the 6 h 

reaction, always without catalyst. The first sampling reached a 4.5% conversion. The 

second sampling, after filtration of the catalyst, showed an increase of conversion up to 

7.3%. The same conversion was measured at the end of the 6 h reaction.  

 

Sheldon and Arends45 formulated the question of leaching in three senarios: (i) the 

metal does not leach and the observed catalysis is truly heterogeneous; (ii) the metal 

does leach but is not an active catalyst; the observed catalysis is (predominantly) 

heterogeneous; (iii) the metal leaches to form a (highly active) homogeneous catalyst; 

the observed catalysis is homogeneous. We observe only 3% improvement of the 

conversion, which is comparable to the background result using a bare support. 

Therefore, our system resembles mainly the second case,45 where some metal ions leach 

but the catalyst is predominantly heterogeneous. 

5.4. Conclusion 

We have identified the surface structure of V2O5 supported on Al2O3−MgO using 

IR, UV-Vis and EPR spectroscopy. Our results indicate the presence of both monomeric 

and dimeric species at the alumina surface. Importantly, EPR studies reveal a 

ferromagnetic coupling of the individual magnetic moments of the V4+ ions within the 

surface dimer species. Both TPR and EPR of the reduced samples indicate the 

coexistence of different surface vanadium species. Supporting vanadium oxide on a 

bifunctional acid/base support such as alumina-magnesia gives promising catalysts that 

can be used for oxidative dehydrogenation of n-butane. At 500°C and 1 atm, the 

conversion and selectivity were stable over 24 h without coke formation. These catalysts 

are also useful, albeit to a lesser extent, for liquid-phase ring-epoxidation of limonene 

and not active in anisole deoxygenation. 
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5.5. Experimental Section 

5.5.1. Materials and Instrumentation  

The V2O5 precursors used were high-purity oxalic acid and ammonium 

metavanadate (Sigma-Aldrich; ≥ 99% pure). As oxide support we used Al2O3−MgO 

(Eurosupport).46 All products were identified by comparing their GC retention times to 

those of authentic samples. Surface area measurements were performed by the BET 

method using N2 at 77 K on a Thermo Scientific Surfer instrument. Samples were dried 

in vacuum (1·10–3 mbar) for 3 h at 200 °C prior to the measurement. 

 Infrared spectra (4000–300 cm–1, resol. 0.5 cm–1) were recorded on a Varian 

660 FTIR spectrometer equipped with a Gladi ATR device, in reflectance mode. DR 

UV-Vis Ligand field spectra were obtained on a Perkin-Elmer Lambda 900 

spectrophotometer in diffuse reflectance mode and bulk MgO as a reference. Electron 

paramagnetic resonance (EPR) spectra were collected on a Brucker EMXplus 

instrument (magnetic field calibrated with DPPH (g = 2.0036)). 

 GC analysis was done using an Interscience GC−8000 gas chromatograph with 

14% cyanopropylphenyl/ 86% dimethyl polysiloxane capillary column (Rtx-1701, 30 m; 

25mm ID; 1µm df). Samples were diluted in 1 ml methanol. GC conditions: isotherm at 

50 °C (2 min); ramp at 2 °C min–1 to 70 °C; ramp at 70 ºC min–1 to 140 °C; ramp at 10 

°C min–1 to 260 °C; isotherm at 260 °C (2 min). 

5.5.2. Procedure for TPR experiments 

Hydrogen TPR studies were carried out for all catalysts. Samples of ca. 50 mg were 

loaded into a quartz U-tube reactor and pre-treated under nitrogen flow (40 ml/min) at 

473 K for 30 min. The samples were cooled to room temperature and the gas stream was 

switched to 5% H2/N2 (40 ml/min). The samples were then heated to 1000 K (heating 

rate 10 K/min). Hydrogen consumption was determined quantitatively by a thermal 

conductivity detector (TCD). A water trap was placed before the TCD. Consequently, 

the TCD measures only the consumed hydrogen quantity. 
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5.5.3. Catalyst synthesis 

Catalyst A: 5% V2O5/Al2O3−MgO. Oxalic acid solution (0.75 g, 8.1 mmol, in 50 ml 

water) was added to a solution of ammonium metavanadate (0.32 g, 2.7 mmol, in 100 

ml water). The mixture was stirred at 900 rpm for ca. 10 min until an orange clear 

solution formed. This solution was added to 5 g of support (Al2O3−MgO 60:40) in a 250 

ml round-bottomed flask and stirred 900 rpm for 10 min at ambient temperature. The 

final suspension was evaporated while stirring overnight on an oil bath at 100°C, giving 

a white powder. This was first dried at 120°C for 24 h and then calcined at 500°C for 4 

h (heating rate 2°C/min).  

Catalysts B and C were similarly prepared using 5.4 mmol (0.64 gr) and 8.1 mmol 

(0.96 gr) of ammonium metavanadate and equivalent amounts of oxalic acid, 

respectively. 

5.5.4. Procedure for limonene epoxidation 

All reactions were run in stainless steel 40 ml autoclaves. A solution of 1.2 ml (6.2 

mmol) limonene, 6 ml H2O2 (35 % aq), 1.3 ml (12.4 mmol) benzonitrile and 0.025 g of 

catalyst in 40 ml acetone : 2-butanol (2 : 8) was charged in the reactor and heated to 65 

ºC for 6 h. Blank experiments with or without the support were performed in the same 

conditions. After the reaction, the reactors were cooled down to room temperature using 

an ice bath. Reactions were analysed by GC (anisole external standard). 

5.5.5. Procedure for n−butane oxidative dehydrogenation 

The catalyst was activated in situ before reaction in a flow of 45 mlmin−1 N2 and 5 

mlmin−1 O2 at 500 °C. The reactions were carried out at 1 atm and 500 °C in a 

continuous-flow fixed−bed vertical quartz reactor (4 mm i.d.), which was controlled 

with a fully automated system built in-house. The partial pressures of C4H10, O2 and N2 

were set up at 92:92:829 mbar respectively. The ratio of catalyst mass to initial 

n−butane mass flow, so-called weight hourly space velocity, WHSV, was 7.7 h−1. A 3 

mm quartz wool layer above the catalyst served as a preheating zone. Isothermal 

conditions were kept by diluting the catalyst bed with ground glass; the reaction 

temperature was continuously monitored by a thermocouple at the catalyst bed. Reactor 
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effluents were analyzed on-line by using both an Interscience Compact GC equipped 

with TCD and a Porabond Q column and a mass spectrometer. The measurement 

analytical repeatability was better than ±0.5%.  

 
 TOFs were calculated as moles converted of n-butane per hour divided by the 

total moles of vanadium oxide in the catalysts. These calculations were based on the 

assumption that all catalysts have a monolayer coverage of vanadium oxide. No 

estimation of the active site density was used.  

5.5.6. Procedure for anisole demethoxylation 

All reactions were performed under 40 bar of hydrogen using a 40 mL stainless 

steel autoclave. Screening of the different supports (0.1 g) was performed with a 

solution of 1 mL (9.2 mmol) anisole substrate in 20 mL decahydronaphtalene (mixture 

of cis and trans) was charged in the reactor. The pressure was increased to 40 bar with 

pure H2 after which the reactor was heated at the desired reaction temperature (300–350 

°C). All the supports were tested at 350 °C for 3 h. The effect of the reaction 

temperature and pressure (300 °C and 15 bar H2) was studied only on catalyst A and 

using anisole as substrate. After reaction, the reactor was cooled down to room 

temperature using an ice bath. Liquid samples were analyzed by GC. 
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Abstract  

 

 We present a simple method for solubilising lignin using liquid ammonia. Unlike 

water, which requires harsh conditions, ammonia can solubilise wheat straw/Sarkanda 

grass soda lignin within three hours at room temperature and 7 bar autogeneous 

pressure. By raising the temperature to 85 °C, the solubilisation time is reduced to 30 

min, giving a homogeneous red-orange solution. Note that hydroxide salts are not 

required. The main soluble fractions are monomers and dimers. Different sequences of 

extraction on lignin were tested, and the residual lignin characterized using different 

analytical methods such as size exclusion chromatography, elemental analysis, FTIR 

and heteronuclear single quantum coherence nuclear magnetic resonance spectroscopy 

(HSQC-NMR). Interestingly, ammonia is not an innocent solvent. The HSQC-NMR 

analysis shows that the β−β linkages are cleaved and that some nitrogen atoms are also 

incorporated in the residual lignin. Nevertheless, the moderate conditions and the 

excellent solubilisation make liquid ammonia a valid solvent for lignin in future 

biorefinery processes. 

 

 

 

 

 

 

 

 

 

 Part of this work has been submitted for publication as: “Lignin solubilisation and 

gentle fractionation in liquid ammonia” Z. Strassberger, F. van der Klis, D. S. van Es, 

S. Tanase and G. Rothenberg. 
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6.1. Introduction 

Much of today’s lignin comes as a by-product of the pulp and paper industry. This 

black liquor containing up to 35% of lignin is typically burned as a low-grade boiler 

fuel.1, 2 Isolating lignin from this liquor is possible, and several elegant methods have 

been developed, such as the LignoBoost process of Öhman et al.3 Most likely, 

organosolv lignin and soda lignin will be the key lignin types from the future’s 

biorefineries.4 The bottleneck in upgrading lignin to chemicals is often the solubilisation 

step. State-of-the art processes for dissolution and depolymerisation use either harsh 

acid/base treatments or high-temperature pyrolysis/gasification.5-8 But both methods 

give a plethora of products, and often an excess of salts that require costly workup and 

separation. 

 

Thus, one of the main challenges in lignin valorisation is to find green, robust, and 

cost effective means to dissolve lignin, which will enable its selective and efficient 

depolymerisation. Here, we report a simple yet effective procedure for dissolving a 

mixed wheat straw/Sarkanda grass soda lignin using liquid ammonia. We discuss the 

fundamental similarities and differences between ammonia and water, and show that 

using liquid ammonia helps overcome many of the drawbacks of water/acid or 

water/base solutions. 

 

Water is the most abundant and eco-friendly solvent, and moving away from it to 

another protic polar liquid requires just cause. Ammonia and water have similar 

physical properties and therefore exhibit similar behaviour. But they also have some 

interesting differences (see Table 1), and it is these differences that make ammonia such 

an effective solvent for lignin.8-11 To understand this, we first look at the fundamentals 

behind this solubilisation. Three main parameters affect the solubility of a molecular 

substance in liquid ammonia: the magnitude of dispersion forces, the polarity of the 

ammonia molecule, and its ability to form hydrogen bonds.9 The autoionization 

equilibrium of ammonia defines both the acid and base species, just like in water (eqs. 1 

and 2). But the equilibrium constants are vastly different. Unlike water, ammonia 

practically never dissociates. Its Kdiss is a million times lower than the reciprocal 
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Avogadro number,12 so from a million moles of ammonia, which is roughly one ton of 

ammonia, only 10 mg would dissociate.13 

2NH3(l) NH2-(NH3) + NH4+(NH3)

2H2O(l) OH-(aq) H3O+(aq)+

(1)

(2)
 

 
Table 1: Physical properties of ammonia and water9 

Property NH3 H2O 

Boiling point, °C -33.35 100 

Freezing point, °C -77.7 0 

Specific conductivity ohm-1cm-1 1×10-11 4×10-8 

Dielectric constant 22.7 (-50°C) 81.7(18°C) 

Viscosity, centipoises 0.254 (-33°C) 1.00 (20°C) 

Density, g/mL 0.6814 (-33°C) 1.00 (4°C) 

Dipole moment Debye 1.49 1.84 

Polarizability (×1024) 2.21 1.48 

Autoprotolysis constant (25 °C) 1.9×10-30 1×10-14 

Orientation effect (ergcm6) 84 190 

Dispersion effect (ergcm6) 93 47 

 
Because of this low equilibrium constant, ammonia is also a thousand times less 

conductive than water. Ammonia also forms weaker and fewer hydrogen bonds than 

water, simply because nitrogen is less electronegative than oxygen, and has only one 

lone pair. 

 

The dispersion forces define how two molecules will attract each other by their 

fluctuating dipole moment.14, 15 Considering the dipole moments of ammonia and 

water,15 the calculation of the orientation effect and the dispersion force shows that alkyl 

ethers, lipophilic alcohols and aromatics will interact more strongly with ammonia (see 

Table 1). This, combined with the fact that ammonia is one of the most basic molecular 

liquids,16 makes it a uniquely effective solvent for complex aromatic/ether biopolymers 

such as lignin. 
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Liquid ammonia has first been used between the 1950-70s to separate lignin from 

lignocellulosic biomass.17-19 These methods could isolate lignin efficiently making 

cellulose and hemicellulose more accessible to depolymerization via enzymatic 

degradation or hydrolysis.20 As lignin is considered one of the main factors causing 

recalcitrance of biomass, removing it selectively from the cell wall was and still is the 

main goal of effective biomass separation. For example, Yan et al.17 could demonstrate 

that biomass re-extracted with nearly anhydrous ammonia at room temperature (10 bar) 

could have only 1% left of lignin in the structure.  

 

More recently, Kang et al.21 investigated the role of ammonia as an alkaline base in 

the isolation and characterization of lignin using hydrothermal conditions. Lignin 

degradation mechanism consisted of a two phase reactions with: (i) a very fast reaction 

phase where lignin was degraded into the soluble fragments and then (ii) a slower 

reaction phase where the soluble fragments reacted with one another via 

recondensation.22 The main reactivity of aqueous ammonia with lignin is the cleavage of 

C–O–C bonds and the lignin-carbohydrate complex (LCC).21 Theses studies show that 

the extractions with aqueous ammonia could only separate the low molecular weight 

lignin fragments due to the weak alkalinity of ammonia used as a base.21 

 

Other studies focused on using ammonia combined with strong reductive alkaline 

metal such as sodium.23-25 Morohoshi et al.23 compared five different depolymerization 

techniques: alkaline solutions of cupric oxide and nitrobenzene, acetolysis with 

thioacetic acid, derivatization with thioglycolic acid followed by alkaline hydrolysis, 

and reductive aminolysis with sodium in liquid ammonia. Reductive depolymerization 

with sodium in liquid ammonia gave the monomeric and dimeric yield of 9% while the 

CuO method reached 78%.23  
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6.2. Solubilisation and fractionation of lignin in liquid 

ammonia 

Here we present a novel and gentle method for solubilizing lignin without any 

solvent post-treatment, as ammonia is removed as gas. Using liquid ammonia, we can 

dissolve lignin in a continuous basic environment without adding any potassium/sodium 

hydroxide (eq. 3). This is the first report on using liquid ammonia directly as a solvent 

to solubilize native lignin. 

Lignin(s) NH3 (l) Lignin(NH3) Fractionation (3)(l) NH3 (l)
 

All our reactions were run using mixed wheat straw/Sarkanda grass soda lignin. In 

a typical reaction, 250 mg of lignin was mixed with 40 mL of liquid ammonia at 

ambient temperature, creating an autogenous pressure of 7 bar. At these conditions the 

lignin was fully dissolved within 3 h, giving a clear homogeneous deep-red solution. 

Increasing the temperature to 85 °C and using either argon or hydrogen (50 bar) to reach 

90 bar of final pressure (to keep the ammonia in the liquid phase) with the same 

ammonia:lignin ratio, gave a red-orange homogeneous solution after only 30 min (see 

photo in Figure 1). The ammonia was then released and the autoclave was flushed with 

nitrogen. The solids were extracted with dichloromethane (DCM) and the solubles and 

residual lignin were analysed. Note that at low pressures on a lab scale, DCM is the 

simplest choice of solvent. On larger scale and at higher pressures, methanol would be 

used.26 

 

The results confirm the high solubility of lignin in liquid ammonia compared to 

high-pressure water or steam. There, lignin solubilisation starts from 130 °C till 225 

°C.27 This difference in solubility was also observed elsewhere for cellulose.20, 28, 29 

Mittal et al. showed that when cellulose was treated with liquid ammonia, the ammonia 

molecules penetrated the polymer, interacting with the hydroxyl groups and breaking 

the hydrogen bonds.20 This results in a slightly larger volume of cellulose unit cell 

compared with native cellulose, enhancing its accessibility and chemical reactivity.20 As 
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lignin contains various hydroxyl groups that can form hydrogen bonds with ammonia, 

we envisage a similar process. 

! 
Fig 1: Photo of the reaction autoclave window (the light is shining through another window at the 
back of the autoclave and the reaction is stirred), showing how Sarkanda grass lignin dissolves in 
liquid ammonia after 30 min at 85 °C and 90 bar. A detailed description of the set-up is included as 

an appendix to this chapter. 

By releasing the pressure, ammonia can be flushed out as a gas, avoiding any salt 

removal or aqueous extraction. We can then separate the low molecular weight 

aromatics from the final mixture directly, by extracting the solid residue of lignin with 

an organic solvent. The choice of solvent is important.30, 31 By extracting pristine lignin 

with DCM, we can collect up to 20 wt% of solubles. But after treating this same 

extracted lignin in ammonia, we can extract an additional 14 wt% of solubles (see Table 

2 entry 3 and Figure 2). The product distribution is also different. This shows that 

ammonia does have a special interaction within lignin, that is influenced by temperature 

and pressure (vide infra). 
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Fig. 2: Distribution of the different yields of the soluble fraction. 

The highlighted right side of Figure 2 shows the yield distribution of solubles where 

lignin was first extracted in DCM and then treated with ammonia. In this set of 

experiments, we can observe a 50:50 distribution between monomers and dimers, when 

lignin is extracted in DCM. If the extracted lignin is then reacted with ammonia, most of 

the solubles obtained are mainly in the form of dimers and trimers. The left side of 

Figure 2 shows that only 25% of the solubles are extracted as monomers and 70% are 

dimers and trimers, when pristine lignin is treated at low temperature in ammonia. But if 

pristine lignin is treated at high temperature (without prior extraction), there we have 

again a 50:50 distribution of monomers and dimers. 

 

Quantitative analysis of lignin extracts is very challenging, and proving actual C−C 

and C−O bond scission requires the use of different analytical techniques. To 

understand how the lignin structure changes during the dissolution process, we used a 

combination of analytical methods: infrared spectroscopy (IR), size exclusion 

chromatography (SEC), heteronuclear single quantum coherence nuclear magnetic 

resonance spectroscopy (HSQC-NMR) and elemental analysis.  
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Figure 3 shows the relevant IR absorption bands for our wheat straw/Sarkanda 

grass soda lignin.32 The broad band at 3415 cm–1 pertains to the phenolic and aliphatic 

hydroxyl groups. The bands in the range of 2830-3000 cm–1 belong to the aromatic 

methoxy groups, as well as side-chain methyl and methylene groups. Pawlak et al.33 

studied wood components’ degradation in liquid ammonia. They used IR spectroscopy 

to characterize the modification on the structural groups of hemicellulose, cellulose and 

lignin post-treatment, finding that the carbonyl/carboxyl region was affected. The 

carbonyl/carboxyl region are found as a shoulder at 1690-1700 cm−1, that can be 

associated with the conjugated carbonyl–carboxyl stretching.32 In agreement with the 

results of Pawlak et al.,33 we see differences in peak shape becoming broader around 

1690 cm–1. The reactivity towards the carbonyl region was also observed in 

hydrothermal conditions, but the changes in intensity was more drastic in the latter 

conditions.21 The band characteristic for the N–H groups appears around 3170 cm–1 for 

all samples in contact with liquid ammonia. Bands at 1595, 1508 and 1450 cm–1 are 

common for all lignin sources and represent the aromatic ring vibration and C−H 

deformations.32 Other common weak vibrations in lignin are the phenolic OH and 

methyl C–H in methyl group found around 1370–1375 cm–1. Guiacyl characteristic 

bands are distributed on several positions: aromatic ring and C=O stretch at 1215 cm–1 

and C–H, C−O deformation at 1105 cm–1 and 850-809 cm–1 respectively.32 In fact, large 

changes are occurring in this area at higher temperature. For the treated lignin B and C, 

the bands between 1035-1215 cm–1 changes in intensity and shape, indicating that the 

C−O groups are affected by the ammonia treatments. 
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Fig 3: FT-IR spectra of lignin samples: Pristine lignin, lignin after extraction sequence: NH3/DCM at 7 
bar autogeneous pressure and 18 °C (A), lignin after extraction sequence: NH3/DCM at 90 bar final 

pressure of argon and 85 °C (B) and lignin after extraction sequence: NH3/DCM at 90 bar final 
pressure of hydrogen and 85 °C (C). 

To get a general picture of the molecular weight distribution (peak molecular 

weight, Mp) and the polydispersity index (PDI) of the remaining solid, we performed 

SEC and elemental analysis. Interestingly, the solid residue of lignin after reaction in 

ammonia did change. Elemental analysis shows that its nitrogen content tripled (Table 

3). When aqueous ammonia was used at 100 °C for 5h, less than 1% of nitrogen content 

could be measured.18   

 
Table 3: Elemental analysis of wheat straw/Sarkanda grass soda lignin fractions. 

Entry 
Extraction Sequence of lignin 

samples 
%C %H %N %O 

1 Pristine lignin 61.71 5.71 1.01 5.71 
2 DCM 60.17 6.03 1.06 6.3 
3 NH3/DCM A 58.07 6.15 2.57 6.15 
4 NH3/DCM B 57.26 5.81 2.83 5.81 
5 NH3/DCM C 57.65 5.97 3.40 5.97 

All experiments have been repeated twice and showed the same trend. 
The NH3 is at 7 bar autogeneous pressure and 18 °C (A), at 90 bar final pressure of argon 
85 °C (B) and NH3 is at 90 bar final pressure of hydrogen and 85 °C (C). 

 

Similarly, the SEC analysis shows that the Mp and the PDI of the residue actually 

increased (Table 4). Figure 4 shows that all profiles shift slightly towards the higher 

molecular weight of the graph (towards the left). These two findings indicate that 
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ammonia is not an innocent solvent. It does dissolve lignin, and some of this lignin does 

fractionate to monomers and dimers, but nitrogen atoms from the ammonia (there is no 

other source of nitrogen in the system) bond with the lignin and the structure rearranges 

to larger polymer fragments. 

 
Table 4: SEC results of wheat straw/Sarkanda grass soda lignin fractions. 

Entry Extraction Sequence of lignin 
samples Mp PDI 

1 Pristine lignin 2600 16.8 
2 DCM 2800 14.0 
3 NH3/DCM A 2900 17.4 
4 NH3/DCM B 3200 20.9 
5 NH3/DCM C 3500 29.7 
6 DCM/NH3/DCM D 3600 15.7 
7 DCM/NH3/DCM E 3400 19.9 
8 NH3/DCM/ NH3/DCM F 5900 21.1 

The NH3 is at 7 bar autogeneous pressure and 18 °C (A and D), at 90 bar final 
pressure of argon 85 °C (B and E) and NH3 is at 90 bar final pressure of hydrogen 
and 85 °C (C and F). 

3! 5! 7! 9! 11! 13! 15! 17!
Eluation time (min)!

Pristine lignin!

Extracted with DCM lignin!

A!

B!

C!

D!

E!

F!

 

Fig. 4: SEC distribution of pristine lignin, exctracted lignin, A and D, NH3 at 7 bar autogeneous 
pressure and 18 °C, B and E, NH3 at at 90 bar final pressure of argon 85 °C and of C and F, NH3 at 

90 bar final pressure of hydrogen and 85 °C. 

Further insight into the changes in structure was obtained using HSQC NMR (δΧ/δH 

45-95/ 2-6).34-37 We see that the treatment in ammonia cleaves the β−β linkages 
selectively (see Figure 5).  
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Fig 5. Plots of δΧ/δH 45-95/ 2-6 HSQC NMR spectra of four samples: Pristine lignin, lignin after 
extraction sequence (A), lignin after extraction sequence (B), lignin after extraction sequence (C).  

Interestingly, the 2D NMR of sample A shows that only one signal of the β−β 

linkage is removed by ammonia treatment at low temperature and low pressure [cf. with 

samples B and C of Figure 5 where both signals of β−β linkages are removed using high 

temperature]. Hydrothermal ammonia treatments of lignin shows that β−β could still be 

identified within 12% of the overall lignin linkages.21 This indicates that when using 

hydrothermal ammonia environments, the interactions with the lignin polymer are 

different than when using pure ammonia. Two main hypotheses may be considered for 

the loss of the β−β linkage: selective extraction or hydrolysis of the tetrahydrofuran 

bonds.  

 

We also see a general trend, when lignin is dissolved in ammonia at low 

temperature, the polydispersity remains stable (cf. entries 3 and 6 compared to entry 4 

and 7 in Table 4). Moreover, if the extraction sequence used is DCM/NH3/DCM, the 

polydispersity index decreases and the peak molecular weight increases. This is what we 

would expect, since the extraction removes lower molecular weight monomers and 

dimers, leaving a higher Mp mixture with a lower PDI. ICP analysis of the DCM 



Chapter 6  

 116 

solubles showed that the oxygen content is lower when working at 85 °C with hydrogen 

(see Table 5, entry 4).  

 
Table 5: Elemental analysis of DCM soluble fractions. 

Entry 
Extraction Sequence of lignin 

samples 
%C %H %N %O 

1 DCM 70.53 8.39. 0.18 20.67 
2 NH3/DCM A 65.35 10.02 0.53 22.78 
3 NH3/DCM B 63.25 8.99 0.39 24.11 
4 NH3/DCM C 71.39 8.58 0.84 18.89 

All experiments have been repeated twice and showed the same trend. 
The NH3 is at 7 bar autogeneous pressure and 18 °C (A), at 90 bar final pressure of argon 85 
°C (B) and NH3 is at 90 bar final pressure of hydrogen and 85 °C (C). 
 

Generally, using hydrogen reduces the oxygen content of the monomers and 

dimers of the extracted fractions. Therefore, we expect that high temperature also gives 

more volatiles. This would explain the lowering of the mass balance to 70–85%. 

Qualitative GC-MS analysis of the monomers and dimers of the extracted fractions were 

obtained by calculating relative percentages. The majority of the monomers are the 

coniferyl-derived compounds identified using GC-MS (see Figure 6). Conversely, lignin 

that was first extracted with DCM, and subsequently dissolved in liquid ammonia, 

precipitated and once more extracted with DCM yielded mainly dimers and trimers 

(Table 2 entry 3 and Figure 2). 
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Fig. 6: Lignin fractionation products distribution and respective GC retention times (RT). 
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6.3. Conclusion 

When lignin is first treated with ammonia and then extracted with dichloromethane, 

the PDI and the Mp increase moderately. The latter is notable, as hydrothermal 

processes dealing with lignin conversion will result in high degrees of recondensation. 

Ultimately, this yields to insoluble char formation.38, 39 Our results demonstrate the 

effectiveness of liquid ammonia as a solvent for lignin solubilisation. Compared with 

water, ammonia dissolves lignin under mild conditions. Moreover, it cleaves selectively 

the β−β linkage. The loss of the original structure on the β−β linkages is not observed 

when working in hydrothermal conditions. This shows that indeed ammonia is not an 

innocent solvent and has different interaction with lignin than water has. We feel that 

this route to lignin fractionation deserves more attention. Note that the practical tools are 

in principle available – biorefineries have used liquid ammonia indirectly for isolating 

cellulose and hemicellulose as part of the AFEX process.40-42 The ideal biorefinery 

scenario would include the recycling of this ammonia in a separate batch reactor, and 

then using it to re-solubilise lignin and depolymerize it catalytically. This would result 

in a parallel process that adds value to cellulose, hemicellulose and lignin 

simultaneously. 

6.4. Experimental Section 

6.4.1. Materials and Instrumentation 

Unless otherwise noted, all chemicals were purchased from commercial sources and 

used as received. P1000 mixed wheat straw/Sarkanda grass soda lignin (supplied by 

Greenvalue SA, Switzerland). Ammonia (bottle, 99.98 wt%) was purchased from Linde. 

Monomeric and dimeric aromatic products were identified and quantified by GC-MS 

and GC-FID respectively (both Interscience). For the GC-MS analysis, a Restek RXI-5 

MS column (30 m × 0.25 mm × 0.25 µm) was used with He as carrier gas with a 

temperature program starting for 2 min at 50 °C and a heating rate of 10 °C/min to 

350 °C followed by an isothermal step of 3 min. Identification of compounds was 

performed by comparison of MS data to the NIST library. The relative area of the peak 

of individual compounds was calculated using the Shimadzu software on the basis of 

GC-FID data. Lignin samples of 1 mg/ml dissolved in 0.5 M NaOH were injected into a 
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manually packed column (4.6=30 cm) with ethylene glycolmethacrylate copolymer 

TSK gel Toyopearl HW-55F and eluted with the same solvent. Conditions: flow 1 ml 

min-1, column temperature 25 °C, and detection at 280 nm. Standards for calibration of 

the molar mass distribution: sodiumpolystyrene sulfonates (Mw range: 891 to 976 000 

Da) and phenol. 

6.4.2. Procedure for lignin solubilisation 

In a standard reaction, 250 mg of lignin (P1000 Mixed wheat straw / Sarkanda grass 

soda lignin) is charged in a 50 mL stainless steel in-house-built autoclave (vide infra). 

The autoclave is flushed 3 times with argon to remove moisture and then 40 mL of 

liquid ammonia is added, reaching an autogenous pressure of 7 bar at RT. In order to 

obtain at once ammonia in its liquid phase, we used a deep tube gas cylinder. The 

reaction mixture is then stirred magnetically for 24 h. At the end of the reaction, the 

autoclave is depressurized and hence ammonia shifts to gas phase. In order to fully 

remove ammonia, the autoclave is flushed for 20 min with low-pressure nitrogen. This 

allows the deposition of the low molecular weight products and the residual solid lignin. 

The solid lignin is extracted with dichloromethane (DCM) to extract the solubles, then 

dried overnight at 40 °C and (pressure <100 mbar) and analysed with SEC-GPC (vide 

infra). The organic fraction is carefully evaporated under vacuum. Samples are 

solubilised in chloroform (CHCl3) and analysed with GC-MS as well as inductively 

coupled plasma (ICP). 

6.4.3. In house built-autoclave stainless steel autoclave setup for reactions 

in liquid ammonia 

For details on the in house built-autoclave see appendix of chapter 6. 
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1.1. Introduction 

Working with liquid ammonia requires some considerations. First, some basic 

thermodynamics have to be studied and calculated. Then, a whole set-up including 

autoclave has to be planned and built. The autoclave should also allow us to study the 

solubilisation conditions in time. For this purpose, we present here a detailed description 

of the complete set-up and autoclave. 

 

CAUTION! Ammonia vapours have a sharp, irritating, pungent odour that acts as a 

warning of potentially dangerous exposure. The average odour threshold is 5 ppm, well 

below any danger or damage. Exposure to high concentrations of gaseous ammonia can 

result in lung damage and death. The Permissible Exposure Limit (PEL) is 50 ppm. 

1.2. Thermodynamic conditions 

When the reactor is flushed after reaction, ammonia will be released as a gas at 8 

bar (autogenous pressure of ammonia in the liquid phase). For this purpose, it is 

essential to first calculate liquid-to-gas volume expansion as well as the heat exchange 

over the neutralization step. These calculations are based on the following reaction 

conditions: 10 mL ammonia, 0.250 g lignin, max. temperature 90 °C, max. pressure 90 

bar. The conditions are chosen considering the physical properties of ammonia at room 

temperature: vapour pressure of 8 bars, density of 682 kg/m3, 0.682 g/ml and molecular 

weight of 17 g/mol. 

 

The number of moles of ammonia used (n = 0.37 mol) was calculated using the formula: 

ρ = ms/Vs 
n = ms/Mw 

and 

n = (ρ×Vs)/Mw 

where ρ is the density, Mw is the molecular weight, ms is the mass and Vs is the 

volume. 

The volume of ammonia gas (V = 9 L) was calculated using the ideal gas law 

PV = nRT 
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The heat energy change in the system was calculated based on eq. 1 and 2: 

NH3(l) + NH4OH(aq)H2O(aq)

+NH4OH(aq) HCl(l) + H2O(aq)NH4Cl(s)

(1)

(2)
 

with  
 
ΔHH2O = -285 KJ/mol 

ΔHNH4Cl = -314 KJ/mol 

ΔHHCl = -167 KJ/mol 

ΔHNH4OH = -81 KJ/mol 

 

ΔHr = (ΔHH2O + ΔHNH4Cl) – (ΔHHCl + ΔHNH4OH) 

ΔHr = - 351 KJ/mol 

 

We need to understand the influence between the volume of the acid bath and the 

difference in temperature, which will occur during the neutralization process. For this 

purpose, we calculated the heat energy change defined as follow: 

 
Q = n ×ΔHr 

and 

Q = mH2O × Cp × ΔT 

 
where Cp is the heat capacity (at constant pressure), mH2O is the mass of water, Q is the 

heat energy change and ΔT the difference of temperature. By using this equation, we 

can plot the influence between the mass of the acid bath used and the difference in 

temperature as follow: 

mH2O = (130/4.18)×(1/(T2-T1)) 

 

The final temperature of the trapping solution will be between 30-40 °C, if working with 

two times 2 L trap HCl solution of 1M in ice at a temperature of 14 °C. 
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Fig. 1: Temperature profile of the system. T1 = 14 °C (black) and T1 = 21 °C (gray curve). 

1.3. Description of the autoclave and entire set-up 

A stainless steel autoclave is used for the liquid ammonia experiments. All wetted 

parts are either made of SS, Teflon® or Kalrez®. The autoclave is equipped with two 

windows, situated opposite to each other. The windows are made of boron silicate glass 

(diameter 30 mm, thickness 15 mm). Due to the glass windows, the system is limited to 

a maximum pressure of 100 bar. If a higher pressure is needed, sapphire windows can 

be installed.  

 

The heating elements (4x) are mounted in the wall of the lower part of the 

autoclave. An external temperature controller is connected to the autoclave. The 

autoclave temperature is controlled by a thermocouple that is attached to the outside of 

the autoclave. The reaction temperature is measured by a thermocouple mounted in a 

dip tube that hangs in the liquid of the autoclave. This temperature is also used as a 

safety shut off. Beside this safety, a Clixon (a temperature switch limited at 250 °C) is 

attached to the outside of the autoclave and to the temperature controller. If this Clixon 

reaches the max. temperature the autoclave temperature controller is completely 

switched off.  

Two valves (Swagelok SS-4PDF4, equipped with a Teflon seat and Kalrez O-rings) are 

mounted as inlet and outlet valves. A safety relieve valve (Swagelok SS-4R3A, 
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equipped with Kalrez O-rings) is mounted on the lid. Other O-rings (windows and seal) 

are all of Teflex® (from Eriks, The Netherlands). The pressure reading is performed by 

means of an analog manometer. A magnetic stirrer with a stirring bar coated with glass 

is used. 

!

!

 

Fig. 2: Photo (Top) and schematic description (bottom) of the reactor set-up for working with liquid 
ammonia. 
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Summary 

Lignin, the glue that holds trees together, is the most abundant natural resource 

of aromatics. In that respect, it is a far more advanced resource than crude oil. This is 

because lignin already contains the aromatic functional groups. Thus, catalytic 

conversion of lignin to high−value aromatics is environmentally attractive, but can also 

be an economically viable option. The aim of this PhD thesis is to understand the 

fundamentals of lignin depolymerization reactions through the study of monomeric and 

dimeric model compounds and then move towards the actual lignin as feedstock. The 

latter was used for a solubilisation and fractionation study using an unconventional 

solvent, liquid ammonia. The main reactions envisaged are demethylation and 

hydrodeoxygenation leading to aromatic building blocks such as benzene, toluene and 

xylene (BTX) and phenol using heterogeneous catalysts.   

 

Chapter 1 discusses the potential short- and long-term applications of lignin. 

The isolation of different lignin streams will become more and more available in the 

near future thanks to improvement in the field of biomass separation processes. 

Hemicellulose and cellulose upgrading to high-value chemicals is already present in a 

commercial scale applications, but lignin has not yet reached this level. However, its 

valorisation to aromatic platform chemicals could become economically interesting in 

the near future. We present different scenarios where the application of lignin varies 

from fuel to BTX production and polymer applications. 

 

A general overview of lignin catalytic depolymerization research is provided in 

chapter 2. Catalytic reduction and oxidation are presented, covering different studies 

from conventional catalysts to noble metal supported catalysts. The development and 

improvement of selective catalytic reactions, such as hydrodeoxygenation, are 

fundamental to enhance the catalytic valorisation of lignin towards high value 

aromatics. 

 

Methoxy groups are one of the most abundant functional groups in the lignin 

structure. Therefore, the study of a simple model compounds such as anisole (methoxy 

benzene) was the first field of investigation in this thesis. Demethylation/dealkylation 
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reactions are known to require acidic sites to increase the substrate adsorption, but the 

addition of basic sites can enhance the selectivity toward demethylation and 

hydrodeoxygenation. With this in mind, we investigated in chapter 3 the selectivity of 

phenol in the dealkylation reaction of anisole and phenetole over several alumina and 

magnesium mixed oxide catalysts which had different MgO:Al2O3 ratio. A set of five 

magnesia-alumina mixed oxides were screened in the dealkylation of alkyl phenyl 

ethers (R−O−Ph) as lignin model compounds. Interestingly, the more basic the catalyst, 

the higher the selectivity to phenol. The results concur with the formation of phenoxide 

PhO- and CH3
+ fragments on the catalyst surface. These can then react than with H+ and 

H- species formed by the heterolytic dissociation of hydrogen on the MgO surface, 

giving phenol and hydrocarbons. Nevertheless, above 60% of MgO content, the 

conversion drops considerably due to substrate adsorption on acidic sites.  

 

Lignin polymer structure is mostly defined by β−Ο−4 linkages. Therefore, we 

focused on finding a catalytic alternative that can cleave selectively this bond and then 

hydrodeoxygenate the smaller fractions obtained to target molecules such as phenol and 

BTX. We first synthesised two model compounds mimicking the β−Ο−4 linkage and 

synthesised catalysts active in hydrodeoxygenation reaction. We show in chapter 4 that 

copper-based catalysts are suitable and active catalysts towards hydrodeoxygenation 

(HDO). Copper on γ-alumina and on mixed magnesia/alumina catalyse HDO of β−O−4 

lignin-type dimers, giving valuable aromatics like phenol and ethylbenzene. The typical 

selectivity to phenol is as high as 20%. By changing the support’s acidity we can modify 

the dispersion of copper. Interestingly, more HDO occurs with larger copper 

agglomerates than with finely dispersed particles. Three different pathways are 

hypothesized for the reaction on the catalyst surface; (i) cleavage at the C–O−aryl bond, 

(ii) cleavage of the OC–CH2O(aryl) bond and followed by (iii) hydrodeoxygenation. 

Introducing basic sites on the support hinders HDO and the selectivity to ethylbenzene 

drops considerably Thus, copper activates ketones more and especially more selective 

towards cleavage than their corresponding alcohols. DFT calculations of bond 

dissociation energies correlate well with this experimental observation. Excitingly, 

ethylbenzene is formed in proportional amounts to phenol, showing that these catalysts 

can reduce the oxygen content of lignin-type product streams. Considering its low price 
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and ready availability, we conclude that copper on alumina is a promising alternative 

catalyst for lignin depolymerization. 

 

In chapter 5, we report the synthesis and characterization of new 

V2O5/Al2O3−MgO catalysts and their application in anisole deoxygenation, oxidative 

dehydrogenation and epoxidation reactions. The IR and UV−Vis spectra of these 

catalysts indicate the presence of monomeric vanadium species at 5 wt.% V2O5 loading, 

along with small amounts of polymeric species at 10 and 15 wt.% V2O5. Electron 

paramagnetic resonance (EPR) spectroscopy reveals the presence of ferromagnetic VO2+ 

dimers following calcination at 773 K. The catalysts were then tested in three reactions: 

(i) anisole deoxygenation, (ii) gas phase oxidative dehydrogenation of n-butane under 

flow conditions at 773 K and (iii) liquid phase epoxidation of limonene with H2O2. The 

deoxygenation reaction with anisole showed no activity. The dehydrogenation reaction 

gave butenes and 1,3-butadiene in moderate selectivity at 8-10% conversion. The 

epoxidation of limonene yielded 50-70% selectivity to the 1,2-epoxide at 10-20% 

conversion. 

 

After studying monomers and dimers, we moved on to the real lignin. The 

challenge of working with technical lignin is described in chapter 6. The standard 

conditions applied in the solubilisation of lignin encounters several disadvantages, e.g. 

alkaline salts saturation. We demonstrate that using liquid ammonia as a solvent, lignin 

can be solubilised under mild conditions. A special autoclave and setup were designed 

and constructed for this purpose (see appendix). We discuss the fundamental 

similarities and differences between ammonia and water, and show that using liquid 

ammonia helps overcome many of the drawbacks of water/acid or water/base solutions. 

Several analytical tools like SEC, elemental analysis and 2D NMR were used to 

understand the interaction between ammonia and the lignin polymer. 
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Samenvatting 

Lignine, de bindende factor in hout, is de grootste natuurlijke bron van 

aromatische stoffen en als zodanig overtreft het ruwe olie als grondstof. De oorzaak is 

dat lignine intrinsiek aromatische functionele groepen bevat. Derhalve is katalytische 

omzetting van lignine niet alleen aantrekkelijk vanuit politiek oogpunt maar kan deze 

ook van economische waarde zijn. Het doel van dit proefschrift is de fundamentele 

aspecten van de depolymerisatie van lignine te begrijpen door middel van de studie van 

monomere en dimere modelverbindingen om deze vervolgens toe te passen bij 

omzetting van lignine zelf. De belangrijkste reacties die zijn onderzocht zijn 

demethylering en hydrodeoxygenering (HDO) gericht op de aromatische bouwstenen 

zoals benzeen-tolueen-xyleen (BTX) en fenol door gebruik te maken van heterogene 

katalyse. 

 

Hoofdstuk 1  geeft een overzicht van korte en lange termijn toepassingen van 

lignine. Het isoleren van verschillende productstromen van lignine zal meer en meer 

mogelijk worden in de nabije toekomst dankzij de verbetering in de scheiding van 

biomassa. De opwaardering van hemicellulose- en cellulosestromen tot hoogwaardige 

chemicaliën is al een facet van huidige commerciële toepassingen, maar voor wat 

lignine zelf betreft is dit doel nog niet bereikt. Maar de omzetting naar duurdere 

aromatische basisgrondstoffen kan in de nabije toekomst economisch interessant 

worden. We presenteren verschillende scenario’s waarin de toepassing van lignine 

varieert van brandstof tot BTX-productie als mede van polymeertoepassingen. 

 

Een algemeen overzicht van het onderzoek naar katalytische depolymerisatie van 

lignine wordt gegeven in hoofdstuk 2.  Diverse studies die gebruik maken van zowel 

conventionele katalysatoren als edelmetaal gedragen katalysatoren voor de bestudering 

van katalytische reductie en oxidatie, worden besproken. Een ontwikkeling en 

verbetering van selectieve katalytische reacties, zoals hydrodeoxygenering, zijn van 

fundamenteel belang om de katalytische omzetting van lignine naar waardevolle 

aromaten te bereiken.  
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De methoxygroep is veruit de meest voorkomende functionele groep in de 

structuur van lignine. Bestudering van modelverbindingen zoals anisool was het eerste 

onderwerp van onderzoek. Het is bekend dat hydrodemethyleringsreacties zure 

katalysatoren vereisen om de absorptie van de substraten te stimuleren, maar de 

toevoeging van basische actieve plaatsen kan de selectiviteit van dehydromethylering 

bevorderen. Met dit in het achterhoofd onderzochten wij in hoofdstuk 3 de selectiviteit 

van fenol in de dealkyleringsreactie van anisol en fenetol ten opzichte van de 

fenolproductie met een gemengde alumina-magnesia katalysator. Vijf verschillende 

gemengde oxides van magnesia-alumina werden geëvalueerd in de 

hydrodealkyleringsreactie van alkylphenylethers (R−Ο−Ph) als lignine 

modelverbindingen. Belangwekkend is dat hoe basischer een katalysator is, des te hoger 

de selectiviteit de vorming van fenol is. De resultaten wijzen op de vorming van 

fenoxide (PhO-) en CH3
+ fragmenten op het oppervlak van de katalysator. Deze 

fragmenten kunnen vervolgens reageren met protonen en hydride deeltjes die gevormd 

zijn op het MgO- oppervlak door heterolytische dissociatie van waterstof,  hetgeen kan 

resulteren in de productie van fenol en koolwaterstoffen. Echter boven een gehalte van 

meer dan 60% magnesia daalt de omzetting aanmerkelijk omdat de primaire absorptie 

van de substraten op zure actieve plaatsen moet plaatsvinden. 

 

De polymere ligninestructuur wordt hoofdzakelijk gekenmerkt door β−Ο−4 

bindingen. Daarom concentreerden wij ons op het vinden van een katalytisch alternatief 

om dit type binding selectief te verbreken en te hydrodeoxygeneren om vervolgens de 

kleinere fragmenten als fenol en BTX te produceren. Voor dit doel maalteken wij twee 

model verbindingen met een β−Ο−4 eenheid en synthetiseerden wij katalysatoren voor 

de hydrodeoxygenering (HDO). In hoofdstuk 4 tonen we aan dat koperkatalysatoren 

geschikt zijn voor HDO. Koper op γ−alumina en op gemengd alumina/magnesia 

Cu/MgO−Al2O3 katalyseert de HDO van onze β−Ο−4 dimeren waardoor er vervolgens 

waardevolle aromaten ontstaan. De kenmerkende selectiviteit ten opzichte van fenol is 

20%. Door de zuurgraad van de drager te veranderen kunnen we de dispersie van koper 

beïnvloeden. Belangwekkend daarbij is dat er meer HDO plaats vindt als de katalysator 

grotere metaaldeeltjes heeft dat dat het metaal fijn gedispergeerd is. Wij stellen drie 

verschillende mechanismes voor voor de reactie op het katalysatoroppervlak; (i) 
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verbreking van de C−O−aryl binding, (ii) verbreking van de OC−CH2O(aryl) binding 

gevolgd door (iii) hydrodeoxygenering.  Introductie van basische plaatsen op de drager 

belemmert HDO en ook de selectiviteit tot ethylbenzeen daalt aanmerkelijk. Daaruit 

blijkt dat koper de keton-functie meer activeert en daarbij in het bijzonder selectiever is 

voor wat betreft het verbreken van die bindingen dan van de overeenkomstige 

alcoholen. DFT-berekeningen van bindingsdissociatie-energieën komen goed overeen 

met de experimentele waarneming. Opmerkelijk is dat er evenveel ethylbezeen wordt 

gevormd als fenol, hetgeen aantoont dat deze katalysatoren het gehalte zuurstof in het 

lignine productpalet kunnen verlagen. Gezien de prijs en het feit dat koper op alumina 

makkelijk verkrijgbaar is, is de conclusie dat koper op alumina een veelbelovende 

katalysator is voor depolymerizatie van lignine. 

 

In hoofdstuk 5 bespreken wij de synthese en karakterisering van nieuwe 

V2O5/Al2O3-MgO  katalysatoren en hun toepassingen voor anisol deoxygenering, 

oxidatieve dehydrogenering en epoxidatie reacties. The IR en UV-VIS spectra van deze 

katalysatoren geven aan dat er monomerische vanadium stoffen aanwezig zijn bij een 

5% V2O5 belading. Dit tezamen met een kleine hoeveelheid polymere stoffen bij 

beladingen van 10 en 15 wt.% V2O5. Electron paramagnetische resonantie (EPR) 

spectroscopie toont aan dat er ook ferromagnetisch VO2+ dimeren aanwezig zijn na 

calcineren bij 773 K. De katalysatoren werden getest voor drie reacties: (i) anisol 

deoxygenering, (ii) gasfase oxidative dehydrogenering van n-butane onder flow 

condities bij 773 K en (iii) voor de vloeistoffase epoxidatie van limonene met H2O2. De 

deoxygenering reactie met anisol vertoonde geen enkele activiteit. De dehydrogenering 

reactie van n-butaan gaf butenen and 1,3-butadieen met een beperkte selectiviteit, bij 8 

tot 10 %  conversie. Epoxidatie van limoneen vertoonde 50-70% selectiviteit in de 

vorming van 1,2–epoxide bij 10 tot 20% conversie.  

 

Na het bestuderen van monomeren en dimeren zetten wij het onderzoek voort 

met lignine zelf. De uitdaging die gelegen is in het werken met technisch lignine is 

beschreven in hoofdstuk 6. De nu in gebruik zijnde standaard condities voor het 

oplossen van lignine stuiten op verschillende nadelen, waaronder bijvoorbeeld de 

verzadiging van oplossingen van basische zouten. Wij tonen aan dat met gebruik 
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making van vloeibare ammoniak als oplosmiddel,  lignine opgelost kan worden. Een 

gespecialiseerde autoclaaf opstelling werd ontworpen en geconstrueerd voor dit doel 

(zie appendix). Wij bespreken de fundamentele verschillen en overeenkomsten van 

ammoniak en water en tonen aan dat door vloeibare ammoniak te gebruiken veel van de 

obstakels van zure of basische waterige systemen overwonnen kunnen worden. Diverse 

analytische hulpmiddelen zoals SEC, element analyse en 2D-NMR zijn gebruikt om 

begrip te krijgen van de interactie van ammoniak en het lignine polymeer. 
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années d’amitié. Vous assurez les gars !!! 

 

Mais jamais sans oublier “la famiglia… les Strass”!!! Bien entendu, en 

commençant par La Madre, à qui je dois une éternelle reconnaissance, sans elle, rien 

n’aurait été possible. Elle a toujours cru en moi, même dans les moments les plus 

difficiles. Merci à ma muminette d’amour et à ma grande petite sœur préférée, Sarah. 

Finalement Yasuko et Coralie. On a passé des moments merveilleux ensemble et 

d’autres beaucoup moins. Vous étiez là pour me faire rire, mais aussi pour m’écouter, 

me consoler et me motiver... Entre les moments passés à la route de bertigny 12b et 

ceux ici dans le grand Nord, je ne trouve pas les mots pour vous remercier de tout ce 

que vous avez fait pour moi. Vi voglio tantissimo bene !!! 

 
 
 
 
 
 
 
 
Thanks a lot everybody. Merci à tous. Bedankt allemaal. 
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