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CHAPTER 1 

Biomass Pyrolysis for Chemicals 
Published as: 

De Wild PJ, Reith H, Heeres, HJ, Biomass pyrolysis for chemicals. Biofuels. 2 (2), 185 - 208 

(2011). 

 

Abstract 
The problems that are associated with the use of fossil fuels demand a transition to 

renewable sources for energy and materials. Biomass is a natural treasure for chemicals 

that up to now are made from fossil resources. Unfortunately, the heterogeneity and 

complexity of biomass still preclude exploitation of its full potential. New technologies for 

economical valorisation of biomass are under development, but cannot yet compete with 

petrochemical processes. However, rising prices of fossil resources, inevitably will lead to 

replacement of oil refineries with biorefineries. A biorefinery uses various types of biomass 

feedstocks that are processed via different technologies into heat, power and various 

products. The biorefinery is self sustainable with respect to heat and power and puts no 

burden on the environment. Thermochemical processes such as fast pyrolysis can play an 

important role in biorefineries. Within the scope of biomass pyrolysis as a renewable option 

to produce chemicals this chapter presents a review of some pyrolysis-based technologies 

that are potential candidates and that form the starting point for the work that is described 

in this thesis.  
 

Defined key terms 
 Lignocellulosic biomass. Plants and plant derived-organic material that contain 

hemicellulose, cellulose and lignin as major components. 

 Valorisation. To add value by processing. 

 Pyrolysis. Thermal degradation in the absence of molecular O2 containing gases. 

 Hydrodeoxygenation (HDO), a catalytic treatment of the biomass or the bio-oil with 

pressurized hydrogen at temperatures in the range of 200 – 400°C with the aim to 

reduce the bound oxygen content of the feed. Removal of (atomic) oxygen from organic 

compounds by treatment with H2 ; the O2 is removed as H2O. 

 Staged degasification. Step-wise thermal processing  

 Hybrid thermochemical processing. Combination of thermochemical processes in which 

the reaction media differ (i.e. liquid phase treatment in water and gas-phase pyrolysis).   

 Catalysis. Increased reaction rates with help of catalysts, substances that speed up the 

reaction at a given temperature without changing equilibrium constants and without 

being consumed  

 Biorefinery.  Biorefining is the sustainable processing of biomass into a spectrum of 

marketable biobased products and bioenergy (Definition IEA Task 42). A biorefinery is 

an installation that can process biomass into multiple products using an array of 

processing technologies. 
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1.1 Introduction pyrolytic valorisation of biomass 

1.1.1 The bio based society and the importance of biomass for chemicals 

Biomass, sun (e.g. photovoltaic solar cells and solar heat collectors), wind (e.g. wind 

turbines), water (e.g. hydropower, tidal energy) and geothermal resources are all sources of 

renewable energy, but biomass is the only renewable resource of carbon for the production 

of chemicals, materials and fuels. Before the onset of the petrochemical era, renewable 

feedstocks supplied a significant portion of the global chemical and energy needs. Already in 

the 1920-1930’s the chemurgy movement in the United States promoted the use of 

biomass as a source of chemicals with the belief that “anything that can be made from a 

hydrocarbon could be made from a carbohydrate”. The incentive was to find an economic 

way to use farm surpluses [1]. It is only in the relatively short period between 1920 and 

1950 that we have witnessed the transition to a non-renewable based economy that heavily 

depends on fossil resources. However, since the first oil crisis in the 1970’s, decreasing 

resources, global warming and environmental pollution associated with the use of fossil 

fuels are growing incentives for the transition to renewable energy including solar, wind, 

hydro and biomass. Among the renewable resources lignocellulosic biomass is particularly 

suited as an abundant, low-cost feedstock for production of bio based chemicals, fuels and 

energy to substitute fossil resources. A drawback of the growing consumption of  biomass 

for energy is the increase in price for the biomass feedstock. This conflicts with the need of 

biorefineries for low-cost raw materials. Biomass alone is probably not able to solve the 

world’s power needs but can satisfy its need for the synthesis of carbon containing raw 

materials because its unique composition makes it especially suitable for the extraction of 

value-added chemicals and materials that can replace petrochemicals [2,3]. The production 

of such chemicals from lignocellulosic biomass enhances the economic viability of a society 

whose energy and material needs depend on renewables.  

1.1.2 Structure and composition of lignocellulosic biomass 

Lignocellulosic biomass is a composite material in which the main constituents cellulose 

(~50 wt%, (dry base, d.b.)), hemicellulose (~25 wt% d.b.) and lignin (~25wt% d.b.) are 

linked together to obtain structural strength in combination with flexibility. In addition, 

biomass also contains water and minor amounts of extractives and inorganic compounds 

(“ash”). Cellulose is a long-chain linear polymer that contains predominantly crystalline 

arrangements with smaller amorphous regions. The cellulose polymers are arranged in 

micro fibrils that are organized in fibrils, these are combined into cellulose fibres which are 

responsible for the fibrous nature of lignocellulosic biomass cell walls. Hemicelluloses are 

shorter, or branched amorphous polymers, of five- or six-carbon sugars. Together with 

lignin, hemicellulose forms the matrix in which the cellulose fibrils are embedded. The 

hemicellulose acts as a connector between cellulose and lignin [4]. Finally, lignin, the third 

cell wall component, is a three-dimensional polymer formed from phenyl propane units with 

many different types of linkages between the building blocks.  
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An impression of the structure of lignocellulosic biomass illustrating its complexity is 

presented in figure 1.1 for wood [5]. Depending on the plant species, lignocellulose biomass 

typically contains 30-50 wt% cellulose (consisting of D-glucose units), 15-30 wt% 

hemicellulose, 10-30 wt% lignin, and smaller amounts of (organic and inorganic) extractives 

and other inorganic compounds. Extractives constitute a large number of organic and 

inorganic compounds that can be extracted from the biomass by means of polar and non-

polar solvents [4]. Examples of organic extractives are terpenes, fats, waxes, proteins, 

phenolic compounds, hydrocarbons and sugars. Water-soluble species such as certain 

sodium and potassium salts are examples of inorganic extractives. In general, herbaceous 

biomass typically contains significant amounts of inorganics (up to 15 wt%) and extractives 

(up to 20 wt%) when compared to woods (~ 0.3 – 0.4 wt% inorganics, ~ 2 – 3 wt% 

extractives). The hemicelluloses in deciduous woods (hardwoods) and agricultural 

herbaceous products like wheat straw, corn stover and switch grass predominantly consist 

of D-xylose units, whereas coniferous (softwood) hemicellulose is mainly made up of D-

mannose, D-xylose and D-galactose. The main building blocks in the biosynthesis of 

hardwood and herbaceous lignin are the phenolic alcohols sinapyl alcohol, coniferyl alcohol 

and coumaryl alcohol. Softwood lignin is almost exclusively made of coniferyl alcohol.   

 

Figure 1.1 - The composition of wood, illustrating the structure of lignocellulosic biomass. 
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1.1.3 Pyrolysis-based thermal fractionation of biomass 

The fact that the main biomass fractions hemicellulose, cellulose and lignin react differently 

at different temperatures to yield different spectra of products [6 - 9] can be exploited to 

extract value-added chemicals by thermal processing e.g. via pyrolysis. Pyrolysis is thermal 

degradation of organic material in the absence of (molecular) oxygen. It is a versatile 

thermal conversion technology that comes into several varieties, depending on the desired 

products. Table 1.1 summarizes the main pyrolysis technologies and their major products 

[10]. Table 1.1 shows that several temperature and heating rate regimes are used, 

depending on the desired product slate. Characterisation of  biomass pyrolysis is usually by 

temperature and heating rate. Unfortunately, these parameters are poorly defined in 

processing reactors as well as in laboratory devices (see e.g. [11]). Therefore, the data in 

Table 1.1 should be considered as indicative.  

 

Table 1.1 -  Modes of pyrolysis and major products, adapted from [10]. 

Mode Conditions Liquid Solid Gas 

Fast 

Reactor temperature 500°C,  

very high heating rates > 

1000°C/sec,  

short hot vapour residence ~1 s 

75% 
12% 

char 
13%

Intermediate 

Reactor temperature 400-500°C,  

heating rate range 1 – 1000°C/sec,  

hot vapour residence ~10-30 s 

50% 
25% 

char 
25%

Slow – 

Torrefaction 

Reactor temperature ~290°C,  

heating rate up to 1°C/sec,  

solids residence time ~30 min 

0-5% 
77% 

solid 
23%

Slow – 

Carbonisation 

Reactor temperature 400-500°C,  

heating rate up to 1°C/sec,   

long solid residence hrs – days 

30% 
33% 

char 
35%

 

In general, carbonisation is conducted to produce charcoal and when appropriate, by-

products such as acetic acid and wood tars [12]. Torrefaction is a mild thermal treatment 

that transforms lignocellulosic biomass into a solid material with a higher energy density, a 

better grindability and a lower moisture susceptibility than the original biomass [13]. The 

purpose is to generate an enhanced fuel for generating heat and power. Finally, fast and 

intermediate pyrolysis are thermal conversion technologies, developed to generate high 

liquid yields from biomass [10]. The so-called pyrolysis-oils or bio-oils can be used for heat 

and power generation but also as a feedstock for chemicals [14]. Since the late 1970’s fast 

pyrolysis technology has been developed as a thermochemical conversion technology to 

produce high yields of bio-oil from biomass [15 - 18]. During fast pyrolysis the usually finely 

ground and dry biomass (typically 10 wt% of moisture) is rapidly heated to temperatures 

around 500°C. This causes a release of a multitude of thermal degradation products that 

are quenched within a few seconds to produce a so-called ‘pyrolysis-oil’ or ‘bio oil’, a 

mixture of condensed organic compounds and water.  
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In addition, sizable fractions of char and permanent gases are formed. Table 1.2 gives an 

example of the average chemical composition of bio-oils from hard- and softwood.  

 

It is obvious that the extraction of value-added chemicals from the complex bio-oil mixture 

is difficult and complex. Other challenges for further development of pyrolysis include 

improvement of the reliability of reactors and processes and the demonstration of the 

suitability of the oil as a fuel for boilers, engines and turbines. From a more fundamental 

point of view, knowledge and control of the type of oxygen functionalities in the bio-oil (i.e. 

aldehyde, ketone, alcohol, ether, ester, acid) is needed in relation to the production of the 

oil for different purposes (fuel, feedstock for chemicals, etc.) [18].  

 

Table 1.2. Compound classes in bio-oil (taken from [14]. 

Compound class 
Composition range (wt% based 

on the organic fraction of bio-oil) 

C1 compounds (formic acid, methanol, 

formaldehyde) 
5 – 10 

C2-C4 linear hydroxyl and oxo-substituted 

aldehydes and ketones 
15 – 35 

Hydroxyl, hydroxymethyl and/or oxo-substituted 

furans, furanoses and pyranones (C5-C6) 
10 – 20 

Anhydrosugars incl. anhydro-oligosaccharides 

(C6) 
6 – 10 

Water soluble oligomeric and polymeric 

carbohydrate fragments of uncertain composition 
5 – 10 

Monomeric methoxyl substituted phenols 6 – 15 

Pyrolytic lignin 15 – 30 

1.1.4 Value-added chemicals from staged pyrolysis of chemicals 

The different thermal stabilities of hemicellulose, cellulose and lignin provide an opportunity 

to use pyrolysis for a thermal fractionation of the biomass in products that can substitute 

petrochemical products [19,20]. Figure 1.2 presents a schematic overview of the different 

thermal stability regimes of each of the main biomass fractions [21]. The height of the 

thermal stability bars corresponds to the approximate temperature level at which the 

thermal degradation rate of the biomass constituent under isothermal conditions and in an 

inert atmosphere reaches a maximum as can be measured by thermogravimetric analysis 

[22].  
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Figure 1.2 - Thermal stability regimes for hemicellulose, lignin and cellulose [21]. 

 

Figure 1.2 indicates the potential for thermal fractionation of the biomass. The rate of 

thermal breakdown and the product slate is determined by the order of thermochemical 

stability of the individual biomass constituents that ranges from hemicellulose (fast 

degassing / decomposition from 200–300°C) as the least stable polymer to the more stable 

cellulose (fast degassing / decomposition from 300–400°C). Lignin exhibits intermediate 

thermal degradation behaviour (gradual degassing / decomposition from 250–500°C).  

 

The concept of a step-wise pyrolysis to extract valuable chemicals from lignocellulosic 

biomass is graphically illustrated in figure 1.3. Table 1.3 presents a more detailed overview 

of some important value-added chemicals that can be obtained from each of the main 

biomass fractions via pyrolysis [3,12,23].  
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Figure 1.3 - Staged degasification concept as an example of the thermal fractionation of 

biomass by a step-wise pyrolysis approach. 
 

The application examples of the major chemicals in table 1.3 provide only a limited picture 

of their full potential. To illustrate the wealth of applications for furfural (from hemicellulose) 

and levoglucosan (from cellulose) figures 1.4 and 1.5 present products that can be obtained 

from these chemicals [24 - 26]. For furfural these are mostly commercial. The situation for 

levoglucosan is different. Although recognized as a potential valuable chemical already a 

long time ago, the existing market is very small and very high priced. This is partly due to 

the low yields and the absence of large scale production capacity of the traditional method 

of vacuum pyrolysis of starch. Another barrier is the difficulty of purifying levoglucosan at 

low cost. In the next section of this chapter an example is described of another possible 

application for levoglucosan as a pyrolytic precursor for bio-ethanol.  
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Table 1.3. Major chemicals from the pyrolysis of lignocellulosic biomass [3,12,23]. 

Biomass constituent  

(thermal degradation range) 

Pyrolysis products (major value-

added chemicals underlined) 

Market application examples of 

the underlined chemicals 

Hemicellulose 

(150-300°C) 

acetic acid, 

 

 

 

furfural, 

 

 

 

furan, furanone, methanol, other C1-C4 

oxygenates (e.g. formaldehyde, 

hydroxyacetaldehyde, acetone, acetol, 

lactones, etc), C5 and C6-anhydrosugars, 

humic substances 

bulk-chemical, vinegar (food), 

cleansing agent, vinyl acetate, acetic 

anhydride, esters, solvent, road 

deicer (as calcium acetate) 

intermediate commodity chemical, 

solvent, resins, adhesives, food 

flavouring agent, precursor for 

specialty chemicals  

Cellulose 

(200-400°C) 

levoglucosan, 

hydroxyacetaldehyde, 

 

1,6 anhydro--D-glucofuranose, furfural, 

hydroxymethylfurfural, furan,  

other C1-C4 oxygenates (e.g. methanol, 

formaldehyde, formic acid, acetone, 

acetol, lactones, etc) 

 

glucose, polymers, antibiotics 

food browning agent in ‘liquid 

smoke’ 

Lignin 

(150-600°C) 

2-methoxyphenols (e.g. guaiacol),  

2,6-dimethoxyphenols (e.g. syringol), 

catechols, 

phenol,  

 

alkyl-phenols 

methanol 

 

 

other oxygenated aromatics (e.g. 

coumaran), furfural, acetic acid, other C1-

C4 oxygenates (e.g. formaldehyde, formic 

acid, acetone, acetol, lactones, etc) 

pyrolytic lignin 

fine chemicals, pharmaceuticals, 

 food flavouring agents in ‘liquid 

smoke’, fragrance industry, 

bulk-chemical, wood-adhesives, 

resins, plastics 

fuel additives 

bulk-chemical, solvent, fuel, anti-

freeze, ethanol denaturant, 2nd 

energy carrier for H2, bio-diesel 

Whole biomass 

(100 -600°C) 

extractives (e.g. terpenes), 
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Figure 1.4 - Products from furfural [24]. Major industrial applications of furfural are as 

solvent in the petrochemical industry and as precursor for the highlighted chemicals [77]. 
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Figure 1.5 - Products from levoglucosan [25,26]. 

 

This chapter presents a review of innovative pyrolysis-based options that are potential 

candidates for the thermochemical conversion of lignocellulosic biomass to value-added 

chemicals. 
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1.2 Innovative pyrolytic conversion concepts 

1.2.1 Staged degasification for the thermal valorisation of biomass 

The intrinsic heterogeneity and complexity of lignocellulose calls for a biorefinery approach 

which is adapted to the feedstock and is difficult or impossible to match with current 

petrochemical technologies. A direct conversion of the whole biomass by e.g. fast pyrolysis 

leads to a complex mixture of many components that originate from all the biomass 

fractions. Isolation of individual substances from this mixture is difficult and expensive. 

Unconventional solutions are needed. It has been recognized for some time that an 

important prerequisite for the successful valorisation of biomass to chemicals is an efficient 

fractionation into the main fractions hemicellulose, cellulose and lignin. The main issue of 

fractionation is that each of the main fractions is less heterogeneous than the original 

material and can be processed further into less complex product mixtures with higher 

concentrations of the desired chemicals, making their isolation from the mixture more 

efficient and cheaper. Figure 1.6 visualizes the fractionation of lignocellulosic biomass and 

examples of subsequent thermochemical processing of the cellulose, the lignin and the 

hemicellulose into chemicals. 

ConiferousDeciduous

Fractionation

Herbaceous

Lignin

Levoglucosan

Hydroxyacetaldehyde

Phenolics

Biochar Acetic acid

FurfuralPlastics, pharmaceuticals, 
food additives

Resins, chemical industry
activated carbon, 
soil improver

Nylon, chemical industry, 
agriculture

Pyrolysis

Aquathermolysis

Pyrolysis

 
Figure 1.6 – Biomass fractionation tree 

 

Examples of fractionation technologies are the several biomass pulping processes that are 

common practice in the pulp- and paper industry (e.g. kraft pulping, sulphite pulping, soda 

pulping, organosolv pulping etc.). Here, the biomass is essentially fractionated into cellulose 

(for paper) and black liquor, a waste stream that predominantly contains residual 

carbohydrates and their degradation products (e.g. from the hemicellulose), partly 

degraded lignin and inorganics from the pulping process. The main application to date of 

this black liquor is combustion for heat.  
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Another example is the production of bio-ethanol by fermentation of glucose that is 

obtained from the acid or enzymatic hydrolysis of cellulose and the production of furfural by 

dehydration of hemicellulose-derived xylose. In general, these fractionation technologies are 

complex, time-consuming and expensive. In most cases they focus on the separation of one 

or two biomass fractions only (e.g. cellulose pulp and precipitated lignin from organosolv 

pulping). 

 

Recently, fast pyrolysis (the rapid thermal conversion in the absence of air) has been 

developed to convert biomass into high yields of bio-oil (typically up to 80 wt% of the dry 

feedstock), gas and char. This is not a fractionation in main constituents, but merely an 

efficient liquefaction of the solid biomass in a liquid product that can be regarded as a sort 

of molecular debris that contains thermal degradation products from all the main biomass 

parts. Although this ‘soup’ contains many valuable chemicals, separation and purification is 

not a trivial task.  

 

Hemicellulose, cellulose and lignin react in a different way at different temperatures to yield 

different product slates. In a staged degasification concept (step-wise thermochemical 

processing at different temperatures) it is assumed that type, yield and selectivity of the 

formed products can be influenced by tuning the process conditions to the thermal stability 

of the main biomass constituents. It is expected that due to the relatively mild conditions, 

each product fraction is less complex, more stable and less prone to unwanted secondary 

reactions then the “one-pot” bio-oil from the harsher fast pyrolysis process where all three 

biomass components are degraded simultaneously and at the same temperature.  

 

In an early example of a staged pyrolysis approach, Roy and co-workers used a multiple-

hearth vacuum pyrolysis reactor to process air-dry wood as feedstock [27]. Six pyrolysis oil 

fractions were collected at reactor hearth temperatures of 200, 263, 327, 363, 401 and 

448°C, respectively. Overall bio-oil yield amounted to 65.8 wt%. Approximately half of the 

oil was collected in a primary condensation unit. Chemical analysis revealed the occurrence 

of several valuable chemicals like acetic and formic acid (3.2 wt%), methyl-cyclopentene-ol-

one (1.2 wt%), acetol (0.7 wt%), iso-eugenol (4.3 wt%), glucose (after hydrolysis) (5.4 

wt%) and phenol (3 wt%). Unfortunately, the yields of chemicals from the secondary 

condensation unit are not given by the authors except for the carboxylic acids (5.8 wt%).  

Although the attained yields and selectivities for individual chemicals are rather limited, the 

approach clearly shows the potential of temperature-staging to obtain pyrolysis oils that are 

enriched with certain chemicals. Among the valuable chemicals that can be derived from the 

carbohydrate fraction of biomass [28], furfural [29] and levoglucosan [26,30] are 

interesting value-added chemicals that can possibly be produced by thermochemical 

conversion.  

 

The pyrolytic formation of furfural and levoglucosan from lignocellulose has been 

investigated for decades [25,31 - 33], but no integrated pyrolysis-based production process 

for these two chemicals exist today. Although typical fast pyrolysis oils can contain 

significant amounts of furfural, levoglucosan and other components, their separation is a 

tedious task because of the overall complexity of the oil [14].  
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To date, modern commercial processes to produce furfural involve mostly aqueous-phase 

hydrolysis / dehydration processes operating at relatively low temperatures (around 200°C) 

and often using catalysts such as sulphuric acid [29]. 

1.2.2 Hybrid staged degasification of biomass for furfural and levoglucosan 

Degasification of biomass during a step-wise temperature rise in multiple hearth, auger and 

fluidised bed reactors has been studied to explore the production of chemicals as is 

described in the previous section. Because of limited product yields, alternative approaches 

are needed to obtain higher yields, e.g. by optimization of reactor conditions, application of 

catalysts and application of specific biomass pre-treatment procedures. As described in the 

introduction section, the main constituents hemicellulose, cellulose and lignin are strongly 

interconnected by a variety of physico-chemical bonds that makes it difficult to separate 

them as individual constituents in high yields. Consequently, efficient and cost-effective 

fractionation technology is a clear asset to open up the possibility to treat each constituent 

separately, using dedicated conversion technologies to obtain specific target chemicals. A 

biorefinery in which the fractionation is combined / integrated with subsequent processing 

steps, offers a solution for a cost-effective and environmentally sound valorisation of 

biomass. Figure 1.7 presents a general scheme of such a biorefinery 

Cellulose
‘biotech./chemical’

Fuels,
Chemicals,

Polymers and
Materials

Lignin
Raw material

Hemicelluloses
(Polyoses)

‘biotech./chemical’
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‘chemical’
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Sugar 
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Cogeneration
Heat and Power,

Extractives

Residues
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Figure 1.7 - Basic design Lignocellulosic Feedstock Biorefinery co-producing bioethanol, 

added-value chemicals and secondary energy carriers with maximised profit and minimal 

environmental impact (www.biosynergy.eu). 

  
Hemicellulose can be removed from biomass by treatment with hot pressurised water [34 - 

41]. This results in formation of water soluble oligomeric and monomeric sugars and their 

degradation products such as furfural and hydroxymethyl furfural [29,42,43]. The formation 

of these products is catalysed by acetic acid, originating from the acetyl groups of 

hemicellulose.  
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Water soluble components like alkali metal ions are leached out from the solid biomass. In 

the absence of the cracking activity of alkali metals (like potassium [44]), cellulose can be 

depolymerised to levoglucosan in good yields [45,46]. Cellulose and lignin are relatively 

unaffected by the hot water treatment, although lignin can be solubilised as well, especially 

when the reaction products are continuously removed from the solid biomass [47]. The 

amount of dissolved lignin depends on temperature and reaction time. Longer reaction 

times and/or higher temperatures render the lignin insoluble due to recondensation 

reactions [36,48]. The recondensed structures could be thermally more stable than the 

parent material and less prone to thermal degradation under conditions where cellulose 

does degrade. This implies that in a subsequent pyrolysis step a more selective 

depolymerisation of cellulose is possible, resulting in enhanced yields of levoglucosan and 

less lignin-derived degradation fragments when compared to direct pyrolysis. 

 

In conclusion, aquathermolysis is an efficient thermochemical pretreatment step that 

combines the formation of chemicals such as furfural and acetic acid with the production of 

a solid alkali metal-free lignin-cellulose residue that is a suitable feedstock for subsequent 

pyrolysis targeted at the production of anhydrosugars such as levoglucosan.     

 

Already in the 1980’s Shafizadeh envisioned a hybrid process in which the fast pyrolysis of 

biomass for levoglucosan is preceded by the removal of the hemicellulose via a mild 

sulphuric acid hydrolysis [7]. The acid hydrolysis transforms the hemicellulose in water-

soluble carbohydrates while the subsequent fast pyrolysis step converts the resulting 

lignocellulose complex into a high levoglucosan containing bio-oil. Shafizadeh developed the 

process as a hybrid pyrolytic route to fermentable sugars, i.e. C6 sugars. The highest yield 

of this process were found especially for softwoods, since their hemicelluloses contain a 

large fraction of (fermentable) C6 sugars (mannose and galactose). The process includes 

some interesting features that are still worth investigating. For instance, Shafizadeh 

anticipated the existence of anhydro-polysaccharides in the tar and he obtained a significant 

increase in the yield of glucose by a mild acid hydrolysis of the pyrolysis tar.  On laboratory 

scale the processing of extracted and ground Douglas-fir heartwood yielded 38 wt% of 

hexoses, 24 wt% from the hemicellulose hydrolysis and 14 wt% from the (vacuum) 

pyrolysis (yields based on the original feedstock weight). Figure 1.8 presents a conceptual 

design of Shafizadeh’s process as a pyrolytic route to fermentable sugars from softwood. 
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Figure 1.8 -  Acid hydrolysis and pyrolysis for production of fermentable sugars [7]. The 

coloured lines depict the streams of solid and slurried feedstock (green), other solid 

fractions (black), aqueous fractions (blue), gases / vapours (orange) and pyrolysis oil 

(brown). The coloured shapes present the pretreatment section (green), the pyrolysis 

section (red), the post-treatment section (blue), auxiliary reactants (grey) and final 

products (yellow). 

 

The importance of Shafidazeh’s groundbreaking work was recognized by workers from the 

University of Waterloo who continued the development in greater detail and showed from an 

economic evaluation that the process is an interesting alternative for the conventional 

production of ethanol [14]. In 1999 So and Brown [49,50] compared the cost of producing 

ethanol from cellulosic biomass via a hybrid thermochemical biorefinery approach, 

analogous to Shafizadeh’s concept [7], to acid hydrolysis and enzymatic hydrolysis 

technologies. The results indicate that the production cost of ethanol via the fast pyrolysis 

based concept is competitive with the production cost via the conventional approaches. 
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In the 1980’s the relative ease of hemicellulose hydrolysis was exploited by the New-

Zealand Convertech  process that used a series of five continuously operated modules in 

which the main hydrolysis, chemical extraction and drying operations took place [51].  

 

The process used steam hydrolysis to break down the biomass in its chemical constituents 

such as cellulose, lignin, volatiles and sugars derived from hemicellulose. Main emphasis 

was on the separation of hemicellulose from the lignin-cellulose complex and the production 

of a low-moisture product termed ‘Cellulig’. Although patented in 1995 [52], no commercial 

follow up took place as far as we know. The reviewers of the Convertech system [51] 

believe that the main reason is the diversity of potential products. Commercialization 

depends on focus on relatively short term goals, not on the entire spectrum. Figure 1.9 

presents the flow diagram of the Convertech system (taken from [51]). 

Figure 1.9 – Convertech flow diagram. 

 

As an alternative to the conventional dilute sulphuric acid catalyzed production of furfural 

from biomass, workers from the Latvian State Institute of Wood Chemistry (Gravitis et al.) 

developed an approach that uses small amounts of catalysts like concentrated sulphuric acid 

[53]. The process is able to obtain a furfural yield of 75% of the theoretical maximum (~73 

wt% of the pentosan content). Given the 55% yield of conventional processes, this is a 

significant improvement. In addition, the integration of the furfural production with the 

production of levoglucosan and/or lignin was addressed [53]. A possible drawback of the 

integrated process is the fact that prior to the fast pyrolysis step for the production of 

levoglucosan, a certain amount of the catalyst should be removed from the biomass by a 

water wash. Otherwise the yield of levoglucosan probably will be negatively affected. 
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1.2.3 Lignin pyrolysis for phenolics 

The previous sections on staged thermochemical processing mainly dealt with the 

thermochemical conversion of the carbohydrate fraction of lignocellulosic biomass. The 

lignin is merely converted to low amounts of phenolics and char. As the second most 

abundant natural polymer next to cellulose, lignin is the major aromatic biopolymer and a 

valuable renewable source for aromatics that can replace aromatic petrochemicals in a 

variety of products [54,55]. In addition, lignin and lignin containing residues are large side-

streams from the pulp- and paper industry and from biorefineries that use the carbohydrate 

fraction of the biomass, e.g. for the production of bio – ethanol [56,57]. Globally ~ 50 Mt 

per year of lignin originates from the pulp and paper industry, predominantly from Kraft-, 

soda- and sulphite-pulping of softwood, hardwood and agricultural residues such as straw, 

flax and grasses. Only 1 Mt is used for commercial purposes including lignosulphonates from 

sulphite pulping and 0.1 Mt as (chemically modified) Kraft lignins from Kraft pulping [58].  

 

At present, most of these sulphur containing lignin-streams are combusted for generating 

power and / or heat, an application with very limited added-value. These sizable amounts of 

lignin are in principle available for valorisation into chemicals and performance products. 

New developments in soda-pulping technology have resulted in sulphur free lignins from 

herbaceous types of biomass such as straw and grass. Furthermore, large amounts of 

(hydrolytic) lignin will be produced from future bio-ethanol based biorefineries by processes 

such as steam explosion and organosolv-pulping. The first is a thermo mechanical 

treatment that uses sulphuric acid for the hydrolysis and steam-explosion for breaking-up 

the fibrous biomass structure. Organosolv-pulping of hardwood, grasses and straw leads to 

a high-quality lignin that is essentially sulphur-free. Organosolv-pulping refers to a thermal 

and pressurized treatment of the lignocellulosic biomass with water and organic solvents 

such as ethanol and carboxylic acids. The biomass is fractionated into lignin, cellulose and a 

hemicellulose containing side stream. Generally, the hydrolytic lignins are the main fraction 

in the side-stream that originates from the processing of wood and agricultural residues for 

transportation fuels and chemical building blocks.  

 

Only recently, with the upcoming focus on biorefineries, lignin has gained new interest as 

chemical resource, as again the supply of fossil feedstocks is becoming more and more 

insecure and expensive. Unfortunately, economic and technological considerations still 

preclude a large-scale mass production of low molecular weight chemicals from lignin in 

competition with petrochemicals. This is inherent to the specific nature of the complex and 

stable lignin polymer, that makes it difficult to convert it into valuable monomeric 

chemicals. Lignin pyrolysis has been studied for almost 100 years with the focus on 

unravelling the structure of the aromatic biopolymer, and on the production of monomeric 

phenols [59, 60]. In the past 25 years little attention has been paid to the use of lignin as a 

chemical resource. Lignin was rather used for fundamental studies on degradation 

mechanisms by (advanced) pyrolysis methods combined with sophisticated separation and 

detection systems (including GC/MS).  
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In the literature on the – gaseous phase - pyrolysis of lignin for the production of chemicals, 

limited yields of mono-phenolic compounds are commonly reported, rarely exceeding 5-6 

wt%, based on dry lignin. To enhance the yield of monomeric phenols, several pyrolysis 

approaches have been pursued that are described in some detail in a recent review paper 

by Amen-Chen et al. [61]. Examples are the pyrolysis of lignin in the presence of a 

hydrogen-donor agent like tetralin (1,2,3,4-tetrahydronaphtalene), Fe2O3 catalysed lignin 

liquefaction in the presence of solvents and in a hydrogen atmosphere, pyrolysis of lignin 

with tetralin and phenol, Cu(II) acetate catalysed lignin degradation, pyrolysis of lignin with 

cresol in a hydrogen atmosphere, ZnCl2 catalysed pyrolysis of lignin with and without 

tetralin, lignin pyrolysis with basic salts like NaOH, K2CO3 and Na2CO3 and lignin pyrolysis 

with neutral salts like NaCl and KCl. Details of these pyrolysis  

 

In a recent international collaboration it was attempted to carry out fast pyrolysis of several 

lignin samples and analyze the products in order to firstly establish the potential for this 

method of lignin processing and secondly to compare procedures and results [62]. The 

research was carried out in the IEA Bioenergy Agreement Pyrolysis Task 34 – PyNe. 

Fourteen laboratories in eight different countries contributed to the project. Two lignin 

samples were distributed to the laboratories for analysis and bench-scale process testing via 

fast pyrolysis. The first sample was a sulphur-free lignin obtained from annually harvested 

non-woody plants (wheat straw and Sarkanda grass Saccharum munja). The pulping 

method was the soda pulping process (aqueous NaOH). The material was a highly purified 

lignin recovered by precipitation, followed by washing and drying. The second sample was a 

concentrated lignin material which was a residue from ethanol production by weak acid 

hydrolysis of softwood. This lignin contained a significant fraction of cellulose and 

hemicellulose degradation products and was not purified. Figure 1.10  presents photographs 

of both lignins. 
 

 
 

Figure 1.10 - Straw / grass soda-pulping lignin (left) and softwood weak acid hydrolysis 

lignin (right). 

 

Analyses included proximate and ultimate analysis, thermogravimetric analysis, and 

analytical pyrolysis. The bench-scale test included bubbling fluidized bed reactors and 

entrained flow systems. Based on the results of the various analyses and tests it was 

concluded that a concentrated lignin (~50% lignin and ~50% cellulose) behaved like a 

typical biomass, producing a slightly reduced amount of a fairly typical bio-oil, while a 

purified lignin material was difficult to process in the fast pyrolysis reactors and produced a 

much lower amount of a different kind of bio-oil.  
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It turned out that lignin cannot be effectively fast pyrolysed in reactor systems designed for 

whole biomass materials. However, less purified lignin products, as derived in some 

hydrolysis-based systems, may be suitable feedstock in conventional fast pyrolysis with 

minor adjustments for temperature control in feeding and product collection methods [62].   

 

Due to the physico-chemical characteristics of lignin as a thermoplastic, thermally stable 

and often powder-like material, and due to the non-specific nature of the pyrolysis process 

itself, industrial lignin pyrolysis processes are rare. Since lignin is considered a potentially 

very attractive source for bio-fuels and bio-based performance chemicals, new upgrading 

technology will be required for this purpose. A possible route is hydrotreatment using a 

heterogeneous catalyst and hydrogen as reactant. Desired reactions include 

hydrodeoxygenation, the removal of oxygen in the form of water and depolymerisation. 

Typically, high pressures (100-200 bar) and temperatures (300-450°C) are required to 

convert lignin into low molecular weight compounds in good yield [63,64].  

 

The thermochemical valorisation of lignin-rich side-streams from e.g. biorefineries is 

difficult, because generally the lignin is not in a pure form but mixed with residual 

(unconverted) carbohydrates, microbial biomass from fermentation, minerals, etc. Pyrolysis 

of this residual material thus leads to an impure lignin pyrolysis oil that contains – next to 

the lignin-derived phenolics - the thermal degradation products from the non-lignin 

constituents as well. As a consequence, separation and purification of this oil is a complex 

task.  
 

Fractional catalytic pyrolysis is an approach that aims to selectively convert certain fractions 

of the biomass pyrolysis products by use of specific catalysts such as ExxonMobil HZSM-5 

during the pyrolysis. It is an elegant one-step process that has been applied successfully in 

the conversion of a hybrid poplar wood into a bio-oil that contains high concentrations of 

phenolics while the carbohydrate fraction was selectively converted into gaseous products 

[65]. Here, specific catalysts are used to selectively convert the impurities in the lignin-rich 

waste stream (predominantly the residual carbohydrates) while the lignin is merely 

thermally cracked to phenolic substances. Fractional catalytic pyrolysis can be regarded as a 

form of “extractive pyrolysis” through which the separation problems, related to the fast 

pyrolysis of impure lignin-rich (biorefinery) residues, probably can be tackled. An effective 

conversion of the carbohydrate impurities leads to a mixture of permanent gases that do 

not condense with the phenolics from the lignin. As a result, a bio-oil is obtained that 

consists mainly of phenolic material. 
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1.3 Thermochemical biorefineries 

1.3.1 Biorefinery definition and classification 

In the previous sections an overview is presented of some new thermochemical conversion 

approaches for lignocellulosic biomass to produce value-added chemicals from each of the 

main biomass fractions hemicellulose, cellulose and lignin. An efficient (thermal) 

fractionation of the biomass into a specific combination of its main constituents is a key-

issue in a biorefinery [66]. Biorefinery is the sustainable processing of biomass into a 

spectrum of marketable products [67]. This definition encompasses a multitude of 

possibilities to convert biomass into bio products via (combinations of) different processing 

technologies including (bio)chemical and thermochemical processes. Biorefinery concepts 

can be classified according to platforms, products, feedstocks and processes. Platforms may 

be defined based on 1) intermediates from raw materials towards the final biorefinery 

products, e.g. 'sugar' or 'lignin platform' 2) linkages between different biorefinery concepts 

and 3) final products of a biorefinery. Combined platforms are possible (e.g. C6 & lignin, C5 

& C6). Intermediates from biomass can be substances such as syngas, biogas, sugars, 

lignin, and pyrolysis-oil. These intermediates are building blocks for the final products of the 

biorefinery including fuels, chemicals and (performance) materials. Figure 1.11 presents a 

detailed overview of the many possible combinations for biorefinery concepts.  

 

 
 

Figure 1.11 - Classification of biorefinery systems [67]. 
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In a (thermochemical) biorefinery biomass is converted into energy carriers such as 

transportation fuels (e.g. ethanol), energy and/or chemicals. In terms of energy content the 

amount of biomass for (transportation) fuels and CHP (combined heat and power) (e.g. by 

combustion) is much higher than the amount used for the production of chemicals. 

However, in terms of added-value, chemicals can provide a significant contribution to the 

overall cost-effectiveness of the refinery. For instance, when the main product of a 

biorefinery is (hemi)cellulose bio-ethanol as a renewable transportation fuel, the lignin ends 

up in a residue that mostly is used as a fuel to generate heat. The economics of the 

biorefinery will benefit much from the valorisation of this lignin-rich residue to value-added 

aromatic chemicals instead of combustion the residue for heat.  

1.3.2 Historical background of thermochemical biorefineries 

Pyrolysis of lignocellulosic biomass leads to an array of useful products including liquid and 

solid derivatives and fuel gases. Already in the 1950’s more than 200 chemical compounds 

had been identified from the pyrolysis of wood [68]. Before the onset of the petrochemical 

era in the beginning of the 20th century, pyrolysis processes were utilized for the 

commercial production of a wide range of fuels, solvents, chemicals, and other products 

from biomass feedstocks [69 - 71]. At the time, the dry distillation of wood for the 

production of charcoal was the mainstay of the chemical industry.  

 

Many variations exist on the concept of thermochemical biorefineries [72,73] and an early 

(1920’s) example is the production of charcoal and various other products in the continuous 

wood-distillation plant of the Ford Motor Company in Michigan, USA [70]. This plant was 

erected to use 400 tons per day of scrap wood from the automobile body plant. The Ford 

plant was designed not to make acetic acid (among charcoal and other products), but ethyl 

acetate (via esterification with bio-ethanol), which the company required in its lacquer and 

artificial leather departments. An interesting detail is the fact that the first T-Fords used bio-

ethanol as their transportation fuel. Henry Ford strongly stimulated the use of renewable 

crops for fuels [1]. Figure 1.12 gives a schematic overview of the plant that was completely 

self-sufficient with regard to its heat demand. 
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Figure 1.12 - An example from the 1920’s of a thermochemical biorefinery; the flow sheet 

for the Ford continuous wood distillation plant, Iron Mountain, Michigan,  USA (adapted from 

[70]). 

1.3.3 Current and future thermochemical biorefinery concepts 

Recently, the global problems that are associated with the intensive use of fossil fuels have 

led to a renewed interest in (modern varieties of) these processes. For instance, the interest 

in slow pyrolysis technology (both carbonisation and torrefaction) is growing rapidly again 

because of the need for renewable fuels from biomass [13,74].  

 

Figure 1.13 presents a view of the Energy Research Centre of the Netherlands (ECN) on the 

lay-out of a future thermochemical biomass refinery might look like [75]. As can be seen 

from the figure, pyrolysis, torrefaction and gasification play an important role and the 

valorisation of several side-streams is important here too.  
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Figure 1.13 -  Thermochemical biorefinery concept ECN [75]. 

 

The vision of the Dutch Biomass Technology Group (BTG) on a thermochemical biorefinery 

provides a good example of a pyrolysis-based biorefinery concept [76]. The concept uses 

fast pyrolysis as the primary process to convert biomass into bio-oil that is subsequently 

fractionated in a secondary processing step. Finally, a tertiary upgrading step produces the 

final marketable products. Figure 1.14 gives a schematic overview of the Bioliquids Refinery 

concept.  
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Figure 1.14 - Bioliquids refinery; BTG’s vision on a pyrolysis-based thermochemical 

biorefinery, with permission  from Venderbosch [76]. 

 

A new development at BTG is the European Commission 7th framework supported EMPYRO 

project aimed at the construction and demonstration of a pyrolysis polygeneration plant to 

produce electricity, process steam, organic acids (acetic acid) and fuel oil for burner 

applications from woody biomass [78]. The pyrolysis plant will be build near Hengelo in The 

Netherlands and has a processing capacity of 120 t/d biomass (~25 MWth).  

 

A final example of a current pyrolysis-based biorefinery is the Bioliq® process, developed at 

the Karlsruhe Institute of Technology (KIT), aiming at the production of synthetic fuels such 

as Fischer – Tropsch diesel and chemicals from biomass [79]. Syntheses based on synthesis 

gas require pressures of up to 10 MPa. High pressure entrained flow gasification provides 

high quality tar-free syngas with low methane contents. Entrained flow gasification requires 

a feed, that can easily be fed to the gasifier at elevated pressures. Fast pyrolysis was 

chosen to obtain such a feed by mixing pyrolysis condensates and char to a so called 

bioliqSyncrude®, exhibiting a sufficiently high heating value, and being suitable for 

transport, storage and processing. This slurry-gasification concept has been extended to a 

complete process chain via a pilot plant erected on site at KIT. The plant uses a twin-screw 

pyrolysis reactor and is designed to process up to 500 kg/h (~2 MWth) of air-dry biomass at 

a pyrolysis temperature of 550°C. The main operation target is to achieve full operation of 

the plant with straw as feed material. 
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1.4 Scope, objective and outline 

1.4.1 Scope 
The problems associated with the use of fossil fuels demand a transition to renewable 

sources (sun, wind, water, geothermal, biomass) for energy and materials. Biomass 

provides the only renewable source for (transportation) fuels, performance materials and 

chemicals. In a biorefinery, biomass is converted via different technologies into heat, power 

and various products. Pyrolysis (thermal degradation without added oxygen) of 

lignocellulosic biomass can play an important role, because it leads to an array of useful 

products such as combustible gas, biochar and a liquid product containing valuable 

chemicals. Examples of chemicals that can be obtained by pyrolysis are furfural and acetic 

acid from hemicellulose, levoglucosan (1,6-anhydro--D-glucopyranose) and other 

anhydrosugars from cellulose and phenolic compounds from lignin. Since the three major 

biomass polymers hemicellulose, cellulose and lignin possess dissimilar thermal stabilities 

and reactivities, type and amount of degradation products are tunable by proper selection of 

the pyrolysis conditions.  

1.4.2 Objective 

The objective of the work presented in this thesis is the proof of principle of pyrolysis-based 

thermochemical conversion technologies for the production of value-added chemicals from 

lignocellulosic biomass within the framework of a thermochemical biorefinery. 

1.4.3 Outline 

Within the framework of historical research and technology developments and the current 

state of the art, Chapter 1 highlights state of the art of (staged) thermochemical conversion 

technologies in which pyrolysis plays the central role. Relevant historical and/or recent 

developments are reviewed as well.  

 

Chapter 2 deals with a combination of hot pressurized water treatment (aquathermolysis) 

followed by bubbling fluidised bed pyrolysis as an improved version of a purely pyrolysis-

based staged degasification that is described in chapter 3.  

The synergistic combination of aquathermolysis and pyrolysis is a novel and promising 

option that integrates the fractionation of biomass with the production of valuable 

chemicals. The aquathermolysis results in a solid cellulose-lignin residue and aqueous 

hemicellulose derivatives from which chemicals such as acetic acid and furfural can be 

recovered. The (dried) cellulose-lignin residue is an interesting feedstock for subsequent 

pyrolysis at a temperature that is preferably targeted at the thermal depolymerisation of the 

cellulose without causing too much degradation of the lignin in order to produce mainly 

cellulose-derived species such as levoglucosan. The fact that the first aquathermolysis stage 

results in the leaching-out of the water soluble ash minerals (e.g. potassium) is crucial for 

the subsequent pyrolytic formation of levoglucosan, because normally the alkali metals tend 

to catalyse thermal degradation of cellulose to smaller degradation products, thus leading to 

lower yields of levoglucosan. 
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Chapter 3 focuses on staged degasification of biomass by a step-wise pyrolysis approach, a 

thermochemical fractionation aimed at the selective production of chemicals from the main 

fractions in the biomass. Because of different thermal stabilities of the main biomass 

constituents hemicellulose, cellulose and lignin, different temperatures may be applied for a 

step-wise degradation into valuable chemicals. Staged degasification experiments were 

conducted with various biomass types (deciduous, coniferous and herbaceous), using 

moving bed (auger reactor) and bubbling fluidised bed reactor technologies. Product yields 

and selectivities proved to be limited and it was decided to abandon the staged pyrolysis 

concept and continue with an alternative staged thermochemical processing approach that 

is described in chapter 2. 

 

While the two staged approaches of Chapter 2 and 3 predominantly are targeted at the 

carbohydrates in the biomass, Chapters 4 and 5 focus on the thermal cracking of lignin by 

bubbling fluidised bed pyrolysis. Lignin is the only renewable source for aromatic chemicals. 

Lignocellulosic biorefineries for bio-ethanol produce lignin as major by-product and the 

pyrolysis of side-streams into valuable chemicals is of prime importance for a profitable 

biorefinery. To determine the added-value of lignin side-streams other than their use as fuel 

for power, application research including techno-economic analysis is required. The pyrolytic 

valorisation of lignin into phenols and biochar was investigated and proven possible. 

 

Finally, Chapter 6 integrates the described thermal conversion technologies in a general 

scheme that provides a roadmap of thermal fractionation and transformation possibilities for 

lignocellulosic biomass that eventually may find a place in a thermochemical biorefinery. 

Based on a common set of general assumptions, the economic margin of four selected 

pyrolysis-based biorefinery concepts is estimated and compared with the economic margin 

of a 2nd generation biorefinery for bio-ethanol. 
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1.5 Conclusions  

 Global problems that are associated with the use of fossil fuels are strong incentives for 

a transition to renewable energy and materials. While sun, wind, water, geothermal 

resources and biomass are renewable sources for energy, biomass is the only renewable 

source for chemicals, (transportation) fuels and materials. 

 The key-issue for a successful valorisation of lignocellulosic biomass to chemicals is an 

efficient fractionation into the main fractions hemicellulose, cellulose and lignin.  

 Since the three major biomass polymers hemicellulose, cellulose and lignin possess 

dissimilar thermal stabilities and reactivities, type and amount of degradation products 

are tunable by proper selection of the pyrolysis conditions.  

 Among the valuable chemicals that can be derived from the carbohydrate fraction of 

biomass, acetic acid, furfural and levoglucosan are interesting candidates that can be 

produced directly by thermochemical conversion. Lignin is an interesting feedstock for 

production of phenolics and derived chemicals. 

 Staged degasification as a step-wise pyrolysis approach to produce chemicals from 

lignocellulosic biomass, generally leads to very complex mixtures of degradation 

products in limited yields only (typically below 1 wt% for furfural and levoglucosan) 

which makes an economic separation and purification of these chemicals difficult.   

 When compared to pyrolysis-based staged degasification, hybrid staged degasification 

as a combination of hot pressurised water treatment and subsequently pyrolysis shows 

substantial improvements in the yields of desired chemicals from the carbohydrate 

fraction in the biomass such as furfural and levoglucosan (typically above 5 wt%).  

 Lignin is the major aromatic biopolymer and a valuable renewable source for aromatics 

that can replace aromatic petrochemicals in a variety of products. With pyrolysis, lignin 

can be converted into gas, biochar and a phenolic bio-oil that can be further upgraded, 

e.g. by hydrotreating. 

 An efficient (thermal) fractionation of biomass into a specific combination of its main 

constituents is a key-issue in a biorefinery. Pyrolysis is expected to play an important 

role in future biorefineries, either as a central unit or as a peripheral unit to valorise 

biorefinery side-streams for enhanced economic viability. 
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Abstract 
The need for green renewable sources is adamant because of the adverse effects of the 

increasing use of fossil fuels on our society. Biomass has been considered as a very 

attractive candidate for green energy carriers, chemicals and materials. The development of 

cheap and efficient fractionation technology to separate biomass into its main constituents 

is highly desirable. It enables treatment of each constituent separately, using dedicated 

conversion technologies to get specific target chemicals. The synergistic combination of 

aquathermolysis (hot pressurised water treatment) and pyrolysis (thermal degradation in 

the absence of oxygen) is a promising thermolysis option, integrating fractionation of 

biomass with production of valuable chemicals. Experiments with beech, poplar, spruce and 

straw indicate the potential of this hybrid concept to valorise lignocellulosic biomass. Up to 8 

wt% of furfural, 3 wt% of hydroxymethylfurfural and 11 wt% of levoglucosan have been 

obtained via batch aquathermolysis in an autoclave and subsequent pyrolysis using bubbling 

fluidised bed reactor technology. To elucidate relations between the chemical changes 

occurring in the biomass during the integrated process and type and amount of the 

chemical products formed, a 13C-solid state NMR study has been conducted. Main 

conclusions are that aquathermolysis results in hemicellulose degradation to lower 

molecular weight components. Lignin ether bonds are broken, but apart from that, lignin is 

hardly affected by the aquathermolysis. Cellulose is also retained, although it seems to 

become more crystalline, probably due to a higher ordering of amorphous cellulose when 

the samples are cooled down after aquathermolysis. These NMR results are in agreement 

with thermogravimetric analyses results. 

 

Keywords 
Biomass, Lignocellulose, Beech, Poplar, Spruce, Wheat Straw, Aquathermolysis, Pyrolysis, 

Value-Added Chemicals, TGA, GC/MS, NMR 
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2.1 Introduction 

2.1.1 Biomass fractionation 

The adverse effects of the increasing use of fossil fuels on our society demands the use of 

renewable sources. Biomass can be converted to energy, fuels and chemicals by a variety of 

processes, but no individual process is without drawbacks [1]. The complexity and 

heterogeneity of biomass present a major obstacle to chemical utilisation. The main 

constituents hemicellulose, cellulose and lignin are strongly interconnected by a variety of 

physico-chemical bonds that makes it difficult to separate them as individual constituents in 

high yields. Efficient and cost-effective fractionation technology opens up the possibility to 

treat each constituent separately, using dedicated conversion technologies to get specific 

target chemicals. A biorefinery in which the fractionation is combined / integrated with 

subsequent processing steps, offers the best solution for a cost-effective and 

environmentally sound valorisation of biomass. Thermolysis is heat treatment to convert the 

biomass into chemicals according to differences in thermochemical stability between the 

main biomass constituents. However, a careful selection of process conditions is necessary 

to ensure a selective degradation of the chosen biomass constituent. At the same time a 

premature degradation of the other fractions should be prevented. The fact that the 

individual biomass constituents react differently at specific temperatures to yield different 

spectra of products can be exploited to extract value-added chemicals from biomass [2,3]. 

Degasification of biomass during a discontinuous step-wise temperature rise in auger and 

fluidised bed reactors has been studied to explore the production of chemicals. Because of 

limited product yields, it was concluded that alternative approaches are needed to obtain 

higher yields, e.g. by application of specific biomass pre-treatment procedures [4].  

2.1.2 Biomass pre-treatment with hot pressurised water 

Hemicellulose can be quantitatively removed from biomass by treatment with hot 

pressurised water [5 – 11]. The treatment results in water soluble oligomeric and 

monomeric sugars and their degradation products such as furfural and hydroxymethyl 

furfural, both of which are valuable chemicals [12,13]. The formation of these products is 

catalysed by acetic acid, originating from the acetyl groups of hemicellulose. Water soluble 

components like alkali metal ions are leached out from the solid biomass. Without the 

catalytic cracking activity of the alkali metals, cellulose can be depolymerised to 

levoglucosan in good yields [14,15]. Levoglucosan is a promising chemical building block for 

a variety of products [16].  Cellulose and lignin are relatively unaffected by the hot water 

treatment, although lignin can be solubilised as well, especially when the reaction products 

are continuously removed from the solid biomass [17]. The amount of dissolved lignin 

depends on temperature and reaction time. Longer reaction times and/or higher 

temperatures render the lignin insoluble due to recondensation reactions [6,18]. The 

recondensed structures could be thermally more stable than the parent material and less 

prone to thermal degradation under conditions where cellulose does degrade. This implies 

that in a subsequent pyrolysis step a more selective depolymerisation of cellulose is 

possible, resulting in enhanced yields of levoglucosan and less lignin-derived degradation 

fragments when compared to direct pyrolysis of the original feedstock. 
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2.1.3 Hybrid staged degasification, the aquathermolysis – pyrolysis concept 

The scope of the research described in this article is a study on a hybrid thermolysis concept 

for the production of furfural and levoglucosan from biomass. These chemicals were 

identified as promising value-added chemicals that can be produced from the carbohydrate 

fraction of biomass by direct thermochemical conversion [19]. The hybrid concept is 

presented in figure 2.1 and involves a synergistic combination of hot pressurised water 

treatment (aquathermolysis) and (fast) pyrolysis in which the fractionation of the 

lignocellulosic biomass is integrated with the production of valuable chemicals. 

Aquathermolysis focuses on the production of furfural from the hemicellulose while a 

subsequent pyrolysis of the lignocellulose residue is meant to selectively convert cellulose 

into levoglucosan.  
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Figure 2.1 – Hybrid thermolysis concept for the production of chemicals from biomass. 
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2.2 Materials and methods 

2.2.1 Feedstocks 

Commercially available beech wood was obtained from Rettenmaier, Germany 

(Räuchergold, particles of 0.75 – 2 mm). The poplar wood was provided as 4 x 4 cm chips 

from freshly debarked and chipped trunks by the Dutch pulp- and paper mill of Mayr-

Melnhof in Eerbeek, the Netherlands. Spruce was purchased as dry (moisture content 

approx. 4 wt%) sawdust (0.5 – 2 mm)  from Bemap Houtmeel in Bemmel, the Netherlands. 

Finally, the wheat straw was provided by Abengoa Bioenergy New Technologies (ABNT), 

Spain. The solid residues from the aquathermolysis treatment served as feedstock for the 

subsequent pyrolysis trials. 

2.2.2 Chemical characterisation 

Feedstock analysis 

All solid feedstocks have been chemically characterised by proximate (moisture, volatile 

fraction, ash), ultimate (C, H, N, O, HHV), elemental (metals) and biochemical analysis 

using standard chemical analysis methods. Moisture, volatiles and ash content were 

determined with an oven, using an ISO-17025 certified protocol. The ultimate analysis was 

conducted using an Interscience Carlo Erba element analyser for C, H, N and O and a bomb-

calorimeter for the higher heating value. These measurements were performed under ISO-

17025 too. Inductively coupled plasma (ICP) equipment from Spectro and an atomic 

emission spectrometer (AES) from Vista were used to determine elements other than C, H, 

N and O in the biomass.  

 

The milled samples were extracted using soxhlet-extraction with ethanol / toluene 2:1, 96% 

(v/v) ethanol and hot water at boiling temperature for one hour. The extracted samples 

were dried at 60°C for 16 hours. The total weight loss after the extractions is attributed to 

the extractives content in the biomass. The content of neutral sugars and lignin in the solid 

feedstocks was analysed according to modified TAPPI methods [20 - 23]. For beech, 

indicative values for its biochemical content have been taken from the literature [24].  

Product analysis 

Liquid and gaseous products from the aquathermolysis and the pyrolysis experiments have 

been analysed using standard chemical analysis methods. Most organics were measured 

with gas chromatography, mass spectrometric and flame ionisation detection (GC/MS – 

GC/FID), using the internal standard method in combination with calibration standards. ABB 

NDIR spectrometers (Advance Optima, CALDOS – MAGNOS) were used for on-line 

monitoring of the non-condensable gases CO, CO2, CH4 during the pyrolysis experiments. 

Karl-Fischer titration was applied to analyse the water content in the liquid organic samples 

from the pyrolysis experiments. Monomeric glucose and xylose in the aqueous samples from 

the aquathermolysis were determined after sulphuric acid hydrolysis with a HPLC Agilent 

1100 system with refractive index detection and a MetaCarb 87P (300 x 7.8 mm) column at 

80°C.  
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The GC/MS – GC/FID method is developed for the analysis of isopropanol (IPA) dissolved 

polar compounds from the thermal conversion of biomass via split injection (split ratio 1:25, 

injector temperature 275°C) on a WAX gaschromatographic separation column (40°C  

245°C, ramp 10°C/min, He carrier gas flow 1 ml/min). The equipment consists of a TRACE 

GC ULTRA / DSQII gas chromatograph with Xcalibur data processing software. The WAX 

column is a Zebron ZB-WAXplus or a ZB-WAX with a length of 30 m and an internal 

diameter of 0.25 mm. The film thickness of the stationary phase is 0.25 µm. Upstream the 

WAX column a Hydroguard precolumn (internal diameter 0.53 mm) is used.  

 

The concentration range of the calibration curve is typically 5 – 250 µg/ml. Carrier gas is 

Helium. IPA dissolved samples are analyzed according to the internal standard method. The 

internal standard is a mix of deuterated ethylbenzene, deuterated phenol and deuterated 

resorcinol (~1000 - 2000 µg/ml) in IPA. 50 µl of this standard is added to the vials with the 

calibration standards and to the vial with the analysis sample. 

 

The calibration standard is an IPA solution with a collection of 56 compounds that are 

regularly encountered in biomass-derived samples (volatile compounds, various ketones 

and aldehydes, various phenols, other aromatics (PAH) and organic acids). Table 2.1 

presents a detailed list of the compounds. Via the analysis of a range of calibration standard 

solutions in IPA, a calibration curve is prepared that is used to determine the amounts of 

the identifiable compounds in the biomass-derived sample from the thermal conversion 

experiment.  

 

The GC/MS method is only suitable to determine amounts of individual known compounds. 

Peaks, originating from unknown species cannot be determined accurately by MS detection 

because their response factors can deviate too much for a reliable analysis. To enable an 

estimation of the amount of unknown compounds, samples are analyzed by GC/FID as well. 

The GC/FID-method is identical to the GC/MS method to ensure as much as possible 

identical peak retention times. First, the GC/MS standard solution is used to establish the 

retention times of the identifiable species. Then, the cumulative peak area of all known 

compounds is calculated. Finally, the amount of unknown species is calculated according to: 
 

Amount unknownstotal = (100-% knownstotal) x (amount knownstotal) / (% knownstotal) 
 

The GC methods are not suitable to determine oligomeric pyrolysis products because their 

vapour pressure is too low for gaschromatographic separation. To get an estimation of the 

yield of pyrolytic oligomerics, a fixed amount of the IPA sample is evaporated at room 

temperature till constant weight. The resulting residue contains the oligomeric species and 

(a part of) the (lesser-volatile) monomeric compounds that were analysed by GC/MS – 

GC/FID in the original IPA sample. To estimate the amount of monomeric compounds, the 

residue can be dissolved again in IPA and subsequently analysed by GC/MS – GC/FID. The 

difference between the total weight of the residue (in g per g of IPA) and the weight of the 

analysed monomeric compounds in the redissolved sample is taken as an estimate for the 

yield of oligomerics.  
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Table 2.1 – Individual compounds for GC/MS – GC/FID calibration standards. 
 

Nr Compound CAS – nr 

1 Acetaldehyde 75-07-0 

2 Methylformate 107-31-3 

3 Propanal 123-38-6 

4 Furan 110-00-9 

5 Acetone 67-64-1 

6 Isobutyralde 78-84-2 

7 Methylacetate 79-20-9 

8 Methanol 67-56-1 

9 Hydroxyacetone (Acetol) 116-09-6 

10 1-Hydroxy-2-butanon 5077-67-8 

11 alpha-Angelica lactone 591-12-8 

12 2-Furaldehyde (Furfural) 98-01-1 

13 5-Methyl-2-furaldehyde (5-Methyl furfural) 620-02-0 

14 Furan-2-methanol (Furfuryl alcohol) 98-00-0 

15 2(5H)-Furanone 497-23-4 

16 Hydroxyacetaldehyde 141-46-8 

17 2-Methoxyphenol (Guaiacol) 90-05-1 

18 4-Methylguaiacol 93-51-6 

19 Phenol 87-66-1 

20 Eugenol 97-53-0 

21 26 Dimethoxyphenol (syringol) 91-10-1 

22 Isoeugenol 97-54-1 

23 5-(Hydroxymethyl)-2-furaldehyde (HMF) 67-47-0 

24 Pyrocatechol 120-80-9 

25 Syringaldehyde 134-96-3 

26 Hydroquinone 123-31-9 

27 Levoglucosan 498-07-7 

28 p-cresol 106-44-5 

29 4-hydroxy benzyl alcohol 623-05-2 

30 4-hydroxy benzaldehyde 123-08-0 

31 4-ethyl phenol 123-07-9 

32 4-hydroxy acetophenone 99-93-4 

33 4-propyl phenol 645-56-7 

34 resorcinol (m) 108-46-3 

35 Vanillin 121-33-5 

36 4-ethyl guaiacol 2785-89-9 

37 aceto-vanillone 498-02-2 

38 coniferyl alcohol 458-35-5 

39 2-Methoxyhydroquinone 824-46-4 

40 4-methyl syringol 6638-05-7 

41 aceto syringone 2478-38-8 

42 4-(2-propenyl) syringone 6627-88-9 

43 o-Cresol 95-48-7 

44 m-Cresol 108-39-4 

45 2-Methoxy-4-propyl-phenol 2785-87-7 

46 2-Methoxy-4-vinylphenol 7786-61-0 

47 2,6-Dihydroxy-4-methoxyacetophenone 7507-89-3 

48 3-Methoxypyrocatechol 934-00-9 

49 Coumaran 496-16-2 

50 O-xylene 95-47-6 

51 Naphtalene 91-20-3 

52 Phenanthrene 85-01-8 

53 Pyrene 129-00-0 

54 Formic Acid 64-18-6 

55 Acetic acid 64-19-7 

56 Levulinic acid 123-76-2 
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2.2.3 Thermal characterisation 

The thermal behaviour of the feedstocks and the residues from the aquathermolysis under 

(slow) pyrolysis conditions was investigated by thermogravimetric and differential 

thermogravimetric analyses (TGA/DTGA) with a Mettler Toledo TGA 850, featuring 

automated temperature control, weight monitoring and data acquisition. Results were 

interpreted using the procedure, described by Grønli et al. [25]. From the DTGA curves a 

temperature of 350°C was selected as most appropriate for the bubbling fluidised bed tests. 

Details can be found elsewhere [4]. At 350°C the thermal degradation rate of cellulose is at 

a maximum and larger than the thermal degradation rate of lignin. Therefore, at 350°C 

cellulose will pyrolyse faster than lignin, leading to more cellulose degradation products 

(such as levoglucosan) when compared to the amount of lignin degradation products 

(phenolic compounds) in the same period of time. As a consequence, the resulting bio-oil 

product will be relatively rich in levoglucosan and poor in phenolics. This is beneficial for 

subsequent separation of the levoglucosan.  

2.2.4 Structural characterisation by solid state nuclear magnetic resonance 

The effects of the aquathermolysis and pyrolysis on beech, spruce and poplar were studied 

using cross-polarization, magic-angle-spinning (CP/MAS) NMR methods. For poplar and 

spruce, four different pre-treated samples were measured: dried wood, the product after 

aquathermolysis at 200°C, the product after pyrolysis of the wood at 350°C and the product 

of pyrolysis of the aquathermolysed sample. For beech, the fresh unmodified wood, its 

aquathermolysed residue and the product from pyrolysis of the aquathermolysed residue 

were measured.  The sawdust particles were sufficiently small to be tightly packed in the 

NMR rotor, the other samples were ground before they were measured. All CP/MAS spectra 

were recorded on a Chemagnetics CMX-300 instrument at 75.475 MHz. The probe used was 

a HX, 4 mm MAS probe, the magic angle of which was set by maximizing the number of 

rotational echoes in the free induction decay (FID) signal of 79Br of KBr. The spinning speed 

used was 5000 Hz. A CP contact time of 1.0 ms was used for all measurements. During 

cross-polarisation, magnetization is transferred from proton to carbon, improving resolution 

and signal intensity of carbon spectra. RF field strengths for CP were 75 kHz for 1H and 72 

kHz for 13C. The strength of the 1H decoupling field was 69 kHz. To help clarification of the 

spectra, dipolar dephasing (DD) was used to distinguish between carbons adjacent to 

protons and carbons which are only weakly coupled to adjacent protons, like methyl and 

quaternary carbons. Proton spin-lock measurements were used to distinguish parts of the 

spectrum with high and low molecular order, i.e. amorphous and crystalline fractions in the 

biomass [26]. 

2.2.5 Aquathermolysis 

Aquathermolysis experiments have been conducted in 0.5 litre (internal volume) stainless 

steel reactor vessels of commercially available autoclaves (Büchi) equipped with automated 

stirring, process control and data acquisition. In a series of screening tests with beech wood 

chips at a liquid / solid (wt%) ratio of 5 and an (arbitrarily) reaction time of 30 minutes, the 

yield of furfural was determined as a function of temperature in the range 160°C-230°C. 

Subsequently the effect of the reaction time on the furfural yield was determined in the 

range of 15 - 120 minutes.  
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Further aquathermolysis experiments of the dried and comminuted (1 mm average size) 

fresh biomass samples were conducted at a reaction temperature of 200°C. Samples were 

heated up to the reaction temperature at approximately 6°C/min with pressurised ultra-

pure (double de-mineralised) water at a liquid / solid (wt%) ratio of 5 (beech) and 10 (other 

feedstocks). After 30 min of treatment at 200°C under approximately 16 bar(a) saturated 

steam pressure, they were cooled down to room temperature at approximately 6°C/min and 

depressurised to atmospheric pressure.  

 

The biomass-water mixture was stirred throughout the whole experiment (approx. 100 

rpm). Subsequent vacuum filtration over a Whatman glasfibre micro-filter yielded an 

aqueous filtrate and a wet solid residue. To remove adhering organic and inorganic material, 

the solid residue was washed with excess water where after it was dried under air at 104°C 

overnight. In figure 2.2 the experimental procedure is drawn. 
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Figure 2.2 – Experimental procedure aquathermolysis. 

2.2.6 Bubbling fluidised bed pyrolysis 

Bubbling fluidised bed (BFB) reactor technology offers excellent heat and mass transfer 

characteristics that enable fast heating of the biomass particles, typically at a rate of 

thousands of degrees per minute. This favours depolymerisation reactions of the cellulose in 

the biomass, resulting in high yields of levoglucosan, especially after removal of the innate 

(alkali) metal cracking catalysts [27]. In contrast, slow heating promotes the formation of 

char.  Figure 2.3 presents the bubbling fluidised bed reactor set up. 
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Figure 2.3 - Schematic of the bubbling fluidised bed test rig. 

 

Pyrolysis experiments have been conducted with fresh and aquathermolysed feedstocks at 

350°C in a fully automated 5 kWth atmospheric pressure, 1 kg/hr bubbling fluidised bed test 

facility (figure 2.3) equipped with screw feeding and pyrolysis product sampling 

(condensable and non-condensable gases and aerosols). The superficial gas velocity was set 

at approximately two-three times the minimum fluidization velocity (0.1 m/s at NTP) and 

the residence time of the liberated pyrolysis products in the hot zone (including the heated 

particle filter) is 2 – 4 sec.  

 

A typical fed-batch or semi-continuous pyrolysis experiment commences with the feeding of 

a fixed amount (25 – 100 g) of (dried) feedstock via a feedstock bunker and a conventional 

screw feeding system. Within 5 – 10 seconds the feedstock is fed under 0.5 – 1 ln/min into 

the hot (~350°C) silica-sand bed that is fluidised with preheated Argon, typically 20 ln/min. 

A few minutes before the feeding starts, the sampling procedure is put into operation. Via a 

suction pump typically 20% – 25% of the fluidisation gas is sampled from the reactor 

compartment just above the fluidised bed. Upon entering the reactor bed, the biomass 

starts to react and non-condensable gases (e.g. CO, CO2, CH4), steam, condensable organic 

vapours and aerosols evolve from the pyrolysing biomass particles. According to a CEN 

accredited and approved Technical Specification for the measurement of tar in biomass 

gasification, the volatile pyrolysis products (permanent and condensable gases (including 

water) and aerosols) are determined by sampling 20% - 25% (v/v) of the bulk product gas 

stream from the reactor bed, using isopropanol filled impinger bottles and subsequent off-

line analysis by GC/MS – GC/FID [4,30].  

The protocol involves six IPA-filled (typically 250 g IPA) impingers in series. Aerosols are 

trapped via porous glass frits in the inlet tube of all the impingers except for the first 
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impinger to prevent clogging. The tar measurement method was designed to efficiently trap 

both condensable gases and aerosols. In general its collection efficiency is better than 99%.  

The non-condensable (or permanent) gases are measured on-line by calibrated non-

dispersive (NDIR) spectroscopy and/or calibrated micro-gaschromatography with thermal 

conductivity detection (see Chapter 3). Throughout the experiment the pressure drop over 

the reactor bed and the axial and radial temperature profiles in the reactor bed are 

monitored. 
 
Sampling of the pyrolysis products is stopped after the formation of aerosols and the 

permanent gases CO, CO2 and CH4 ceases. It is assumed that all the biomass has reacted at 

this time under the applied conditions.  

 

Figure 2.4 presents a typical temperature – time and permanent gas evolution – time profile 

for a pyrolysis experiment (in this case with beech wood). In figure 2.4, small temperature 

effects due to the feeding of the biomass and the appearance / disappearance of the gases 

are clearly visible. 
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Figure 2.4 – Temperature – time and gas concentration – time profiles for the pyrolysis of 

30 g of beech wood at 360°C in a bubbling fluidised bed reactor with a reactor bed of 1000 

g of silica sand (0.25 mm). Fluidisation with 20 ln/min preheated Argon. 
 

After the experiment, the reactor is cooled down to remove and weigh the sand / char bed, 

the heated soxhlet filter and the cyclone ash bin (see figure 2.3) in order to estimate the 

amount of char and ash. Mass balances are subsequently calculated according to the 

procedure described below.  
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The yield of measured condensables (organics and (reaction) water, permanent gases and 

char/ash (in weight percentages of the dry feedstock intake) are calculated according to the 

formulas below. 

 

Condensables 
 

Ycondensables =  100 x [g product /g IPA] x [G IPA] x [fluidisation flow  / sampling flow] x [1/(g feedstock]  

 

Ycondensables = yield of condensable products in wt% of the dry feedstock intake 

g product / g IPA = GC analysis result gram product per gram of IPA 

G IPA   = total sample weight in grams 

fluidisation flow = typically 20 ln/min Ar + 0.5 – 1 ln/min N2 

sampling flow  = typically 20 – 25% of the fluidisation flow 

g feedstock  = weight dry feedstock in grams 

 

Permanent gases CO, CO2 and CH4 
 

The total gas yield per component is calculated via a numerical integration of the on-line 

measured gas concentration as function of the time – on – stream (see figure 2.4). This is 

the sum of the calculated gas yields per measurement interval, typically 1 min.  

The yield per gas per time-interval is calculated as: 
  

YCO = 100 x [0.01 x CO conc] x [fluidisation flow] x [1/22.4] x [Mr CO] x [1/(g feedstock] 

YCO2 = 100 x [0.01 x CO2 conc] x [fluidisation flow] x [1/22.4] x [Mr CO2] x [1/(g feedstock] 

YCH4 = 100 x [0.01 x CH4 conc] x [fluidisation flow] x [1/22.4] x [Mr CH4] x [1/(g feedstock] 

 

Y(CO,CO2,CH4) = yield of the gases in wt% of the dry feedstock 

conc gas  = gas concentration in vol% 

g feedstock  = weight dry feedstock in grams 

22.4   = molar gas volume at normal conditions (0°C, 1 atm) 

Mr gas   = molecular weight gas component 

fluidisation flow = typically 20 ln/min Ar + 1 ln/min N2 

g feedstock  = weight dry feedstock in grams 

 

Solid char/ash 
 

Ychar/ash = 100 x [(Gbed + Gcyclone char/ash + Gfilter chhar/ash) after exp – Gbed sand)] x [1/(g feedstock] 

 

Gbed after exp   = weight bed after experiment (bed sand + char + ash)  

Gcyclone char/ash after exo  = weight collected ash / char in cyclone char/ash bin 

Gfilter char/ash   = weight collected char/ash in filter 

Gbed sand    = initial weight bed sand (typically 1000 g) 

 

The mass balance is calculated as: 
 

Mass balance (wt%) = Ycondensables (wt%) + Y(CO+CO2+CH4) (wt%)+ Ychar/ash (wt%) 

 



44                                                                                                                                 Chapter 2 

 

2.3 Results and discussion 

2.3.1 Chemical analysis of the feedstocks 

Table 2.2 contains the results of the chemical analysis of the selected feedstocks. 

 

Table 2.2 – Biochemical, proximate, ultimate and ash elements feedstock analysis results. 

Parameter Unit Beech1 Poplar2 Spruce3 Wheat straw4 

Hemicellulose wt%, d.b. 28.3* 18.3 20.5 26.8 

Cellulose wt%, d.b. 41.2* 39.4 38.8 35.8 

Extractives wt%, d.b. 2.3* 3.6 3.2 10.9 

Lignin wt%, d.b. 22.2* 24.8 26.4 21.7 

Ash(550) wt%, d.b. 0.72 1.05 0.17 8.32 

Ash(815) wt%, d.b. 0.48 0.83 ND 7.58 

H2O wt%, a.r. ~ 10 ~ 54 ~ 7 ~ 8 

Volatiles wt%, d.b. 84 84 85 73 

Cl mg/kg, d.b. 19 25 36 5209 

HHV kJ/g, d.b. 18.4 18.8 19.2 17.6 

C wt%, d.b. 46.1 47.4 47.2 43.8 

H wt%, d.b. 5.99 6.06 6.19 5.4 

N wt%, d.b. <0.05 <0.05 <0.05 0.2 

O wt%, d.b. 45.6 45.8 46.4 41.7 

Al mg/kg, d.b. 11.5 3.31 39.8 71.7 

Ba mg/kg, d.b. 14.0 4.66 10.2 55.5 

Ca mg/kg, d.b. 1795 2554 767 1723 

Co mg/kg, d.b. 126 37.3 24.2 2.0 

Fe mg/kg, d.b. 15.6 22.0 35.1 61.8 

K mg/kg, d.b. 1214 1597 346 13629 

Mg mg/kg, d.b. 325 418 113 842 

Mn mg/kg, d.b. 42.4 7.12 158 27.2 

Na mg/kg, d.b. 7.56 233 10.2 36.9 

P mg/kg, d.b. 68 37.7 35 372 

S mg/kg, d.b. 120 154 57.2 570 

Si mg/kg, d.b. 65.5 27.7 95.6 24110 

Sr mg/kg, d.b. 3.83 9.01 3.32 49.3 

Zn mg/kg, d.b. 3.07 21.78 14.5 6.2 

* Values taken from literature [24], d.b. = dry base, ND = not determined, HHV = higher heating value  

1. Beech (Fagus spec.), 2. Mixture of European poplar species (Populus), 3. European spruce (Picea abies),  

4. Spanish wheat straw 
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The main difference is the much higher ash and extractives content in the straw compared 

to the woody biomass samples. Particularly, the amounts of chlorine, sulphur, calcium, 

potassium and silicon are high. This is expected to have a large effect on its thermal 

degradation behaviour under pyrolysis conditions. Especially alkali metals are known to 

catalyze the thermal breakdown of carbohydrates [28,29]. 

2.3.2 Aquathermolysis 

Aquathermolysis experiments with beech, poplar, spruce and straw were conducted at 

200°C reaction temperature and 30 minutes reaction time to study the effect of hot 

compressed water treatment on the removal and conversion of hemicellulose. The 

composition of the aqueous filtrate from the aquathermolysis experiments was analysed by 

GC/MS and HPLC. The fresh dried feedstocks and the dried aquathermolysed residues were 

compared using elemental (ICP), thermogravimetric and 13C solid-state NMR analyses. 

Aquathermolysis of beech, poplar, spruce and straw at 200°C 

The reaction conditions for the aquathermolysis experiments were determined from the 

results of a series of screening tests with beech wood chips in the range of 160°C - 230°C. 

A reaction temperature of 200°C-210°C was found to give the highest yield of furfural. The 

furfural yield at 200°C is an average result from multiple experiments under the same 

conditions. The standard deviation is estimated to be around 15% and it is assumed that for 

the other results the same deviation applies. The results are presented in figure 2.5 that 

serves as a representative example for the other feedstocks. The effect of reaction time 

appeared to be limited in the range of 15 – 60 minutes (not shown). A time of 30 minutes 

was chosen for all further experiments. From figure 2.5 it is obvious that both the yields of 

hydroxymethylfurfural (HMF) and furfural increase strongly above 190°C. Furfural is 

predominantly formed from the hemicellulose C5-sugars. HMF is a degradation product of 

C6-sugars that also occur in the hemicellulose. Above 220°C the HMF yield seems to level 

off, indicating that most of the hemicellulose-derived C6-sugars have been converted before 

the onset of any significant HMF formation from cellulose-derived glucose. Alternatively, an 

equilibrium between HMF degradation and HMF formation might be established. At 

temperatures above 230°C, cellulose progressively degrades in hot pressurised water [8]. 

To achieve a high furfural yield with limited decomposition of cellulose, a reaction 

temperature of 200°C has been chosen for further experiments. Table 2.3 presents the 

results of the experiments with beech, poplar, spruce and straw. For all feedstocks the mass 

balance closes within 5 % (due to minor losses when transferring the contents of the 

autoclave to the filtration set up). 
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Figure 2.5 – Furfural (▲) and hydroxymethylfurfural (∆) yield as function of reaction 

temperature for aquathermolysis of beech (30 minutes reaction time). 

 

As can be seen from table 2.3, the amount of solubilised material is - except for straw - 

somewhat higher (4 to 5 wt%) than the cumulative amount of hemicellulose, extractives 

and ash in the fresh feedstock. When it is assumed that the solubilised fraction mainly 

originates from hemicellulose, extractives and ash minerals, this indicates that (small) parts 

of the cellulose and lignin were solubilised as well. Later biochemical analysis (resuls not 

shown) of the aquathermolysed residue indicate that more than 90 wt% of the 

hemicellulose is dissolved under the conditions used [35]. The higher content of lignin in the 

residue when compared to the lignin content in the feedstock (based on lignin + cellulose) 

and the appearance of (small) amounts of glucose and phenolic compounds in the filtrate 

points in this direction too. For straw, the situation is different; the solubilised fraction is 

less than the sum of hemicellulose, extractives and ash. It is likely that at least part of the –

high-silicon containing- ash remains in the solid residue. From table 2.3 it is obvious that a 

significant amount of the main ash metals calcium, potassium and magnesium is leached 

out during the aquathermolysis. Approximately 75 wt% of the calcium and more than 90 

wt% of the potassium and magnesium dissolves in the hot pressurised water. For beech, 

the amount of calcium in the residue is higher than the amount in the fresh material. The 

reason for this is not clear but might be due to sample inhomogeneity and/or filtrate 

pollution. The solubilised amount of the feedstocks is partially accounted for by the 

measured organics. The amount that cannot be accounted for, is attributed to reaction 

water, gas, leached out ash metals, and unidentified organic matter (extractives, secondary 

reaction products and oligomeric substances). 
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Table 2.3 – Analysis results of the fresh materials and the products from the 

aquathermolysis of beech, poplar, spruce and straw at 200°C, 30 min and a liquid / solid 

ratio (wt%) of 5 (beech) or 10 (other materials). All results are presented as weight 

percentages of the dry feedstock weight. 

 

Fresh and dried solid before treatment Beech Poplar Spruce Straw 

Hemicellulose (wt%, normalised)* 29.9 21.0 23.0 25.9 

Cellulose (wt%, normalised)* 43.5 45.2 43.6 34.6 

Extractives (wt%, normalised)* 2.4 4.1 3.6 10.5 

Lignin (wt%, normalised)* 23.4 28.5 29.6 21.0 

Lignin, based on the sum of lignin and cellulose (wt%) 35 39 40 38 

Ash (550°C) (wt%, normalised)* 0.8 1.2 0.2 8.0 

Hemicellulose + extractives + ash (wt%) 33 26 27 44 

Ca (mg/kg)* 1795 2554 767 1723 

K (mg/kg)* 1214 1597 346 13629 

Mg (mg/kg)* 325 417 113 842 

Dried residue after treatment     

Lignin content solid residue (wt%) 49 42 46 ND 

Ca (mg/kg) 3071 652 165 ND 

K (mg/kg) 104 40 15 ND 

Mg (mg/kg) 33 30 8 ND 

Aqueous filtrate (wt%)     

Solubilised fraction (wt%) 37 31 31 38 

Methanol 0.53 0.30 0.26 0.12 

Formic acid 0.48 0.40 0.23 1.04 

Acetic acid 2.99 1.71 0.85 4.55 

Hydroxyacetaldehyde ND ND ND 0.00 

Hydroxyacetone 0.31 0.14 0.09 0.54 

Other C2-C4 oxygenates 0.12 0.12 0.08 0.14 

Furfural 5.52 3.49 1.92 7.54 

Hydroxymethylfurfural 1.21 0.33 2.95 0.53 

Levoglucosan 0.01 0.01 0.03 0.79 

Xylose 1.80 3.40 2.70 ND 

Glucose 0.90 1.10 2.60 ND 

Phenols 0.09 0.20 0.05 0.74 

Others 2.73 1.87 1.69 2.28 

Total measured organics 16.69 13.06 13.45 18.27 

* Taken from table 2.2; the original biochemical analyses results from table 2.2 were normalised to 100% in order 

to compare them with the biochemical analyses results for the dried residues. 

ND = Not Determined 
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Thermogravimetric analysis of fresh and aquathermolysed feedstocks 

To illustrate the effects of the aquathermolysis on the thermal behaviour of the 

lignocellulosic biomass, the thermal analysis results for fresh beech and spruce as well as 

treated beech and spruce are compared in figure 2.6. From the figure it is clearly visible 

that both for beech and spruce the aquathermolysis results in the loss of the low-

temperature shoulder (200-325°C), a higher weight loss rate around 350°C and in a shift of 

the main peak of the TGA curve at about 350°C towards higher temperatures. The low-

temperature shoulder in the DTG curve for both woods can be attributed to the (thermal 

degradation of) hemicellulose. The maximum of the DTG curve originates from cellulose 

[25]. Weight loss due to the degradation of lignin is observed over a broad temperature 

range (200°C – 500°C) and cannot be distinguished from hemicellulose and/or cellulose 

degradation. Apparently, both beech and spruce have lost a significant part of the 

hemicellulose fraction due to the aquathermolysis process. The shift of the main peak of the 

thermal analysis curves indicates that the aquathermolysed material is thermally more 

stable than the fresh biomass. This effect is most pronounced for spruce. The higher weight 

loss rate of the treated samples might be due to the higher content of cellulose and the 

absence of hemicellulose that normally has a structure-stabilising role in the wood. 
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Figure 2.6 – Comparison of thermal analysis of beech and spruce.        

TGA before aquathermolysis  DTGA before aquathermolysis 

TGA after aquathermolysis   DTGA after aquathermolysis 
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2.3.3 Bubbling fluidised bed pyrolysis 

As the second stage in the hybrid thermolysis concept, bubbling fluidised bed pyrolysis was 

applied to the solid residues from the aquathermolysis to investigate type and yield of the 

main products from the (fast) thermal degradation of the aquathermolysed feedstock at a 

reactor temperature of 350°C. Emphasis was on the combined formation of furfural, 

hydroxymethylfurfural and levoglucosan from the hybrid aquathermolysis – pyrolysis 

process as compared to the formation of these components from a direct pyrolysis of the 

unmodified feedstocks.  

 

Table 2.4 gives a breakdown of the major degradation products from the aquathermolysis, 

the subsequent pyrolysis of the aquathermolysed residue and the direct pyrolysis of beech, 

poplar, spruce and wheat straw. Most mass balances close within 10% - 15%. The 

deviations from 100% are caused by experimental errors and the amount of 

aquathermolysis reaction water that was not determined. Yield results from the pyrolysis 

experiments are calculated from the analysis results of a relatively small part of the total 

product. Due to sample flow variations, the average error is estimated to be around 10 

wt%. In general, table 2.4 shows that the combination of aquathermolysis and pyrolysis 

produces more organics and less char when compared to the direct pyrolysis. The amount 

of liberated permanent gases from the aquathermolysis – pyrolysis combination is probably 

also lower when compared to the amount of gas from the direct pyrolysis. This was deduced 

from the observation of the small residual overpressure (1 – 3 bars) after the 

aquathermolysis experiments.  
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Table 2.4 – Breakdown of the product composition from aquathermolysis and pyrolysis experiments 
Beech   Poplar   Spruce   Straw   Thermolysis 

products1  A 2 P 3 A+P DP 4 A P A+P DP A P A+P DP A P A+P DP 

Permanent gases ND 4.5 ND 16.7 ND 9.1 ND 16.7 ND 4.6 ND 9.3 ND 5.8 ND 14.6 

CO ND 2.5 ND 11.6 ND 5.7 ND 10.1 ND 2.4 ND 4.9 ND 3.8 ND 9.6 

CO2 ND 2.0 ND 5.0 ND 3.0 ND 6.0 ND 2.1 ND 4.3 ND 2.0 ND 5.0 

CH4 ND 0.0 ND 0.1 ND 0.4 ND 0.7 ND 0.1 ND 0.1 ND 0.0 ND 0.0 

Condensables ND 40.6 ND 46.9 ND 62.5 ND 45.8 ND 44.7 ND 54.4 ND 52.7 ND 78.7 

Water ND 18.1 ND 18.4 ND 38.0 ND 17.6 ND 18.2 ND 18.6 ND 14.4 ND 41.4 

Organics 19.1 22.5 41.6 28.5 16.4 24.5 40.9 28.3 16.6 26.5 43.1 35.8 29.3 38.3 67.6 37.3 

Methanol 0.50 0.42 0.92 0.90 0.30 0.39 0.69 0.95 0.30 0.26 0.56 0.55 0.12 0.24 0.36 0.75 

Carboxylic acids 5 3.47 0.79 4.28 5.10 2.1 0.86 2.96 3.34 1.1 0.72 1.82 2.77 5.6 0.75 6.35 4.11 

HAA 6+acetol 0.31 1.30 1.61 3.16 0.1 2.03 2.13 3.20 0.1 2.25 2.35 5.67 0.5 5.74 6.24 6.81 

Furfural 5.52 0.25 5.77 0.31 3.49 0.28 3.77 0.17 1.92 0.28 2.2 0.22 7.54 0.25 7.79 0.33 

HMF 7 1.21 0.65 1.86 0.16 0.33 0.62 0.95 0.00 2.95 0.63 3.58 0.31 0.53 0.71 1.24 0.05 

Levoglucosan 0.01 9.73 9.74 1.07 0.01 9.49 9.5 0.36 0.03 10.5 10.5 2.68 0.79 7.53 8.32 0.00 

Phenols 8 0.09 0.75 0.84 1.09 0.20 0.98 1.18 1.77 0.05 0.92 0.97 1.21 0.74 0.45 1.19 0.62 

Others 9 7.99 8.61 16.6 16.7 9.87 9.85 19.7 18.5 10.2 10.9 21.1 22.4 13.5 22.6 36.1 24.6 

Solid residue 63 17.6 17.6 22.3 69 5.98 5.98 25.3 69 18.0 18.0 26.4 62 5.2 5.2 21.7 

Mass balance ND 100 82 86 ND 113 94 88 ND 97 84 90 ND 103 93 115 

ND = Not Determined 

1. All yields are in wt% and based on the dry input weight of the fresh, unmodified feedstocks  

2. A = Aquathermolysis 

3. P = Pyrolysis of the aquathermolysed residue 

4. DP = Direct Pyrolysis of the fresh, dried feedstock 

5. Carboxylic acids = sum of acetic acid and formic acid 

6. HAA = HydroxyAcetAldehyde 

7. HMF = HydroxyMethylFurfural 

8. Phenols = sum of Methoxyphenol, 4-Methylguaiacol, Phenol, 4-Ethylguaiacol, P-cresol, Eugenol, 4-Ethylphenol, 4-Propylphenol,  

2,6-Dimethoxyphenol, Isoeugenol, 4-Methylsyringol, 2,6-dimethoxy-4-(2-propenyl)-phenol, Vanilline,Aceto-vanillone,Pyrocatechol,  

Syringaldehyde, 4-hydroxybenzaldehyde, 2-Methoxyhydroquinone, 4-Hydroxybenzylalcohol, Acetosyringone,  

4-Hydroxy_acetophenone, Hydroquinone, Resorcinol and Coniferylalcohol 

9. Others = several organic substances including glucose, xylose (see table 1a) and extractives (table 2).  

The latter are not measured but are expected  to dissolve completely during the aquathermolysis 
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Figure 2.7 presents the yields of the main thermal degradation products from the direct 

pyrolysis at 350°C and the two-stage aquathermolysis (200°C) - pyrolysis (350°C) 

experiments with the beech, poplar, spruce and straw feedstocks. The presented yields 

present 35% - 60% of all detected components. 
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Figure 2.7 – Product yields (wt% d.b.) from the pyrolysis and combined aquathermolysis–

pyrolysis of beech, poplar, spruce and straw. P=Pyrolysis, A= Aquathermolysis. 

 

The figure shows that the combination aquathermolysis (A) – pyrolysis (P) generates higher 

yields for the target chemicals furfural, hydroxymethylfurfural (HMF) and levoglucosan than 

via direct pyrolysis (P). Yields of 7-11 wt% have been determined for levoglucosan, 

relatively independent of the feedstock. The lower yield of levoglucosan from straw might be 

attributed to its higher content of alkali ash metals. Furfural is another target chemical that 

has been obtained in significant yields (up to 8 wt% from straw). Differences between the 

furfural yields from the different feedstocks are probably correlated with the hemicellulose 

C5 - sugar content that is highest for straw and beech and lowest for spruce. 

Aquathermolysis of spruce yields a significant amount of HMF (3 wt%) that probably 

originates from the dehydration of the hemicellulose C6 – sugars mannose, galactose and 

glucose. Phenols are undesired products in the final product mixture because of anticipated 

difficulties with separating them from target species like furfural. Their yields are generally 

low, in between 1%-2%. Except for straw, the yield of phenols from aquathermolysis – 

pyrolysis seems to be smaller than the yield of phenols from the direct pyrolysis. An 

explanation might be the formation of recondensed lignin-like structures during the 

aquathermolysis. It is likely that this material is thermally more stable than the native 

lignin. This has also been found in NMR investigations described in the next section. A high 

yield of the desired chemicals in the product mixtures from the aquathermolysis and the 

pyrolysis stages is important to facilitate their efficient separation.  
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Figure 2.8 presents the yields of the major products / product groups from the 

aquathermolysis and the subsequent pyrolysis of beech, poplar, spruce and straw. In 

addition, a comparison with the product yields from a direct pyrolysis of the unmodified, 

dried material is made.  

 

From figure 2.8 it is obvious that in all cases the staged approach of a hot pressurised water 

treatment followed by a bubbling fluidised bed pyrolysis results in higher yields for the 

selected chemicals when compared to direct pyrolysis. For straw it is remarkable that both 

its direct pyrolysis and the pyrolysis of the residue from the aquathermolysis generates high 

amounts of hydroxyacetaldehyde and acetol. This can be ascribed to the relatively high 

content of alkalies, especially potassium, in the feedstock (see table 2.2 for the content in 

fresh straw). It is known that these metals catalyse secondary degradation of the primary 

pyrolysis products from the carbohydrates [31]. Apparently, the aquathermolysis treatment 

of straw does not leach out as much of the alkalies when compared to the other feedstocks. 

Another interesting observation is the fact that – for all the tested feedstocks - 

hydroxyacetaldehyde and acetol are virtually absent in the product mixture from the 

aquathermolysis. In the hot liquid water environment the dissolution of the metal ions from 

the biomass probably prevails above their catalytic cracking effect. This might implicate that 

in a ‘dry’ pyrolysis of alkali-metal containing biomass, the secondary catalytic cracking takes 

place in and/or on the surface of the pyrolysing biomass because of mass transfer 

limitations of the devolatilising carbohydrate fragments. The alkali metals do not volatilise 

from the biomass under the relatively mild temperature conditions.  

 

The hybrid aquathermolysis – pyrolysis concept results in higher selectivities for furfural and 

levoglucosan when compared to the direct pyrolysis approach as is illustrated in table 2.5 

for the four feedstocks. Selectivity is defined as the weight percentage of the chemical in 

the detected organic product mixture. 

 

Table 2.5 – Selectivities (wt% of the target chemical in the detected product mixture) for 

the production of furfural and levoglucosan via aquathermolysis – pyrolysis of biomass 

compared to the product selectivities in a direct pyrolysis approach 

 

 
Furfural  

(wt% in product mixture) 

Levoglucosan 

(wt% in product mixture) 

 
Aqua- 

thermolysis 

Subsequent 

pyrolysis 

Direct 

pyrolysis 

Aqua- 

thermolysis 

Subsequent 

pyrolysis 

Direct 

pyrolysis 

Beech 29 1 1 0 43 4 

Poplar 21 1 1 0 39 1 

Spruce 12 1 1 0 39 7 

Straw 26 1 1 3 20 0 
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Figure 2.8 – Product yields from the aquathermolysis (A) – pyrolysis (P) concept compared with direct pyrolysis (DP).  

(P(A) = pyrolysis of the aquathermolysed residue, M = methanol, Ac = acetic acid + formic acid, HA = hydroxyacetaldehyde + acetol,  

F = furfural, HMF = hydroxymethylfurfural, LG = levoglucosan, PH = sum of phenolic compounds (see table 2.3). 
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2.3.4 13C CP/MAS NMR structural characterisation 

Introduction 

The effects of the aquathermolysis and pyrolysis on the (chemical) structure of beech, 

spruce and poplar were studied using 13C, cross-polarization, magic-angle-spinning 

(CP/MAS) NMR methods. With solid-state 13C-NMR heat-induced structural changes in the 

wood samples can be non-destructively investigated on a molecular level by measuring 

(changes in) magnetic characteristics of the carbon-13 isotope (natural abundance approx. 

1%).  For poplar and spruce, four different pre-treated samples were measured: dried wood 

(sawdust, <0.25 mm diameter) (sample 0W), the product after aquathermolysis at 200°C 

(sample 1H), the product after pyrolysis of the wood at 350°C (sample 2P) and the product 

of pyrolysis of the aquathermolysed sample (sample 3HP). Figure 2.9 presents an overview 

of the samples and their treatment. The sawdust particles were sufficiently small to be 

tightly packed in the NMR rotor, the other samples were ground before they were 

measured. 

Unmodified dried wood, 
sample 0W

Aquathermolysed wood, 
sample 1H

Pyrolysed fresh wood, 
sample 2P

Pyrolysed residue from 
aquathermolysis, 

sample 3HP

Aqua-
thermolysis

Pyrolysis

Unmodified dried wood, 
sample 0W

Aquathermolysed wood, 
sample 1H

Pyrolysed fresh wood, 
sample 2P

Pyrolysed residue from 
aquathermolysis, 

sample 3HP

Aqua-
thermolysis

Pyrolysis

 
 

Figure 2.9 – NMR characterised wood samples. 

 

An overview of chemical shifts of cellulose, hemicellulose and lignin groups can be found in 

table 2.6 [24,32,33]. Figure 2.10 shows which carbon in cellulose, hemicellulose and lignin 

are represented by which numbers and Greek letters. 

 
Figure 2.10 – Representation of carbons by numbers. 
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Table 2.6 – Peak assignment in 13C CP/MAS spectra of wood. 

Peak location (ppm) code in spectrum Assignment 

21 H1 hemicellulose acetyl methyl 

56 L1 lignin methoxyl carbon (OCH3) 

62 L2 lignin Cγ 

63 C1 cellulose C-6 (amorphous) 

63-66 H2 hemicellulose C-6 

66 C2 cellulose C-6 (crystalline) 

70-80 H3 hemicellulose C-2/3/5 

72 C3 cellulose C-2/3/5 

75 C4; L3 cellulose C-2/3/5, lignin Cα 

84 C5; L4 cellulose C-4 (amorphous), lignin Cβ 
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Comparison of NMR spectra of all samples for poplar 

In figure 2.11, 13C CP/MAS spectra of all poplar samples are shown.  
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Figure 2.11 - 13C NMR CP/MAS spectra of all poplar samples.  
Sample 0W = unmodified dried wood, sample 1H = aquathermolysed wood,  

sample 2P = pyrolysed fresh wood, sample 3HP = pyrolysed residue from the aquathermolysis. 
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The spectra of unmodified wood (0W) and aquathermolysed wood (1H) are very similar, 

with a higher resolution for 1H. The  21 ppm signal of the CH3-acetyl carbons of 

hemicellulose is not observed in the spectrum of 1H. This means that hemicellulose is either 

absent in sample 1H or present in a deacetylated form. The disappearance of the weak C=O 

signal at  174 ppm also indicates a lower acetylated hemicellulose content.  

 

Because of its amorphous character, hemicellulose gives rise to broad signals that are very 

close to the sharper cellulose signals due to the strong similarities of the cellulose and 

hemicellulose structures. So hemicellulose merely causes a broadening of the cellulose 

signals. The higher resolution of the spectrum of 1H with respect to 0W thus suggests that 

the hemicellulose content is actually lower and that hemicellulose is not just deacetylated.  

 

The peaks of crystalline cellulose are shifted with respect to the peaks of amorphous 

cellulose (e.g.  89-84 ppm,  72-75 ppm and  65-63 ppm). Because the crystalline form is 

more ordered, this form gives rise to narrower peaks. The relative increase in intensity of 

the narrow peaks could be caused by the relative increase of crystalline cellulose compared 

to amorphous cellulose. According to these results, aquathermolysis might increase the 

crystallinity of cellulose. In the spectrum of 1H,  72 ppm and  75 ppm signals are split in 

two.  

 

Another difference between the spectra of 0W and 1H is the lower  153 ppm signal and the 

emergence of a  147 ppm signal in sample 1H when compared to 0W. This indicates the 

cleavage of lignin ether bonds. The  153 ppm signal originates from lignin units 

interconnected via (β-O-4) ether bonds, while the  147 ppm peak is attributed to the same 

carbons in unetherified lignin. From the intensity of the signals in both spectra, it can be 

concluded that aquathermolysis cleaves at least a part of the ether linkages between lignin 

units. The most striking features of the spectrum of sample 2P are the lack of resolution and 

a broad signal between  100 ppm and  160 ppm. This peak indicates the presence of 

lignin-derived aromatics. There is a small shoulder at about  145 ppm, which was assigned 

to furan (a degradation product of (hemi)cellulose) [34], but might also be a signal from 

unetherified lignin.  

 

The disappearance of distinct peaks between  60 ppm and  105 ppm indicates that most 

cellulose has been converted, but some of it is still intact. Comparing the spectra of samples 

2P and 3HP, it is clear that the latter shows more different signals. The cellulose signals at  

70-75 ppm and  105 ppm are stronger in sample 3HP than in sample 2P. This suggests 

that cellulose is stabilized by the hot pressurised water treatment prior to pyrolysis. Also, 

the  145 ppm signal has a higher intensity in sample 3HP than in sample 2P. If this signal 

is caused by unetherified lignin, this means that more lignin has stayed intact during 

pyrolysis, which suggests that lignin is largely stabilized by aquathermolysis treatment. If 

furan gives rise to this signal, it indicates that more of the degraded cellulose formed furan. 

A very small, broad signal appears between  20 ppm and  50 ppm. This indicates the 

presence of aliphatic carbons, which could be fragments of cellulose or lignin. 
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Comparison of NMR spectra of all samples for spruce 
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Figure 2.12 - 13C NMR CP/MAS spectra of all spruce samples.  
Sample 0W = unmodified dried wood, sample 1H = aquathermolysed wood,  

sample 2P = pyrolysed fresh wood, sample 3HP = pyrolysed residue from the aquathermolysis. 

 

CP/MAS spectra of samples of spruce are shown in figure 2.12. The hemicellulose acetyl 

signals at  21 and  174 ppm, present in the spectrum of sample 0W, are absent in the 

spectrum of sample 1H, indicating that aquathermolysis breaks down the acetyl bonds in 

hemicellulose or the hemicellulose itself.  The peaks of crystalline cellulose ( 66 and  89 

ppm) become higher in intensity compared to the amorphous cellulose signals ( 63 and  

84 ppm) when the wood has undergone treatment in hot pressurised water. The  72 and  

75 ppm signals are weakly split in two.  

 

The signal of unetherified lignin at  147 ppm is more prominent in the spectrum of sample 

1H than it is in sample 0W. The spectrum of sample 3HP contains more different signals 

than that of sample 2P. All signals present originate from lignin. The broad signal at   100-

160 ppm in both spectra is caused by aromatic carbons in lignin. The peak at  56 ppm is 

caused by lignin methoxy carbons, the peak at  145 ppm by unetherified lignin or furan. 

Results for beech wood 

A NMR study with fresh beech wood, aquathermolysed beech and its pyrolysed residue give 

similar results as found previously for poplar and spruce. After aquathermolysis at 200°C 

most hemicellulose is dissolved, while cellulose and lignin are largely retained, despite the 

fact that a large portion of the -O-4 linkages in the lignin was hydrolysed. The NMR results 

for the pyrolysed material show that cellulose and the remaining hemicellulose had been 

completely converted, whereas part of the lignin appeared to be intact. 

ppm
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2.4 Concluding remarks 

Experimental studies with beech, poplar and spruce wood and wheat straw have indicated 

the potential of a hybrid thermolysis option to valorise lignocellulosic biomass. 

Aquathermolysis (treatment with hot pressurised water) in an autoclave at 200°C yields 

furfural and/or hydroxymethylfurfural as a major component (typically 5.5 – 7.5 wt% of the 

dry biomass intake), mainly from the hemicellulose fraction of the biomass. In a subsequent 

bubbling fluidised bed pyrolysis of the aquathermolysed residue at 350°C, the cellulose 

fraction is depolymerised to levoglucosan, a promising chemical building block for a variety 

of products. Up to 8 wt% (d.b.) of furfural (from straw), 3 wt% (d.b.) of 

hydroxymethylfurfural (from spruce) and 11 wt% (d.b.) of levoglucosan (from spruce) were 

obtained in the hybrid thermolysis concept that demonstrates its potential as a selective 

route to achieve good yields of a limited number of chemicals. To investigate the relations 

between the chemical changes in the biomass during the course of the hybrid process and 

the chemical products that are formed, a 13C-solid state NMR studies was conducted. It was 

shown that aquathermolysis of beech, poplar and spruce wood causes hemicellulose to 

degrade and disappear from the wood samples. Although lignin ether bonds are broken, the 

lignin structure appears hardly affected by the pressurised hot water treatment. Cellulose is 

also retained and seems to become more crystalline, probably due to ordering of 

amorphous cellulose as the samples are cooled down after the treatment with hot 

pressurised water. This NMR results are in agreement with results from thermogravimetric 

analyses. 
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Abstract 
Pyrolysis of lignocellulosic biomass leads to an array of useful solid, liquid and gaseous 

products. Staged degasification is a pyrolysis-based conversion route to generate value-

added chemicals from biomass. Because of different thermal stabilities of the main biomass 

constituents hemicellulose, cellulose and lignin, different temperatures may be applied for a 

step-wise degradation into valuable chemicals. Staged degasification experiments were 

conducted with deciduous (beech, poplar), coniferous (spruce) and herbaceous (straw) 

biomass. Thermogravimetry was used to estimate appropriate temperatures for a two-stage 

degradation process that was subsequently evaluated on bench-scale by moving bed and 

bubbling fluidised bed pyrolysis experiments. Degasification in two consecutive stages at 

250°C-300°C and 350°C-400°C leads to mixtures of degradation products that originate 

from the whole biomass. The mixtures that were generated at 250°C-300°C, predominantly 

contain hemicellulose degradation products, while the composition of the mixtures that were 

obtained at 350°C-400°C, is more representative for cellulose. Lignin derived fragments are 

found in both mixtures. Yields up to 5 wt% of the dry feedstock are obtained for chemicals 

like acetic acid, furfural, acetol and levoglucosan. Certain groups of thermal degradation 

products like C2-C4 oxygenates and phenols are formed in yields up to 3 wt%. In general, 

highest yields have been obtained for beech wood. Staged degasification is a promising 

pyrolysis-based route to valorise lignocellulosic biomass. Clear opportunities exist to 

increase product yields and selectivities by optimisation of reactor conditions, application of 

catalysts and specific biomass pre-treatment’s like demineralisation and pre-hydrolysis. 

 

Keywords 
Staged degasification, Valorisation, Biomass, TGA, Pyrolysis, Value-added chemicals 
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3.1 Introduction 

3.1.1 Pyrolysis of lignocellulosic biomass for the production of valuable chemicals 

Pyrolysis can be defined as the direct thermal decomposition of matter in the absence of 

oxygen. When applied to biomass, an array of useful products can be produced, liquid and 

solid derivatives and fuel gases. Already in the 1950’s more than 200 chemical compounds 

had been identified from the pyrolysis of wood [1]. Before the onset of the petrochemical 

era in the beginning of the 20th century, pyrolysis processes were utilized for the 

commercial production of a wide range of fuels, solvents, chemicals, and other products 

from biomass feedstocks [2-4]. Recently, the global problems that are associated with the 

intensive use of fossil fuels (global warming, depletion of natural resources, security of 

supply of energy and materials) have led to a renewed interest in (modern varieties of) 

these processes.  

3.1.2 The staged degasification concept 

The fact that different biomass constituents react differently at different temperatures to 

yield different spectra of products [5-8] can be exploited to extract value-added chemicals 

from biomass as a renewable route to products that can be regarded as petrochemical 

substitution options [9,10]. The concept of staged degasification is a low-temperature 

thermochemical conversion route to generate value-added chemicals from ligno-cellulosic 

biomass. Figure 3.1 presents a schematic overview of the staged degasification concept and 

its place in a thermochemical biorefinery. 
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Figure 3.1 - Staged degasification concept within the thermochemical biorefinery. 
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The main biomass constituents hemicellulose, cellulose and lignin can be selectively 

devolatilised into value-added chemicals. This thermal  break-down is guided by the order 

of thermochemical stability of the biomass constituents that ranges from hemicellulose (fast 

degassing / decomposition from 200–300°C) as the least stable polymer to the more stable 

cellulose (fast degassing / decomposition from 300–400°C). Lignin exhibits an intermediate 

thermal degradation behaviour (gradual degassing / decomposition from 250–500°C). 

Results obtained for beech wood in principle acknowledge the view that the chemical wood 

components are decomposed in the order of hemicellulose – cellulose – lignin, with a 

restricted decomposition of the lignin at relatively low temperatures. In the further course of 

heating, a re-condensation of the lignin takes place, whereby thermally largely stable 

macromolecules develop [11-13]. Whereas both hemicellulose and cellulose exhibit a 

relatively high devolatilisation rate over a relatively narrow temperature range, thermal 

degradation of lignin is a slow-rate process that commences at a lower temperature when 

compared to cellulose.  

3.1.3 Staged degasification versus fast pyrolysis 

Since the thermal stabilities of the main biomass constituents largely overlap [14] and the 

thermal treatment is not specific, a careful selection of temperatures, heating rates and gas 

and solid residence times is required to make a discrete degasification possible when 

applying a step-wise increase in temperature. To enhance the selectivity towards wanted 

products, catalysts can be applied as impregnants of the biomass, or as an external aid, 

e.g. in the form of the fluidisation material in a fluidised bed reactor or in the form of a 

reactive fluidisation gas (steam, hydrogen, oxygen, CO2). Downstream treatment of the 

primary product vapours in a fixed bed of catalyst is another possibility. Depending on these 

process conditions and parameters like biomass composition, and the presence of 

catalytically active materials, the product mixture is expected to contain more or less 

degradation fragments from hemicellulose, cellulose or lignin.  

 

The staged degasification approach stands in contrast with fast pyrolysis technology 

[15,16], in which the biomass is rapidly (>1000°C/sec) heated up to temperatures around 

500°C, causing – within seconds – a release of a myriad of thermal degradation products 

that are quickly (typically within 1 – 2 sec) quenched to a so-called ‘pyrolysis-oil’. It is 

obvious that the extraction of value-added chemicals from this complex mixture of thermal 

degradation products is a challenge. In their critical review on pyrolysis-oil, Mohan et al. 

[17] presents an extensive overview of pyrolysis-oil and related issues. Whereas fast 

pyrolysis of biomass primarily has been developed to maximise liquid product yield, staged 

degasification aims at the gentle devolatilisation of thermal degradation products from the 

biomass. Hereby it is assumed that type, yield and selectivity of the liberated products can 

be influenced by matching the process conditions of the degasification process with the 

thermal stability of the main biomass constituents. Due to the relatively mild conditions, the 

overall product spectrum might be less complex, more stable and less prone to unwanted 

secondary reactions when compared to the harsher fast pyrolysis process where all three 

biomass components are degraded simultaneously and at the same temperature.  
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3.1.4 Value-added chemicals from the staged degasification of biomass 

Recently, a limited number of value-added chemicals from biomass has been identified in an 

extensive study by NREL / PNNL [18,19]. For the carbohydrate fraction of the biomass 

(hemicellulose and cellulose) furfural [20] and levoglucosan [21] are interesting value-

added chemicals that can possibly be produced by direct thermochemical conversion.  

 

Although several (‘dry’) thermochemical processes for furfural production have been 

explored in the last decades [22,23], modern commercial processes to produce furfural 

involve mostly aqueous-phase hydrolysis / dehydration processes operating at relatively low 

temperatures (around 200°C) and often using catalysts like sulphuric acid. This leaves the 

anhydrosugar levoglucosan (dehydrated glucose) as the most interesting candidate that 

could be directly produced from the carbohydrate fraction of biomass by (staged) 

degasification or pyrolysis. Alternatively, staged degasification could be targeted at the 

production of groups of chemicals that can be upgraded using existing (petro)chemical 

technology like selective hydrogenation [24]. Examples of these groups are carboxylic acids 

(formic, acetic, propionic), furans (furfural, furfuryl alcohol, furanone, 

hydroxymethylfurfural), C2, C3 and C4 oxygenates (hydroxyacetaldehyde, glyoxal, acetol), 

anhydrosugars (predominantly levoglucosan) and hydroxylated aromatics and aromatic 

aldehydes which constitute potential thermochemical degradation products from lignin. It is 

obvious that the separation and subsequent upgrading of these groups of chemicals is 

easier and cheaper than the isolation of a single chemical from the complex mixture of 

thermal degradation products. Whether the staged degasification approach holds a promise 

to selectively produce value-added chemicals from lignocellulosic biomass in good yields, is 

the focus of the experimental ‘Proof of Principle’ study that is described in this chapter.  



Staged Degasification                                                                                                                 65 

 

3.2 Materials and methods 

3.2.1 Biomass feedstock types 

Beech and poplar have been chosen as representative for deciduous woods (hardwoods), 

spruce as an example of a typical coniferous wood (softwood) and wheat straw as a 

representative for a herbaceous type of biomass (grass, agricultural residue). The beech 

wood is commercially available from Rettenmaier, Germany (Räuchergold, particles of 0.75 

– 2 mm and 2 – 16 mm). The poplar wood was kindly provided as 4 x 4 cm chips from 

freshly debarked and chipped trunks by the Dutch pulp- and paper mill of Mayr-Melnhof in 

Eerbeek, the Netherlands. The spruce wood was purchased as dry (moisture content 

approx. 4 wt%) sawdust 0.5 – 2mm  from Bemap Houtmeel in Bemmel, the Netherlands. 

Finally, the wheat straw has been obtained in bales as raw undried material from a local 

farmer in the province of Noord-Holland in the Netherlands.  

3.2.2 Physico-chemical feedstock characterisation 

All feedstocks have been chemically characterised by proximate analysis, (moisture, volatile 

fraction, ash and fixed carbon), ultimate analysis (C, H, N, O, S and HHV (experimentally 

determined higher heating value)) and elemental analysis (chlorine, metals), using standard 

chemical analysis methods. For beech, poplar and spruce, indicative values for the content 

of hemicellulose, cellulose and lignin have been taken from the literature [25]. For straw, 

analysis results of a representative winter wheat straw have been kindly provided by 

Wageningen University Research [26].  

 

The thermal behaviour of the chosen feedstocks under pyrolysis conditions was investigated 

by thermogravimetric analyses (TGA) and differential thermogravimetric analysis (DTG) 

with a Mettler Toledo TGA 850, featuring automated temperature and weight control and 

data acquisition. Samples were milled and sieved to an approximate particle size of 0.1 mm. 

Prior to the analysis, samples were dried overnight in a stove at 105°C under air. The 

sample weight amounted to approx. 15 mg. Samples were heated at 10°C/min for the 

drying step (30 min at 100°C). Subsequently the temperature was linearly increased with 

5°C/min up to the final temperature of 500°C at which temperature the sample was held for 

1 hour. Finally the sample was cooled down to room temperature at 50°C/min. During the 

whole TGA programme, the sample was kept under a nitrogen flow rate of 45 mln/min. 

Results were interpreted using the procedure, described by Grønli et al. [27].  

3.2.3 Pyrolysis experiments 

Pyrolysis experiments were conducted in an auger (screw) reactor and in an bubbling 

fluidised bed reactor. The auger reactor is a 25 kWth electrically heated, tubular reactor in 

which the biomass is transported down the length of the reactor tube at a fixed speed by 

means of a screw at 1 – 10 kg/hr. The installation is equipped with instrumentation for 

measurement and registration of the gas composition (H2, CO, CO2, CH4, CxHy, tar and 

dust). The reactor is operated continuously and features several axial pyrolysis vapour 

sampling points and a manually operated char tap at the far end of the reactor tube. 

Operation and data acquisition is fully automated. Figure 3.2 presents a schematic drawing. 
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Figure 3.2 - Schematic and photograph of the auger reactor. 

 

Table 3.1 contains the main parameters of an experimental programme for two-staged 

degasification tests in the auger reactor. Degasification temperatures are estimated from 

the TGA results that indicate the temperature ranges in which the hemicellulose and the 

cellulose degrade under slow pyrolysis conditions. Prior to the tests, feedstocks were dried 

at 105°C in a stove under air for 12 hours. Biomass feeding and collection of char 

commenced after the reactor was brought to the desired temperature. Upon reaching stable 

temperature and gas concentrations, sampling of the pyrolysis vapours was started from 

the last sampling point at the far end of the reactor at the location of the char collecting pot 

(figure 3.2).  Part of the product gas was sampled using a CEN-certified protocol for 

sampling of biomass gasification tars [28] and the permanent gases CO, CO2, CH4 were 

monitored on-line by near-dispersive infra-red (ND-IR). Ar was measured on-line with a 

micro gas chromatograph, equipped with a thermal conductivity detector.  

 

The collected pyrolysis vapours are representative for the devolatilisation of the feed during 

the residence time and may consist of a mixture of devolatilised products and their reaction 

products from secondary reactions. To prevent these unwanted secondary reactions, Argon 

was used throughout the experiments as a sweep gas to remove the liberated volatiles from 

the pyrolysing biomass as fast as practically possible. The collected char from the first stage 

of a test served as feedstock for the second stage.  

 

Product gas samples were analysed off-line with standard gas chromatography-flame 

ionisation and mass spectrometric detection (GC/FID/MS) for most organic species (GC/FID 

for quantification via internal and external standards, GC/MS for identification), ion-

chromatography (IC) for formic acid and Karl-Fischer for water.  
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This standardised method has been developed for species that are representative for typical 

thermal degradation products from lignocellulosic biomass such as methanol, carboxylic 

acids (acetic acid, formic acid), other C2-C4 oxygenates (acetaldehyde, methylformate, 

methyl acetate, ethyl acetate, propanal, acetone, 2-butenal, hydroxy-acetone (acetol), 1-

hydroxy-2-butanone), furans (alpha-angelica lactone, 5-methyl-2(3H)-furanone, furfural, 5-

methyl-2-furaldehyde, furfuryl alcohol, 2(5H)-furanone, hydroxymethylfurfural), 

levoglucosan, phenols (2-methoxyphenol (guaiacol), 4-methylguaiacol, phenol, eugenol, 3-

ethylphenol, 2,6-dimethoxyphenol, iso-eugenol, pyrocatechol, syringaldehyde, 

hydroquinone), other aromatics (3,4,5 trimethoxytoluene, 1,2,4 trimethoxybenzene). 

Typically, 40 – 60 % of the total gas chromatographic peak area is attributed to unidentified 

components. The weight of these unknown components is estimated by a semi-quantitative 

calibration using the GC/FID-data of the internal standards with the nearest retention time 

on the GC column. 
 

Table 3.1 - Experimental conditions staged degasification tests in the auger reactor. 

 

Feedstock Beech Poplar Spruce Wheat straw 

Shape  

& size 

Chips  

2 – 16 mm 

Chips 

10 mm 

Sawdust  

0.5 – 2 mm 

Milled fibres 

2-20 mm 

Stage Direct 1 2 1 2 1 2 1 2 

Temperature [°C] 350 280 350 280 335 290 345 260 310 

Feedstock feed rate [kg/hr] 3.6 3.6 2.7 2.3 2.6 1.3 1.3 1.0 1.9 

Solids residence time [min] 32 32 32 30 30 30 30 30 30 

Reactor fill [%] 30 30 ND 30 34 13 ND 21 35 

Ar sweep gas flow rate [ln/min] 20 20 20 20 20 10 10 10 10 

Superficial gas residence time* [min] 0.5 0.6 0.7 0.6 0.5 1.2 1.1 1.2 1.1 

* Based on the volume of the empty reactor tube including the screw 

 

Compared to the (slow) pyrolysis in the auger reactor as a slowly moving bed of pure 

biomass with external heating only, a bubbling fluidised bed (BFB) of hot sand offers much 

better heat and mass transfer characteristics. To investigate the effect of this (faster) 

pyrolysis technology on the staged degasification of lignocellulosic biomass, pyrolysis 

experiments have been conducted in a 5 kWth atmospheric pressure, 1 kg/hr bubbling 

fluidised bed test facility (figure 3.3) featuring a fully automated operation and data 

acquisition (pressure, temperature, permanent gases). Beech wood chips (0.75 – 2 mm) 

were used as feedstock. To ensure a uniform residence time of the wood particles in the 

fluidised bed, a fixed amount of 120 grams of wood was fed at once. Table 3.2 presents the 

main characteristics of the staged degasification experiments in the BFB.  

 

It should be noted that the heating rate and the gas residence time are typical for slow / 

intermediate pyrolysis conditions. The main difference with the auger reactor experiments 

are the better heat and mass transfer in the hot sand bed due to an efficient mixing of wood 

particles and hot sand.   
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Table 3.2: Experimental conditions staged degasification in a bubbling fluidised bed reactor. 

 

Stage and temperature [°C] 1, 200 2, 280 3, 350 

Estd. heating rate [°C/min] - 4 (200°C -> 280°C) 4 (200°C -> 350°C) 

Feedstock Beech, as 

received 

Char from stage 1 Char from stage 2 

Shape and size [mm] Chips 0.75 – 2 

mm 

ND ND 

Amount [g] 120 (a.r.) ND ND 

Feeding procedure Screw None, char stayed in 

bed 

Char stayed in  bed 

Feeding time [sec] 6 – 30 - - 

Solid residence time [min] 60 60 30 

Target constituent Moisture 

(drying) 

Hemicellulose Cellulose 

Bed material Silica sand Silica sand Silica sand 

Amount [g] 1000 1000 1000 

Shape and size [mm] Spherical, 0.25 

mm 

Spherical, 0.25 mm Spherical, 0.25 mm 

Fluidisation gas, flow rate [ln/min] Ar, 20 + N2, 0.5 Ar, 20 + N2, 0.5 Ar, 20 + N2, 0.5 

Superficial gas residence time* [sec] 14 12 10 

ND = Not Determined, a.r. = as received (undried, moisture content ~10 wt%) 

* Free reactor volume (reactor + cyclone + hot gas particle filter) approximately 8 litre. 
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Figure 3.3: Schematic of the bubbling fluidised bed test rig 

 

Batch feeding took place with a screw-feeder. In the experiment a single batch of 120 g of 

the (undried) wood particles was fed as quickly as possible, typically within 30 sec, into the 

pre-heated bed (200°C for stage 1). A mixture of pre-heated (at 300°C) 20 ln/min Ar + 0.5 

ln/min N2 was used as fluidisation gas.  
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The first stage at 200°C served as a thermal pre-treatment for accelerated drying and for 

lowering of the degree of polymerisation of the cellulose to facilitate easier depolymerisation 

during the last degasification stage at 350°C [29]. 

 

In between the subsequent stages, the reactor bed was quickly cooled down to 

approximately 200°C to ‘quench’ the thermal degradation where after the temperature was 

(slowly) raised to the temperature of the next stage. For each temperature stage, the non-

condensable and condensable gases and aerosols were sampled downstream of the cyclone 

using the procedure described above.  

 

Sampling was started prior to feeding and continued well after the moment that the 

permanent gases that originated from the decomposing beech wood, ceased to evolve. It is 

assumed that the main production of reaction water and organic condensables takes place 

in parallel with the liberation of CO, CO2 and CH4 .  

 

Figure 3.4 illustrates the temperature and gas evolution as function of time on stream.  
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Figure 3.4 – Temperature – time and gas – time profiles of the bubbling fluidised bed three-

stage slow pyrolysis with intermediate cooling; 200°C280°C200°C350°C;  

20 ln/min Ar + 0.5 ln/min N2; 1000 g silica sand (0.25 mm) + 120 g undried beech wood 

chips (0.75 - 2 mm); axial bed temperatures (2 - 6), permanent gases CO, CO2, CH4. 

 

After the experiment, the reactor was cooled down after which the bed material, consisting 

of sand and char could be removed and weighed. Attrited bed material and char that had 

been trapped in the soxhlet filter upstream of the sampling equipment and in the char 

vessel downstream of the cyclone was collected and weighed as well. Product gas samples 

were analysed off-line as described above. For both the auger reactor as well as for the BFB 

reactor experiments, mass balances are estimated from the measured amounts of 

condensables (organics and (reaction) water), permanent gases and char. Not all 

condensable products were analysed.  
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This applies especially for the high-boiling fraction (e.g. lignin- and carbohydrate derived 

oligomeric substances). It is estimated that the overall uncertainty in the calculated mass 

balance is approximately ± 10 wt%. More details on the experimental pyrolysis procedure 

and mass balance calculations can be found in Chapter 2. 
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3.3 Results and discussion 

3.3.1 Feedstock chemical characterisation 

Table 3.3 contains the results of the chemical analysis of the chosen feedstocks. The main 

difference can be seen in the much higher ash content in the straw when compared to the 

woods. This translates especially into relatively high amounts of chlorine, sulphur, calcium, 

potassium and –most pronounced- silicon. The high amount of ash minerals in the straw will 

have an effect on its thermal degradation behaviour under pyrolysis conditions. Especially 

alkali metals are known to catalyze the thermal breakdown of carbohydrates [30,31]. 
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Table 3.3 - Chemical analysis results feedstocks. 

Parameter Unit Beech1 Poplar2 Spruce3 Wheat straw4 

Hemicellulose %, d.b. 30.2 25.6 31.1 23 

Cellulose %, d.b. 44.5 49.0 40.4 34 

Lignin %, d.b. 22.2 23.1 28.2 20 

Ash(550) %, d.b. 0.72 1.05 0.17 7.46 

Ash(815) %, d.b. 0.48 0.83 ND 7.15 

H2O %, a.r. ~ 10 ~ 54 ~ 7 ~ 8 

Volatiles %, d.b. 83.8 84.0 84.8 77.5 

Fixed carbon %, d.b. 15.4 15.0 15.1 15.0 

Cl mg/kg, d.b. 19 25 36 204 

F mg/kg, d.b. <10 <10 6 <10 

HHV Joule/g, d.b. 18420 18815 19157 16743 

C %, d.b. 46.1 47.4 47.2 42.2 

H %, d.b. 5.99 6.06 6.19 5.51 

N %, d.b. 0.00 0.00 <0.05 0.23 

O %, d.b. 45.6 45.8 46.4 42.0 

Al mg/kg, d.b. 11.5 3.31 39.8 44.7 

As mg/kg, d.b. 2.09 0.20 BDL BDL 

B mg/kg, d.b. 3.14 2.78 1.97 3.08 

Ba mg/kg, d.b. 14.0 4.66 10.2 4.50 

Ca mg/kg, d.b. 1795 2554 767 2935 

Cd mg/kg, d.b. 0.07 0.42 0.28 0.15 

Co mg/kg, d.b. 126 37.3 24.2 36.3 

Cr mg/kg, d.b. 0.27 0.13 0.17 0.69 

Cu mg/kg, d.b. 1.77 1.45 1.58 2.11 

Fe mg/kg, d.b. 15.6 22.0 35.1 44.1 

K mg/kg, d.b. 1214 1597 346 2055 

Li mg/kg, d.b. 0.03 0.07 0.02 0.01 

Mg mg/kg, d.b. 325 418 113 451 

Mn mg/kg, d.b. 42.4 7.12 158 8.94 

Mo mg/kg, d.b. BDL 0.15 BDL 0.84 

Na mg/kg, d.b. 7.56 233 10.2 168 

Ni mg/kg, d.b. 1.22 0.48 0.53 0.60 

P mg/kg, d.b. 68.0 37.7 35.0 350 

Pb mg/kg, d.b. 0.16 0.15 2.92 0.23 

S mg/kg, d.b. 120 154 57.2 492 

Sb mg/kg, d.b. 0.87 0.24 BDL 0.46 

Se mg/kg, d.b. BDL BDL BDL 0.21 

Si mg/kg, d.b. 65.5 27.7 95.6 26915 

Sn mg/kg, d.b. 0.89 0.76 0.30 0.22 

Sr mg/kg, d.b. 3.83 9.01 3.32 17.15 

Ti mg/kg, d.b. 0.98 3.92 2.93 2.07 

V mg/kg, d.b. 0.07 0.01 0.06 0.12 

Zn mg/kg, d.b. 3.07 21.8 14.5 8.11 

 

d.b. = dry base, a.r. = as received, ND = not determined, BDL = below detection limit,  

1. Common beech (Fagus sylvatica), 2. White poplar (Populus alba),  

3. European spruce (Picea abies), 4. Winter wheat straw (Tatarus Sp.) 
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3.3.2 Thermal characterisation by thermogravimetry 

Figure 3.5 presents the TGA results for the selected feedstocks. At a first glance, the TGA 

curves for the four feedstocks look similar. Under the slow pyrolysis conditions of the TGA 

measurements, the bulk of the devolatilisation takes place in-between 200°C and 380°C. At 

the final temperature of 500°C, approximately 20 – 25 wt% of the original dry feedstock is 

left as char and ash.  

 

All weight loss rate (differential thermogravimetry, DTG) curves clearly show three main 

regions. The small peak at low temperature (up to 100°C) indicates the evaporation of 

residual moisture. Subsequently, the bulk of the devolatilisation takes place in two 

sequential steps, depicted by a more or less pronounced shoulder around 300°C and a clear 

maximum around 350°C. In agreement with previous work of Grønli et al. [27] and Yang et 

al. [36, 37], the maximum mainly can be attributed to cellulose degradation, while the 

shoulder is representative for the decomposition of hemicellulose. There is no well-defined 

hemicellulose degradation peak, because the temperature windows in which thermal 

degradation of hemicellulose and cellulose occurs, partially overlap. No clear features of the 

degradation of lignin can be seen, because of its wide range of thermal stability [32].  

 

A closer look at the different DTG curves in figure 3.5 shows that the distinction between 

the shoulder and the main peak is clearest for beech, poplar and straw. For spruce, the 

shoulder is less pronounced and starts at a higher temperature. Also, the devolatilisation 

rate is somewhat smaller when compared to the other biomasses. The general idea is to 

identify suitable low degasification temperatures for hemicellulose and cellulose at which a 

high and selective conversion is possible without degrading too much of the lignin 

constituent. For the decomposition of the cellulose fraction this implies a temperature 

around the maximum in the DTG curve, while for the hemicellulose a temperature has been 

chosen, around the shoulder-temperature but below the estimated temperature of the onset 

of cellulose-decomposition. Results are presented in table 3.4. 

 

Table 3.4 - From DTG selected temperatures (printed in bold) for two-stage degasification.  
 

Hemicellulose degradation  Cellulose degradation  
Feedstock 

Tonset [°C] Tshoulder [°C] Tstage1 [°C] Tonset [°C] Tmax [°C] Tstage2 [°C] 

Beech 240 300 280 310 350 350 

Poplar 230 290 280 285 335 350 

Spruce 253 320 290 300 355 345 

Straw 240 295 260 270 335 310 
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Figure 3.5 - TGA weight loss and weight loss rate for beech, poplar, spruce and straw 
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Figure 3.6 presents the individual thermal degradation behaviour of commercially (Sigma-

Aldrich) purchased hemicellulose (birchwood derived xylan), cellulose and lignin (alkali 

lignin) under typical TGA conditions [36, 37]. The temperatures at which the maximum rate 

of degradation (weight loss) occur are concordant with the results of Grønli et al. [27]. 

  

However, the relatively good separation between the hemicellulose and cellulose DTG peaks 

indicates a larger difference in thermal stabilities between the individual (and separated) 

hemicellulose and cellulose polymers than can be deduced from the curves in figure 3.5 that 

were recorded with whole biomass. Apparently, the thermal stabilities of hemicellulose, 

cellulose and lignin in whole biomass differ from their stabilities in isolated form due to 

various physico-chemical interactions. 

  

 
 

Figure 3.6 – (D)TG results for isolated hemicellulose, cellulose and lignin (taken from [36]). 
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3.3.3 Auger reactor pyrolysis 

The overall results of the two-stage degasification experiments in the auger reactor are 

presented in table 3.5, Figures 3.6 and 3.7. Figure 3.6 presents the normalised results for 

the three main groups of pyrolysis products: permanent gases (CO, CO2 and CH4), 

condensables (water and organics) and char while the distribution of the organic 

condensables fraction is given in figure 3.7. This organic fraction of the condensables is 

subdivided into methanol, carboxylic acids, C2-C4 oxygenates, furans, levoglucosan, phenols 

and others (including unknown but GC-detectable components). From figure 3.6 it is 

obvious that the yields of gas, condensables and char do not differ very much for the 

different feedstocks. Gas yields range from 10 wt% (straw) to 15 wt% (beech), 

condensables are typically 40 – 50 wt% and the residual char (“partially degraded 

biomass”) amounts to approximately 40 – 50 wt%. For all feedstocks, the yield of CO2 is 

approximately twice the yield of CO. Only minor amounts of methane are formed. The 

amount of organic condensables seems to be largest for the hardwoods beech and poplar 

(approx. 30 wt%) and smallest for straw (approx. 17 wt%). The amount of (reaction) water 

is largest for straw (24 wt%) and smallest for beech (12 wt%). Somewhat speculative, 

these results might indicate the effect of the inorganic constituents in the biomass, that are 

most abundant in the straw and catalyse cracking reactions, leading to water and char.  
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Figure 3.6 -  Total normalised cumulative yields of gas, condensables and char from staged 

degasification of beech, poplar, spruce and wheat straw in the auger reactor.   

 

Table 3.5 shows that the yield of the organic condensable fraction is in all cases dominated 

by the amount of “others”, predominantly unknown components. These constitute 55 – 60 

% of the total organic fraction.  
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Carboxylic acids (mainly acetic acid) are the most abundant species in the remaining 40 – 

45 % of identified components.  They constitute 12 – 15 % of the total organic faction (2 – 

3 wt% of the dry feedstock weight). The overall yields of phenols and methanol are highest 

for beech and poplar. This may be ascribed to the lesser thermal stability and the different 

chemical composition (more methoxyl groups) of the deciduous lignin when compared to 

the coniferous lignin of the spruce. It also might indicate that both the phenolic compounds 

and methanol have lignin as their common origin. Possibly due to the lower pyrolysis 

temperatures, the yields for straw are somewhat lower. 

 

In general, the lignin in deciduous woods contains a mixture of predominantly guaiacyl and 

syringyl units, while the lignin from coniferous woods is almost exclusively built up from 

guaiacyl units. This originates from the biogenesis of lignin from the aromatic alcohols 

coumaryl alcohol, coniferyl alcohol and sinapyl alcohol as the main building blocks, yielding 

p-hydroxyphenyl (H), guaiacyl (G) and syringyl (S) units in the final lignin structure. For 

beech (Fagus sylvatica) lignin, the relative content of these three units has been determined 

as G:S:H = 56:40:4 [33]. For spruce (Picea abies) lignin a ratio of G:S:H = 94:1:5 has 

been reported [34]. The differences in lignin composition with respect to the basic building 

blocks is illustrated by the guaiacol / syringol (G/S) ratio for the feedstocks which is 

approximately 0.5 for beech and poplar, 10 for spruce and 1 for straw.  

 

The total amounts of C2-C4 oxygenated degradation products are generally 1 – 2 wt% of the 

dry feedstock with acetol (1-hydroxy-2-propanone) and 1-hydroxy-2-butanone as main 

products. Yields of the predominantly hemicellulose derived furans are generally 1 wt% with 

furfural and furfuryl alcohol as main constituents. The amount of the cellulose derived 

levoglucosan does not exceed 0.5 wt% of the dry feedstock.  

 

Summarising, except for carboxylic acids, the combined yields of potentially valuable 

chemicals and/or groups of chemicals from a two-stage low-temperature degasification 

process in the auger reactor are below 3 wt% of the dry feedstock. As can be seen from 

Table 3.3 and figure 3.6, for beech, this result is comparable or lower than the results from 

a one-step pyrolysis at the highest temperature (i.e. the temperature of stage 2).  

 

From figure 3.7 it can be seen that the two-staged approach leads to a somewhat better 

selectivity for carboxylic acids (mainly acetic acid), that is relatively abundant in the product 

slate from the first stage. The results of the one-step degasification of beech wood at 350°C 

are corroborated by recent work of Branca et al. who conducted a conventional fixed-bed 

pyrolysis with beech wood [35]. This agreement illustrates the fact that the auger facility 

can be regarded as a slowly moving, fixed-bed pyrolysis reactor. Work of Roy et al. [8] 

provides an early example of a staged pyrolysis approach, using a multiple-hearth vacuum 

pyrolysis reactor. Using air-dry wood as feedstock, six pyrolysis oil fractions were collected 

at reactor hearth temperatures of 200, 263, 327, 363, 401 and 448°C, respectively. 

Although yields and selectivities of chemicals are limited, the approach clearly shows the 

potential of temperature-staging to obtain pyrolysis oils that are concentrated with certain 

chemicals.  
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Figure 3.7 - Trend overview of yields of the major known condensable organics  

from staged degasification of beech, poplar, spruce and wheat straw in the auger reactor. Detailed data can be found in table 3.5. 
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Table 3.5 - Staged degasification (results in wt% of the dry feedstock in conventional pyrolysis experiments in the auger reactor. 

Beech    Poplar   Spruce   Straw   
Pyrolysis products  

 
Stage1 

280°C 

Stage2

350°C 

Stage

1 + 2 

Direct

350°C

Stage1

280°C 

Stage 2 

335°C 

Stage

1 + 2 

Stage1

290°C 

Stage2

345°C 

Stage

1 + 2 

Stage1

260°C 

Stage2

310°C 

Stage 

1 + 2 

Total yield permanent 

gases 
5.7 9.5 15.2 11.9 4.8 6.4 11.2 3.2 5.5 8.7 1.8 5.7 7.5 

CO 1.4 3.2 4.6 3.6 1.4 2.4 3.8 0.8 2.4 3.2 0.6 1.9 2.5 

CO2 4.3 6.0 10.3 8.0 3.4 3.8 7.2 2.4 2.9 5.3 1.2 3.8 5.0 

CH4 0.02 0.6 0.6 0.3 0.02 0.1 0.1 0.02 0.2 0.2 0.0 0.03 0.03 

Total yield condensables 4.8 31.6 36.4 40.3 16.6 21.3 37.9 11.2 16.3 27.5 18.1 16.1 34.1 

Water 2.0 10.3 12.3 12.7 9.1 7.5 16.6 5.6 6.7 12.3 11.4 8.4 19.8 

Total yield organic 

condensables 
2.8 21.3 24.1 27.6 7.5 13.8 21.3 5.6 9.6 15.2 6.7 7.7 14.3 

Methanol 0.1 1.7 1.8 1.4 0.3 0.8 1.2 0.3 0.3 0.7 0.3 0.5 0.8 

Carboxylic acids 1.1 1.8 3.0 5.5 2.1 1.1 3.3 1.3 1.1 2.4 1.4 0.8 2.1 

C2-C4 oxygenates 0.1 1.7 1.8 2.0 0.4 0.7 1.1 0.5 1.1 1.5 0.6 0.5 1.1 

Furans 0.1 0.8 0.9 1.1 0.4 0.7 1.1 0.4 0.7 1.1 0.2 0.3 0.5 

Levoglucosan 0.0 0.4 0.4 0.4 0.0 0.2 0.2 0.0 0.3 0.3 0.0 0.0 0.1 

Phenols 0.1 2.0 2.1 1.7 1.1 1.6 2.6 0.2 0.6 0.7 0.2 0.6 0.9 

Others (incl. unknowns) 1.2 13.0 14.2 15.5 3.1 8.7 11.9 2.9 5.7 8.5 4.0 5.0 8.9 

Char 70.7 47.5 47.5 36.3 68.4 30.6 30.6 86.6 36.2 36.2 76.5 42.2 42.2 

Mass balance 81 126* 99 89 90 85* 80 101 67* 72 96 84* 84 

* Based on the yields (not shown) related to the input of the degasified material from stage 1 
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3.3.4 Bubbling fluidised bed pyrolysis 

Table 3.6 presents the results of the three-staged degasification experiment and the direct 

pyrolysis with beech in the bubbling fluidised bed reactor.  

 

Table 3.6 - Staged degasification results in wt% of the dry input of fresh feedstock. 

Pyrolysis products 
Stage 1

200°C 

Stage 2

280°C 

Stage 3

350°C 

Stage 

1 + 2 + 3 

Direct 

350°C 

Total yield permanent gases 0 4.8 7.4 12.2 12.1 

CO 0 0.7 2.5 3.2 3.4 

CO2 0 4.0 4.8 8.8 8.5 

CH4 0 0.1 0.1 0.2 0.2 

Total yield condensables 0.4 21.9 27.3 49.6 53.3 

Water 0 13.1 11.5 24.6 26.8 

Total yield organic 

condensables 0.4 8.8 15.8 25.0 26.5 

Methanol 0.07 0.5 0.6 1.2 1.2 

Carboxylic acids 0.2 3.7 1.9 5.8 6.3 

C2-C4 oxygenates 0.0 0.5 1.6 2.0 2.3 

Furans 0.05 0.4 1.0 1.5 1.6 

Levoglucosan 0.00 0.04 1.0 1.0 1.4 

Phenols 0.01 0.3 0.7 0.9 1.1 

Others (incl. unknowns) 0.06 3.4 9.1 12.6 12.7 

Char ND ND ND 30.6 29.1 

Mass balance ND ND ND 92.4 94.5 

ND = Not Determined 

 

The staged degasification experiment was conducted in the fluidised bed reactor without 

intermediate change-out of the bed and the char. So only the overall mass balance of the 

three stages could be estimated after completing the experiment. The results for the staged 

approach are almost identical to the results for the one-step pyrolysis and amount to 12 

wt% permanent gases (CO2:CO = 2.5:1), 50% liquid (half of which is water) and 30 wt% 

char. Approximately half of the fraction organic condensables is of unknown origin (12.6 

wt% of the dry feedstock). Half of the fraction of identified organics consists of the 

carboxylic acids, mainly acetic acid. The yields of the other organic product groups amount 

to 1 – 2 wt% of the dry feedstock. Main individual species are methanol (1.2 wt%), acetol 

(1.5 wt%) and levoglucosan (1 wt%). Comparing the product yields from the separate 

stages, it can be seen that there is an overall increasing trend with increasing temperature. 

The exemptions are the yields of water and acetic acid that are highest at 280°C. At 200°C 

hardly any organics are liberated. The devolatilisation of the cellulose-derived anhydrosugar 

levoglucosan only starts at 350°C. Roughly one third of the total yield of organic 

condensables originates at 280°C. The bulk of the organic products (two thirds) is formed 

during stage 3 at 350°C. 
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3.3.5 Comparison pyrolysis results auger reactor - bubbling fluidised bed reactor 

The results of the BFB experiments with beech seem similar to the results of the auger 

experiments. However, when looking into more detail, differences show up. Overall, the 

total amount of permanent gases is lower for the BFB approach (12 wt%) when compared 

to the auger reactor (15 wt%). Degasification of beech in the fluidised bed yields 

approximately 50 wt% of liquid against 40 wt% for the auger. Most of the auger reactor 

liquid is formed at 350°C, while degasification in the BFB produces significant amounts of 

liquid at both 280°C and 350°C.  

 

Another large difference is the amount of char. Almost 50 wt% and 40 wt% remain after 

respectively the two-staged and direct degasification in the auger reactor against 30 wt% 

for the staged and direct degasification in the fluidised bed. See figure 3.8.  

 

In figure 3.9 the yields of the organic condensables are compared for both reactor 

approaches. It is clear that degasification of beech in the bubbling fluidised bed at 280°C 

leads to higher yields of all products when compared to degasification in the auger. At 

350°C the yield of levoglucosan from the BFB degasification is more than twice the yield 

from the auger while the amounts of methanol and phenols are approximately three times 

lower. Apparently, the slow pyrolysis in the auger leads to an enhanced degradation of 

lignin at 350°C, probably due to a longer residence time at high temperature and higher 

peak temperatures (up to 380 °) in the reactor. Although the combined yields of potentially 

valuable chemicals and/or groups of chemicals from a two-stage low-temperature 

degasification process in a fluidised bed are in some cases higher than the corresponding 

yields from the auger approach, they are below 3 wt% of the dry feedstock (except for 

carboxylic acids). When compared to a one-step pyrolysis at 350°C, the staged approach in 

the BFB offers a somewhat better selectivity for carboxylic acids at 280°C, as is also the 

case for the auger reactor.  
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Figure 3.8 - Comparison of the overall yields of main products for the staged degasification 

of beech in the auger reactor (“Pyromaat”) versus staged degasification using bubbling 

fluidised bed reactor technology. 
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Figure 3.9 - Comparison of the yields of organic condensables per stage for the staged 

degasification of beech in the auger reactor versus staged degasification using a bubbling 

fluidised bed reactor. 
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3.4 Concluding remarks 

This chapter describes experimental ‘proof of principle’ activities for staged degasification, a 

simple thermochemical conversion option to valorise lignocellulosic biomass by exploiting 

the differences in thermal stability between the main biomass fractions hemicellulose, 

cellulose and lignin. When compared to a single-step pyrolysis at 350°C, the only advantage 

of a consecutive two-step pyrolysis approach at 280°C and 350°C seems to be the fact that 

the selectivity for the production of carboxylic acids (mainly acetic acid) is higher at 280°C 

when compared with the selectivity at 350°C, although the yield is lower.  

 

Due to the overlapping thermal stabilities of the main biomass constituents, degasification 

of the feedstock during a discontinuous step-wise temperature ramp in an auger reactor (a 

single screw moving-bed type of reactor), leads to complex mixtures of degradation 

products, with each staged degasification mixture consisting of small amounts of 

degradation products that originate from all three main biomass constituents. Except for 

acetic acid, yields of individual chemicals are generally below 1 wt% (based on the dry 

feedstock weight). However, certain groups of thermal degradation products like C2-C4 

oxygenates and phenols are formed in higher yields up to 3 wt%. These results are roughly 

similar for the four selected biomass types beech, poplar, spruce and wheat straw. The only 

major difference is the higher yield of methanol and phenols for the deciduous beech and 

poplar woods when compared to the spruce and the straw. Slow pyrolysis of beech in a 

bubbling fluidised bed typically yields more water, less permanent gases and char, less 

methanol and phenols and more levoglucosan when compared to conventional pyrolysis in 

the screw reactor. The main reasons for these differences are the longer solid residence 

time and the large temperature gradients in the screw reactor when compared to the 

fluidised bed.  

 

It should be noted that, depending on the added-value of the product, a limited yield is not 

necessarily a drawback for a cost-effective process, provided that product selectivity is 

sufficient for effective separation and upgrading. However, the limited product yields and 

selectivities that were obtained via staged degasification of lignocellulosic biomass are likely 

insufficient for an economic process. To increase product yields and/or selectivities, more 

R&D efforts are needed, especially towards optimisation of reactor conditions, application of 

catalysts and/or specific biomass pre-treatment’s. Indeed, results of a hybrid degasification 

approach, involving a specific hydrothermal pre-treatment have indicated that significantly 

higher yields of value-added condensables can be achieved. This is addressed in Chapter 2. 
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(transportation) fuels via (catalytic) pyrolysis and hydrodeoxygenation. Environmental 

progress & Sustainable Energy 28(3), 461 – 469 (2009). 

 

Abstract 
To exploit the potential of lignin as a renewable feedstock for fuels, chemicals and 

performance products new conversion technology is needed. Fast fluidised bed pyrolysis of 

different lignins at 400°C yields up to 21 wt% (d.b.) of a phenolic fraction containing 10 

wt% (d.b.) of several phenols. Subsequent catalytic hydrotreating of this phenolic fraction 

with 100 bar of hydrogen in dodecane at 350°C yields mainly cycloalkanes, cyclohexanols 

and alkanes. For the production of monomeric phenols it appears that the used ruthenium 

on carbon is a too active catalyst. However, cyclohexanols may be interesting products, e.g. 

for use as oxygenates in engine fuel. 

 

Keywords 
Lignin, Chemicals, Phenols, Cyclohexanols, Pyrolysis, Hydrotreating, Catalysis 
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4.1 Introduction 

4.1.1 Incentives for the use of lignin 

At present, utilisation of lignin is growing due to an increasing interest in renewable raw 

materials. Large amounts of lignin and lignin containing residues originate from the pulp- 

and paper industry. The expected growth of the production capacity of second generation 

bio-fuels from ligno-cellulosic biomass will lead to still another source of lignin and lignin 

containing residues. Nowadays, only a part of the lignin is used, despite its large potential 

as a significant petrochemical substitution option for fuel, performance products (polymers) 

and individual low molecular weight chemicals. Economic and technological considerations 

still preclude a large-scale mass production of low molecular weight chemicals from lignin in 

competition with petrochemicals. This is inherent to the specific nature of the complex and 

stable lignin polymer, that makes it difficult to convert it into valuable monomeric 

chemicals. Despite its recalcitrant nature, lignin can be broken down to monomeric or low-

molecular weight compounds by a variety of routes, such as alkaline oxidation or hydrolysis, 

alkali fusion, alkaline demethylation, hydrogenolysis and pyrolysis [1].  

4.1.2 Pyrolysis of lignin 

Pyrolysis is a relatively simple thermochemical route to break down lignin into low molecular 

weight compounds in absence of oxygen (air). However, due to the physico-chemical 

characteristics of lignin as a thermoplastic, thermally stable and often powder-like material, 

and due to the non-specific nature of the pyrolysis process itself, industrial lignin pyrolysis 

processes are rare, although in the former USSR, hydrolysis lignins from wood 

saccharification are considered to be valuable material for the production of phenolic 

compounds and activated lignin carbon. Yields of mono-phenols up to 10% of the lignin 

were obtained by pyrolysis of hydrolysis lignin in anthracene oil under reduced pressure and 

temperatures of 440 – 460°C [2, 3].  

 

In literature on the – gas phase - pyrolysis of lignin for the production of chemicals, yields 

of mono-phenolic compounds are reported that rarely exceed 5-6 %, based on lignin. For 

example 5 wt% phenolics were obtained from the vacuum distillation of coniferous wood 

sawdust [4]. Vacuum pyrolysis of alkali aspen wood lignin at 600°C yielded 6.8 wt% 

phenolics [5, 6], Approx. 8 wt% phenolics resulted from the vacuum distillation of lignin [7]. 

Goheen and co-workers achieved 0.9 wt% guaiacol and 1.5 wt% syringol from the indirect 

atmospheric pressure pyrolysis of concentrated black liquor from Kraft pulping of a mixture 

of hardwoods at 450 – 500°C with steam as sweep gas in a twin screw reactor [8, 9]. Using 

a micro-scale wire-mesh reactor, 3.5 wt% phenolics were obtained from an atmospheric 

pressure fixed-bed pyrolysis of precipitated Kraft lignin at 400 – 700°C with helium as 

sweep gas [10]. Up to 9.3 wt% phenolics resulted from near-isothermal fixed-bed pyrolysis 

of Kraft lignin in a micro-tubing bomb reactor at 400°C [11].  
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To enhance the yield of monomeric phenols, several thermochemical processing approaches 

have been pursued [12] such as pyrolysis of lignin in the presence of a hydrogen-donor 

agent like tetralin (1,2,3,4-tetrahydronaphtalene), Fe2O3 catalysed lignin liquefaction in the 

presence of solvents and in an hydrogen atmosphere, pyrolysis of lignin with tetralin and 

phenol, Cu(II) acetate catalysed lignin degradation, pyrolysis of lignin with cresol in an 

hydrogen atmosphere, ZnCl2 catalysed pyrolysis of lignin with and without tetralin, lignin 

pyrolysis with basic salts like NaOH, K2CO3 and Na2CO3 and lignin pyrolysis with neutral salts 

like NaCl and KCl. More details can be found in [12].  

4.1.3 Lignin hydrodeoxygenation 

When compared to the yields from a neat –gas phase - pyrolysis, higher yields of mono-

phenols (up to approximate 20 wt%, based on the dry lignin) have been reported 

occasionally, e.g. for the Noguchi process [13]. Due to the often more complex nature of 

these processes when compared to a neat pyrolysis (e.g. reactive atmospheres, expensive 

and/or toxic solid and/or liquid additives) their technical and economical feasibility is 

doubtful. Since lignin is considered a potentially very attractive source for bio-fuels and bio-

based performance chemicals, new upgrading technology will be required for this purpose. 

Challenges are to develop a methodology for continuous feeding of the lignin and the 

identification of the optimum reactor conditions and catalysts for maximum yield and 

selectivity of a limited number of monophenolic substances. A possible route is 

hydrotreatment using a heterogeneous catalyst and hydrogen as reactant. Desired reactions 

are hydrodeoxygenation, the removal of oxygen in the form of water and depolymerisation. 

Typically high pressures (100-200 bar), temperatures (300-450°C)  are required to convert 

lignin into low molecular weight compounds in good yield [14, 15]. This chapter presents 

the results of bubbling fluidised bed pyrolysis experiments with a deciduous and an 

herbaceous derived lignin and the subsequent hydrotreatment of the liquefied deciduous 

lignin using fast pyrolysis technology. The lignin pyrolysis oil that results from the pyrolysis 

of lignin, is expected to have a molecular weight lower than the original lignin, thus making 

the conversion to low molecular weight derivatives more easily. 
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4.2 Materials and methods 

4.2.1 Lignin feedstock material 

The deciduous lignin was prepared via the Alcell organosolv process from a mixture of 

hardwoods. A test sample was kindly provided by Dr. R. Gosselink from A&F – Wageningen 

University Research. The herbaceous lignin is a sulphur-free variety, produced from the 

soda-pulping (aqueous NaOH) of annual non-woody plants like wheat straw and Sarkanda 

grass (Saccharum munja). The lignin is recovered by precipitation, followed by purification, 

washing and drying. It is a co-product of the manufacture of pulp for printing and writing 

papers. It is produced by Asian Lignin Manufacturing (ALM) from India 

(www.asianlignin.com). A test sample was kindly provided by Prof. A.V. Bridgwater of Aston 

University, UK. Both lignins are very fine, dark brown powders that easily melt at 

temperatures in between 100°C – 200°C. 

4.2.2 Thermal characterisation by thermo gravimetric analysis (TGA) 

The original lignins were thermally characterised by TGA with a Mettler Toledo TGA 850 

featuring automated temperature and weight control and data acquisition. The samples 

were used as received (particle size approx. 0.1 mm, sample weight approx. 15 mg). The 

following temperature programme was used: 10°C/min heating up rate for drying, 5°C/min 

for other steps, 30 min isothermal drying period at 60°C, final temperature 500°C for 60 

min., cooling down rate 50°C/min. Nitrogen was used as process gas  at a flow rate of 45 

mln/min. 

4.2.3 Pyrolysis experiments 

For all the pyrolysis tests the lignins were used as pellets (size 1 – 3 mm), because it 

proved not possible to feed the lignins as the original powder due to its thermoplastic 

behaviour. For the continuous pyrolysis trials, a proprietary procedure was used, involving 

the application of a specific catalyst to aid the pyrolysis process. For each of the two lignin 

types, a batch and a continuous pyrolysis experiment was conducted, using an atmospheric 

pressure, 1 kg/hr (maximum solid feed rate) bubbling fluidised bed test facility at 400 – 

500°C (figure 4.1) featuring a fully automated operation and data acquisition (pressure, 

temperature, permanent gases).  

 

Feeding took place with a cooled screw-feeder. In the semi-continuous (fed-batch) 

experiments a single batch of 50 g of the lignin pellets was quickly fed into the pre-heated 

reactor. In the continuous pyrolysis trials, the lignin was fed at a feed rate of approximately 

100 g/hr. Lower than maximum feed rates were studied to ensure a low degree of filling of 

the screw-feeder tube thereby (partly) preventing the rapid build-up of molten lignin and 

subsequent formation of lignin-sand agglomerates. Argon (20 ln/min, pre-heated at 300°C) 

was used as fluidisation gas and mixed with an additional 1 ln /min of nitrogen from the 

feedstock bunker and screw. Bed inventory was 1000 g silica sand (0.25 mm) for the batch 

tests and 700 g sand for the continuous trials (to allow some char build-up). In both cases, 

part of the product gas was sampled from the freeboard above the fluidised bed to ensure a 

short as possible pyrolysis vapour residence time (approx. 1 sec).  
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For the batch experiments, sampling of approximately 20% of the total product gas flow 

rate was conducted using a CEN-certified protocol for sampling of biomass gasification tars 

[16]. Sampling was started prior to feeding and continued well after the moment that the 

permanent gases that originated from the decomposing lignin, ceased to evolve. It is 

assumed that the main production of reaction water and organic condensables takes place 

in parallel with the liberation of CO, CO2 and CH4. For the continuous experiments, 

approximately 75% of the product gas flow rate was sampled using a condensation train 

consisting of a room temperature condenser, a room temperature electrostatic precipitation 

filter (ESP) and a freeze condenser at -20°C. Two fractions were collected; a relatively dry 

high boiling fraction from the sample tube and the ESP and an aqueous fraction from the 

freeze condenser. During the experiments, the permanent gases CO, CO2, CH4 were 

monitored on-line by ND-IR. After the experiment, the reactor was cooled down after which 

the bed material, consisting of sand and char was removed and weighed. Attrited bed 

material and char that had been trapped in the soxhlet filter upstream the sampling 

equipment and in the char vessel downstream the cyclone was collected and weighed too. 
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Figure 4.1 - Experimental set-up for the lignin pyrolysis tests 

4.2.4 Analysis of the pyrolysis products  

Liquid and gaseous products were analysed using standard chemical analysis methods. Most 

organics were measured with a TRACE-GC-ULTRA GC/MS with DSQ-II mass spectrometer, 

Hydro guard pre-column, Zebron ZB-WAXplus column (30 m x 0.25 mm, film thickness 0.25 

micron), split injection and calibration with internal standards. More details can be found in 

Chapter 2 of this thesis. ABB NDIR spectrometers (Advance Optima, CALDOS – MAGNOS) 

were used for on-line monitoring of CO, CO2, CH4. Finally, Karl-Fischer titration was applied 

to analyse the water content in the liquid organic samples. 
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4.2.5 Hydrotreatment experiments 

The experiments were performed in a 100 ml stainless steel Parr autoclave at a maximum 

temperature of 359°C at a pressure of 350 bars. The reactor was electrically heated and 

cooled by water. The system was stirred with a magnetically driven gas injection stirrer. 

Temperature and pressure were monitored by a PC. Before the reaction the catalyst was 

activated at 20 bar H2 and 250°C for 2 hrs. The reaction was carried out at 359°C and 100 

bar H2 for 1 hour. The reactor was loaded with 2 grams of lignin pyrolysis oil. Thirty grams 

of dodecane were used as solvent and 5%-wt. of Ru/C catalyst on the lignin pyrolysis oil 

intake. The reactor was flushed with N2 and then flushed 3 times with H2 at room 

temperature. The reactor content was stirred at a speed of 1500 rpm. After the reaction the 

organic phase was separated from the water phase and analysed with GC-MS, 2D-GC, NMR 

and elemental analysis.  

4.2.6 Characterisation of the hydrotreatment product 

Samples were injected after dilution with tetrahydrofuran (THF). N-Butyl ether was used as 

an internal standard for the 2D-GC. GC-MS analysis were performed on a Quadruple Hewlett 

Packard 6890 MSD attached to a Hewlett Packard 5890 GC equipped with a 30 m x 0.25 

mm i.d. and 0.25 μm Sol-gel capillary column. The injector temperature was set at 250°C. 

The oven temperature was kept at 40°C for 5 minutes then heated up to 250°C at a rate of 

3°C/min and then held at 280°C for 10 minutes. 2D-GC analysis was performed on a trace 

2D-GC from Interscience equipped with a cryogenic trap system and two columns (30 m x 

0.25 mm i.d. and 0.25 μm film of sol-gel capillary column connected by a meltfit  to a 150 

cm x 0.1 mm i.d. and 0.1 μm film Restek 1701 column). An FID detector was applied. A 

dual jet modulator was applied using carbon dioxide to trap the samples. The lowest 

possible operating temperature for the cold trap is 60°C. Helium was used as the carrier gas 

(continues flow 0.6 ml/min).The injector temperature and FID temperature were set at 

250°C. The oven temperature was kept at 40°C for 5 minutes then heated up to 250°C at a 

rate of 3°C/min. The pressure was set at 70 kPa at 40°C. The modulation time was 6 

seconds. 1H-NMR spectra were recorded in DMSO-d6 solutions at 200 MHZ using a Varian 

Gemini-200 spectrometer. Elemental compositions (C,H,N) were determined using an 

elemental analyzer (EuroVector EA3400 series CHNS-O). The oxygen content cannot be 

determined directly and was taken as the difference. The elemental composition was 

compensated for the dodecane solvent. 
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4.3 Results and discussion 

4.3.1 Thermal characterisation of Alcell and GRANIT lignin by TGA / DTG 

Figure 4.2 presents the TGA weight loss and DTG weight loss rate curves of the Alcell and 

the GRANIT lignins. From the weight loss curves it is clear that both lignins loose 3 – 5 wt% 

of weight as moisture at approximately 60°C. The normalised weight loss curve value below 

60°C is greater than 100% because the sample weight was normalised based on the dry 

weight of the sample (i.e. the weight of the sample after the isothermal drying period at 

60°C). The main weight loss starts at 200°C for the Alcell lignin and at 150°C for the 

GRANIT lignin and levels out at 500°C leaving behind a residual weight of 45% of the 

original starting amount. It is suspected that the curves level off beyond 500°C because 

during the last part of the TGA temperature programme (at which the temperature was kept 

constant at 500°C) the weight of the sample did not change anymore. However, it is 

acknowledged that (some) weight loss is still possible at temperatures beyond 500°C. The 

final residue is the char that remains when all the volatile matter has been liberated. From 

the weight loss rate curves it can be seen that both lignins exhibit approximately the same 

maximum rate of thermal degradation that is attained around 350°C. The main difference 

between the DTG results for both lignins is the presence of a shoulder at 250°C for the 

GRANIT lignin. Hypothetically, this might indicate a separate fraction in the lignin polymer 

that is thermally less stable than the rest of the polymer.  

 

From the thermal characterisation results a temperature of 400°C was considered to be 

suitable for the subsequent pyrolysis trials. The choice for 400°C as the temperature for the 

pyrolysis trials was based on the following considerations. First, DTG results show a 

maximum degradation rate at approximately 350°C. But the situation in the bubbling 

fluidised bed reactor is not identical to that in the TGA (i.e. non-isothermal, higher heating 

rates). So the higher temperature of 400°C was chosen to accommodate for the fact that 

temperatures at which a specific degradation rate occurs shift to higher values at higher 

heating rates. Secondly, Previous pyrolysis research on the lignins at 500°C showed serious 

feeding problems due to a higher temperature gradient in the feeding system when 

compared to the situation at 400°C, much lower yields of phenolics and a higher level of 

cracking to permanent gases and water [17]. 
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Figure 4.2 - Thermal characterisation by TGA / DTG  for the Alcell and GRANIT lignins. 
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4.3.2 Pyrolysis 

To explore the pyrolysis behaviour of the lignins at a reactor temperature of 400°C, batches 

of 50 grams Alcell and GRANIT lignins were quickly fed into the heated fluidised sand bed. 

Due to their thermoplastic behaviour, the lignins started to melt during feeding, causing 

agglomeration with the sand of the reactor bed. Defluidisation was predominantly monitored 

for by measuring both the radial and the axial temperature gradients in the heated sand-

bed by a series of thermocouples. Detection of the onset of defluidisation took place by the 

observation of a rapidly developing increase in these temperature gradients (> 50°C) that 

are normally within 1-5°C. Especially in the experiment with Alcell lignin a rapid 

defluidisation of the reactor bed and the formation of large temperature gradients was 

observed.  

 

Despite these phenomena, the experiment was continued until the evolution of the 

permanent gases CO, CO2 and CH4 ceased. It should be noted that the actual pyrolysis 

behaviour in this batch experiment was observed to be far from a neat fast bubbling 

fluidised bed pyrolysis because of the agglomeration and defluidisation phenomena. It might 

well have been possible that the whole reactor bed or parts of it were immobilized by large 

lignin-sand agglomerates, resembling a fixed bed pyrolysis. Figure 4.3 compares the yields 

of the main organic product groups: guaiacols, syringols, alkyl phenols, catechols, 

unknowns and others for the batch pyrolysis experiments with the GRANIT and the Alcell 

lignins. The detailed results are presented in table 4.1. 
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Figure 4.3 - Comparison of the organic product yields from the batch pyrolysis of GRANIT 

and Alcell lignin at 400°C in a bubbling fluidised bed. Yields are based on the intake of dry 

lignin. 
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Table 4.1 - Product yields (wt% d.b.) from the batch pyrolysis of GRANIT and Alcell lignin. 

Compound class Compounds GRANIT ALCELL 

Permanent gases CO2 16.30 4.50 

 CO 3.90 2.70 

 CH4 1.90 1.10 

Reaction water H2O n.d. 8.22 

Guaiacols 2-Methoxyphenol 1.31 0.27 

 2-methoxy-4-vinyl-phenol n.d. 0.07 

 4-Ethylguaiacol 0.60 0.10 

 4-Methylguaiacol 0.69 0.28 

 Aceto-vanillone - 0.04 

 Isoeugenol - 0.08 

 Vanillin - 0.10 

Syringols 26-Dimethoxyphenol 0.68 0.50 

 4-(2-propenyl) syringone n.d. 0.04 

 4-Methylsyringol 0.33 0.41 

 Acetosyringone 0.29 0.07 

 Syringaldehyde - 0.23 

Alkyl phenols 4-Ethylphenol 0.30 - 

 O-cresol n.d. 0.03 

 P-cresol 0.17 0.04 

 Phenol 0.41 0.06 

Catechols 3-Methoxypyrocatechol n.d. 0.28 

 Pyrocatechol 0.24 0.26 

Others 2-Furaldehyde 0.20 0.02 

 Acetaldehyde - 0.04 

 Acetic acid - 0.39 

 Acetone 0.17 0.11 

 Formic acid 0.12 - 

 Methanol 2.18 1.77 

 Methyl acetate - 0.03 

 Naphthalene - 0.01 

 Toluene - 0.02 

Unknowns Detected but not identified 3.42 2.37 

Undetected Based on gravimetric analysis n.d. 11.57 

Residual char C n.d. 41.88 

 Mass balance n.d. 78 

n.d. = not determined 

 

In general, figure 4.3 and table 4.1 show the higher yields for the herbaceous GRANIT lignin 

when compared to the deciduous Alcell variety (all compounds as listed in table 4.1, except 

methylsyringol, syringaldehyde and acetic acid that are formed in higher yields from the 

pyrolysis of the Alcell lignin). This might be due to the better fast pyrolysis behaviour during 

the experiment with the GRANIT lignin. In the case with the Alcell lignin, severe 

agglomeration caused an almost instantaneous defluidisation of the reactor bed and a likely 

change from fast fluidised bed to slow fixed bed pyrolysis behaviour. Although some 

agglomeration occurred in the experiment with the GRANIT lignin too, defluidisation did not 

happen.  
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Looking at the phenolic product groups, it is obvious that the herbaceous derived GRANIT 

lignin yields more guaiacols and alkyl phenols than the deciduous derived Alcell lignin. The 

product spectrum of the Alcell lignin is more rich in syringols. The ratio syringols / guaiacols 

is 1.3 for the Alcell and 0.5 for the GRANIT. Apparently, the hardwood derived Alcell lignin 

contains a higher portion of guaiacyl units when compared to the GRANIT lignin that is 

produced from straw and grass. Several operational problems like unknown feed rate due to 

lignin particle pulverisation and subsequent melting in the feed screw, incomplete collection 

efficiency of the liberated organics and reaction water due to uncertainties in the sampling 

flow rate, defluidisation and loss of reactor bed material, etc. made it impossible to obtain a 

closed mass balance that is estimated to be 80% (for the Alcell experiment) at best. The 

lignin pyrolysis process was substantially improved by the application of a proprietary 

procedure that involves the use of a specific catalyst (to be published elsewhere). After 

some orienting trials two successful continuous pyrolysis experiments were carried out with 

the GRANIT and the Alcell lignin at a solid feed rate of approximately 100 g/hr. Both 

experiments lasted two hours and were deliberately stopped because of char build-up. Table 

4.2 and figure 4.4 give the main results. 
 

Table 4.2 - Main products from the 

continuous fast pyrolysis of GRANIT 

and Alcell lignin at 400°C. 
 

 GRANIT Alcell 

Permanent gases 17 20 

Organic 

condensables 
21 13 

Reaction water 21 24 

Char 30 35 

Mass balance 89 92 
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Figure 4.4 - Comparison of the organic product 

yields from the continuous pyrolysis of GRANIT 

and Alcell at 400°C in a bubbling fluidised bed.
 

 

From table 4.2 it can be deduced that for both lignins approximately 40 wt% of lignin 

pyrolysis oil (organic condensable + reaction water) is obtained via fast bubbling fluidised 

bed pyrolysis at 400°C. When compared with the results for the Alcell lignin, the GRANIT 

lignin yields more organic condensables, less gas, less char and less water. Mass balances 

are better than for the batch experiments, predominantly due to a better sampling protocol.  

Full closure is not achieved, due to slip-through of low-boiling point degradation products 

and the loss of fine char particles that were not trapped by the downstream cyclone.  
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From figure 4.4 some interesting observations can be made. Approximately 13 wt% - 20 

wt% of a phenolic fraction was obtained for respectively the Alcell and the GRANIT lignin. It 

is remarkable that for both the lignins almost half of the detected organics are of oligomeric 

nature, probably large phenolic degradation fragments that cannot be measured by GC. The 

absolute amount of these fragments is largest for the GRANIT lignin as was obvious from 

the physical appearance of the lignin pyrolysis oil after the experiment. A thick, almost solid 

paste was obtained while the lignin pyrolysis oil from the Alcell lignin was a much less 

viscous black syrup. The different origin of both lignins is indicated by the difference in the 

ratio syringols / guaiacols (0.6 vs. 1.8 for respectively the GRANIT and the Alcell lignin). 

The amount of low molecular weight phenolic compounds was approximately 7 wt% for the 

Alcell lignin and 9 wt% for the GRANIT lignin. Approximately half of it was identified as 

predominantly guaiacols, syringols, alkyl phenols and catechols. Both as individual 

chemicals and as mixtures, these compounds have economic potential as petrochemical 

substitution options for a variety of products, e.g. in wood adhesives, bio-plastics, 

pharmaceuticals, fragrances, octane enhancers for transportation fuels, etc. Considering the 

relatively straightforward pyrolysis process that was used, the obtained yields are a 

promising result and clearly indicate the potential for fast pyrolysis to valorise lignin.  

4.3.3 Hydrotreatment 

Approximately 2 grams of the heavy lignin pyrolysis oil fraction from the Alcell lignin was 

collected for subsequent hydrotreatment experiments. The hydrotreatment of the lignin 

pyrolysis oil from the Alcell lignin was conducted for 1 hr at 350°C and with 100 bar 

hydrogen pressure with dodecane as a solvent using a Ru/C catalyst. After the reaction two 

liquid phases were formed, an organic and a water phase. The organic phase was removed 

by decantation. The lignin pyrolysis oil and the hydrotreated product were characterized 

with 2D-GC, GC-MS, 1H-NMR and elemental analysis to gain insights in the effect of the 

hydrotreatment reaction on the molecular composition of the materials.  

 

From figure 4.5 and table 4.2 it is obvious that there is a great difference between the two 

oils. The lignin pyrolysis oil feed consists mainly of alkylphenolics and guaiacols with some 

trace alkanes present. After the HDO reaction all the aromatic compounds have been 

converted towards cycloalkanes, alkyl-substituted cyclohexanols, cyclohexanol and linear 

alkanes. The 1H-NMR spectra (figure 4.6) shows the same result if we compare regions in 

the spectrum specified by Ingram et al. [18]. The aromatic region at 6.8-8.0 ppm from the 

lignin pyrolysis oil has completely disappeared after the HDO reaction and the methoxy-

hydroxy region at 3.0-4.2 ppm is significantly decreased. Because the reaction was 

performed in dodecane we cannot compare the aliphatic region before and after the 

reaction. The elemental analysis shows the same removal of the oxygen and the addition of 

hydrogen by plotting it in a van Krevelen plot (figure 4.7). The van Krevelen plot shows the 

oxygen/carbon ratio on the y-axis and the Hydrogen/Carbon ratio on the x-axis the. From 

the plot it is visible that with HDO there is an addition of hydrogen and removal of oxygen. 

The elemental composition was compensated for the dodecane solvent. 
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Figure 4.5 - The composition (concentration of products in the oil) of the lignin pyrolysis oil 

and hydrotreated product. Reaction at 350°C and 100 bars at 1hr of reaction using a Ru/C 

catalyst. 

 
Lignin pyrolysis oil HDO-oil 

 

ppm012345678910

 

 

ppm012345678910

 
 

Figure 4.6 - 1H-NMR spectrum of lignin pyrolysis oil and HDO oil respectively. 
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Figure 4.7 - Van Krevelen plot of the elemental analyses of PLO and HDO oil. 
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Table 4.2 - Some of the detected compounds, structures and weight % in lignin pyrolysis oil 

and HDO oil. Compounds were measured by GC/MS. 
 

Class Detected compounds PLO HDO oil Structure 

Phenolics Phenol 0.49 0.00 

 3-methylphenol 0.69 0.00 

 2-methylphenol 2.03 0.00 

 3-ethylphenol 2.93 0.00 

 3-propylphenol 0.82 0.00 

OH

R2

R1

 

     

Guaiacols Guaiacol 1.66 0.00 

 2-Methoxy-5-methylphenol 2.62 0.00 

Syringols 2,6-dimethoxyphenol 3.28 0.00 

Methoxybenzenes 1,2,4-Trimethoxybenzene 4.43 0.00 

 
Benzene, 1,2,3-trimethoxy-5-

methyl- 
1.25 0.00 

R4

R5R3

R1  

    

Catechols Catechol 0.46 0.00 

 3-Methoxycatechol 2.24 0.00 

    

OH

OH

R1  

Alkanes Hexadecane 0.04 1.93 

 Pentadecane 0.03 0.50 

 Methylcyclohexane 0.00 0.26 

    

 
R1 (CH2)14 R2 

 
R1

 

Cyclohexanols Cyclohexanol 0.00 2.79 

 Methylcyclohexanol 0.00 4.08 

 Ethylcyclohexanol 0.00 1.74 

OH

R1 

In which R1 or R¬2 = H, methyl or ethyl and R3, R4 or R5 = H, OH or methoxy 
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4.4 Conclusions 

Two different lignins prepared from a mixture of hardwoods by the Alcell organosolv process 

and prepared from grass and straw by soda pulping have been pyrolysed in a bubbling 

fluidised bed at 400°C to investigate their potential as a renewable feedstock for high-value 

phenolic chemicals. The continuous fast pyrolysis of both lignins resulted in a lignin 

pyrolysis oil (PLO), containing approximately 13 wt% - 20 wt% of a phenolic fraction for 

respectively the Alcell and the GRANIT lignin. The amount of low molecular weight phenolic 

compounds in the oil was approximately 7 wt% for the Alcell lignin and 9 wt% for the 

GRANIT lignin, based on the dry input weight of the lignin feedstock. Approximately half of 

it was identified as predominantly guaiacols, syringols, alkyl phenols and catechols.  

 

Both as individual chemicals and as mixtures, these compounds have economic potential as 

petrochemical substitution options for a variety of products, e.g. in wood adhesives, bio-

plastics, pharmaceuticals, fragrances, octane enhancers for transportation fuels, etc. 

Considering the relatively straightforward pyrolysis process that was used, the obtained 

yields are a promising result and clearly indicate the potential for fast pyrolysis to valorise 

lignin. Further, it was shown that the lignin pyrolysis oil can be converted by a short HDO 

reaction with Ru/C as a catalyst into cycloalkanes, alkyl-substituted cyclohexanols, 

cyclohexanol and linear alkanes. This shows that ruthenium on carbon is a too active 

catalyst for the hydrogenation of the lignin pyrolysis oil towards low molecular weight 

phenolics. However, the formed products are still interesting. The HDO oil can still be used 

as a fuel additive in the form of a oxygenate in engines.  
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Abstract 
The cost-effectiveness of a lignocellulose biorefinery may be improved by developing 

applications for lignin with a higher value than application as fuel. We have developed a 

pyrolysis based lignin biorefinery approach, called LIBRA, to transform lignin into phenolic 

bio-oil and biochar using bubbling fluidized bed reactor technology. The bio-oil is a potential 

source for value-added products that can replace petrochemical phenol in wood-adhesives, 

resins and polymer applications. The biochar can e.g. be used as a fuel, as soil-improver as 

solid bitumen additive and as a precursor for activated carbon.  

 

In this paper we applied the pyrolysis-based LIBRA concept for the valorisation of wheat 

straw-derived organosolv lignin. First, we produced lignin with a high purity from two wheat 

straw varieties, using an organosolv fractionation approach. Subsequently, we converted 

these lignins into bio-oil and biochar by pyrolysis. For comparison purposes, we also tested 

two reference lignins, one from soda-pulping of a mixture of wheat straw and Sarkanda 

grass and one from Alcell organosolv fractionation of hardwoods. Results indicate that 

~80wt% of the dry lignin can be converted into bio-oil (with a yield of 40-60%) and biochar 

(30-40%). The bio-oil contains 25-40 wt% (based on the dry lignin weight) of a phenolic 

fraction constituting of monomeric (7-14%) and oligomeric (14-24%) components. The 

monomeric phenols consist of guaiacols, syringols, alkyl phenols, and catechols. 4-

vinylguaiacol is the major phenolic monomer that is formed during the pyrolysis of the straw 

lignins in yields from 0.5 – 1 wt%. For the hardwood-lignin Alcell, the predominant phenol is 

4-methylsyringol (1.2 wt%). The ratio guaiacols / syringols seems to be an indicative 

marker for the source of the lignin. 
 

Keywords 
Biorefinery, Wheat straw, Lignin, Organosolv fractionation, Bubbling fluidized bed pyrolysis, 

Lignin pyrolysis oil, Biochar, Phenol(ics).  
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5.1 Introduction 

5.1.1 Background 

The increasing use of fossil fuels is associated with global problems such as climate change, 

environmental pollution, and security of supply. This has led to a renewed interest in the 

use of renewable sources such as sun, wind, hydropower, and biomass for energy and 

materials. Lignocellulosic biomass can be used as a renewable feedstock for the co-

production of materials, energy, chemicals, and (transportation) fuels via integral 

biorefinery concepts [1]. To date, no commercial lignocellulosic-based biorefineries exist. 

The few existing pilot plants merely focus on the production of bio-ethanol. Residual 

streams are either disposed of, used as filler in cattle feed or combusted for heat and power 

generation.  

5.1.2 Biomass composition; structure of lignin 

Lignocellulosic biomass is a composite biopolymer of intertwined cellulose (35-45% dry 

weight basis), hemicellulose (25-30% dry weight basis) and lignin (20-35% dry weight 

basis). Lignin is an amorphous polymer consisting of phenylpropane units, originating from 

three aromatic alcohol precursors (monolignols), p-coumaryl, coniferyl and sinapyl alcohol  

(Figure 5.1). The highly cross-linked phenolic substructures that originate from these 

monolignols are called p-hydroxyphenyl (H, from coumaryl alcohol), guaiacyl (G, from 

coniferyl alcohol) and syringyl (S, from sinapyl alcohol) moieties [2]. During the biological 

lignification process, the monolignols form a complex three-dimensional amorphous polymer 

that contains a great variety of bonds with typically around 50%  -O-4 ether linkages.  
 

OH

O

CH3 OH

O

CH3

O

CH3OH

HO HO
HO

Coniferyl alcohol Sinapyl alcoholCoumaryl alcohol  
 

Figure 5.1 - Lignin monolignols. 

 

Softwood lignins mainly contain guaiacyl units while hardwood lignins contain both guaiacyl 

and syringyl units. All three monolignols H, G, and S occur in the lignin from herbaceous 

plants in significant amounts. Lignin is associated with carbohydrates via covalent bonds, 

especially with hemicellulose that presumably provides the interconnection between 

cellulose and lignin [3]. Based on its chemical structure, lignin is a potentially valuable 

source of aromatic chemicals [4,5]. 
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5.1.3 Wheat straw lignin 

Wheat straw is an abundant agricultural residue from the production of cereals. The global 

production of wheat straw is approximately 529 million tonnes per year, mainly from Asia 

(43%), Europe (32%) and North America (15%) [2]. Wheat straw is an attractive low-cost 

feedstock for the production of bio ethanol because of its annual renewability and 

abundance. Wheat straw lignin is a p-hydroxyphenyl – guaiacyl – syringyl (H-G-S) lignin 

and contains all of the three monolignols in significant quantities, typically 5% H, 49% G 

and 46% S [2]. 

5.1.4 Lignin valorisation in a biorefinery 

Lignin is a major (future) residual stream from both the pulp- and paper industry and from 

2nd generation biorefineries producing chemicals and biofuels such as bio ethanol. Despite 

its potential as a renewable source for aromatic chemicals, industrial valorisation processes 

for lignin are rare. However, valorisation of lignin will be the key issue in the further 

development of lignocellulosic biorefineries for fuels and/or chemicals. Conversion of lignin 

to chemical feedstocks will positively influence the economic viability resulting in a 

substantial decrease of the production costs of biofuels such as bio ethanol and other 

chemicals. Figure 5.2 presents an example of a scheme of a multi-product biorefinery 

including lignin upgrading [6]. 
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Figure 5.2 - Lignin valorisation in a multi-product lignocellulose biorefinery [6]. 

5.1.5 Primary biorefinery (organosolv fractionation) 

For an effective production of chemicals, the lignocellulosic biomass has to be fractionated 

into its three main constituents to overcome its structural and compositional heterogeneity 

and complexity. Traditionally, the pulp- and paper industry uses various biomass pulping 

processes such as Kraft pulping to isolate the cellulose fibres for the production of paper. 

However, during these processes the hemicellulose and lignin fractions are degraded, 

limiting their valorisation possibilities.  
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Second generation biorefineries for the production of bio ethanol use pre-treatment 

technologies to make the (hemi)cellulose accessible for (enzymatic) hydrolysis [7]. 

Unfortunately, in most pre-treatment processes, lignin ends up in a residue together with 

non-hydrolyzed sugar polymers, feedstock minerals, and process chemicals. This type of 

residue seems only suited as fuel for heat and power generation. An alternative 

pretreatment technology is organosolv fractionation that uses organic solvents such as 

ethanol to delignify biomass prior to enzymatic hydrolysis [8, 9]. Subsequently, the lignin 

can be recovered from the organosolv liquor with a high purity and essentially free of 

sulphur and ash. These lignin characteristics will facilitate valorisation of lignin into products 

like resins and phenol(ics).  

5.1.6 Secondary biorefinery (lignin pyrolysis) 

Lignin is a thermoplastic material and shows considerable recalcitrance towards thermal 

depolymerisation, e.g. via pyrolysis (thermal degradation of organic matter in absence of 

air). The literature on the pyrolysis of lignin for the production of chemicals typically reports 

yields of mono-phenolic compounds that rarely exceed 5-6 %, based on lignin [10–12]. 

Economic and technological considerations still preclude a large-scale mass production of 

low molecular weight chemicals from lignin in competition with petrochemicals. This is 

inherent to the specific nature of the complex and stable lignin polymer, that makes it 

difficult to convert it into valuable monomeric chemicals.  

 

Earlier work on the pyrolysis of beech wood – derived organosolv lignin already reported the 

difficulties of feeding the lignin to a fluidised bed reactor [13]. The beech wood lignin was 

fed in the reactor zone by means of dropping it on top of the bubbling fluidized bed in the 

reactor in the form of pre-shaped pellets because it appeared to be impossible to feed the 

original lignin with conventional screw-feeding technology. In addition, in a recent 

international collaboration it was attempted to carry out fast pyrolysis of a pure lignin and 

analyze the products in order to firstly establish the potential for this method of lignin 

processing and secondly to compare procedures and results [14]. The research was carried 

out in the IEA Bioenergy Agreement Pyrolysis Task 34 – PyNe. Due to melting phenomena 

during feeding and subsequent agglomeration and bed-defluidisation in the pyrolysis 

reactor, the lignin was difficult / impossible to process and it turned out that lignin cannot 

be effectively fast pyrolysed in reactor systems designed for whole biomass materials [14].  

 

Therefore, we have developed LIBRA, a new LIgnin BioRefinery Approach, based on 

bubbling fluidised bed pyrolysis technology [15] to thermochemically convert pure lignins in 

a phenolic bio-oil and biochar. The pyrolysis technology is capable of continuously 

processing pure lignins via a combination of specially designed cooled-screw feeding 

technology with co-feeding a proprietary catalyst.  

 

The resulting biochar can be applied as fuel to generate heat for the pyrolysis process. 

Other applications might be its use as soil improver [16] and as precursor for activated 

carbon [17]. The phenolic bio-oil can substitute phenol in wood resins and is a possible 

substitute or modifier for petrochemical bitumen. In addition, the phenolic oil is a source of 

phenols for pharmaceutical, food, and other fine chemical applications.  
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Figure 5.3 illustrates and summarizes the integrated approach of production and 

subsequent pyrolysing of lignin that we have followed. 
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Figure 5.3 - Combination organosolv fractionation – lignin pyrolysis for full valorisation of 

wheat straw into cellulose, hemicellulose derivatives and lignin for phenolics and biochar. 

5.1.7 Pyrolysis of wheat straw-derived organosolv lignin 

In this Chapter an innovative integrated biorefinery approach is presented that has the 

potential for a full valorisation of wheat straw, an abundant agro-residue, into value-added 

products via an efficient fractionation and subsequent (thermo) chemical processing of the 

main fractions hemicellulose, cellulose and lignin. The focus of the work is the pyrolytic 

valorisation of the straw-derived lignin residue. Bubbling fluidised bed pyrolysis experiments 

are described with wheat straw-derived organosolv lignins. For comparison purposes the 

pyrolysis results of two commercially available technical lignins are discussed as well. 
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5.2 Materials and Methods 

5.2.1 Feedstocks 

Wheat straws 

Two varieties of wheat straw were used as feedstock for the production of lignin, Dutch 

winter wheat straw (wheat straw A) and Spanish wheat straw from the region around 

Salamanca (wheat straw B). Both wheat straw batches were received ambient-dry, cut into 

pieces <2 cm, and were stored at room temperature in a closed vessel. A representative 

sample was taken for the organosolv experiments and used without further treatment. The 

biochemical composition of both wheat straws is given in table 5.1. 

 

Table 5.1 - Biochemical composition wheat straw raw materials. 
Biochemical composition (% w/w dry biomass) 

Extractives Lignin Experimental series 

H2O EtOH AIL ASL 

Arabi-

nan 
Xylan Mannan 

Galac-

tan 
Glucan Ash Total 

Wheat straw A [18] 8.4 2.0 16.7 1.1 1.9 19.9 0.2 0.7 36.9 6.1 93.8 

Wheat straw B [9] 11.2 2.0 15.1 1.0 2.1 21.5 0.2 0.5 34.6 8.5 96.9 

 
The elemental composition of the wheat straws was (% w/w, dry biomass):  
Wheat straw A [18]: C 44.3; O 42.7; H 5.4; Si 2.2; K 0.3; N 0.3; Ca, 0.2,   
Wheat straw B [9]: C 43.8; O 41.7; H 5.4; Si 2.4; K 1.4; Cl 0.5; N 0.2; Ca, 0.2 (other elements <0.1). 

Reference lignins 

For comparison purposes two reference lignins were used; (1) Alcell lignin: a deciduous 

lignin prepared in the 1980’s by Repap Technologies (now Lignol) via the Alcell organosolv 

process from a mixture of hardwoods and (2) Granit lignin: a herbaceous lignin  produced 

by Asian Lignin Manufacturing (ALM) from soda-pulping of annual non-woody plants like 

wheat straw and Sarkanda grass (Saccharum munja). Today, Granit lignin is marketed by 

Granit SA (now GreenValue), Switzerland. 

5.2.2 Lignin production by organosolv fractionation 

Organosolv experiments were performed in 2 L and 20 L autoclave reactors (Kiloclave, 

Büchi Glas Uster AG, Switzerland). Wheat straw was mixed with the solvent (60% w/w 

aqueous ethanol) in a ratio of 10 L/kg dry biomass and the slurry was heated to the 

reaction temperature (200°C) while being mixed. Subsequently, the reactor was kept 

isothermal during the reaction time (60 min) and cooled down to below 40°C.  

 

After organosolv treatment, the product suspension was filtered quantitatively over a 

Whatman type 3 paper-filter. The filtrate or “organosolv liquor” was stored in a refrigerator 

for lignin recovery. The solid fraction remaining after organosolv was washed with 60% w/w 

aqueous ethanol in similar amount as the solvent applied in the organosolv process itself. 

The resulting washing liquor was also stored in a refrigerator for lignin recovery.  
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Lignin was precipitated from the organosolv liquor and the washing solution upon dilution 

with refrigerated water (water: solution 3:1 w/w). The resulting mixture was left at room 

temperature for at least 30 min until the lignin particles floated on top of the solution. After 

sedimentation of the particles by centrifugation, the supernatant was decanted and the 

lignin was dried and weighted. The lignins produced were not washed.  

 

Process set-up used to produce the different lignin batches and the obtained results are 

given in table 5.2. 

 

Table 5.2 - Organosolv process set-up and results production of lignin from wheat straw. 

Organosolv conditions Pulp yield (% w/w dry 

biomass) 

Lignin yield (% w/w) 
a 

Lignin sample Biomass 

Reactor 

vessel 

(L) 

Number of 

experiments 
  

A 
Wheat 

straw A 
20 2 (duplicate) 61 67 

B 
Wheat 

straw B 
2 3 (recycle b) 60 86 

 

 a) Lignin yield calculated based on lignin content in dry biomass. b) In the recycle set-up, a batch of raw material 

was pulped in the organosolv liquor resulting from the previous experiment. For the first experiment and make-up 

of solvent losses, fresh aqueous ethanol was used. Lignin was precipitated from the concentrated liquor obtained 

from the final experiment (and the washing liquor of each individual experiment). 

5.2.3 Lignin characterisation 

Chemical and biochemical composition 

The moisture and ash content of the lignin samples were measured according to the 

protocols NREL/TP-510-42621 and 42622, respectively [19]. The biochemical composition 

(i.e., contents of lignin, carbohydrates) of the lignins samples was determined in duplicate 

by using a modified hydrolysis protocol based on TAPPI methods T 222 and 249 [20]. No 

extractions were performed prior to hydrolysis. For more details about these analyses we 

refer to [9]. The elemental analysis (C,H,N,O) of the lignins was determined in duplicate 

using a Carlo-Erba analyzer. 

Thermal characteristics 

Lignins A and B were characterized by thermogravimetric analysis (TGA) under N2 with a 

Mettler Toledo TGA 850 featuring automated temperature and weight control and data 

acquisition. After loading the aluminium oxide sample holder with approx. 10 mg of lignin, 

the sample was kept at room temperature for 15 min. Subsequently the lignin was heated 

to 100°C with 5K/min, followed by an isothermal drying period of 15 min. at 100°C. After 

drying the sample was further heated to 700°C with 10 K/min to measure its thermal 

degradation behaviour as function of temperature. Finally, the sample was cooled down to 

room temperature again. Throughout the experiment, the sample was kept under 20 

ml/min of nitrogen gas. A blank experiment (no lignin sample) was conducted to calibrate 

the equipment. TGA analysis results on the two reference lignins Alcell and Granit have 

been reported previously [15]. 
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Structural characteristics 

To elucidate the pyrolysis-induced structural aspects of the lignin chars, Alcell and Granit 

lignin and their corresponding chars were studied using 13C-cross-polarization, magic-angle-

spinning (CP/MAS) NMR measurements at the Radboud University in Nijmegen, the 

Netherlands. All spectra were acquired on a Varian 850 MHz solid state NMR spectrometer. 

Magic angle spinning was conducted at 10 kHz with a 4 mm large volume pencil design 

rotor. Cross polarization was carried out with a 50 kHz rf pulse on 13C and a 60 kHz rf pulse 

on 1H. Contact times were 40 s and 800 s respectively. 

Molecular weight distribution 

All lignins were subjected to a size exclusion chromatography (SEC) analysis to determine 

their molecular weight distribution. The HP-SEC protocol as described by Baumberger et al. 

and Gosselink et al. [21, 22] was followed using 0.5 M NaOH. The major modification made 

was an elution temperature of 40°C instead of room temperature. 

5.2.4 Pyrolysis experiments and product analysis 

Batch experiments were conducted using an atmospheric pressure, 1 kg/hr (maximum solid 

feed rate) bubbling fluidized bed test facility at 500°C (figure 5.4) featuring fully automated 

operation and data acquisition (pressure, temperature, permanent gases). The hot sand bed 

was fluidized with argon at approximately two - three times the minimum fluidization 

velocity. Each batch pyrolysis experiment was started with the feeding of approximately 40 

gram ambient-dry lignin particles to the reactor at a solid feed rate of 500 g/hr. The lignins 

were co-feeded with a proprietary catalyst as 1-3 mm particles using a specially designed 

hollow water-cooled feed screw in order to suppress melting during feeding. After the 

concentration of the permanent gases CO, CO2 and CH4 and aerosols was observed to 

decrease to approximately the starting values, the experiments were deliberately stopped, 

typically 20 – 40 min after the time that feeding and sampling commenced.  
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Figure 5.4 - Experimental set-up for the lignin pyrolysis tests. 

 

The pyrolysis products were sampled directly above the fluidized bed to ensure a short 

residence time of the vapours in the hot reactor zone, typically 1 – 3 sec. Sampling took 

place using a slightly adapted protocol to collect biomass gasification / pyrolysis tars [23]. 

After filtration of the entrained char particles in a heated soxhlet filter, the pyrolysis vapours 

and aerosols passed through a series of seven impingers filled with isopropyl alcohol as 

quenching solvent (see figure 5.4). Isopropylalcohol (2-propanol) is well known as a solvent 

for relatively non-polar compounds. Due to the low sampling temperature (around 0°C) it is 

expected that the IPA does not significantly react with the incoming pyrolysis vapours. In 

addition, the excess amount of IPA (when compared to the sampled amount of pyrolysis 

products) directly dilutes the vapour components, thereby minimizing secondary reactions 

between the reactive pyrolysis products. After the experiments the contents of the IPA – 

impingers were collected in a dark glass bottle that was immediately placed in a refrigerator 

at 4°C to prevent secondary reactions.  

 

Liquid and gaseous products were analyzed using standard chemical analysis methods. Most 

organics were measured off-line with a TRACE-GC-ULTRA GC/MS, equipped with a polar wax 

column and a DSQ-II mass spectrometer. GC-undetectable species such as oligomeric lignin 

degradation fragments were determined gravimetrically after evaporation of a part of the 

collected IPA sample at room temperature under air till constant weight.  

 

The amount of the pyrolysis products was calculated from the measured concentrations of 

organics and water in the IPA sample, the total amount of the IPA sample and the ratio 

(total product gas flow rate) : (sampling flow rate).  
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During sampling, only a fraction of the total product gas flow is collected. This fraction can 

be calculated from the ratio product gas flow and sampling flow. The total product gas flow 

rate is assumed to be equal to the fluidization flow rate.    

 

NDIR spectrometry (ABB-Advance Optima, CALDOS – MAGNOS) was used for on-line 

monitoring of CO, CO2 and CH4. Higher volatile organics such as ethane, ethylene, benzene 

and toluene were measured on-line with a Varian, CP4900 microGC by injection of a product 

gas sample on separate columns (Poraplot PPU for ethane, ethylene and ethyne) and CP-

Wax 52CB for benzene, toluene and xylenes) with detection via a thermal conductivity 

detector. In general, the gas concentrations of these components were well below 0.1 vol%. 

Occasionally, the concentration of ethylene was around 0.2 vol%. Because of these low 

values and the overall experimental uncertainty (~ 10%) these gases were not taken into 

account for the calculation of the mass balances. 

 

Karl-Fischer titration was applied to analyze the water content in the liquid organic samples.  

 

For further details on the experimental procedure it is referred to Chapter 2 and to earlier 

work [15]. 
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5.3 Results and Discussion 

5.3.1 Lignin characterisation 

Composition 

Table 5.3 presents the results of the elemental and biochemical analysis of the lignins A, B 

and Alcell. The data for the Granit lignin have been taken from the literature [24]. The 

analysis of the lignins revealed that all tested lignins are similar in composition. They are 

more than 90% pure and contain a low amount of ash. The content of residual 

carbohydrates is for A, B and Alcell well below 1 wt% with Alcell containing the lowest 

amount of 0.1 wt% xylan. The contamination of the Granit lignin with carbohydrates is less 

than 5 wt%. This implies that the Granit may well contain some residual carbohydrates in 

contrast to the organosolv lignins. Except for nitrogen, the results of the elemental analysis 

are quite similar for the tested lignins. The differences in the N-content can be attributed to 

the different biomass feeds. In general, hardwoods contain less nitrogen containing material 

such as proteins than herbaceous biomass types.  

 

Table 5.3 - Lignin elemental and biochemical characterization results  

Composition (% w/w dry lignin) 

Elemental  Biochemical Lignin 

Sample C H N O AIL ASL Lignin Glucan Xylan Carbo 

hydrates 

Ash 

A 63.0 6.0 1.0 26.2 94.8 1.5 96.4 0.2 0.4 0.7 0.0 

B 62.3 6.2 0.6 27.6 92.7 2.2 94.8 0.3 0.2 0.5 0.1 

Granit n.a. n.a. n.a. n.a. n.a. n.a. > 90 n.a. n.a. < 5 < 2 

Alcell 63.9 6.1 0.2 27.4 93.8 1.9 95.7 0.0 0.1 0.1 0.0 

n.a. = not available 

Thermal characteristics 

Figure 5 presents the TGA/DTG curves for the tested lignins. TGA analysis of lignins A and B 

show a maximum thermal degradation around 365°C. The main weight loss starts at 150°C. 

It levels off at 500-600°C leaving behind a residual weight of 50-60% of the original 

amount. The final residue is the char that remains when all the volatile matter has been 

released. The TGA results for lignins A and B are comparable to the results that were 

obtained with Alcell and Granit [15]. The major difference is the low-temperature shoulder 

in the DTG curve of the Granit lignin around 250°C. This shoulder is not present in the DTG 

curves of the organosolv lignins. It is possible that this low-temperature shoulder arises 

from the decomposition of residual carbohydrates from hemicellulose. From the thermal 

characterization results a temperature of 400-500°C was considered to be suitable for the 

subsequent pyrolysis trials.  
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Figure 5.5 - Thermal characterisation results for lignins A, B, Alcell [15] and Granit [15]. 
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Structural characteristics 

To illustrate the effect of the lignin production procedure and a pyrolysis treatment on 

structural characteristics of the lignin, both Alcell and Granit lignin were investigated by 

solid-state NMR. The NMR-characterization of the two technical lignins and their pyrolysis 

chars (obtained after a pyrolysis at 400°C, figure 5.6) revealed a decreased abundance of 

the -O-4 ether bond in the original lignin when compared to native lignin in wood [25]. 

Apparently, these bonds have been partly broken during the production process. As a 

consequence the technical lignins might be of a lower molecular weight when compared to 

their native version. NMR measurements of the pyrolysis chars showed, as main 

characteristics, that the char is aromatic and still contains methoxy groups that are 

apparently (partly) preserved during the pyrolysis. The wheat straw – derived lignins A and 

B were not studied by NMR. 
 

 
Figure 5.6 - NMR characterisation of Alcell and Granit lignins and their pyrolysis chars. 

Molecular weight distribution 

The molecular weight distributions of the investigated lignins determined by size exclusion 

chromatography (SEC) are presented in figure 7. Although the absolute molecular weight of 

lignins determined by SEC are known to be set-up specific [22], these results can be used 

relatively. The molecular weight maxima increase in the order lignin A, lignin B, Alcell lignin, 

and Granit lignin. The figure also indicates a broader molecular weight range for Alcell and 

Granit compared to lignins A and B.  
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Figure 5.7 - SEC molecular weight distribution lignins. 

5.3.2 Lignin pyrolysis 

Bubbling fluidized bed pyrolysis experiments 

Figure 5.8 graphically illustrates the typical course of a pyrolysis experiment, in this case for 

lignin A. Reactor temperatures and evolved gas concentrations are plotted as function of 

time on stream. Lignin A was fed as a mixture of particles with an average size of 2 mm. 

From figure 8 it is obvious, that approximately 5 minutes after feeding started, the axial 

temperature profile in the reactor bed drastically changes. Simultaneously with the 

formation of the permanent gases, an axial temperature gradient of > 50°C develops. This 

typically indicates bed-agglomeration and/or bed-defluidisation. Indeed, after the 

experiment the reactor tube appeared to be partially clogged with char-sand agglomerates 

that were also observed in the bed material. In addition, the tip of the feed screw contained 

some molten lignin deposits (see figure 5.9). After the experiment, a small amount of 

unreacted lignin powder was recovered from the feeding screw tube. Apparently, lignin 

powder is heated up more quickly and –as a consequence- melts more easily than the 

bigger particles. Therefore, during the other experiments it was ensured that the feedstock 

contained only lignin particles with a minimal amount of powder. As a result, no significant 

agglomeration was observed anymore. 
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Figure 5.8 - Temperatures and gases from the BFB pyrolysis of lignin A at 500°C. 
 

 

Bottom up view showing partially clogged 
reactor tube (internal diam. 7 cm) Lignin-sand agglomerates

Molten lignin deposits at feedscrew tip

 
 

Figure 5.9 - Clogged reactor tube, char-sand agglomerates and molten lignin at the tip of 

the feed-screw. 

Product yields 

Table 5.4 presents the results of the pyrolysis experiments with the four lignins. From table 

5.4 it can be seen that the mass balances are close to 100%. The main uncertainty is the 

amount of char and the amount of oligomeric substances in the liquid that are difficult to 

determine. The amount of oligomers are estimated gravimetrically after evaporation of the 

primary product mixture (trapped components in isopropanol) until a constant weight is 

attained. The residual weight is corrected for the loss of the volatile components.  
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This amount is uncertain because some volatile species might still be present in the residue. 

As a consequence, the amount of oligomers is probably slightly overestimated. The amount 

of char is uncertain because of possible losses during the experiment (incomplete collection 

due to cyclone / filter slip-through) and due to handling afterwards (removal of the bed 

after the experiment). The maximum uncertainty in the mass balance was estimated to be 

10%.  

 

From table 5.4 it is also clear that all lignins yield significant amounts of a phenolic bio-oil 

with the straw-derived lignins showing higher yields when compared to the hardwood 

derived Alcell (respectively 48 – 55 wt% versus 39 wt%). Corresponding to the somewhat 

lower oil yield, Alcell yields more char than the other lignins (43 wt% versus 30 – 40 wt% 

for the straw lignins). These results indicate that, apparently, the herbaceous-derived 

lignins are easier to pyrolyse than the hardwood lignin. This seems due to the higher degree 

of cross linking in the hardwood lignin compared to the herbaceous lignins.  The amount of 

permanent gases is typically 15 – 20 wt% with approximately equal amounts of CO and CO2 

and less methane.  

 

Figure 5.10 compares for each of the lignins the yields of the major detected and identified 

monomeric phenols, grouped as guaiacols, syringols, alkyl phenols and catechols. 
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Figure 5.10 - Identified monomeric phenols from the pyrolysis of the different lignins at 

500°C in a bubbling fluidized bed reactor.  
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Table 5.4 - Results of the bubbling fluidized bed pyrolysis of four different lignins at 500°C. 

Type of lignin feedstock 

 

Wheat straw 

organosolv lignin 

Wheat 

straw/grass 

soda lignin 

Hardwood 

organosolv 

lignin 

All yields: % 

w/w dry lignin 

feedstock Feedstock code  

Products  
A B Granit Alcell 

Gas 15.1 17.4 15.2 20.7 

Oil 54.7 51.9 47.6 38.9 

Char 35.6 30.9 39.0 43.0 

Major product 

fraction 

Mass balance 105.3 100.2 101.8 102.6 

CO2 7.7 9.0 6.2 10.2 

CO 5.8 6.7 6.8 8.1 

CH4 1.6 1.7 2.2 2.5 
Gases 

Total gas 15.1 17.4 15.2 20.7 

Water Water 23.9 19.9 17.1 14.5 

Acetone 0.30 0.17 BDL BDL 

Methanol 1.06 0.68 0.99 1.41 

Acetic acid 0.43 0.35 0.31 0.37 

2-Furaldehyde BDL BDL 0.10 0.08 

Light ends 

Total light ends 1.8 1.2 1.4 1.9 

2-Methoxyphenol 0.43 0.37 0.73 0.30 

4-Methylguaiacol 0.44 0.45 0.53 0.48 

4-Ethylguaiacol 0.21 0.21 0.43 0.13 

2-methoxy-4-propyl-phenol 0.03 0.03 0.03 0.03 

Eugenol 0.04 0.04 0.03 0.03 

Isoeugenol 0.19 0.19 0.17 0.14 

2-methoxy-4-vinyl-phenol 0.52 0.61 0.87 0.18 

Vanillin 0.06 0.08 0.08 0.15 

Aceto-vanillone 0.05 0.05 0.08 0.06 

Guaiacols 

 

OH

O

 

Total guaiacols 2.0 2.0 3.0 1.5 

26-Dimethoxyphenol 0.39 0.27 0.70 0.73 

4-Methylsyringol 0.41 0.34 0.45 1.21 

4-(2-propenyl)syringone 0.07 0.06 0.07 0.11 

Syringaldehyde 0.06 0.05 0.05 0.40 

Acetosyringone 0.12 0.10 0.36 0.13 

Syringols 

OH

O O

 Total syringols 1.1 0.8 1.6 2.6 

Phenol 0.17 0.13 0.36 0.11 

O-cresol 0.05 0.05 0.10 0.06 

P-cresol 0.16 0.12 0.24 0.10 

M-cresol 0.03 0.03 0.04 0.05 

4-Ethylphenol 0.17 0.10 0.35 0.02 

Alkylphenols 

 

OH  Total alkylphenols 0.6 0.4 1.1 0.3 

3-Methoxypyrocatechol 0.16 0.11 0.50 0.30 

Pyrocatechol 0.41 0.32 0.67 0.25 

Total catechols 0.6 0.4 1.2 0.5 

     

Catechols 

OH

HO

      

Unidentified Unknowns 3.5 3.0 4.4 3.6 

 Monomers (incl. unknowns) 7.8 6.6 11.2 8.5 

Undetected Oligomers 21.4 24.1 18.0 14.0 

Total phenolic 

material 
Monomers + oligomers 29.2 30.7 29.2 22.5 

BDL = Below Detection Limit 
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Figure 5.10 clearly shows that the composition of the organic phase in the bio-oil is 

dependent on the biomass type from which the lignin feedstock originated. The herbaceous 

lignins A, B and Granit produce more guaiacols and less syringols when compared with the 

hardwood Alcell lignin. Also the amount of alkyl phenols and catechols is higher. The 

pyrolysis yields for the Granit lignin are higher when compared to the lignins A and B. The 

reason for this is not clear. Differences in repolymerisation / char formation kinetics can 

play a role and perhaps the grass-derived lignin that constitutes part of the Granit is easier 

to crack than the straw-derived lignin. From figure 5.10 it also seems that the ratio 

guaiacols / syringols is an indicative marker for the source of the lignin. The straws and the 

Granit lignin show a G/S ratio of around 2 while Alcell yields only a ratio of 0.5, 

corresponding with higher levels of syringols. These results may be attributed to the 

chemical nature of the native lignin in the different biomass types. 

 

From table 5.4 it can be seen that 4-vinylguaiacol is the major phenolic monomer that is 

formed during the pyrolysis of the straw/grass lignins in yields from 0.5 – 1 wt%. For Alcell 

the predominant phenol is 4-methylsyringol (1.2 wt %). This was also found from the 

pyrolysis of the beech wood lignin [13].  

 

It is remarkable that pyrolysis of the two reference lignins Granit and Alcell produces a 

small amount of furfural while this compound is absent in the product slate from the 

pyrolysis of lignins A and B. Since furfural is a typical degradation product from (hemi) 

cellulose, its formation indicates the presence of (residual) carbohydrates in the Granit 

lignin. Since Alcell contains almost no residual carbohydrates, the formation of furfural from 

residual (hemi) cellulose is unlikely. Apparently, the furfural is formed from another source, 

possibly from ‘pseudo lignin’, a lignin-like substance resulting from polymerization reactions 

of (hemi)cellulose derivatives like furfural or condensation reactions between lignin and 

furfural that have been reported to occur during organosolv [9].  

 

When looking at the yields of phenolic substances, it is remarkable that in all four cases the 

amount of oligomeric substances is approximately 1.6 to 3.6 times the amount of 

monomeric phenols (including the unidentified species). This might be attributed to the 

primary thermal degradation efficiency in the bubbling hot sand bed and/or the occurrence 

of secondary reactions downstream the reactor bed. A long hot vapour residence time could 

well enhance the occurrence of secondary repolymerisation reactions that lead to larger 

fragments. A closer look at the amounts of oligomerics reveals that the herbaceous lignins 

A, B and Granit produce larger yields when compared to the hardwood Alcell lignin. Possibly, 

this is caused by structural differences between the lignins with the hardwood lignin more 

cross linked than the herbaceous ones. As a consequence, the herbaceous lignins are easier 

to depolymerise which results in a higher bio-oil yield.  

 

The pyrolysis results for the hardwood derived organosolv Alcell lignin are comparable with 

results that were obtained with beech wood derived organosolv lignin [13]. Pyrolysis at 

500°C yielded ~ 21.5 wt% of phenolic material that contained ~ 11.6 wt% of monomeric 

phenols.  
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These yields are in agreement with the yields from the pyrolysis of the Alcell lignin that 

gave 22.5 wt% of phenolic material with 8.5 wt% of monomeric phenols. At the time 

(1980!), these yields were recognized as high for a typical lignin pyrolysis.  For example, a 

recent (2010) fast pyrolysis study of three technical lignins derived from softwood  showed 

only limited yields of bio-oil around 20 wt% containing 60% - 75% of aromatic species [26]. 

The lignins were fed as fine powder, using a high velocity jet of nitrogen. The pyrolysis was 

conducted at 550°C in an entrained flow type of reactor. 
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5.4 Conclusions 

Lignin with a high purity was produced from two wheat straw varieties using ethanol-based 

organosolv fractionation. Subsequently, these lignins have been converted into phenolic oil 

and biochar by a pyrolysis based lignin biorefinery approach (LIBRA), using bubbling 

fluidized bed reactor technology. Results indicate that ~80wt% of the dry lignin can be 

converted into biochar (30-40%) and bio-oil (40-60%). The bio-oil contains 25-40 wt%  

(based on the dry lignin weight) of a phenolic fraction constituting of monomeric (7-11%) 

and oligomeric (14-24%) compounds. The monomeric phenols consist of guaiacols, 

syringols, alkyl phenols and catechols. 4-vinylguaiacol is the major phenolic monomer that 

is formed during the pyrolysis of the straw lignins in yields from 0.5 – 1 wt%. For the 

reference lignin Alcell the predominant phenol is 4-methylsyringol (1.2 wt %).  

 

It is obvious that the herbaceous lignins A, B and Granit produce more guaiacols, alkyl 

phenols and catechols and less syringols when compared with the hardwood Alcell lignin. 

The straws and the Granit lignin show a G/S ratio of around 2 while Alcell yields only a ratio 

of 0.5, corresponding with higher levels of syringols. These results may be attributed to the 

chemical nature of the native lignin in the different biomass types. The ratio guaiacols / 

syringols seems to be an indicative marker for the source of the lignin. 

 

Currently, the phenolic fraction from the pyrolysis of lignin is under evaluation for 

separation of individual phenols, to replace petrochemical phenol in wood-adhesives and for 

use as additive in petrochemical bitumen. The bio-char is studied as a possible soil improver 

and as a feedstock material to produce activated carbon for gas- and water-filtration 

applications. Future work will include a techno-economic assessment and scale-up of the 

LIBRA technology. 
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CHAPTER 6 

A Pyrolysis – Based Hybrid Biorefinery 

Concept for Lignocellulosic Biomass 
 

Abstract 
A biorefinery uses various types of biomass feedstocks that are processed via different 

technologies into heat, power and various products. The biorefinery is self sustainable with 

respect to heat and power and puts no burden on the environment. The pyrolysis-based 

processes that are described in this thesis can play an important role in (thermo)chemical 

biorefineries. This chapter presents an integrated biorefinery scheme in which pyrolysis-

based processes form an important section, either as central processing unit, or as a more 

peripheral unit, to process biorefinery side-streams. To assess the economic feasibility of 

pyrolysis-based biorefinery concepts for wheat straw, economic margin analysis is used to 

compare four pyrolysis-based cases with a state-of-the-art 2nd generation biorefinery for 

bio-ethanol. The results indicate the potential of the pyrolytic valorisation of the biomass 

and the beneficial effect on the economic margin of the whole biorefinery. Finally, a 

sensitivity study reveals that the major factors that determine the economic margin are the 

straw feedstock cost and – to a lesser extent - the market prices of the desired products. It 

should be noted that the economic margin is a first approximation of the economic viability 

of the biorefinery. An estimation of capital and operational costs is needed for a full 

assessment of the economics. This is outside the scope of this chapter.   

 

Keywords 
Biorefinery, thermochemical, conceptual general scheme, economic margin  
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6.1 Pyrolysis-based thermochemical biorefineries 

6.1.1 Pyrolysis in thermochemical biorefineries 

Biorefining is the sustainable processing of biomass into a spectrum of marketable products 

[1]. This definition encompasses a multitude of possibilities to convert biomass into bio 

products via (combinations of) different processing technologies including (bio)chemical and 

thermochemical processes. Biorefinery concepts can be classified according to platforms, 

products, feedstocks and processes [2]. Pyrolysis can be an important conversion 

technology within a biorefinery scheme. Pyrolysis can be applied as a primary unit to 

convert biomass into bio-oil as feedstock for further processes. In biorefineries that first 

fractionate the biomass in hemicellulose, cellulose and lignin, pyrolysis can play a central 

role as processing unit for one or more of these fractions. Finally, pyrolysis can be used as a 

more peripheral unit, e.g. to treat side streams that originate from other processes within 

the biorefinery. It is expected that (fast) pyrolysis will play an important role in biorefineries 

because of its versatility and the advantage of a storable and transportable bio-oil product 

that permits economies of scale [3]. 

6.1.2 Pyrolysis as the primary process 

An example of pyrolysis as the primary unit is the concept of BTG, the Dutch Biomass 

Technology Group. BTG envisions fast pyrolysis as the primary technology to convert 

lignocellulosic biomass into bio-oil, char and gas. The bio-oil is the feedstock for a 

subsequent biorefinery approach that aims to further process the bio-oil into a spectrum of 

value-added products.  An example of this elegant concept is schematically presented in 

figure 6.1.   
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Figure 6.1 – Pyrolysis as primary unit to provide bio-oil for further processing (adapted from 

the photograph in figure 1.11 in Chapter 1 of this thesis). 
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Much attention is presently focused on the production, application and upgrading of bio-oil 

from fast-pyrolysis of whole biomass for fuels and chemicals [4,5]. The organic fraction in 

the pyrolysis liquid consists of hundreds of both small and large highly oxygenated and 

reactive compounds. The extraction of specific chemicals with added value and/or upgrading 

of this complex mixture to usable and valuable bulk products and / or fuels is a difficult 

task. Recent developments show encouraging results [6 - 9], although yields are often 

limited.  However, given the complexity of the bio-oil, it is already promising that some 

chemicals can be separated at all. Limited yields are not necessarily a drawback for 

economic viability. This depends on many variables such as oil-price, market situation 

(price, volume) for the specific chemical and a full techno-economic evaluation of the 

separation procedure, including a life cycle analysis is required to assess the prospects of 

the recovery of individual chemicals. 

6.1.3 Pyrolysis as central unit in hybrid biorefineries  

Pyrolysis can also play an important role in hybrid biorefineries that first fractionate the 

biomass into its main constituents hemicellulose, cellulose and lignin. Depending on the 

desired products, pyrolysis can be applied to one or more of these fractions.  

 

In the 1960’s Russian workers laid the foundations of a technology for a hybrid combination 

of thermochemical processes to convert biomass into value-added chemicals [10]. Furfural 

was obtained from the hydrolysis of hemicellulose. Levoglucosan, phenolics and a residual 

char were subsequently produced via a one-stage pyrolysis of the hydrolysis residue. The 

total cumulative yield of these products was claimed to be 88 - 93%, containing 10-15% 

char.  

 

Another interesting approach is presented by the Latvian State Institute of Wood Chemistry 

(LSIWC) [11]. Pyrolysis of birch-derived lignocellulose in a tubular coil reactor at ~ 320°C-

400°C with steam yields a water soluble tar that contains up to 64 wt% of levoglucosan and 

almost no lignin-derived impurities. The birch lignocellulose contains ~0.1 wt% of sulphuric 

acid and is prepared by washing the residue from the sulphuric acid catalyzed production of 

furfural from birch. The results are partly attributed to the relatively low pyrolysis 

temperature (preventing an excessive degradation of the lignin) and the relatively long 

residence time (10 sec. to make up for the decreased kinetics of levoglucosan formation at 

lower temperatures) when compared to state of the art fast pyrolysis. Figure 6.2 presents 

an example of the integrated LSIWC biorefinery system [12]. 
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Figure 6.2 - Biomass based integrated technologies cluster [12].  

 

Finally another example of a hybrid pyrolysis-based approach is presented in Chapter 3 of 

this thesis that describes the aquathermolysis – pyrolysis concept for the primary 

fractionation of biomass in hemicellulose (derivates) and a lignin-cellulose complex and a 

subsequent pyrolysis of the latter fraction [13]. The (aqueous) hemicellulose fraction is 

converted into furfural, whereas the secondary pyrolysis step is targeted at the cellulose for 

the production of levoglucosan. The lignin is converted into char.  

6.1.4 Pyrolysis as a peripheral unit for biorefinery side-streams 

The production of bio-ethanol from lignocellulosic biomass generates a large lignin-enriched 

side stream. The main practised option to date, is the combustion of this stream to meet 

heat (and power) demands of the biorefinery. The pyrolytic valorisation of lignin is studied 

in our laboratory and is reported in Chapters 4 [14] and 5 [15] of this thesis. Figure 6.3 

illustrates the pyrolysis of lignin-enriched side streams in the biorefinery. Integration of the 

lignin-pyrolysis section with the other biorefinery sections enables an optimal use of 

material and heat [16]. This is an important aspect in the 6th framework EU-integrated 

project BIOSYNERGY (2007 – 2010) [17] and the Dutch national EOS-LT project LignoValue 

(2007 – 2010) [18].  
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Figure 6.3 - Lignin Biorefinery Approach (LIBRA), under development at ECN.  

 

The black parts in figure 6.3 depict the current state – of – the – art processing of biomass 

for the production of bio-ethanol. Lignin is separated by means of a caustic wash, in which 

pH is increased to dissolve lignin. Then a S/L separation takes place to separate dissolved 

lignin, which is afterwards precipitated by acid addition.  

6.2 A pyrolysis-based hybrid biorefinery concept 

6.2.1 General scheme 

Figure 6.4 presents a general scheme of a hybrid biorefinery for lignocellulosic biomass that 

encompasses the pyrolysis-based thermochemical conversion routes that are described in 

this thesis. Biomass fractionation, two relevant examples of a chemical and biochemical 

conversion route, product upgrading and by-product utilisation are presented as well. Figure 

6.4 can be regarded as a flexible biorefinery concept for conversion of different types of 

lignocellulosic biomass into different products (chemicals, secondary energy carriers, heat 

and power) via different conversion technologies  
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Figure 6.4 – General scheme for a lignocellulosic biomass - based hybrid-biorefinery. 
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6.2.2 Description hybrid biorefinery general scheme 

 
Feedstock 
The feedstock for the biorefinery is lignocellulosic biomass that contains variable amounts of 

hemicellulose, cellulose and lignin as the main fractions with smaller amounts of organic 

extractives and inorganic ash minerals. The differences in biomass composition are 

important for (the (choice of)) the fractionation process that forms the heart of the 

biorefinery.  

 
Solvent fractionation by aquathermolysis 
Aquathermolysis (treatment with hot pressurised water, typically at temperatures around 

200°C and reaction times of 30 min) can be applied to all three types of biomass, and is 

effective in separation of the hemicellulose from the lignin-cellulose complex. The 

aquathermolysis basically converts the biomass in two fractions, an aqueous solution that 

contains mainly hemicellulose derivatives (e.g. acetic acid, oligomeric and monomeric 

sugars and their degradation products like furfural), extractives and water-soluble ash 

minerals (e.g. KCl) and a solid residue that contains lignin, cellulose and water insoluble 

inorganics (e.g. silicates in herbaceous types of biomass). Depending on the specific type of 

biomass and the reaction conditions, acetic acid and furfural yields up to respectively 5 wt% 

and 8 wt% of the dry feedstock are possible (chapter 3 [13]). 

 
Solvent fractionation by organosolv 
Organosolv fractionation is a biomass pretreatment with a mixture of water and an organic 

solvent at elevated temperature (around 200°C) and pressure. The main goal of Organosolv 

is the delignification of the biomass to liberate the cellulose for further processing e.g. to 

bio-ethanol. Organosolv treatment also removes the hemicellulose, although less efficiently 

when compared to aquathermolysis because of the presence of an organic solvent. 

Organosolv fractionation with a water / ethanol mixture (typically 40 wt% water and  60 

wt% ethanol) around 200°C, works well for deciduous and herbaceous biomass, but needs 

more severe conditions for coniferous biomass, probably because the coniferous lignin is 

less easy to hydrolyse [19]. The lignin that is solubilised during organosolv fractionation 

with ethanol is very similar to native lignin in wood, although part of the  -O-4 ether bonds 

are hydrolysed as well [20].  

 
Combined aquathermolysis – organosolv fractionation 
An interesting but relatively unexplored possibility is the combination of aquathermolysis as 

a first step to dissolve and convert the hemicellulose, followed by an organosolv 

fractionation to delignify the resulting lignin-cellulose complex [20]. Hereby a full 

fractionation of the biomass in hemicellulose (derivatives), cellulose and lignin is achieved.  

Both aquathermolysis and organosolv can be conducted in batch and in continuous mode. 

For small-scale (< 10 kton/year) batch processes, industrial-scale autoclaves can be used. 

Continuous processing on industrial scale in e.g. auger (screw) reactors can be challenging 

because of the need to handle biomass slurries under elevated pressures and temperatures.  
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Chemical conversion in sugars and/or furfural by acid hydrolysis 
The aqueous fractions from the aquathermolysis and organosolv process mainly contain 

hemicellulose derivatives such as acetic acid, single and oligomeric sugars, sugar 

breakdown products such as furfural and hydroxymethylfurfural and humic substances from 

secondary reactions. Although the innate organic acids (e.g. acetic acid) that are formed 

from the hemicellulose during the aquathermolysis catalyse the hydrolysis and subsequent 

dehydration of xylose to furfural, the yield of furfural can be enhanced by adding a mineral 

acid catalyst such as sulphuric acid. Sulphuric acid not only catalyses the dehydration of 

xylose to furfural, but also speeds up the hydrolysis of the (oligomeric) hemicellulose 

fractions. Recent developments [21] indicate that the resulting C5-sugars are fermentable 

to bio-ethanol. A consecutive acid-hydrolysis can be conducted in state-of-the-art 

continuous stirred tank reactors (CSTR).  

 
(Bio)chemical conversion in bio-ethanol by enzymatic and/or acid hydrolysis 
The solid cellulose fraction from the organosolv process and the solid cellulose-lignin 

complex from the aquathermolysis can be hydrolysed to glucose by using enzymes or acid 

catalysts. The glucose is subsequently fermented into a broth from which the bio-ethanol is 

recovered by distillation. This is standard procedure in new 2nd generation lignocellulosic 

biomass – based biorefineries for bio-ethanol.  

 
Thermochemical conversion in levoglucosan and bio-oil by pyrolysis 
Alternatively, the solid cellulose and cellulose-lignin containing fractions from respectively 

the organosolv and the aquathermolysis can be pyrolysed to obtain a bio-oil that is enriched 

in cellulose derived anhydrosugars of which levoglucosan is the main component.  

 

In general, fast-pyrolysis using fluidised-bed technology is the preferred method because it 

is well known and can be scaled-up relatively easily. Prior to the pyrolysis, the biomass 

should be dried to ~10-15 wt% of moisture. Typical pyrolysis conditions for the production 

of maximum bio-oil yields (typically up to 70 wt% (dry feedstock base)) are a reactor 

temperature around 500°C, with a pyrolysis vapour residence time of seconds. Depending 

on the type of lignocellulosic biomass and the pyrolysis conditions, levoglucosan yields up to 

15 wt% of the solid dry feed are achievable. The fact that most of the water-soluble ash 

elements (potassium and other alkali and alkaline-earth metals) are leached out from the 

solid during the aquathermolysis and organosolv treatment is beneficial for the subsequent 

pyrolytic conversion into anhydrosugars, because these metals tend to catalytically crack 

the sugar moieties during pyrolysis. Also the fact that the cellulose in the aquathermolysis 

residue is probably more crystalline than in the original material, is an advantage for the 

subsequent pyrolysis, because the desired levoglucosan is preferentially formed from 

crystalline cellulose. Also, the bio-oil might contain less lignin-degradation products because 

of recondensation reactions during the aquathermolysis, rendering the lignin thermally more 

stable than in the original material. As a consequence most of the lignin will end up in the 

biochar.  
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Thermochemical conversion in lignin pyrolysis oil and biochar by pyrolysis 
The solubilised lignin from the organosolv process is precipitated from the solution, washed 

and dried. The resulting pure lignin can be pyrolysed to biochar and a bio-oil (~ 50-60 wt% 

of the dry lignin feedstock) that is enriched with phenolic compounds (typically up to 60 

wt% of the whole oil). Alternatively, the lignin can be burned for heat and power in a 

recovery boiler. Also here, the preferred pyrolysis technology is fast pyrolysis. An overview 

of available fast pyrolysis reactors is given in [22].   

 
Furfural and acetic acid from the aquathermolysis / organosolv effluent  
The aqueous effluent from the aquathermolysis contains furfural that can be recovered as a 

valuable chemical. This is done by proven technology such as steam distillation or solvent 

extraction. An example is the treatment of the aqueous condensate from the pulp- and 

paper plant of Lenzing in Austria [23]. Lenzing produces yearly about 23,000 tons of acetic 

acid and 5,400 tons of furfural out of the aqueous condensate. Both products are of high 

quality and sold on the market with profit. The spent sulphite cooking liquor condensate is 

treated in an extraction plant. Most of the organic components of the condensate are 

separated from water by liquid-liquid extraction to obtain reusable process water and 

saleable by-products. The economic efficiency of the extraction plant is provided by the 

reduction of the organic effluents as well as waste water combined with reduced investment 

and operating costs of a waste water treatment plant (WWTP), reduction of the water 

consumption of the pulp mill due to closed loops and earnings from the sales of the by-

products acetic acid and furfural. Figure 6.5 presents a simplified scheme of the furfural / 

acetic acid extraction plant. 

 

M
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Acetic Acid
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Figure 6.5 - Furfural / acetic acid extraction plant to treat the condensate from Lenzing’s 

sulphite pulping process (extraction efficiency ~ 80 – 90%) [23] 
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In the extractor (E) acetic acid, furfural, formic acid and methanol are extracted from the 

organics through a polar organic solvent mix. The extractant is a mixture of tri-n-

octylphosphineoxide (CAS 78-50-2) and undecane (CAS 1120-21-4), that does not dissolve 

in the condensate. The solvent extraction step is able to remove 85 to 90 % of the organic 

compounds. The aqueous raffinate is purified and can be used as a fresh water substitute in 

the pulp mill. The solvent extract is transferred into a flash vessel where most of the water 

is removed. Afterwards the raw product is removed from the solvent extract by a stripping 

distillation (S). While the solvent is supplied to the extractor again, the acetic acid and 

furfural rich overhead stream (raw product) is forwarded to a number of rectifying columns 

in which byproducts are removed and the final product is purified to the required quality 

[23]. 

 
Bio-ethanol from the fermentation broth 
The product from the fermentation of the sugar containing solution after the hydrolysis of 

the (hemi)cellulose is an aqueous broth that contains ethanol, lignin and various residues 

from the hydrolysis / fermentation process such as salts and microbial remnants. The 

ethanol – water azeotrope is distilled from this broth and further purified. The remaining 

aqueous distillation residue - the so-called stillage - is dried. The resulting ‘dried distilled 

biomass’ can serve as fuel or as cattle-feed additive. Alternatively, lignin can be extracted 

from the liquid stillage. Lignin is separated by means of a caustic wash, in which pH is 

increased to dissolve lignin. Then a S/L separation takes place to separate dissolved lignin, 

which is afterwards precipitated by acid addition [24]. 

 
Phenols from the lignin-derived pyrolysis-oil 
The bio-oil from the pyrolysis of lignin contains monomeric phenols, oligomeric phenols, 

reaction water and minor quantities of low-boiling components such as methanol and acetic 

acid. Separation of the lower boiling monomeric phenols from the oligomeric fraction can be 

achieved by evaporation, (fractional) steam distillation, vacuum distillation, liquid-liquid 

extraction or combinations of these. Steam distillation is usually applied either to separate a 

small amount of a volatile fraction from a large amount of non-volatile or heat-sensitive 

material. To separate the light monomeric fraction from the larger oligomeric fragments, 

steam distillation at low temperature seems to be an appropriate method [25 - 27]. 

Subsequently, individual phenols can be recovered from the monomeric phenols mixture by 

vacuum distillation [26]. 

 
Levoglucosan from the cellulose-derived pyrolysis-oil 
Pyrolysis of the alkali metal free lignin-cellulose solid from the aquathermolysis or the 

cellulose from the organosolv yields a bio-oil that is enriched in monomeric and oligomeric 

anhydrosugars. The major individual anhydrosugar is levoglucosan. Both the individual 

anhydrosugars and the oligomerics can be catalytically hydrolysed with sulphuric acid to 

yield glucose (see Chapter 1). According to Radlein [28], an important obstacle for the 

production of levoglucosan lies in the difficulty to purify it, e.g. by crystallization. Although 

several procedures are available, they all suffer from low yields, cost ineffectiveness and 

technical complexity. 
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6.3 Economic considerations 

6.3.1 Introduction, general assumptions and calculation methodology 

 

Introduction 

Economic margin analysis was used to identify potential attractive routes within the concept 

of figure 6.4. Based on the lab-scale derived mass balances, the economic margin is 

calculated as the difference between the revenues of the final products and the cost of the 

feedstock. Within the framework of the pyrolysis-based valorisation routes that are 

described in this thesis, five wheat straw – based cases are evaluated for their economic 

feasibility. For comparison purposes, the production of bio-ethanol, CHP (combined heat and 

power) from straw serves as a base case (case 1). 

 

1. Bio-ethanol & fuels base case (ethanol, CHP). 

2. Bio-ethanol, chemicals & fuels (ethanol, acetic acid, furfural, phenols, bio-char, CHP).  

3. Chemicals and fuels I (acetic acid, furfural, levoglucosan, CHP). 

4. Chemicals and fuels II (acetic acid, furfural, levoglucosan, phenols, biochar, CHP). 

5. Fuels and bio-char (bio-oil, biochar, CHP). 

 

Based on a set of general assumptions, the economic margin evaluation compares four new 

pyrolysis-based biorefinery concepts with a (state-of-the-art) second generation biorefinery 

demonstration plant for the production of bio-ethanol.  

 
Feedstock 
The feedstock is wheat straw at a cost of 100 €/t (dry base) [28]. The dry wheat straw 

consist of 35 wt% cellulose, 26 wt% of hemicellulose, 21 wt% of lignin, 10 wt% of 

extractives and 8 wt% of inorganics (ash) (Chapter 3, [13]). 

 
Scale of the biorefinery 
The plant operates 350 days per year [29] and has a capacity of 70 t/day (24.5 kt/year) of 

dry feedstock [30]. Annual feedstock cost are 2.5 M€/year (70t x 100 €/t x 350d x 10-6) . 

 
Market prices products 
Table 6.1 presents indicative market prices for the biorefinery products. The prices have 

been taken from ICIS sample price reports [31] and from various other sources.  
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Table 6.1: Biorefinery product market prices used in the economic analysis (2010 levels) 

Product Reference Valued as Market price (€/ton) 
Bio-ethanol [31] Fuel 650 
Acetic acid [31, 33] Chemical 470 

Furfural [32] Chemical 900 
Levoglucosan [31] Polyols 1780 

Lignin pyrolysis oil [31] Phenol (resins) 1280 
Bio-oil [34] Fuel 130 - 280 

Bio-char [31] Fertiliser 250 
Bio-char Internet Coal 80 

Lignin-rich solid digestate (DDB) Internet 2/3 coal price 53 

Solid digestate from WWT [31] Fertiliser 250 

Pyrolysis gas Internet 
½ methane 

price 
150 

Bio-gas Internet 
½ methane 

price 
150 

 
Methodology economic analysis 
Conceptual process schemes are constructed from the options overview in figure 6.4. Mass 

balances are set-up from lab-data and literature. The economic margin (annual product 

sales revenues – annual feedstock cost) is calculated for a high yield case (based on actual 

lab-data) and for a realistic low-yield case (based on lab and literature data) using product 

market prices. Finally, a sensitivity analysis is conducted by varying the product market 

value (50% lower) and the feedstock cost (50% higher). Heat balances, heat integration, 

electricity production and CO2 credits are not taken into account  
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6.3.3 Results economic analysis 

Case 1: wheat straw to bio-ethanol and fuels 

Case 1 is a simplified version that is loosely based on the world’s first industrial scale 

second generation biofuel plant, that is operated by Abengoa Bioenergy New Technologies 

(ABNT). ABNT aims to demonstrate their biomass – to – ethanol process technology [31]. 

The demonstration plant is located at the new BCyL cereal ethanol plant in Babilafuente 

(Salamanca), Spain and has a processing capacity of 70 tons/day of agricultural residues, 

such as wheat straw for the production of over 5 million litres of fuel grade ethanol per 

year. The recently finalised EU-Integrated Project Biosynergy was focused on this biofuel 

plant [17].  Figure 6.6 presents the basic process scheme and a photograph of the ABNT 

demonstration plant for bio-ethanol. 

 

 

 

Figure 6.6 - ABNT industrial scale 

biomass plant to demonstrate the 

second generation biomass – to – 

ethanol process technology [31] 

The major processing steps in figure 6 include: feedstock storage and preparation, 

pretreatment (steam explosion), cellulose hydrolysis, ethanol fermentation, and ethanol 

recovery. The biomass feedstock, such as wheat straw, is first milled and cleaned in the 

preparation stage and then pretreated. The pretreated biomass is digested by enzymes to 

release sugars, which will be further fermented by yeast to ethanol and carbon dioxide. 

Ethanol is recovered in the distillation process, and the fermentation residue is processed 

further as animal feed or to recover useful chemicals. 
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Figure 6.7 presents the conceptual process scheme for case 1, the base case 2nd generation 

biorefinery for bio-ethanol from wheat straw. It is assumed that the cellulose in the lignin-

cellulose complex from the aquathermolysis is fully converted to ethanol. Also for 

hemicellulose a conversion of 100% has been used in the calculations. Table 6.2 presents 

the results of the calculations for case 1. 

 
Table 6.2 – Economic margin results for case 1, straw to ethanol and fuels 
 

Case 1, high yields2 Case 1, low yields3 Case 1 (base case): from 

wheat straw to bio-ethanol 

and residual fuels 

Market 

price Bio-ethanol & fuels Bio-ethanol & fuels 

Value Yield [d.b.] Sales Yield [d.b.] Sales 
Products 

€/t Wt% kt/yr M€/yr wt% kt/yr M€/yr 

Bio-ethanol 650 30.5 7.5 4.9 15.8 3.9 2.5 

CO2 from sugar fermentation NA 30.5 7.5  14.0 3.4  

Residual DDB as solid fuel 53 39.0 9.6 0.5 70.3 17.2 0.9 

Total  100.0 24.5 5.4 100.0 24.5 3.4 

Annual dry straw cost 100   2.5   2.5 

Economic margin1    2.9   0.9 

Bio-ethanol  30.5 7.5 4.9 15.8 3.9 2.5 

Chemicals        

Fuels  39.0 9.6 0.5 70.3 17.2 0.9 

All yields based on the dry input of wheat straw (24.5 kt/yr). 

1. Economic margin = annual product sales - annual feedstock cost. 

2. Assuming 100% conversion of cellulose and hemicellulose to bio-ethanol. 

3. Assuming 90% conversion of cellulose to bio-ethanol, no hemicellulose conversion. 

 

From table 6.2 it is obvious that both the high ethanol yield and the low ethanol yield cases 

lead to a small positive economic margin. The lower yield case is representative for the 

present state – of – the – art bio-ethanol production. Its limited economic margin indicates 

that alternative value-added uses of the 70% yield of residues - other than as fuel - are 

necessary to improve the economic viability of the process. In fact, this is what ABNT is 

pursuing with their demonstration plant in Salamanca. For example, when the residual DDB 

is valorised as cattle-feed at a market price of ~ 100 €/t, the economic margin increases 

twofold to a value of 1.8 M€. 
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Figure 6.7 - Case 1 (base case): straw to bio-ethanol, heat and power. 
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Case 2: wheat straw to bio-ethanol, chemicals and fuels 

Figure 6.8 presents the conceptual design for case 2, the production of bio-ethanol, furfural, 

acetic acid, phenols and bio-char from straw. In the calculations for case 2, it is assumed 

that the cost for separation and purification of the lignin from the organosolv process are 

500 €/t (based on lignin) [36]. Further, it is assumed that the conversion of cellulose to bio-

ethanol is 100%. According to the lab-scale data in chapter 3 [13] the yields of acetic acid 

and furfural are respectively 5 wt% and 8 wt% (dry feedstock base). The yield of phenolics 

from straw-derived lignin is ~ 30 wt% (chapter 5 [15]). For the high yield case it is 

assumed that these amounts can be fully recovered from the primary products. For the low 

yield case, it is expected that ~ 80% of the yields of furfural and acetic acid (see figure 6.5) 

and 80% of the yield of phenolics can be recovered.  

 

Table 6.3 presents the results of the economic margin calculations for case 2. The results 

clearly indicate the beneficial effects of valorising (part of) the residues. The economic 

margins are 2.4 to 3.4 times higher when compared to case 1 mainly due to the added-

value generated by the sales of furfural, acetic acid and the lignin pyrolysis oil. The 

combined value of these compounds is approximately 1.5 times the value of the produced 

ethanol. 
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Figure 6.8 - Case 2: straw to bio-ethanol, chemicals and fuels. 
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Table 6.3 – Economic margin results for case 2, straw to ethanol, chemicals and fuels 
 

Case 2, high yields2 Case 2, low yields3 Case 2: from wheat 

straw to bio-ethanol, 

chemicals and fuels 

Market 

info 
Bio-ethanol, 

chemicals & fuels 

Bio-ethanol, 

chemicals & fuels 

Value Yield [d.b.] Sales Yield [d.b.] Sales 
Products 

€/t wt% kt/yr M€/yr wt% kt/yr M€/yr 

Bio-ethanol 650 17.5 4.3 2.8 14.0 3.4 2.2 

CO2 from sugar 

fermentation 
NA 17.5 4.3  14.0 3.4  

Residual DDB as  fuel 53    7.0 1.7 0.1 

Furfural 900 8.0 2.0 1.8 6.4 1.6 1.4 

Acetic acid 470 5.0 1.2 0.6 4.0 1.0 0.5 

Biogas4 150 3.5 0.8 0.1 3.8 0.9 0.1 

Solid digestate as low 

value fertiliser5 
250 23.6 5.8 1.4 25.8 6.3 1.6 

Dry lignin pyrolysis oil 1280 6.3 1.5 2.0 5.0 1.2 1.6 

Reaction water from 

lignin pyrolysis 
0 4.2 1.0  3.4 0.8  

Biochar from lignin as low 

value fertiliser6 
250 10.3 2.5 0.6 12.4 3.0 0.8 

Pyrolysis fuel gas 150 4.2 1.0 0.2 4.2 1.0 0.2 

Total  100.0 24.5 9.5 100.0 24.5 8.4 

Annual dry straw cost incl 

lignin production cost 
   5.0   5.0 

Economic margin1    4.5   3.4 

Bio-ethanol  17.5 4.3 2.8 14.0 3.4 2.2 

Chemicals  29.6 7.3 4.9 27.8 6.8 4.2 

Fuels  31.2 7.6 1.7 40.8 10.0 2.0 

All yields based on the dry input of wheat straw (24.5 kt/yr) 

1. Economic margin = annual product sales - annual feedstock cost 

2. Assuming 100% conversion of cellulose to bio-ethanol, 100% extraction efficiency of 

furfural and acetic acid, 50% PLO (on lignin) containing 30% phenolics and 20% water and 

light ends, 30% char (on lignin) + 4% ash (on straw), 20% gas (on lignin) from Chapter 5, 

lignin B [33].  

3. Assuming 90% conversion of cellulose to bio-ethanol, no hemicellulose conversion, 80% 

extraction efficiency of furfural and acetic acid, 40% PLO (on lignin) with 24% phenolics 

and 16% water and light ends, 40% char (on lignin) + 4% ash (on straw), 20% gas (on 

lignin). 

4. Assuming 15% conversion of the organics in the aquathermolysis effluent to biogas 

(CH4+CO2 in the mol. ratio 1:1). 

5. Assuming to contain 50% of the original  amount of ash (water soluble K species). 

6. Assuming to contain the insoluble (Si-species (SiO2)) ash components. 
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Case 3: wheat straw to chemicals and fuels I 

Figure 6.9 presents the conceptual design for case 3, the production of furfural, acetic acid, 

levoglucosan and fuels from straw. Basically, this concept can be regarded as a power 

(CHP) plant with the co-production of a limited number of value-added chemicals. 

 

For the conversion of hemicellulose and the lignin-cellulose complex to chemicals in case 3, 

data from reference [13] (Chapter 3 in this thesis) were used. The yields of acetic acid, 

furfural and levoglucosan are respectively 5 wt%, 8 wt% and 8 wt% (dry feedstock base). 

For the high yield case it is assumed that these amounts can be fully recovered from the 

primary products. For the low yield case, it is expected that ~ 80% of the yields of furfural 

and acetic acid (see figure 6.5) and 50% of the yield of levoglucosan can be recovered [27].  

 

After recovery of acetic acid and furfural from the aqueous effluent, a diluted aqueous 

stream is processed in a waste water treatment plant, where anaerobic digestion is used for 

the production of bio-gas (methane – carbon dioxide mixture). The remaining aqueous 

waste stream contains residual organic and inorganic material that may serve as a low-cost 

fertiliser after removal and drying. The solid residue from the aquathermolysis is dried and 

pyrolysed to yield 50 wt% of bio-oil (based on the dry straw input) from which the 

levoglucosan is extracted.  

 

Table 6.4 presents the results of the economic margin calculations for case 3. Again, the 

results clearly indicate the beneficial effects of valorising a part (15 – 20 wt%) of the 

feedstock to chemicals that have a higher value than ethanol in the base case. Chemicals 

roughly account for half of the total sales revenues. The other half is provided by residues 

that are used as fuels and fertilisers. The economic margins are 3 to 4 times higher when 

compared to the base case. Here, it should be noted that levoglucosan accounts for more 

than half of the sales revenues. Although levoglucosan is a potentially very useful chemical, 

its market is very small at the moment. 
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Figure 6.9 - Case 3: straw to chemicals and fuels I 
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Table 6.4 – Economic margin results for case 3, straw to chemicals and fuels I 
 

Case 3, high yields2 Case 3, low yields3 Case 3: from wheat straw to 

furfural, acetic acid, levoglucosan 

and fuels 

Market 

info 
Furfural, 

levoglucosan & fuels 

Furfural, 

levoglucosan & fuels 

Value Yield [d.b.] Sales Yield [d.b.] Sales 
Products 

€/t wt% kt/yr M€/yr wt% kt/yr M€/yr 

Furfural 900 8.0 2.0 1.8 6.4 1.6 1.4 

Acetic acid 470 5.0 1.2 0.6 4.0 1.0 0.5 

Biogas4 150 3.5 0.8 0.1 3.8 0.9 0.1 

Solid digestate as low value 

fertiliser5 
250 23.6 5.8 1.4 25.8 6.3 1.6 

Levoglucosan from lignin-

cellulose for polyethers 
1780 8.0 2.0 3.5 4.0 1.0 1.7 

Residual bio-oil from the lignin-

cellulose as fuel 
280 42.0 10.3 2.9 46.0 11.3 3.2 

Char from the pyrolysis of the 

lignin-cellulose as fuel 
80 5.0 1.2 0.1 5.0 1.2 0.1 

Pyrolysis fuel gas 150 5.0 1.2 0.2 5.0 1.2 0.2 

Total  100.0 24.5 10.6 100.0 24.5 8.8 

Annual dry straw cost 100   2.5   2.5 

Economic margin1    8.1   6.3 

Bio-ethanol  0.0 0.0 0.0 0.0 0.0 0.0 

Chemicals  21.0 5.1 5.8 14.4 3.5 3.6 

Fuels  79.0 19.4 4.7 85.6 21.0 5.2 

All yields based on the dry input of wheat straw (24.5 kt/yr) 

1. Economic margin = annual product sales - annual feedstock cost 

2. Assuming 100% extraction efficiency of furfural and acetic acid, 100% extraction efficiency of 

levoglucosan from the lignin-cellulose derived bio-oil (50% based on the straw), the pyrolysis of 

the lignin-cellulose complex further yields 5% char and 5% gas (based on the straw).  

3. Assuming 80% extraction efficiency of furfural and acetic acid, 50% extraction efficiency of 

levoglucosan. 

4. Assuming 15% conversion of the organics in the aquathermolysis effluent to biogas (CH4+CO2 

mol/mol = 1:1). 

5. Assuming to contain 50% of the original  amount of ash (water soluble K species). 
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Case 4: wheat straw to chemicals and fuels II 

Figure 6.10 presents the conceptual design for case 4, the production of furfural, acetic 

acid, levoglucosan, phenolics and fuels from straw. Basically, this concept is fully targeted 

at valuable chemicals with the co-production of a limited amount of fuels for heat and 

power. 

 

Case 4 is assessed using data from Chapter 3 and 5 [13, 15] for the conversion of 

hemicellulose and lignin respectively (see cases 2 and 3). For the pyrolytic conversion of 

cellulose to levoglucosan, data from the literature have been used that indicate achievable 

levoglucosan yields up to 50 wt% based on the input amount of cellulose [36]. Again, the 

high yield case assumes a full recovery of the target chemicals, whereas the low yield case 

uses 80% of the high yield values for acetic acid, furfural and phenolics and 50% of the 

high yield value for levoglucosan. In the calculations, it is assumed that the cost for 

separation and purification of the lignin from the organosolv process are 500 €/t (based on 

lignin) [36]. 

 

Table 6.5 presents the results of the economic margin calculations for case 4. Case 4 shows 

higher economic margins than the previous cases 1 – 3. The results illustrate the 

valorisation potential of a biorefinery concept that converts 40 – 60 wt% of the straw 

feedstock to a limited number of valuable chemicals. Even the low-yield case generates a 

higher economic margin when compared to the previous cases 1 – 3. The residues from the 

production of chemicals are used as fuels in the CHP unit. 
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Figure 6.10 - Case 4: straw to chemicals and fuels II 
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Table 6.5 – Economic margin results for case 3, straw to chemicals and fuels II. 
 

Case 4, high yields2 Case 4, low yields3 Case 4: from wheat straw 

to chemicals and fuels 

Market 

info Chemicals & fuels Chemicals & fuels 

Value Yield [d.b.] Sales Yield [d.b.] Sales 
Products 

€/t wt% kt/yr M€/yr wt% kt/yr M€/yr 

Furfural 900 8.0 2.0 1.8 6.4 1.6 1.4 

Acetic acid 470 5.0 1.2 0.6 4.0 1.0 0.5 

Biogas4 150 3.5 0.8 0.1 3.8 0.9 0.1 

Solid digestate as low 

value fertiliser5 
250 23.6 5.8 1.4 25.8 6.3 1.6 

Levoglucosan from 

cellulose for polyethers 
1780 17.5 4.3 7.6 8.8 2.1 3.8 

Residual bio-oil from the 

cellulose as fuel 
280 10.5 2.6 0.7 19.3 4.7 1.3 

Char from the pyrolysis of 

the cellulose as fuel 
80 3.5 0.9 0.1 3.5 0.9 0.1 

Dry lignin pyrolysis oil 1280 6.3 1.5 2.0 5.0 1.2 1.6 

Reaction water from lignin 

pyrolysis 
0 4.2 1.0  3.4 0.8  

Biochar from lignin as low 

value fertiliser6 
250 10.3 2.5 0.6 12.4 3.0 0.8 

Pyrolysis fuel gases 150 7.7 1.89 0 7.7 1.89 0 

Total  100.0 24.5 15.2 100.0 24.5 11.4 

Annual dry straw cost incl 

lignin production cost 
   5.0   5.0 

Economic margin1    10.2   6.4 

Bio-ethanol        

Chemicals  47.1 11.5 12.6 36.6 9.0 8.0 

Fuels  48.7 11.9 2.6 60.1 14.7 3.4 

All yields based on the dry input of wheat straw (24.5 kt/yr) 

1. Economic margin = annual product sales - annual feedstock cost. 

2. Assuming 100% extraction efficiency of furfural and acetic acid, 100% extraction 

efficiency of levoglucosan from the cellulose derived bio-oil (80% based on cellulose), the 

pyrolysis of the cellulose further yields 10% char and 10% gas (based on cellulose), 50% 

PLO (on lignin) with 30% phenolics and 20% water and light ends, the pyrolysis of the 

lignin further yields 30% char and 20% gas (on lignin).  

3. Assuming 80% extraction efficiency of furfural and acetic acid, 50% extraction efficiency 

of LG, 40% PLO (on lignin) with 24% phenolics, 16% water, the pyrolysis of the lignin 

further yields 40% char and 20% gas (on lignin). 

4. Assuming 15% conversion of the organics in the aquathermolysis effluent to biogas 

(CH4+CO2 (1:1). 

5. Assuming to contain 50% of the original  amount of ash (water soluble K species). 

6. Assuming to contain the insoluble (Si-species (SiO2)) ash components. 
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Case 5: wheat straw to fuels and biochar via fast pyrolysis 

Figure 6.11 presents the conceptual design for case 5, the direct production of fuels and 

char via fast pyrolysis. This pyrolysis-based concept converts the straw to a liquid fuel that 

can either be processed on site in a CHP unit or transported to another location. The char 

might find use as soil improver and/or as a low value fertiliser. Alternatively, the bio-oil can 

be mixed with the char into a slurry that is applicable for (entrained flow) gasification or 

combustion on- or off-site to generate heat and power. Lab-scale data (68 wt% bio-oil yield 

from straw from [13] (Chapter 3 in this thesis)) were used for the economic calculations. 

Table 6.6 presents the results of the economic margin calculations for case 5.  

 

Table 6.6 – Economic margin results for case 5: straw to fuels and biochar 

 
Case 5,high yields Case 5,low yields2 Case 5: fast pyrolysis 

of wheat straw for 

bio-oil and bio-char 

Market 

info Thermochemical - fuels Thermochemical – fuels 

Value Yield [d.b.] Sales Yield [d.b.] Sales 
Products 

€/t wt% Kt/yr M€/yr wt% kt/yr M€/yr 

Bio-oil as fuel 280 68.0 16.7 4.7 54.4 13.3 3.7 

Bio-char as low-value 

fertiliser 
250 19.0 4.7 1.2 27.1 6.6 1.7 

Pyrolysis fuel gas 150 13.0 3.2 0.5 18.5 4.5 0.7 

Total  100.0 24.5 6.3 100.0 24.5 6.1 

Annual dry straw cost 100   2.5   2.5 

Economic margin1    3.8   3.6 

Bio-ethanol        

Chemicals  19.0 4.7 1.2 27.1 6.6 1.7 

Fuels  81.0 19.8 5.1 72.9 17.9 4.4 

All yields based on the dry input of wheat straw (24.5 kt/yr) 

1. Economic margin = annual product sales - annual feedstock cost. 

2. For the low yield case it is assumed that the bio-oil yield is 80% of the high yield. 

 
Case 5 shows intermediate economic margins when compared to the other cases. The 

results illustrate the potential of this relatively simple biorefinery concept that converts 70 – 

80 wt% of the straw feedstock to a liquid fuel with a higher energy density when compared 

to the original feedstock. The simplicity of this concept is attractive because  costly 

investments in downstream upgrading equipment is much less an issue when compared to 

the other cases. A detailed discussion of the capital and operational expenses lies outside 

the scope of this thesis. 
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Figure 6.11 - Case 5: straw to bio-oil and bio-char 
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Sensitivity analysis 

To assess the sensitivity of the economic margin analysis for product yields, product values 

and feedstock cost, the following variations are considered: 

 

1. high product yields, product market prices from table 1, straw cost 100 €/t 

2. low product yields, ½ product value  for the main chemicals, straw 100 €/t 

3. low product yields, ½ product value, straw at 150 €/t 

 

The economic margins for the high and low yield cases (variation 1) are presented in Tables 

6.2 – 6.6 in the previous section. For variation 2 the economic margin is calculated, using 

the low product yield in combination with half of the product value that is used in variation 1 

(market prices in table 6.1).  Finally, the “worst case” variation 3, calculates the economic 

margin for a low yield, low market price and a 50% higher feedstock price. The results are 

presented in figure 6.12. 
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Figure 6.12 – Results sensitivity analysis of the economic margin of five biorefinery cases 

 

Figure 6.12 shows the beneficial effect of valorising biomass into chemicals instead of bio-

ethanol and / or fuels. The co-production of chemicals and fuels obviously offers an 

significant economic benefit for the biorefinery when compared to the production of bio-

ethanol and/or fuels only. Regarding the present state of the art of 2nd generation 

biorefineries for bioethanol (operational on demonstration scale (case 1, low yields)) and for 

chemicals (in R&D stage, case 4), it is fair to compare (see arrows in figure 6.12) case 1 – 

low yield with case 4 – low yields, low price because of the uncertainty of the market for 

chemicals such as levoglucosan. When the residual DDB fraction from the bio-ethanol plant 

is valorised as cattle-feed (100 €/t) the economic margin rises to ~ 2 M€/yr (page 124). 

This value (depicted in figure 6.12 as the dashed rectangle) is in the same range as the 

value for the all-chemicals case (2.8 M€/yr).  
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For a further judgement of the economic feasibility of a biorefinery concept, reliable 

estimates of capital and operational expenses are needed to determine whether the 

economic margin is sufficient for a profitable biorefinery. For instance, it can be argued 

whether the positive economic margin of case 4 is sufficient to make up for the capital and 

operational costs that are involved with all the necessary equipment for upgrading the 

primary product streams to chemicals. Finally, table 6.7 presents the fractional decrease of 

the economic margin as a result of the yield, product value and feedstock cost variations. 

 

Table 6.7 – Effect lower product yield, lower product value and higher straw cost on the 

economic margin for five biorefinery cases 

 

 

Effect of lower 
yield 

Effect of 50% lower 
product value 

Effect of 50% 
higher straw cost 

Case 1, bio-ethanol -69% -133% -400% 

Case 2, bio-ethanol 
& chemicals 

-23% -85% -240% 

Case 3, chemicals I -22% -29% -27% 

Case 4, chemicals II -37% -56% -46% 

Case 5, fuels -8% -75% -133% 

 

From table 6.7 it can be deduced that feedstock cost and – to a lesser extent - product 

prices are the main factors that determine the economic margin.   

6.4 Conclusion 

Pyrolysis can play an important role in biorefinery concepts because it offers a flexible way 

to convert biomass and/or biomass residues to value-added chemicals and products that 

may enhance the economic profitability of the biorefinery. An economic margin analysis of 

four pyrolysis-based biorefinery concepts shows the beneficial effect of the valorisation of 

biomass in chemicals when compared to its valorisation in bio-ethanol and fuels only. The 

economic margin results for the biorefinery concepts are obtained using best available data 

from  lab-scale experiments and data from literature. The outcome of the economic analysis 

is dependent on variables such as feedstock cost, product yields, market product values and 

energy balances (heat integration). Feedstock cost and - to a lesser extent - product market 

values appear to be the dominant factors that determine the economic margin. 

 

It should be noted that the biorefinery cases 3 and 4 that are targeted at levoglucosan 

present a rather optimistic view because of the high market price for levoglucosan. Whether 

this price is realistic can be argued because a substantial market for levoglucosan does not 

exist at present. This may be attributed to the technical challenges of producing a pure 

product. Another observation is the relatively low economic margin for the bio-ethanol case 

1. The main reason for this is the fact that approximately half of the fermentable matter in 

the incoming biomass is converted to carbon dioxide that has almost no value, except for its 

(low) value as carbon credit. 
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Concluding Remarks and 

Recommendations 
 

 

 

 

1. Biomass, sun, wind, water and geothermal resources are all sources of renewable 

energy, but biomass is the only renewable resource of carbon for the production of 

chemicals, (performance) materials and fuels. This thesis work provides the proof of 

principle for pyrolysis-based thermochemical conversion of lignocellulosic biomass for 

the production of chemicals, materials and fuels within the framework of a biorefinery.  

 

2. Promising results are obtained from an hybrid staged thermochemical processing 

approach in which different temperatures are combined with different reaction media. 

The use of hot pressurised water as a liquid reactive environment in the first stage of a 

step-wise thermal transformation of biomass around 200°C was shown to fractionate the 

biomass in an aqueous stream containing significant yields (> 5 wt% based on the dry 

biomass feedstock) of hemicellulose-derived products such as furfural and acetic acid 

and a solid lignin-cellulose residue that proved to be a good feedstock for the production 

of levoglucosan in good yields (typically 5 – 10 wt% based on the dry original feedstock) 

in a subsequent pyrolysis around 350°C in a gaseous reaction environment. 

 

3. Pyrolysis-based staged degasification of biomass appeared to be less successful. Due to 

overlap in thermal stabilities, product mixtures from the staged degasification of 

biomass contain a variety of degradation products from all three main biomass polymers 

in limited amounts only, typically less than 1-2 wt% based on the dry feedstock. 

 

4. Via a pyrolysis based lignin biorefinery approach, called LIBRA, the recalcitrant lignin 

biopolymer can be transformed into phenolic bio-oil (50 wt%), biochar (35%) and fuel 

gas (15 wt%) using bubbling fluidised bed reactor technology. The bio-oil has the 

potential to replace petrochemical phenol in applications such as phenol-formaldehyde 

resins. Other possible outlets for the bio-oil are as modifier for bitumen, as precursor for 

carbon fibres and as feedstock for the  extraction of high-value phenolic chemicals. 

Possible applications for the biochar are as a soil-improver or as a precursor for 

activated carbon.  
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5. Pyrolysis of biomass can play an important role as a vital thermochemical conversion 

option in combination with other processing technologies (chemical and/or biochemical) 

in hybrid biorefinery systems. For a profitable biorefinery, the pyrolysis of side-streams 

into valuable chemicals is a crucial issue. An economic margin analysis of five pyrolysis-

based biorefinery concepts shows the beneficial effect of the valorisation of biomass in 

chemicals when compared to its valorisation in fuels only. To further determine the 

added-value of the utilisation of side-streams other than their use as fuel for power, 

pyrolysis development, application research and detailed techno- and socio-economic 

analysis is required and should guide research efforts. 

 

6. The pyrolysis of biomass into product mixtures that contain valuable chemicals is just a 

first step in the process of obtaining the individual chemicals in pure form. The 

separation / purification of individual chemicals from the often complex primary product 

mixtures from the pyrolysis is a complex and difficult task that has not been a part of 

this thesis work. However, from literature and unpublished work at ECN, it is 

acknowledged that product separation and purification is vital for a successful 

biorefinery. The complexity of the pyrolysis product mixtures implies that as a first 

upgrading step it probably makes sense to focus on separation of certain mixtures of 

chemicals, e.g. carboxylic acids, other C2 – C4 oxygenates, monomeric and oligomeric 

phenolics, sugar derivatives, etc. Each of these fractions can then be upgraded further 

using dedicated separation technology. This is a broad area of research that may require 

the development of a whole new type of chemistry, specifically devoted to the physico-

chemical characteristics of biomass pyrolysis oils. 

 

7. This thesis work has shown that - as a proof of principle -  value-added chemicals such 

as furans (e.g. furfural), carboxylic acids (e.g. acetic acid), anhydrosugars (e.g. 

levoglucosan) and phenols (e.g. phenol, guaiacols and syringols) can be obtained as 

primary products or product mixtures from the pyrolysis of lignocellulosic biomass. 

Whether a certain pyrolysis-based thermochemical processing route is economically 

attractive, depends on many factors such as the price of crude oil, the availability and 

price of suitable biomass types, the (im)possibilities of obtaining the desired chemicals 

in sufficient purity and the development of bulk applications for specialty chemicals like 

levogucosan. Probably the best way ahead is the further development of biorefineries / 

bio-power plants for large scale (transportation) fuels, heat and power, integrating as 

much as possible the valorisation of side-streams, e.g. by pyrolysis. At the end of the 

day, valorisation of biorefinery / bio-power plant side-streams is crucial for economic 

and ecologic viability and the production of chemicals offers the highest added value.     
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Summary 
 

 

 

 

The problems that are associated with the use of fossil fuels demand a transition to 

renewable sources for materials and energy. While the latter can be provided by sun, wind, 

water and geothermal resources, biomass is the only renewable source for the production of 

materials. Unfortunately, the heterogeneity and complexity of biomass still preclude 

exploitation of its full potential. New technologies for economical valorisation of biomass are 

under development, but cannot yet compete with petrochemical processes. However, rising 

prices of fossil resources, inevitably will lead to replacement of oil refineries with 

biorefineries. A biorefinery uses various types of biomass feedstocks that are processed via 

different technologies into heat, power and various products. The biorefinery is self 

sustainable with respect to heat and power and puts no burden on the environment. 

Thermochemical processes such as (fast) pyrolysis (thermal degradation in the absence of 

molecular oxygen) can play an important role in biorefineries and this thesis presents 

pyrolysis-based technologies that are potential candidates.  

 

The synergistic combination of aquathermolysis (hot pressurised water treatment) and 

pyrolysis is a promising option, integrating fractionation of biomass with production of 

valuable chemicals. Experiments with beech, poplar, spruce and straw indicate the potential 

of this hybrid concept to valorise lignocellulosic biomass. Up to 8 wt% of furfural (from 

straw), 3 wt% of hydroxymethylfurfural (from spruce) and 11 wt% of levoglucosan (from 

spruce) have been obtained via batch aquathermolysis in an autoclave and subsequent 

pyrolysis using bubbling fluidised bed reactor technology. 

 

Staged degasification is a pyrolysis-based conversion route to generate value-added 

chemicals from biomass. Because of different thermal stabilities of the main biomass 

constituents hemicellulose, cellulose and lignin, different temperatures may be applied for a 

step-wise degradation into valuable chemicals. Staged degasification experiments were 

conducted with deciduous (beech, poplar), coniferous (spruce) and herbaceous (straw) 

biomass, using moving bed (auger reactor) and bubbling fluidised bed reactor technology. 

Degasification in two consecutive stages at 250°C-300°C and 350°C-400°C leads to 

complex mixtures of degradation products from the whole biomass in limited yields only (< 

5 wt%) and it is doubtful if staged degasification is a suitable candidate for an effective 

valorisation of biomass. 

 

Aquathermolysis–pyrolysis and staged degasification are thermochemical processing 

concepts that focus on the carbohydrate fraction of biomass. The lignin is merely converted 

to low amounts of phenolics and char. As the second most abundant natural polymer next 

to cellulose, lignin is the major aromatic biopolymer and a valuable renewable source for 

aromatics that can replace aromatic petrochemicals in a variety of products.  
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Lignin residues are large waste streams from the pulp- and paper industry and from 

biorefineries that use the carbohydrate fraction of the biomass, e.g. for the production of 

bio – ethanol.  

 

At present, most of these lignin-streams are combusted for generating power and / or heat, 

an application with very limited value. These sizable amounts of lignin are in principle 

available for valorisation into chemicals and performance products. Recently, with the 

upcoming focus on biorefineries, lignin has gained new interest as chemical resource, as 

again the supply of fossil feedstocks is becoming more and more insecure and expensive. 

Unfortunately, economic and technological considerations still preclude a large-scale mass 

production of low molecular weight chemicals from lignin in competition with 

petrochemicals. This is inherent to the specific nature of the complex and stable lignin 

polymer, that makes it difficult to convert it into valuable monomeric chemicals.  

 

To exploit the potential of lignin as a renewable feedstock for fuels, chemicals and 

performance products new conversion technology is needed. Fluidised bed pyrolysis of 

different lignins at 400°C yields up to 21 wt% (d.b.) of a phenolic fraction containing 10 

wt% (d.b.) of several phenols. Subsequent catalytic hydrotreating of this phenolic fraction 

appears to be a suitable method to convert the lignin pyrolysis oil in products that may find 

use as fuel additives. 

 

A pyrolysis based lignin biorefinery approach, called LIBRA, has been developed to 

transform lignin into phenolic bio-oil and bio char using state of the art bubbling fluidized 

bed reactor technology. The bio-oil can potentially be applied as a precursor for value-added 

products such as a substitute for petrochemical phenol in various applications. The bio char 

can be used as a fuel, as a soil-improver or as a precursor for activated carbon.  

 

To demonstrate the LIBRA concept on wheat straw, high-purity lignins from two wheat 

straw varieties were produced, using an organosolv fractionation approach. The lignins were 

subsequently converted into bio-oil and bio char by pyrolysis. Results indicate that ~80wt% 

of the dry lignin can be converted into bio-oil (40-60%) and bio char (30-40%). The bio-oil 

contains 25-40 wt%  (based on the dry lignin weight) of a phenolic fraction constituting of 

monomeric (7-14%) and oligomeric (14-24%) components.  

 

An economic margin analysis of five pyrolysis-based biorefinery concepts shows the 

beneficial effect of the valorisation of biomass in chemicals when compared to its 

valorisation in bio-ethanol and fuels only. Feedstock cost and product market values appear 

to be dominant factors that determine the economic margin. 
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Samenvatting 
 

 

 

 

De problemen die samenhangen met het gebruik van fossiele brandstoffen vereisen een 

overgang naar hernieuwbare bronnen voor chemicaliën en energie. Terwijl zon, wind, water 

en aardwarmte gebruikt kunnen worden als bronnen voor hernieuwbare energie, is 

biomassa de enige hernieuwbare bron voor chemicaliën. Benutting van het potentieel van 

biomassa hiervoor wordt bemoeilijkt door haar heterogeniteit en complexiteit. Nieuwe 

technologieën voor een economische valorisatie van biomassa zijn volop in ontwikkeling 

maar kunnen nog niet concurreren met petrochemische processen. Het is echter 

onvermijdelijk dat de toenemende schaarste aan fossiele bronnen zoals aardolie geleidelijk 

zal leiden tot een overgang van olieraffinage naar bioraffinage. In een bioraffinaderij kunnen 

verschillende typen biomassa via verschillende processen omgezet worden in warmte, 

electriciteit en verschillende producten. De bioraffinaderij is zelf voorzienend voor wat 

betreft warmte en electriciteit en veroorzaakt geen milieubelasting. Thermochemische 

processen zoals pyrolyse (thermische afbraak zonder de aanwezigheid van moleculair 

zuurstof) kunnen een belangrijke rol spelen bij bioraffinage.  

 

Dit proefschrift behandelt voor lignocellulosische biomassa een aantal op pyrolyse 

gebaseerde conversietechnologieën die mogelijk in een bioraffinaderij toegepast kunnen 

worden.  

 

De synergistische combinatie van aquathermolyse (een behandeling met heet water onder 

druk bij ca. 200°C) en pyrolyse bij een hogere temperatuur (ca. 350°C) is een 

veelbelovende optie die de productie van waardevolle chemicaliën integreert met een 

gedeeltelijke fractionering van lignocellulosische biomassa. Het valorisatiepotentieel van dit 

hybride concept is aangetoond middels experimenten met beukenhout, populierenhout, 

sparrenhout en stro waarbij opbrengsten (op basis van de droge voeding) tot 8 

gewichtsprocenten furfural (uit stro), 3% hydroxymethylfurfural (uit spar) en 11% 

levoglucosan (uit spar) behaald zijn via aquathermolyse gevolgd door pyrolyse.          

 

Getrapte ontgassing is een andere, volledig op pyrolyse, gebaseerde methode om 

waardevolle chemicaliën uit biomassa te verkrijgen. De methode is gebaseerd op de 

verschillen in thermische stabiliteit tussen cellulose, hemicellulose en lignine als 

hoofdbestanddelen van lignocellulosische biomassa waaruit via een stapsgewijze pyrolyse 

verschillende chemicaliën te verkrijgen zijn. Experimenten waarbij verschillende biomassa’s 

(loofhout (beuk, populier), naaldhout (spar) en stro) in twee opeenvolgende stappen (bij ca. 

250-300°C en 350-400°C) werden gepyrolyseerd in een schroefreactor en in een 

wervelbedreactor hebben aangetoond, dat bij elke temperatuur de productmengsels 

bestaan uit relatief kleine hoeveelheden (< 5% van de droge voeding) ontledingsproducten 

(bijvoorbeeld azijnzuur) die afkomstig zijn uit de hele biomassa.  
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Getrapte ontgassing lijkt vanwege de lage opbrengsten van producten in complexe 

mengsels geen geschikte kandidaat te zijn voor een effectieve valorisatie van biomassa.  

 

Aquathermolyse – pyrolyse en getrapte ontgassing zijn vooral gericht op de (hemi)cellulose 

in de biomassa. De lignine wordt voor het grootste deel omgezet in char en in kleine 

hoeveelheden fenolen. Als aromatische biopolymeer is lignine de enige natuurlijke bron voor 

aromatische chemicaliën, die petrochemische aromaten in verschillende producten kunnen 

vervangen. Lignine is een belangrijk restproduct uit de pulp- en papierindustrie en in 

toenemende mate uit lignocellulosische bioraffinaderijen voor bioethanol. De meeste lignine 

wordt momenteel verbrand om warmte en electriciteit te genereren, hoewel er ook 

chemicaliën uit gehaald zouden kunnen worden. 

 

Door de interesse in bioraffinage is er een toenemende belangstelling voor de valorisatie 

van lignine als bron voor aromatische chemicaliën. Lignine is een erg recalcitrant 

biopolymeer en de omzetting in aromaten kan (nog) niet concurreren met de productie van 

aromaten uit de petrochemie. Hiervoor is nieuwe conversietechnologie nodig. 

 

Via wervelbedpyrolyse bij 400°C is aangetoond dat lignine om te zetten is naar ca. 20% 

(gebaseerd op het gewicht van de droge ligninevoeding) van een vloeibare fenolische fractie 

(bestaande uit ca. 10% monomeren en 10% grotere lignine-afbraakproducten). Deze 

lignine pyrolyse olie is via een katalytische behandeling met waterstof omgezet naar 

gedehydrogeneerde aromaten die interessant zijn als hoogwaardige additieven voor 

transportbrandstoffen. 

 

De economie van een lignocellulosische bioraffinaderij kan verbeterd door toepassingen 

voor lignine te ontwikkelen die een hogere waarde hebben dan de waarde van lignine als 

brandstof. LIBRA, een op pyrolyse gebaseerde lignine bioraffinage aanpak, is ontwikkeld om 

lignine om te kunnen zetten in lignine pyrolyse olie en biochar via pyrolyse in een 

wervelbed. De olie is te gebruiken als vervanger voor petrochemisch fenol in diverse 

toepassingen zoals in fenolformaldehyde harsen in de houtlijmindustrie. Een interessante 

toepassing van de biochar is als bodemverbeteraar of als grondstof voor geactiveerde kool.   

LIBRA is gedemonstreerd voor twee uit tarwestro bereide lignines via een ethanol-

organosolv fractioneringsaanpak. De resultaten wijzen uit dat op drooggewichtbasis ca. 

80% van de lignine getransformeerd kan worden tot bio-olie (40-60%) en biochar (30-

40%). De bio-olie blijkt ca. 25-40% van een fenolische fractie te bevatten (op basis van het 

gewicht aan droge ligninevoeding) die samengesteld is uit ca. 7-14% monomere fenolen en 

14-2% grotere brokstukken).   

 

Een economische marge analyse van vijf op pyrolyse gebaseerde bioraffinageconcepten laat 

duidelijk het positieve effect zien van de pyrolytische valorisatie van zijstromen in 

chemicaliën ten opzichte van het gebruik van de zijstromen als brandstof. De uitkomst van 

de analyse is met name afhankelijk van de marktprijs van de biomassavoeding en de 

waarde van de geproduceerde chemicaliën. 
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