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Summary 
 

Environmental issues and the security of energy supply have stimulated interest in the 

development of alternatives for fossil based energy carriers and chemicals. Biomass has been 

identified as a promising resource because it is abundantly available and in principle CO2 

neutral. However, the relatively high costs of biomass derived energy carriers and products 

have slowed down the developments considerably. To increase the economic attractiveness, 

fast growing biomass sources in combination with very efficient conversion processes are 

required to obtain high energy yields per hectare. A promising biomass conversion technology 

is flash pyrolysis.  

Fast pyrolysis is a thermo-chemical process conducted at 450-550°C in which biomass 

is rapidly heated in the absence of oxygen. In the last decade, fast pyrolysis of biomass has 

received considerable interest as it appears to be a very attractive technology to produce a 

liquid energy carrier (known as bio-oil, BO) with yields upto 80 wt% (dry biomass base). The 

remaining products are char (10-20 %) and combustible gasses (10-30%). 

As such, the number of applications for crude BO is limited and upgrading technology is 

required to meet the specifications in more demanding markets like liquid transportation fuels. 

Considerable effort has been devoted to bio-oil (BO) upgrading by either modifying the fast 

pyrolysis process (‘in-situ upgrading’) to obtain the desired liquid product (hydro-pyrolysis, 

catalytic flash pyrolysis, etc) or by upgrading the BO product by additional treatments (post-

pyrolysis upgrading, e.g. hydrotreating, blending).  

This thesis describes the results of exploratory experimental studies on the upgrading of 

fast pyrolysis oil (BO). Novel approaches to obtain valuable chemicals and/or energy carriers 

are introduced. In Chapter 1, the literature on post-pyrolysis upgrading of BO is reviewed. The 

available upgrading processes may be classified into physical and chemical upgrading. Most of 

the BO upgrading studies are devoted to modify the BO to obtain a product with improved 

properties for heat and power generation and/or for application as a transportation fuel. 

Integration of the production of energy-carrier with that of chemicals appears to be a viable 

route to increase the economic attractiveness of pyrolysis technology and is included in this 

review.  

Chapter 2 describes an experimental study on BO upgrading by catalytic partial 

hydrodeoxygenation (HDO) with the main objective to increase the energetic value of the oil. 

This study was performed in a batch reactor at elevated pressures and temperatures. The 
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process was performed in two stages, a first stage at 250-300oC to stabilize the BO and a 

second stage a 300-400oC for de-oxygenation. Different types of heterogeneous catalysts were 

screened, like conventional sulfided catalysts (i.e. NiMo/Al2O3, CoMo/Al2O3) and noble metal 

based, non-sulfided catalysts like Ru/Al2O3. Operating conditions were varied (100 bar H2, 

T=250-400oC) to obtain the highest yield of HDO oil. The lowest oxygen level in the HDO 

product was 10 %, which is a considerable reduction compared to the crude BO (20 wt%, dry 

basis). The HDO product obtained using the Ru catalyst is rich in phenol and phenolics, that are 

interesting bulk chemicals with high added value. This suggests that HDO of BO could be an 

interesting route for combined energy carrier-chemical production from BO. 

Chapters 3 and 4 describe the hydrogenation of BO fractions at considerably milder 

conditions (40-45 bar, 30-90oC) than applied for the HDO process using heterogeneous 

catalysts. For this purpose, homogeneous ruthenium catalysts were applied in biphasic liquid-

liquid systems. Biphasic catalysis was applied to overcome catalyst-product separation 

problems. The biphasic system was tuned in such a way that the homogeneous catalyst was 

poorly soluble or insoluble in the BO fraction to be hydrogenated. 

Chapter 3 describes the biphasic hydrogenation of a BO fraction obtained by 

dichloromethane extraction of pure BO. The dichloromethane fraction was hydrogenated using 

a homogeneous water soluble Ru/tri-phenylphospine-tris-sulphonate (Ru-TPPTS) catalyst. 

Initially, the hydrogenation of selective model compounds like vanillin, acetoguaiacone, iso-

eugenol was investigated. The effects of process parameters (e.g. temperature, NaI addition, 

solvents, and pH of aqueous phase) were determined for vanillin and quantified by a kinetic 

study. Subsequently, the dichloromethane soluble BO fraction was hydrogenated. Analysis 

revealed that the oxygen content was lowered considerably and that particularly the amounts of 

reactive aldehydes were reduced substantially.  

Chapter 4 describes a similar approach, however, in this case the water-soluble fraction of 

BO was hydrogenated in a biphasic system with a water in-soluble homogeneous Ru-catalyst 

(Ru/tri-phenylphosphine, Ru-TPP) dissolved in an apolar solvent. Initial experiments were 

conducted with representative, water soluble model compounds like hydroxyacetaldehyde and 

acetol. The effects of process parameters (e.g. temperature, initial H2 pressure, and initial 

substrate concentration) were investigated and quantified for 1-hydroxy-2-propanone (acetol) 

using a kinetic model. Finally, the hydrogenation of the BO water-soluble fraction using the 

biphasic system at optimized conditions was performed. 
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Chapter 5 describes an experimental study on BO upgrading by means of an alcohol 

treatment using the concept of reactive distillation. Here, the BO is treated with a high boiling 

alcohol in the presence of an acid catalyst at mild temperatures (60 oC) and under reduced 

pressure (50-150 mbar). Variables like the type of alcohol (n-buthanol, ethylene glycol, 2-ethyl-

hexyl-alcohol) and the type of catalyst (liquid- and solid acids) were explored and the product 

properties of the resulting upgraded pyrolysis oil (viscosity, water content, pH, and heating 

value) were determined.  

Acetic acid recovery from BO by employing reactive extraction using long chain tertiary 

amines is discussed in Chapter 6. The effects of process variables were investigated and the 

optimum conditions were determined. For the optimized system, around 90 wt% of the acetic 

acid was selectively extracted from BO in a single equilibrium step. Unfortunately, the amine is 

also soluble in the BO phase, leading to undesirable amine losses. The solubility of the amine 

may be reduced by adding co-solvents to the BO phase. Considerable better results were 

obtained with the aqueous phase of a thermally treated BO. For this system, an extraction 

efficiency of 75 wt-% was obtained without amine transfer to the aqueous phase. 
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