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Summary 

Environmental concerns and possible future shortages have boosted research on 

alternatives for fossil derived liquid transportation fuels. Biomass is considered a 

promising alternative due to its abundance and renewability. Various products from 

different biomass sources have been proposed. Well known examples are biodiesel from 

plant oils and bioethanol from starch. A potentially very interesting, second generation 

transportation fuel is pyrolysis oil, obtained by flash pyrolysis of lignocellulosic biomass 

in yields up to 70 %-wt. In this process, the biomass is heated to temperatures of 400-600 

°C in an oxygen free atmosphere for short residence times. As such, the oil is not suitable 

as a biofuel for internal combustion engines due to its high oxygen content (ca. 40%-wt) 

and low pH (ca. 2.5) and upgrading is required.   

It is not likely to achieve these goals merely by physical separation of the pyrolysis oil 

into fractions as is common practice for crude oil. Distillation (even under vacuum) leads 

to undesirable chemical changes and the formation of large amounts of solid materials. 

Chemical modifications appear to be more attractive. It is expected that the product 

properties are improved considerably by reducing the oxygen content of bio-oil by 

deoxygenation. This deoxygenation process should preferably be performed 

simultaneously with a process to reduce the amounts of high molecular weight 

components in the pyrolysis oil (i.e. cracking). An attractive option is catalytic 

hydrotreatment (HDO) at high hydrogen pressure (100-200 bar) and high temperatures 

(250-400 oC) to remove oxygen in the form of water by means of a catalyst (eq. 1).  

   

-(CH2O)- + H2  -(CH2)- + H2O                                                                                (eq. 1) 

 

HDO of fast pyrolysis has been studied in the past and commonly typical 

hydrodesulphurisation (HDS) catalysts for fossil feeds like sulphided NiMo/Al2O3 and 

CoMo/Al2O3 were employed. Various reactor concepts have been explored and a reactor 

configuration with two separate reactors operated at different temperatures seems 

preferred. In the first stage, the pyrolysis oil is hydrotreated below 280 oC to convert the 

most reactive compounds as to avoid excessive coking. Subsequently, the actual 

deoxygenation reactions occur at higher temperatures (350-450 oC).  
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This thesis deals with the conversion of pyrolysis oil into a transportation fuel by means 

of catalytic hydrotreatment. A general introduction to the subject will be provided in 

Chapter 1.  

The first step in the research was the identification of suitable (improved) catalysts for the 

hydrotreatment of fast pyrolysis oil. A variety of heterogeneous catalysts have been 

tested, ranging from noble metal catalysts like Ru/C, Ru/TiO2, Ru/Al2O3, Pt/C and Pd/C 

to typical hydrotreatment catalysts like sulphided NiMo/Al2O3 and CoMo/Al2O3  

(Chapter 2). The reactions were carried out at two operating conditions, for mild (250 

°C, 100 bar) and deep hydrotreatment (350 °C, 200 bar) in a batch set-up. Under these 

conditions, the Ru/C catalyst is superior to classical hydrotreating catalysts with respect 

to oil yield (up to 60 %-wt.) and deoxygenation level (up to 90 %). The upgraded 

products were less acidic and contained less water than the original pyrolysis oil. The 

energy content was about 40 MJ/kg, which is about twice the value of pyrolysis oil. 

Analyses of the products by NMR and 2D-GC showed that the upgraded pyrolysis oil 

contained less organic acids, aldehydes, ketones and ethers than the feed whereas the 

amounts of phenolics and alkanes were considerably higher. 

Further experimental studies to determine the effect of the reaction time on the oil yield 

and elemental compositions of the product phases were performed using the Ru/C 

catalysts (Chapter 3). The reactions were carried out at 350 oC and 200 bar pressure in a 

batch reactor set-up. Highest oil yields (65 %-wt.) were obtained after 4 h using a 5 %-

wt. catalyst intake on fast pyrolysis oil. Longer reaction times lead to a reduction of the 

oil yield due to the formation of gas phase components (methane, ethane, propane, 

CO/CO2). A separation scheme involving various solvent-solvent extractions was applied 

to gain insights in the molecular processes taking place during catalytic hydrotreatment. 

It appears that the carbohydrate fraction of fast pyrolysis oil is very reactive. The 

observations are rationalized by a set of reaction pathways for the various product phases. 

Chapter 4 presents an experimental study to gain insights in catalyst stability when using 

Ru/C catalysts for the hydrotreatment of fast pyrolysis oil (350 °C and 200 bar) in a batch 

set-up. A considerable reduction in the liquid yield, increased solids formation, a 

reduction in the H/C ratio of the liquid product and a lowering of the extent of methane in 

the gas phase was observed after a number of catalyst recycles. Characterization of the 
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catalyst before and after reaction using TEM, chemo- and physisorption showed 

significant coke deposition on the catalyst and a decrease in metal dispersion and pore 

volume. The application of in house prepared Ru/C catalysts for both the hydrotreatment 

of fast pyrolysis oil and phenol using different Ru-precursors (RuCl3, Ru(NO3)(NO)3 and 

Ru(acac)3) resulted in distinct differences in product yield and elemental composition of 

the liquid phase. The catalyst prepared using RuCl3 as the precursor at a ruthenium 

loading of 5 %-wt. showed the highest activity for the hydrogenation of pyrolysis oil and 

gave the lowest decrease in BET area and dispersion.  

To gain insights in the molecular processes and to explain experimental trends for the  

HDO of the fast pyrolysis oils, model component experiments have been conducted with 

carbohydrates (Chapter 5). The catalytic hydrotreatment of representative model 

components for the carbohydrate fraction (D-glucose and D-cellobiose) present in 

concentrations of 20 to 40 % in fast pyrolysis oils was explored in detail. The 

hydrotreatment was conducted at a temperature of 250 °C and 100 bar using Ru and Pd 

on carbon catalysts in water. Two parallel reaction pathways were observed, a thermal, 

non-catalysed, pathway leading to insoluble humins (char) and a hydrogenation pathway 

leading to smaller polyols and gaseous hydrocarbons like methane and ethane.  

Kilogram quantities of an HDO oil were produced and tested in a diesel engine (Chapter 

6). Two different hydroprocessed fast pyrolysis oil samples were prepared using Ru/C as 

the catalysts, viz. a mild HDO product obtained at 320-340 °C and 200-250 bar pressure 

and a typical deep HDO product (340 °C and 200 bar). The products were successfully 

tested as a diesel substitute in a small high-speed stationary 5 kW diesel engine. 

Undiluted hydroprocessed oils (mild HDO or 2nd stage oils) were used at optimized 

conditions for a few hours of operation without problems. The exhaust emissions showed 

a higher CO but a lower NOx content when compared to diesel, but this is subject to 

further optimization. After a test of 1.5 h, the injectors were visually analyzed by 

Scanning Electroscope Microscopy. Coke deposit and corrosion and/or erosion of the 

injectors were absent for runs performed at optimised conditions.  
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Samenvatting 

Nadelige gevolgen voor het milieu en mogelijke toekomstige tekorten hebben het 

onderzoek naar alternatieven voor fossiel afgeleide vloeibare transport brandstoffen een 

sterke stimulans gegeven. Biomassa wordt beschouwd als een veelbelovend alternatief. 

Het is in overvloed beschikbaar en hernieuwbaar. Diverse producten uit verschillende 

biomass bronnen zijn voorgesteld. Bekende voorbeelden zijn biodiesel uit plantaardige 

olien en bioethanol uit zetmeel. 

Een potentieel zeer interessante tweede generatie transport brandstof is pyrolyse olie, die 

door flash pyrolyse wordt verkregen uit lignocellulose gebasseerde biomassa. In dit 

proces wordt de biomassa verhit tot 400-600 °C in een zuurstof arme atmosfeer. Olie 

opbrengsten van 70 %-wt. zijn gerapporteerd. De olie is in ruwe vorm niet geschikt voor 

toepassingen in interne verbrandingsmotoren. Dit is toe te schrijven aan zijn hoge 

zuurstof gehalte (ca. 40 %-wt.) en lage pH (ca. 2.5).  

Opwaarderen van de olie is vereist om pyrolyse olie te gaan toepassen als biobrandstof. 

Het is niet waarschijnlijk dat fysische scheiding in fracties, als gebeurd in de praktijk met 

ruwe olie, techno-economisch haalbaar is. Distillatie (zelfs vacuuum) bij verhoogde 

temperatuur leidt tot ongewenste chemische veranderingen en de vorming van grote 

hoeveelheden vaste stof. 

Chemische omzettingen hebben een grotere potentie. Een interessant concept is reductie 

van het zuurstof gehalte door deoxygenatie. Dit deoxygenatie proces zou bij voorkeur 

gelijktijdig moeten worden uitgevoerd met depolymerisatie van hoog moleculaire 

componenten in de pyrolyse olie (d.w.z. kraken). Een aantrekkelijke optie is hydrotreaten 

(HDO), een proces bij hoge druk (100-200 bar) en hoge temperaturen (300-400 °C) om 

met waterstof zuurstof te verwijderen in de vorm van water met behulp van een 

katalysator (vgl. 1) 

 

-(CH2O) - + H2   (CH2) - + H2O                                                                       (vgl. 1)  

 

HDO van pyrolyse olie is uitgebreid bestudeerd in het verleden. Meestal zijn klassieke 

zwavelverwijdering (HDS) katalysatoren voor fossiele voedingen toegepast zoals 

NiMoS/Al2O3 en CoMoS/Al2O3. Diverse reactorconcepten zijn onderzocht en een 
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reactorconfiguratie met twee reactoren die op verschillende temperaturen geopereerd 

worden blijkt het meest efficient te zijn. In de eerste reactor wordt de pyrolyse olie 

gehydrodeoxygeneert beneden de 280 °C om de meest reactieve componenten te 

verwijderen en om overmatige vaste stof vorming te vermijden. In de tweede reactor 

vinden de daadwerkelijke deoxygenatie reacties bij hogere temperaturen (350-450 °C) 

plaats.  

Dit proefschrift gaat over de conversie van pyrolysie olie naar transport brandstoffen door 

middel van katalytische HDO. Hoofdstuk 1 geeft een algemene introductie en een 

uitgebreid literatuuroverzicht.  

Experimentele studies met als doel om verbeterde katalysatoren voor de HDO van 

pyrolyse olie te vinden worden beschreven in Hoofdstuk 2. Diverse heterogene 

katalysatoren zijn getest, voorbeelden zijn edel metaal katalysatoren zoals Ru/C, 

Ru/TiO2, Ru/Al2O3,  Pt/C en Pd/C en de klassieke HDS katalysatoren zoals ingezwavelde 

NiMo/Al2O3 en CoMo/Al2O3. De reacties zijn uitgevoerd bij temperaturen van 250-350 

°C en drukken van 100-200 bar. De Ru/C katalysator is superieur ten opzichte van de 

klassieke HDS katalysatoren met betrekking tot de olie opbrengst (tot 60 %-wt.) en 

deoxygenatie graad (tot 90 %). Het opgewaardeerde product was minder zuur en bevatte 

minder water dan de originele olie. De energetische waarde van het product is 40 MJ/kg 

en dit is tweemaal zo hoog als die van de pyrolyse olie. Analyse van het product door 

middel van NMR en 2D-GC toonde aan dat de opgewaardeerde olie minder organische 

zuren, aldehydes, ketonen en ethers bevatte en dat de hoeveelheid phenolen en 

koolwaterstoffen was toegenomen.  

Verder onderzoek met Ru/C met als doel om het effect te bepalen van de reactie tijd op 

de olie opbrengst en de elementaire samenstelling van de geproduceerde fasen wordt 

beschreven in Hoofdstuk 3. De reacties zijn uitgevoerd bij 350 °C en 200 bar druk in een 

batch reactor. De hoogste olie opbrengst (65 %-wt.) is behaald bij een reactie tijd van 4 

uur met een belading van 5 %-wt. katalysator ten opzichte van de pyrolyse olie. Langere 

reactie tijden leiden tot een verlaging van de olie opbrengst door de vorming van gas fase 

componenten (methaan, ethaan, propaan, CO/CO2). Inzichten in de moleculaire 

processen die spelen gedurende de HDO van pyrolyse olie is verkregen door de product 
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olie en de pyrolyse op te delen in een aantal fracties met behlup van vloeistof-vloeistof 

extractie.  Het blijkt dat de suiker fractie zeer reactief is gedurende dit proces. 

Hoofdstuk 4 betreft een experimentele studie in een batch reactor opstelling met als doel 

om inzicht te krijgen in de katalysator stabiliteit van de Ru/C katalysator tijdens de HDO 

van pyrolyse olie. Hergebruik van de katalysator leidt tot verlaagde olie opbrengsten, 

meer vaste stof vorming, een reductie van de H/C ratio van de product olie en een 

verlaging van het methaan gehalte in de gas fase. Karakterisatie van de katalysator met 

TEM, chemie-en physisorptie voor en na de reactie laat een significante kool vorming 

zien op katalysator en een verlaging van de metaal dispersie en het poriën volume. HDO 

reacties met zelf gemaakte Ru/C katalysatoren waarbij verschillende Ru-precusoren 

((RuCl3, Ru(NO3)(NO)3 en Ru(acac)3) gebruikt zijn lieten duidelijke verschillen zien 

voor zowel de HDO van phenol als pyrolyse olie met betrekking tot de olie opbrengst en 

de elementaire samenstelling van. De katalysator bereidt met de RuCl3 precursor met een 

ruthenium belading van 5 %-wt. geeft de grootste hydrogenering activiteit en laat de 

minste verlaging in BET oppervlak en metaal dispersie zien na reactie. 

Om meer inzicht te krijgen in de processen op moleculair niveau en trends te verklaren 

die zijn waargenomen tijdens de HDO van pyrolyse olie zijn model component studies 

uitgevoerd. Het betreft hier componenten die representatief zijn voor de suiker fractie van 

pyrolyse olie. De studie naar deze fractie wordt gerapporteerd in Hoofdstuk 5. Pyrolyse 

olie bevat een groot aantal suiker verbindingen (20 tot 40 %). De studie is uitgevoerd met 

D-glucose en D-cellobiose bij een temperatuur van 250 °C en 100 bar gebruikmakend 

van Ru en Pd katalysatoren in water. Twee parallelle reactie wegen zijn waargenomen, 

een thermische, niet katalytische, route welke leidt naar onoplosbare humines (kool) en 

een hydrogenering route leidend naar kleinere polyolen en gasachtige koolwaterstoffen 

zoals methaan en ethaan. Deze resultaten laten zien dat de suikerfractie een grootte rol 

spelen tijdens HDO van pyrolyse olie en de vast stof vorming tijdens dit proces. 

Kilogram schaal synthese van gehydrotreate oliën en testen in een diesel motor worden 

gerapporteerd in Hoofdstuk 6. Er zijn twee gehydrotreate oliën gemaakt met Ru/C als 

katalysator, namelijk een milde HDO olie (320-340 °C en 200-250 bar) en een 2e stadium 

olie (340 °C en 200 bar). De producten zijn succesvol getest als een diesel vervanger in 

een kleine stationaire diesel motor met een vermogen van 5 kW. De diesel motor heeft 
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enige uren succesvol gedraaid op onverdunde gehydrotreate olie (milde en tweede 

stadium olie). De uitlaat gassen lieten een hogere concentratie zien van CO maar een 

lagere NOx concentratie dan diesel. Na een test periode van 1.5 uur is de injector visueel 

en met een elektronen microscoop geïnspecteerd. Kool depositie en corrosie/erosie was 

niet zichtbaar bij gebruik van de behandelde olie onder optimale motor instellingen.   
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Chapter 1: An Introduction to the Hydroprocessing of Biomass Derived Pyrolysis 

oil 

 

Abstract 

An introduction to the hydrotreatment of pyrolysis oil is given and the outline of the 

thesis. 
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1. Introduction 

Environmental concerns and possible future shortages have boosted research on 

alternatives for fossil derived products. Biomass is considered a promising alternative. It 

has a worldwide abundance and is considered a renewable feed. Despite the complexity 

associated with biomass as a feed for bio-fuels, the use of biomass is rapidly expanding. 

Several industries have commercialized the production of so-called first generation bio-

fuels, bio-ethanol from sugar-like products (sugar, starch, etc), and bio-diesel (from 

rapeseed, sunflowers etc.) [1]. The scale of production of these first generation biofuels 

appears to be several dozens lower than typical unit operation in refineries (100 MW 

compared to several GW’s in conventional refineries). Besides, these feeds are in 

competition with the food industry, which may raise ethical questions as well. For this 

reason, research now strongly focuses on the so-called second-generation bio-fuels. 

Preferably these fuels are derived from (non-edible) biomass resources. Options are 

wood-like biomass, including forest residues, straw, aquatic biomass, industrial residues 

as bagasse and the like. Possible conversion technologies are the direct conversion by 

fermentation processes (after conversion of the cellulosic materials to low molecular 

weight sugars and subsequently to ethanol), gasification to produce bio-syngas for further 

upgrading (e.g. to methanol or gasoline and/or diesel), or liquefaction with further 

upgrading (either through gasification or through de-carboxylation, hydrogenation etc). 

Nevertheless, biomass is still not widely used for bio-fuel manufacture. The main reasons 

are the presence of contaminants (including ash, water and oxygen), the variation in 

chemical composition and its low energy density. To overcome these issues, an indirect 

approach seems advantageous. A possible indirect approach is a pretreatment process for 

the biomass to create a more uniform structure, after which secondary conversion 

processes transform the intermediates to a diesel- or gasoline-like product. The 

pretreatment technique referred to in this introduction is the (fast) pyrolysis of biomass 

[2]. Here the biomass is converted into a liquid product (fast pyrolysis oil or also known 

as bio-oil), which is to be further upgraded to a bio-fuel.  

It is not the purpose of this introduction to give an extensive literature overview on 

pyrolysis. The interested reader is referred to reviews, papers and reports published by 

a.o. Bridgwater et al. [3,4]. Some relevant characteristics are given. Fast pyrolysis 
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technology involves the rapid heating of lignocellulosic biomass to temperatures in the 

range of 450-650 °C with a residence time of < 2 s in an oxygen free atmosphere [2]. 

Liquid product yields as high as 70 %-wt. have been reported [2]. The resulting oil is not 

directly suitable as a biofuel for internal combustion engines. It contains large amounts of 

water (up to 50 %-wt.) and corrosive organic acids (up to 10 %-wt.) and shows limited 

storage stability [5]. Therefore, upgrading by either chemical or physical methods is 

required  [2].  

From the first days of bio-oil production onwards, research was dedicated to the removal 

of oxygen, either by catalytic cracking or by de-oxygenation of the oil using hydrogen 

(similar to conventional hydro-desulphurisation processes). This process, commonly 

being referred to as ‘hydrodeoxygenation’, may include any reaction where hydrogen is 

used to transform such oils, such as hydrotreating, hydroprocessing and / or 

hydrocracking. The product aimed at was a transportation fuel, either diesel or gasoline.  

 

1.1 Pyrolysis oil properties 

Pyrolysis oil from biomass is typically a red-brown liquid with a pungent odour, with 

physical properties as shown in Table 1 below. The oil contains the de-fragmented parts 

of the oxygenated components of the original biomass structure (mainly cellulose, 

hemicellulose and lignin). The oil contains up to 35 to 45 %-wt. oxygen on a dry basis. 

The oil has a relatively low heating value with respect to fossil fuels (the oil is partially 

combusted), is acidic  (pH~3), is relatively polar and thermally rather unstable, leading to 

limited storage stability. 

Due to the presence of large amount of (potentially) highly reactive components, the oil 

is unstable and tends to phase separate and form solids upon storage. Phase separation is 

promoted by higher temperatures and appears to be faster when the amount of water in 

the oil is low. Severe polymerization of the oil will result in the formation of char 

(‘charring’). Distillation (even under vacuum) also causes undesirable chemical changes 

leading to the formation of large amounts of solid material. 
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Table 1. Pyrolysis oil properties [5-7]. 

Property Value 

Density (kg/l) 

Viscosity  (cP) at 40 oC 

Water content (%-wt.) 

Acidity (pH) 

Flash point (oC) 

Elemental composition (%-wt.) 

C 

H 

O 

N 

Ash content (%-wt.) 

Heating value (MJ/kg) LHV 

1.15-1.2 

40-100 

20-30 

2-3 

40-65 

 

~52 

~6.4 

~40 

~0.2 

0.1 

13-19 

 

The oil itself is a complex mixture of components and is difficult to analyze and 

characterize. The following classes of chemicals present in the oil have been reported 

(Oasmaa et al.  [8,9]): 

• water 

• water solubles (acids, alcohols) 

• ether solubles (aldehydes, ketones, lignin monomers, etc) 

• ether insolubles ((anhydo)sugars, hydroxyl-acids) 

• n-hexane solubles (fatty acids, extractives, etc) 

• Dicholoromethane (DCM) (low molecular weight lignins (LMM lignin) 

extractives) and 

• DCM insolubles (high molecular weight lignins (HMM lignins), solids) 

 

Especially the ether insolubles (the sugar components, a syrup-like fraction) appear to be 

the fraction with a high oxygen content (up to about 50 %, in comparison with the LMM 

and HMM lignins containing 25 to 30 % oxygen). 
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Characterization of bio-oil on a molecular level is mainly carried out by gas 

chromatography. However, this technique has a major limitation. Components that are 

poorly volatile, because of molecular size/ or polarity, or reactive in the injection section, 

will not be detected, and this fraction may be up to 30 %-wt. 

 

The following properties need to be improved to make the oil suitable as a transportation 

fuel:  

• Acidity needs to be reduced 

• Energy density needs to be higher 

• Lower viscosity 

• Improved miscibility with fossil fuels  

• Less formation of particulates upon heating or during storage 

Hydrodeoxygenation is one of the possible upgrading technologies to achieve these 

objectives.  

 

1.2 Pyrolysis oil upgrading by hydrodeoxygenation 

For the hydrodeoxygenation of bio-oils, elevated temperatures and the presence of a 

catalyst and hydrogen are required. Early experiments showed that temperatures in the 

order of 300 to 400 oC are required to achieve reasonable deoxygenation activity. The 

presence of water in the hydrotreatment process seems crucial to avoid excessive char 

formation. This necessitates high pressures in order to avoid water evaporation (150 to 

300 bar). 

The overall reaction stoichiometry of the hydrodeoxygenation reaction may be 

generalized by:  

 

-(CHxOy)- + c H2  -(CHx)- + (H2O, CO2 , CH4 ,CO)              (eq. 1) 

 

The values for x (H/C) and y (O/C) depend on feedstock, operating conditions, any 

further treatment methods, water content and so on. Representative values for various 

(dry based) oils are (x , y) = (1.4 , 0.6). 
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The various reaction pathways taking place during the hydrodeoxygenation process are: 

1. Water separation, due to a change in molecular characteristics of bio-oil 

components. 

2. Dehydration reactions, in which water is produced from the bio-oil due to for 

instance, condensation polymerization reactions.  

3. Decarboxylation reaction (DCO), wherein part of the oxygen in the bio-oil is 

released from the oil in the form of CO2.                            

4. Hydrogenation reactions, in which hydrogen reacts with unsaturated bio-oil 

components. Hydrogenation may involve the saturation of C-C double bonds and 

the addition of hydrogen to carbonyl groups to form alcohols.  

5. Hydrogenolysis involving the break up of C-O bonds. In these reactions oxygen 

may be removed in the form of water. 

6. Hydrocracking reactions, by which the molecules are broken down into smaller 

molecules by the active involvement of hydrogen.  

 

Catalysts seem to be required to enable high levels of oxygen removal. It has been proven 

though that during heating up of bio-oil in the absence of hydrogen and/or catalysts the 

chemical composition of the oil changes. The latter is referred to as the high pressure 

thermal treatment (HPTT). In comparison with literature, HPTT has similarities with 

Hydrothermal Liquefaction  and / or HTU  [10,11,12]: 

 

CHxOy  CHx’Oy’ +  (H2O, CO2, CO)                                      (eq. 2)  

 

The HPTT process may include condensation polymerization, esterification, acetalization 

and phenol/formaldehyde type of reactions.  

 

In the past, hydrodeoxygenation was thought to be strongly related to conventional 

hydrodesulphurization (HDS), and /or hydrodenitrification (HDN) processes being 

carried out in refinery industries. Some obvious differences can be noted as well: 

1. In the HDO process, water is produced as a byproduct. This, however, together 

with the water already present in the bio-oil may affect catalyst performance in a 
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negative manner. Typical HDS catalysts may not be suitable as they are designed 

for an apolar environment. 

2. Higher temperatures and consequently higher (hydrogen) pressures seem required 

for hydrodeoxygenation to avoid excessive charring. 

3. The oxygen content in typical pyrolysis oils is much higher than the S-content in 

fossil feeds. 

4. HDS processes are currently tailored for deep S removal, which may not be 

necessary for the HDO of pyrolysis oils. 

 

2. History of bio-oil hydrotreating 

The first papers on the hydrotreating of pyrolysis oil appeared in 1984 (Elliot et al. [13]). 

In these papers, apparent similarities between HDS were taken as a starting point. The 

commonly applied catalysts were HDS catalysts, either NiMo/Al2O3 or CoMo/Al2O3. The 

most important findings from this work were that bio-oil could not be treated as such. 

Severe reactor blockage was observed due to charring of the bio-oil. From these 

experiments it appeared that a so-called stabilization step was necessary. In this step the 

most reactive compounds are converted to less active  ones in a controlled way to avoid 

the severe charring afterwards in a subsequent hydrotreating step [13-16]. 

However, most of the early research appears phenomenological in nature and 

fundamental knowledge is lacking. The amount of papers known authors, in which a 

process engineering approach is followed with consistent conclusions is less than ten. 

Besides, apparent conflicting results are presented, mainly in terms of deoxygenation 

levels, which vary between 10 and 90 % at seemingly similar operating conditions and 

catalysts [13,17]. Effects of co-solvents may interfere with such experiments, but this is 

not yet clear. An overview of important research is given in Table 2. 
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 Table 2. Summary of HDO of fast pyrolysis oil 

Reactor 

Authors 

 

Yield 

(%-wt.) 

Deoxygena

-tion 

(%-wt.) 
Type Size (ml) 

Catalyst 
Temperature 

(oC) 

Pressure 

(bar) 

LHSV/ 

Residence 

time 

Solvent/ 

additive 
Remarks 

Elliot,  Baker 

(1984) 

 

80 90-95 

Bench scale 

continuous flow 

reactor 

1000 
NiMo and CoMo  

on Al2O3 
350-450 138 0.1-0.6  

 
Various Pyrolysis 

oils 

Gagnon, 

Kaliagiune (1988) 
- 75 

Batch slurry 

reactor 
 

first 5 %-wt. 

Ru/Al2O3 and then 

NiO-WO3/Al2O3 

,CuCr 

80-325 41-172 120 min  

Vacuum pyrolysis 

oil feed. Copper 

chromite  resulted 

in massive coking 

Sheu, Anthony, 

Soltes (1988) 

 

- 10-50 Trickle bed 157 

Pt/Al2O3/SiO2; 

sulphided CoMo, 

NiW& NiMo 

350-400 53-104 
WHSV 0.5-

3.0 
Decalin 

Flash pyrolysis oil 

from pine sawdust 

& bark 

Elliott (1988) 

 

 
Upflow packed 

bed 
1000 CoMo/Al2O3 

stage 1:274; 

stage 2: 350-

450 

69-208 

stage 1: 

LHSV =0.62; 

2:LHSV=0.1 

 
Various pyrolysis 

oils 

Oasmaa (1992) 65 86 Batch  
10 %-wt. 

CoO/Al2O3 
390 215 2 hours  Peat pyrolysis oil 

30-35 88-99.9 
Packed bed, up- 

and downflow 
716 

Baldauf, Balfanz, 

Rupp (1994) 
 78-85 Slurry reactor 

3000-

12000 

CoMo, NiMo 

sulphided 
350-370 

up to 

300 

WHSV 0.15-

0.8 

DMDS, 

glycol 

Only 30-35% 

yield, water main 

product; 

hardwood bio-oil, 

part experiments 

water-washed 

feed 
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Conti, Scano, 

Baufola, Mascia 

(1995) 

72 60 
2 Stage packed bed 

upflow 
100; 1000 NiMo sulphided 

stage 1:140, 

stage 2:250-

275 

50 

stage 1: 

LHSV =0.52; 

2:LHSV=0.0

5 

  

Samolada, 

Baldauf, Vasalols 

(1998) 

 

30-55 88-99.9 
Packed bed, up- 

and downflow 
800 NiMo, CoMo  Up to 500 

Up to 

325 

WHSV of 6-9 

and 14-19 h-1 
 

Eucalyptus flash 

pyrolysis oil 

Elliott, 

Neuenschwander 

(various) 

 

- 
31-99 2 Stage trickle bed 100; 425 

NiMo, CoMo, 

sulphided; Ru/C 

and Ru/TiO2 

150-390 75-150 
LHSV 0.5-

1.5 
 

Waterwashed and 

"whole" white 

wood, bagasse, 

eucalyptus, etc. 

Su-Ping (2003) 

 

90 
Batch slurry 

reactor 
500 CoMo sulphided 360-390 

15-30 

cold 
5-60 min Tetralin 

Waterwashed bio-

oil from fluidized 

bed reactor 
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2.1 Feed 

The complexity of bio-oil hydrotreating starts at the very beginning: the feedstock 

applied to produce the bio-oil. Lignocellulosic biomass is an inhomogeneous material 

generally containing mixtures of carbohydrate and lignin structures. The carbohydrates 

are usually composed of both five - and six – carbon sugar polymers, while the lignin 

components are aromatic polymers of nominally propyl-methoxyphenols. In addition, 

there are proteins, fatty acids / oils and mineral components (ash) present as well. 

Different biomass resources have different contents of above-mentioned components 

(Table 3). It is thus evident that oils derived from wood-like products (pine, beech, etc.) 

differ from those produced from straw-like products, vegetable oil containing materials, 

or any other feed for bio-oil production. It may be postulated here that the differences 

between a bio-oil derived from pine grown in Finland and the oil derived from beech in 

the Netherlands, are more significant than the differences in crude oils from the North 

Sea and Malaysia respectively. Besides, a variety of (fractions from) bio-oils have been 

used: earlier tests were carried out using oils derived from so-called hydrothermal 

liquefaction (the process referred to as the PERC process, located in Albany) [12,16], or 

from slow pyrolysis [16-18]. From the 1980’s onwards, oils derived from fast pyrolysis 

were applied, originally in their pure form [13,15,19], and later after certain pretreatment 

steps (mild hydrotreating [20-22], or high pressure treatment without catalyst and 

hydrogen). These differences in oil properties due to feedstock variations are expected to 

have a major impact on the product properties of the hydrotreated products derived 

thereof. 

 

The following observations are reported for hydrotreating pyrolysis oils obtained from 

different biomass sources: 

- Vacuum pyrolysis oils seem somewhat more difficult to be hydrotreated than oils 

produced in fluid bed processes [16]. 

- ‘Stabilized’ oil shows much less charring than the pure bio-oil. 

- Eucalyptus derived oils show lower de-oxygenation rates than poplar derived oils  

[16]. 



Chapter 1 

29 

- Softwood derived oils appear to be more easily hydrogenated than bagasse-

derived oil [16]. 

- Softwood derived oils appear to be more easily hydrogenated than hardwood 

derived oils [16]. 

 

Table 3. Composition of different biomass types (%-wt.) [23].  

Biomass Type Cellulose Hemicellulose Lignin Extractives Ash 

Soft wood 41 24 28 2 0.4 

Hard wood 39 35 20 3 0.3 

Pine bark 34 16 34 14 2 

Straw 40 28 17 11 7 

Rice husk 30 25 12 18 16 

Peat 10 32 44 11 6 

 

2.2 Catalysts 

Catalysts tested for the hydrotreatment of pyrolysis oil are those conventionally used for 

HDS (sulphided NiMo/Al2O3 and CoMo/Al2O3). Among these two, CoMo/Al2O3 catalyst 

seemed the best choice with respect to deoxygenation activity. Noble metal catalysts such 

as Ru, Pd, Rh, Pt and less obvious ones as CuCr, CuO, NiO, Ni on Mg2O3/SiO2 or on 

activated carbon have been tested as well. In (semi-)batch set-ups the noble metal catalyst 

in general showed similar or even better performance than the conventional hydrotreating 

catalysts. 

From the earlier work summarized in Table 2 it may be concluded that the conventional 

catalysts (sulphided NiMo/Al2O3 and CoMo/Al2O3) have been tested for a wide range of 

operating conditions, reactor types, feedstocks, whereas considerably less is known about 

the performance of noble metal catalysts. Typical conversions of bound oxygen for the 

conventional catalysts are in the range of 80-99 %-wt., and, of course, depend upon the 

severity of the process. The un-sulphided form of the catalyst showed less activity than 

the sulphided catalysts. This implies that the addition of a sulphur source is advantageous 

when using these catalysts.  
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Besides, the catalysts appear to become inactive after some time on stream. Values of a 

few hours [13,22,24] up to a few days were reported by Veba Oel [16]. Different 

mechanisms are proposed, a.o. blocking of catalyst pores and/or activated sites (by oil re-

polymerization reactions), irreversible  poisoning of the catalyst (by nitrogen compounds, 

water, etc), sintering of the active catalyst slabs, structural degradation (of support and of 

active material), coking and metal deposition [25]. Some of the deactivation issues will 

be discussed below in more detail.  

 

2.2.1 Deactivation by water 

In conventional HDS, the oxygen content of the feed is low in comparison with feeds 

from biomass. However, still some water may be produced by reactions of (small) 

amounts of oxygenates in the feed. It was demonstrated that water has an inhibiting effect 

on conventional sulphided catalysts (NiMo/Al2O3 and CoMo/Al2O3) [25]. This was 

confirmed by hydroprocessing water-rich oils [13,25]. A possible explanation is leaching 

of the sulphur on the catalyst by the action of (liquid) water. This effect may be 

counteracted by adding H2S to the (sulphur free) feed.  

Model study experiments also indicate that water affects the catalyst structure of 

conventional HDS catalysts in a negative way. Apart from changes in the chemical 

composition of the support (from alumina in to boehmite), a concurrent sintering of 

nickel was noticeable together with oxidation to either non-catalytically active nickel 

sulphates or aluminates [16].  

 

2.2.2 Deactivation by coking 

The main reason for deactivation of catalyst is blocking of the catalyst pores by 

polymerization reactions leading to coke (e.g. Baldauf et al. [26]; and Elliott [16]). A 

rapid deactivation of NiMo and CoMo catalysts was found by Gevert and Ottersted [27]  

during the first hours of operation, but this became steady at prolonged reaction times. 

Coking appears to be faster if there is any (local) depletion of hydrogen and at higher 

temperatures, both suggesting that during the hydrotreating process a continuous 

competition takes place between the hydrogenation/ hydrodeoxygenation and the coking 

reaction.  
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The extent of coking is a function of the feed (mainly the ‘charring’ characteristics), the 

hydroprocessing conditions, but also the structure and support of the catalyst. The coking 

rate appears to be reduced if the acidic oils are contacted with an acid carrier (Appelby et 

al. [28]). The commonly used alumina supports are believed to promote coke formation  

[25,29,30]. From model component studies it appears that at least the phenolic 

components are responsible for coking (Laurent et al. [31], Centeno et al. [32]).  

 

2.2.3 Deactivation by nitrogen compounds 

Due to the presence of proteins in the biomass, bio-oils can contain certain nitrogen 

containing compounds. The amount ranges from 0.1 %-wt. (wood) up to 3-4 %-wt. 

(grass). These nitrogen components are present as, or are converted during 

hydrotreatment to mainly ammonia, methyl amine, pyridine and methyl pyridine [5]. In 

the case of the NiMo/Al2O3 and CoMo/Al2O3 catalysts deactivation by nitrogen 

compounds may occur due to adsorption on the active acid sites as known from 

conventional HDS processing as well [25].  

 

2.2.4 Deactivation by metal deposits 

The coking reactions referred to above may be enhanced by (and in parallel to) deposition 

of (alkali-) metals. In the case of bio-oil from wood the relevant metals are calcium, 

potassium, iron, alumina, sodium, mangnesium and silica. Calcium and magnesium were 

shown to have the tendency to accumulate onto the surface of NiMo/Al2O3 and 

CoMo/Al2O3 [25,33]. These deposits may lead to irreversible structural changes in the 

catalyst. The following order of deactivation has been established: Na > Ca > Mg = Fe. 

Serious deactivation was observed in the hydrotreating of PERC oil, which is known to  

contain high amounts of alkali metals [16].  

  

2.2.5 Deactivation due to sintering 

Sintering may occur at high temperatures which are inherent to conventional hydro- 

processes. For the HDO process, a beneficial effect of (liquid) water in the feed may be 

expected. Hydrotreating reactions are (strongly) exothermic. Any excess heat generated 
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by the reactions may be used to evaporate the water, thus allowing an easy way to avoid 

excessive temperature excursions.  

 

2.3 Reagent gas 

The hydrogen pressure must be sufficiently high to achieve proper deoxygenation rates. 

In a typical hydroprocess, unconverted hydrogen gas is recycled to the reactor. However, 

during hydroprocessing, substantial amounts of other gases are produced as well. Data for 

hydrocracking experiments show gas yields of up to 10 %-wt. of the feed. To prevent 

build-up of gases other than hydrogen, part of the recycle gas stream is bleeded.  

In the hydroprocessing of bio-oil relatively large amounts of oxygenated components 

(CO and CO2) are produced. Upon recycling of the reactant gas, the concentration of such 

‘inert’ components will build up. Effects of CO and CO2 (and other gases) on the 

hydrotreating activity are unknown.  

 

2.4  Reactor configurations  

2.4.1 Batch wise operation 

Batch wise operated autoclave experiments were used predominantly at the start of the 

pyrolysis oil hydrotreating research [22]. Experiments showed that in the absence of 

catalysts or poorly active catalysts extensive coking of the oil can take place, also when 

hydrogen was supplied (e.g. Gagnon et al [22], Oasma et al. [24] and Scholze et al. [34]). 

Deoxygenation of the oil using active catalysts, down to a few percent level was reported 

in the nineties, but only at batch times exceeding 2 hours (Oasmaa et al. [24]).  

 

For NiMo and CoMo) significant hydrogen uptake was observed at relatively low 

temperatures (< 200oC). Such a low temperature ‘pretreatment step’, although not 

suitable to achieve deep deoxygenation, appears advantageous to reduce coking at higher 

temperatures in the next step. This is likely because components responsible for charring 

at high temperatures are converted to less reactive ones. Hydrodeoxygenation of 

pyrolysis oil thus seems to require a two-step procedure with respect to the temperature 

and pressure. A first step (~250 oC and 100 bar of hydrogen pressure) may yield overall 

deoxygenation levels of about 50 %, but this may be due mainly to the thermal 
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decomposition reactions (similar to HPTT). The hydrogen consumption is reportedly due 

to partial hydrogenation of the reactive, smaller components such as acetaldehyde and 

hydroxyacetaldehyde. Acids, however, are rather inert,  even for batch times up to 24 h.  

Deoxygenation levels exceeding 90% can be reached only at temperatures of ~350 oC and 

pressures of 200 bar, and residence times exceeding 2 h [35]. The latter indicates that the 

overall deoxygenation rate is relatively slow.   

In 2003 the hydrodeoxygenation of pyrolysis oils dissolved in ‘inert’ liquids was 

reported. For instance, Zhang et al. [19] described the upgrading of pyrolysis oil by HDO 

using a CoMo/Al2O3 catalyst in tetralin. At 350-390 oC and 30-50 bar pressure the 

oxygen content in the oil decreased from 30 %-wt to ~5 %-wt. 

 

2.4.2 Continuous packed bed reactors 

Process and reactor assessment for continuous hydrotreatment started with continuous 

packed bed rectors. In the eighties, given the lack of fast pyrolysis oils, the hydrothermal 

liquefaction oils from the PERC process were used as the feed [16]. At that time, the two-

step approach was proposed to optimize the aromatic gasoline yield. This approach 

included a first initial hydrotreating step, after which the produced water phase 

(containing some left carbon compounds) was removed and the remaining fraction was 

hydrocracked. Such a two-step approach resulted in a reduction of the overall hydrogen 

consumption and a fourfold decrease in residence time while retaining overall gasoline 

yield. One reason for this may be that hydrotreating the aqueous phase may result in the 

additional consumption of hydrogen. A similar concept was proposed for fast pyrolysis 

bio-oils, to avoid severe and rapid reactor plugging due to the instability of the bio-oil  

[16]. In this two-step approach, a first catalytic hydrogenation step was proposed at lower 

temperatures (up to 280 oC) to stabilize the oil. In a next step (without removing the water 

phase) the oil was treated at more severe conditions to remove the remaining oxygen. The 

first step generally results in a product with significantly lower oxygen contents of 20 to 

25 %-wt. The product is reportedly thermally stabilized, as it could be distilled batch-

wise without coke formation. Baldauf et al. [26], reported bench scale experiments where 

the bio-oil was preheated in the first part of a reactor filled with SiC, and hydrotreated on 

a standard hydrotreatment catalyst in the remaining bed at temperatures up to 370 oC and 
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pressures of approx. 300 bar. In this first stage, residence time and hydrogen flow played 

a minor role, was also demonstrated by Rep et al. [36] who reported similar results in the 

absence of catalysts and hydrogen. Sheu et al [17] reported the hydrotreating of slow 

pyrolysis oils using a co-solvent (decalin). Low de-oxygenation levels were reported (10 

to 50 %), at seemingly similar operating conditions as shown in the work of Elliot, but in 

a single step (250 to 400 oC, and WHSV 0.5 to 3 hr-1). Relevant here, however, may be 

the relatively low pressure of the system, ranging from 53 to 104 bar. Due to the use of a 

co-solvent, effects of charring may be less, but then, at the higher temperatures of 400 oC, 

the water will be fully evaporated. It is likely that, due to the evaporation of water, the 

experiments carried out are more HPTT than HDO alike. This is supported by the 

experimental results as well, as the space velocity was not shown to have a significant 

effect on the deoxygenation level, while a pressure increase reduced coke formation. 

The Koehleoel process, with the so-called Integrated Gross Oil Refining (IGOR+) 

technology, was successfully applied by DMT to upgrade Union Fenosa bio-oils [37]. A 

process flow sheet of the pilot plant configuration is given in Figure 1. The feed is 

homogenized and a powdered catalyst (sulphided NiMo, < 0.1 mm) is added. The 

suspension is then compressed together with (recycled) hydrogen to 300 bar and pumped 

into a liquid phase reactor at 375 oC. The liquid is separated from the solids and is fed 

over a second bed with a similar type of catalyst (> 2.5 mm). Here the vaporous liquid is 

hydrogenated further at 380 oC. The product from this vessel is condensed to 290 oC, and 

the liquid fraction is (partially) returned to the second reactor. The gaseous fraction is 

further hydrogenated in a third reactor, where light and medium oils are separated. The 

hydrogen-rich residual gas is recycled back to the reactors. The process differs 

considerably from other research in the sense that any coking taken into account in the 

first reactor where the solid particles are removed, while exothermic effects and further 

charring are controlled by dilution of the reactive components by recycling a part of the 

hydrogenated oils. 
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Water 
2.85 kg/hr 

1.2 kg/hr 

1.21 kg/hr 

ash 
0.055 kg/hr 

0.46 kg/hr 

0.34 kg/hr 2.95 kg/hr 
5.24 kg/hr 

 
Figure 1. Pilot plant lay-out and approximate flow rates and operating conditions for the 

hydrotreating experiments in the IGOR+ process 

 

The following observations on reactor performance are of interest: 

1. The reactor configuration (up or down flow) has an effect on the plugging 

tendency during reaction. Down flow appears to be better than up flow operation 

[16].  

2. At similar operating conditions, de-oxygenation in up flow is less than in down-

flow mode  [26]. This may be due to poor contact between oil, catalyst and/or 

hydrogen in the up-flow mode. 

3. Dilution of the bed with an inert material leads to much higher reaction rates per 

unit of catalyst. The exact reason for this observation is not known but may be 

associated with either the chemistry or the hydrodynamics of the system. 

4. To the best of our knowledge the exothermicity of the hydrodeoxygenation / 

hydrogenation reactions has not been taken into account. On the basis of simple 

thermodynamic calculations, an average overall heat of reaction of about 2.4 

MJ/kg oil was obtained. In comparison, in HDS with a 0.1 %-wt. sulphur in the 

feed, a reactor bed temperature increase of several tenth degrees of celcius is 

commonly observed, necessitating intermediate quenching of the gas [29,38].  
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5. Various researchers show that an initial mild hydrotreatment step at temperatures 

as low as 80 oC renders an intermediate product (with a lower molecular weight), 

that is more readily hydrotreated to lower oxygen content  [16,22,24]. 

6. A few reports on the use of a solvent (usually considered to be a hydrogen donor 

solvent) mixed with the original feed have been published [19]. Such a solvent 

may lead to a marked improvement of the quality of the product, and the catalysts 

seem less deactivated by coke deposition [16,17,19,39]. Coke formation is 

expected to have an order higher than one in active components [17]. To reduce 

the effect of charring, the local concentration of active components thus has to be 

as low as possible. This is obtained by diluting the bio-oil with a (less-reactive) 

component, and may be the reason for the positive results derived by researchers 

using a co-solvent such as tetralin [19,39,40] or decalin [17].  

7. Hydrogen is not readily soluble in water (or polar) components. Hydrogen 

solubility in bio-oil is reportedly similar to that in water. Only when the bio-oil 

becomes less polar, the hydrogen solubility increases rapidly.  

8. Although work on model components show that phenols are converted very 

rapidly and at low temperatures already, severe hydrotreating of bio-oil still 

reveals the presence of phenols. This may indicate that during the hydrotreating 

process the phenolic fraction is consumed but also continuously produced due to 

e.g. lignin depolymerisation reactions. 

 

3. Product properties of hydrotreated fast pyrolysis oil 

3.1 Introduction 

Product properties of HDO oil reported in the literature are scarce, despite the necessity 

to compare it with crude oil standards. Actually there is no standard for the analysis of 

bio-oils and HDO oils. Literature data still mainly concentrate on the ‘macro properties’ 

of the products instead of its molecular properties.  

 

3.2 Product properties 

To be used as a transportation fuel, the HDO products should fulfil a number of 

properties. When aiming at complete deoxygenation and thus the synthesis of a 
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hydrocarbon product, the product properties have to fulfil those of typical gasoline and 

diesel products. However, products with a certain oxygen content may still be attractive 

biofuels. For these, no standards are available yet, though some general remarks may be 

given here. Properties of particular interest and to be considered are: 

• Oxygen content 

• Water content 

• Viscosity 

• Organic acid content 

• Coking tendency 

• Solids content 

• Flash points 

• Cold flow properties (pour and cloud point) 

• Storage stability 

 

These properties may be measured using standardized procedures. Some relations 

between these properties have been observed. For instance, the viscosity of the product is 

a function of oxygen content. Figure 2 shows the relation between the oxygen content and 

the viscosity of the product. At high oxygen contents the oil contains substantial amounts 

of water, rendering the oil in to a relatively low viscosity product (20 – 50 cps at 20 oC). 

However, upon oxygen removal (and consequently phase separation of the oil), the 

viscosity increases drastically (up to 100,000 cps at 20 oC). The highest viscosity is 

observed at an oxygen content between 20-30 %. Product with a lower oxygen content 

than the maximum again have a lower viscosity, ultimately reaching the value for 

hydrocarbons (around 1 cSt at 20 oC).  

Currently, there is a large interest in identification of individual components or classes of 

components by dedicated analytical techniques. However, this work is seriously 

hampered by the diversity of components with a broad range of molecular weights in the 

(upgraded) oils. One technique is often not sufficient to characterize the full matrix and a 

combination of techniques is required to get insights in the molecular composition. 
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Figure 2. Viscosity versus oxygen content for data adapted from Elliott et al [20], [41]. 

 

A solution is characterization by dividing the bio-oil and HDO oils into several fractions. 

A first approach was undertaken by Sheu et al. [17,42], who classified the products from 

hydrotreating experiments in terms of fractions derived from size exclusion 

chromatography combined with GC. The fractions were labelled as the heavy non-

volatiles, the light non-volatiles, phenols, aromatics, alkanes and a mixture of (coke, 

water and gas). 

 

VTT characterized oils using a solvent fractionation scheme [9,43]. This method 

successfully enables the observation of major chemical changes in the oils. The scheme is 

summarized in Figure 3. The fractions are labelled extractives, the ether solubles and 

insolubles, DCM solubles and DCM insolubles. All fractions are enriched in certain 

component classes. For the components present in these individual fractions, the reader is 

referred to Oasmaa et al.  [9,43].  
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Figure 3. Fractionation scheme adapted from Oasmaa  [9,43]. 

 

3.2 Product representation: the Van Krevelen diagram 

An essential parameter for bio-oil and hydrotreated products is the elemental composition 

in terms of carbon, hydrogen and oxygen. A useful way to compare various products is 

the traditional Van Krevelen diagram [44], in which the ratio between O/C and H/C of 

the products are plotted. An example of such a plot is given in Figure 4. In this plot, 

various products are shown ranging from methanol ((H/C,O/C) = (4,1)), methane (4,0), to 

various biomass sources (1.4-1.7,0.5-0.8), pyrolysis oils (1.7,0.6) and oils from high 

pressure thermal treating of biomass (1.2,0.13-0.25). The objective in previous HDO 

research was to obtain a hydrocarbon product with an oxygen content close to zero and a 

H/C ratio of 1.5 to 2, the latter being typical for diesel/gasoline.  
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Figure 4. The Van Krevelen diagram with relevant products [45]. 

 

For the data known from literature on biomass upgrading, the Van Krevelen plot is shown 

in Figure 5 for a variety of catalysts, space velocities and other process conditions. The 

various processes referred to earlier can be clearly distinguished (solid lines). Upon the 

thermal treatment of the oil, the principal process seems to be the rejection of oxygen, 

likely in the form of water although some CO2 is released as well. The data points 

obtained for the high-pressure thermal treatment of bio-oil are presented in Figure 5, and 

are located on the water removal curve. To obtain HDO products with the desired H/C 

and O/C ratios as given above, hydrogen is required.  
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Figure 5: Van Krevelen plot interpreted in dehydration (-H2O), HDO and mild HDO data 

from literature. 

 

Several lines are drawn in Figure 5. To show possible hydrodeoxygenation pathways. 

The pathways are conceptually different from each other. To reach complete de-

oxygenation, either a pathway following HPTT (A) and subsequent hydrotreating can be 

followed, or the two-stage approach (mild hydrotreatment (B) and subsequent deep 

hydrogenation (C)) as described by Elliot. The choice which pathway (indicated by H2O, 

mild HDO and HDO) is followed will have a significant effect on hydrogen consumption, 

but also on the required operating conditions.  

 

4. Hydrogen consumption and process implications 

Hydrotreating requires hydrogen, and especially in the case of a hydrogen depleted bio-

oil (H/C,O/C) = (1.7, 0.6)), a large amount of hydrogen is required to ensure sufficient 
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oxygen removal. Hydrogen consumption will have a large impact on the manufacturing 

costs of HDO products and reduction of its use is of prime interest. Based upon the bio-

oil composition the following theoretical overall mass balances for the HDO of dry bio-

oil can be made: 

 

CH1.43O0.56 + 0.543 H2  0.93 CH1.8 + 0.42 H2O +0.07 CO2 (eq. 3) 

 

On a bio-oil weight basis up to 5 %-wt. H2 is required, which corresponds to about 600 

NL / kg bio-oil (approx. 30 % of the energetic input of the bio-oil).  

 

Several remarks can be made here:  

1. Some additional gaseous components may be formed as well, such as methane, 

ethane, and other C2
+ gases: these reactions are not preferred as they consume 

substantial amounts of hydrogen [16]. 

2. In the abovementioned equation, the aromatic character of the bio-oil is 

maintained to minimize hydrogen consumption and to produce a higher-octane 

gasoline blending stock [16]. Saturation of the aromatic components in the bio-oil 

(H/C=2) is not preferred, since then much more hydrogen is required and, if a 

transportation fuel (and consequently crude oil additive) is aimed at, cyclic 

hydrocarbons have poor octane numbers. 

3. For mild hydrotreatment less hydrogen is required, and the pathway to reach the 

desired deoxygenation level determines the exact amount of hydrogen (see Figure 

6). 

 

The latter is shown in more detail in Figure 6, which represents the lines from Figure 5: 

one line and two curves are depicted here, referred to as A, B and C. A represents the line 

where (due to e.g. temperature) all oxygen from the bio-oil is removed by removing 

water, either as water as an integral part of bio-oil, or as water produced by the 

(condensation) reactions taking place upon heating. The data-points associated with this 

line are those reported for the crude bio-oil, HPTT oil [36] and for charcoal. Any small 
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deviation from this line can be explained by the formation of small amounts of gas (CO2 

and CO). Obviously, for the removal of this oxygen, no hydrogen is required.  

 

Then, from a certain point onwards, water removal alone is not sufficient to remove most 

of the oxygen, as charring of the bio-oil will occur. Hydrogen (and / or CO) is required to 

reduce the oxygen content further (curve B, HPTT line). The data points on this line are 

associated with those from the Albany hydrothermal liquefaction plant, HTU, the 

hydrodeoxygenation of PERC oil (also from Albany, Elliot) etc.  

In another approach, depicted by curve C, the pathway of first a mild hydrotreatment and 

subsequent (full) hydrodeoxygenation is shown as well. Data on this line can be traced 

back to the bio-oil two-step approach as suggested by Elliot et al. [13]. 
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Figure 6. On the left is shown the van Krevelen diagram including the lines at different 

hydrogen consumption as a function of HDO severity, also included are line A water 

removal, B HPTT and C HDO. On the right the hydrogen consumption is shown as 

function of the deoxygenation with two lines C the HPTT and line B mild and deep HDO. 

 

Obviously, the pathway to end up with partially deoxygenated oil through HPTT and 

subsequent hydrotreating requires less hydrogen than the pathway of mild hydrotreatment 

followed by full hydrodeoxygenation. The lines for similar hydrogen consumption rates 

are depicted in Figure 6 by dashed lines as well (100, 200, 400 and 600 NL/kg oil 

respectively). It shows that approx. 200 L hydrogen per kg oil results in a deoxygenation 
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rate of 25 % in the mild hydrotreatment step, but over 50 % if first a HPTT step is 

followed. A schematic presentation of the hydrogen consumption rate as a function of the 

deoxygenation rate is presented in Figure 6. Only for the full hydrotreatment of oil, 

similar hydrogen consumption rates are thus required.  

The question remains though whether the HPTT derived oils can be easily hydrogenated: 

it seems that oils derived from HPTT are less likely to char, but need higher reaction 

severities than bio-oil mildly hydrotreated first. This needs to be confirmed.   

 

5. Thesis outline 

This thesis describes the results of experimental studies on the hydrotreatment of fast 

pyrolysis oil for the production of transportation fuels.  The incentive of this research was 

to indentify and modify the most suitable catalyst and reaction conditions for this process 

and to characterize and test the product as a transportation fuel.  

Chapter 2 describes an experimental study on the upgrading of fast pyrolysis oil by 

catalytic hydrotreatment. A variety of heterogeneous noble metal catalysts have been 

tested for this purpose and the results are compared to typical hydrotreatment catalysts. 

The reactions were carried out at temperatures in the range of 250 to 350 °C and 

pressures between 100 and 200 bar. The Ru/C catalyst appears superior to the classical 

hydrotreating catalysts with respect to oil yield (up to 60 %-wt.) and deoxygenation level 

(up to 90 %-wt.). The upgraded products were less acidic and contained less water than 

the original fast pyrolysis oil. The HHV was about 40 MJ/kg, which is about twice the 

value of pyrolysis oil. Analyses of the products by 1H-NMR and 2D-GC showed that the 

upgraded pyrolysis oil contained less organic acids, aldehydes, ketones and ethers than 

the feed whereas the amounts of phenolics, aromatics and alkanes were considerably 

higher.  In a subsequent study described in Chapter 3 the Ru/C catalyst selected in the 

previous study was used for the upgrading of fast pyrolysis oil using hydrogen at 350 oC 

and 200 bar pressure in a batch reactor set-up. The effects of reaction time on oil yield 

and elemental composition of each product phase was determined. The highest oil yields 

(65 %-wt.) were obtained after 4 h using a 5 %-wt. intake of catalyst on fast pyrolysis oil. 

Longer reaction times lead to a reduction of the oil yield due to the formation of gasphase 

components (methane, CO/CO2). A solvent-solvent extraction procedure was applied to 
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gain insight in the molecular processes during the catalytic hydrotreatment experiments. 

It may be concluded that the carbohydrate fraction is very reactive whereas the lignin 

fraction remains about constant in the course of the reaction. Chapter 4 focuses on  

catalyst stability of the Ru/C catalyst during the hydrotreatment of fast pyrolysis oil (350 

°C and 200 bar) in a batch set-up. A considerable reduction in the liquid yield, increased 

solids formation, a reduction in the H/C ratio of the liquid product and a lowering of the 

extent of methane in the gas phase was observed after a number of catalyst recycles. 

Characterization of the catalyst before and after reaction using TEM, chemo- and 

physisorption showed significant coke deposition and a decrease in metal dispersion and 

pore volume. The application of in house prepared Ru/C catalysts for both the 

hydrotreatment of fast pyrolysis oil as well as phenol using different Ru-precursors 

(RuCl3, Ru(NO3)(NO)3 and Ru(acac)3) showed different effects on both product yield and 

elemental composition of the liquid phase. A catalyst prepared with RuCl3 at a ruthenium 

loading of 5 %-wt. showed the highest activity in the hydrogenation of pyrolysis oil and 

the lowest decrease in BET area and dispersion. Chapter 5 deals with the catalytic 

hydrotreatment of representative model components for the carbohydrate fraction (viz. D-

glucose and D-cellobiose) present in concentrations of 20 to 40 % in fast pyrolysis oils. 

The hydrotreatment was conducted at a temperature of 250 °C and 100 bar hydrogen 

using Ru and Pd on carbon catalysts in water. Two parallel reaction pathways were 

observed, a thermal non-catalysed pathway leading to insoluble humins (char), and a 

hydrogenation pathway leading to smaller polyols and gaseous hydrocarbons like 

methane and ethane. The implications of these findings for the catalytic hydrotreatment 

of fast pyrolysis oil will be discussed. In the final part of the study, Chapter 6, a number 

of hydrotreated fast pyrolysis oil which were prepared in a batch autoclave (5 L) at 340 

°C, 200-350 bar and analysed using a variety of techniques. The products were tested as a 

substitute for diesel in a stationary Hatz diesel engine. The exhaust emissions were 

measured and showed a higher CO content though a lower NOx content when compared 

to diesel. After testing the injectors were studied visually and by SEM. Coke deposit was 

evident though corrosion patterns on the surface were absent.   
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Chapter 2: Hydrotreatment of Fast Pyrolysis oil using Heterogeneous Noble Metal 

Catalysts 

 

Abstract 

Fast pyrolysis oils from lignocellulosic biomass are promising second generation 

biofuels. Unfortunately, the application range for such oils is limited due to the high 

acidity (pH ~ 2.5) and the presence of oxygen in a variety of chemical functionalities. 

Upgrading of the oil is required for most applications. We here report an experimental 

study on the upgrading of fast pyrolysis oil by catalytic hydrotreatment. A variety of 

heterogeneous noble metal catalysts have been tested for this purpose (Ru/C, Ru/TiO2, 

Ru/Al2O3, Pt/C and Pd/C) and the results are compared to typical hydrotreatment 

catalysts (sulphided NiMo/Al2O3 and CoMo/Al2O3). The reactions were carried out at 

temperatures in the range of 250 to 350 °C and hydrogen pressures between 100 and 200 

bar. The Ru/C catalyst appears superior to the classical hydrotreating catalysts with 

respect to oil yield (up to 60 %-wt.) and deoxygenation level (up to 90 %-wt.). The 

upgraded products were less acidic and contained less water than the original fast 

pyrolysis oil. The HHV was about 40 MJ/kg, which is about twice the value of pyrolysis 

oil. Analyses of the products by 1H-NMR and 2D-GC showed that the upgraded pyrolysis 

oil contained less organic acids, aldehydes, ketones and ethers than the feed whereas the 

amounts of phenolics, aromatics and alkanes were considerably higher.  
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1. Introduction 

Increasing oil prices due to higher demand and less accessible resources have boosted the 

research activities in the field of renewable energy carriers. An interesting second 

generation bio-liquid is pyrolysis oil, obtainable from lignocellulosic biomass by flash 

pyrolysis in yields up to 70 %-wt. The oil is produced on demonstration- and semi-

commercial scale by a number of companies [1]. The oil has a higher water and oxygen 

content than fossil oil, resulting in a lower energy density (15-19 MJ/kg) [1] compared to 

fossil oil (40 MJ/kg). Furthermore, the oil ages and tends to phase separate upon 

prolonged storage. As a consequence, the oil is not suitable for direct application in 

(instationary) internal combustion engines and requires upgrading to fulfill the stringent 

specifications for (bio-) fuels.   

One of the upgrading technologies is catalytic hydrotreatment. Typically, harsh 

conditions (200-400 oC and 100-200 bar hydrogen pressure) are required to obtain 

reasonable volumetric production rates [2-5]. During such a hydrotreatment process 

multiple reactions occur like hydrogenation, hydrogenolysis, hydrodeoxygenation, 

decarboxylation, decarbonylation, cracking/hydrocracking and polymerization reactions 

leading to the formation of coke. 

For a state of the art review on fast pyrolysis oil hydrotreatment the reader is referred to 

Elliot in 2007 [6]. An overview of work relevant for the present purpose is summarized in 

Table 1. Research activities on the HDO of pyrolysis oil started already in 1984 with the 

pioneering work of Elliot et al.[7]. Reaction conditions, catalysts and reactor systems 

were adopted from typical hydrotreating processes for fossil resources like 

hydrodesulphurization (HDS). Typically, trickle bed reactors (packed beds with down 

flow operation of both liquid and gas) were applied in combination with common HDS 

catalysts like sulphided NiMo/Al2O3 and CoMo/Al2O3.  To promote hydrogenation, Elliot 

et al. proposed a two stage reactor configuration. A first reactor is operated below 280 oC 

using a pressure of typically 140 bar and a LHSV (vol. oil/vol. cat.h) of 0.62 to ‘stabilise’ 

the oil by hydrotreating the most reactive compounds. A subsequent deep deoxygenation 

step was performed in a second reactor at higher temperatures, typically 350 °C, under 

hydrogen at a total pressure of 142 bar and a LHSV of 0.11 vol. oil/vol. cat.h. Continuous 

operation resulted in oil yields between 30-55 % and deoxygenation levels up to 99 % 
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[8,9]. Most studies were performed in continuous mode and only a few experimental 

studies in batch reactors have been reported [5,10,11,13]. The most likely reason for 

experimentation in continuous reactors is the anticipated strong resemblance between 

HDO and the well established HDS processing in continuous (packed bed) reactors. 

 

Table 1. Summary of the research on HDO of pyrolysis oil. 

Reactor 

Year Authors (ref.) 

 

Yield 

(%-wt.) 

Deoxyge

nation 

(%-wt) 
Type Size (L) 

Catalyst 

Temp-

erature 

(oC) 

Pressure 

(bar) 

1984 
Elliot,  Baker 

[7]  
80 90-95 

Bench scale 

continuous 

flow reactor 

1 

NiMo and 

CoMo  on 

Al2O3 

350-450 138 

1988 
Gagnon, 

Kaliagiune[10] 

 

n.r. 

 

75 
Batch slurry 

reactor 
n.r. 

first 5 %-wt. 

Ru/Al2O3 and 

then NiO-

WO3/Al2O3 

,CuCr 

80-325 41-172 

1988 
Sheu, Anthony, 

Soltes [12] 

 

n.r. 

 

10-50 Trickle bed 0.157 

Pt/Al2O3/SiO2; 

sulphided 

CoMo, NiW& 

NiMo 

350-400 53-104 

1988 Elliott [2] 

 

n.r. 

 

 
Upflow 

packed bed 
1 CoMo/Al2O3 

stage 

1:274; 

stage 2: 

350-450 

69-208 

1992 Oasmaa [13] 65 86 Batch n.r. 
10%-wt. 

CoO/Al2O3 
390 215 

30-35 88-99.9 

Packed bed, 

up- and 

downflow 

0.716 
1994 

Baldauf, 

Balfanz, Rupp 

[8] 
 78-85 Slurry reactor 3-12 

CoMo, NiMo 

sulphided 
350-370 up to 300

1995 

Conti, Scano, 

Baufola, Mascia 

[14] 

72 60 

2 Stage 

packed bed 

upflow 

0.1- 1 
NiMo 

sulphided 

stage 

1:140, 

stage 

2:250-

50 
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275 

1998 

Samolada, 

Baldauf, 

Vasalols [15] 

 

30-55 88-99.9 

Packed bed, 

up- and 

downflow 

0.8 NiMo, CoMo  
Up to 

500 

Up to 

325 

1996-

2004 

Elliott, Neuen-

schwander 

[16,17] 

 

n.r. 

 

31-99 
2 Stage 

trickle bed 

0.1; 

0.425 

NiMo, CoMo, 

sulphided; 

Ru/C and 

Ru/TiO2 

150-390 75-150 

2003 Su-Ping [5] 

 

n.r. 

 

90% 
Batch slurry 

reactor 
0.5 

CoMo 

sulphided 
360-390 

15-30 

(20 °C) 

 

A serious issue in catalytic hydrodeoxygenation appears catalyst deactivation due to 

thermally induced polymerization and the formation of coke [15,18,19]. Coke deposit on 

the catalyst was shown to occur particularly with catalysts based on an alumina support 

[18,19].   

We here report a systematic catalyst screening study in a batch reactor set-up. A variety 

of catalysts was screened for the hydrotreatment of raw pyrolysis oil at two operating 

conditions relevant for the HDO process i.e. at 250 °C and 100 bar to represent mild 

HDO and at 350 °C and 200 bar to represent deep HDO. This approach allows selection 

of the optimum catalyst for each of the steps with respect to oil yield and deoxygenation 

level. The second part of the chapter focuses on the properties and composition of the 

upgraded oils by a variety of analytical techniques. 

 

2. Materials and Methods 

2.1 Materials 

The noble metal catalysts (Ru/γ-Al2O3, Ru/C, Ru/TiO2, Pd/C, Pt/C) were obtained as 

powders from Sigma Aldrich (all except Ru/TiO2) and Degussa (Ru/TiO2) and contained 

5 %-wt. of active metal. Relevant properties of the catalysts were determined 

experimentally and the results are shown in Table 2. Pre-sulfided NiMo/γ-Al2O3 and 

CoMo/γ-Al2O3 were obtained from an anonymous supplier. No external sulphur source 

was added before/during the hydrotreatment reaction. Fast pyrolysis oil was supplied by 

BTG (Enschede) and was prepared from beech wood. The oil was filtered after 
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preparation and stored at -8°C to avoid aging resulting in the formation of solids. 

Relevant data are given in Table 3. Hydrogen and helium were from Hoek Loos 

(Schiedam) and were of analytical grade (hydrogen 6.0). Nitrogen (technical grade, >98 

% purity) was also obtained from Hoek Loos (Schiedam). Tetrahydrofuran and n-decane 

were obtained from Acros and were of analytical grade (99.99 %).   

 

Table 2. Catalyst details 

Catalyst Supplier (cat. Number) Dispersion (%) Specific area (m2/g) 

Ru/γ-Al2O3 

Ru/C  

Ru/TiO2 

Pd/C 

Pt/C 

Sigma Aldrich  (84032) 

Sigma Aldrich (206180) 

Degussa (31299457/2006) 

Sigma Aldrich (20568) 

Sigma Aldrich (205931) 

22 

11 

18 

16 

16 

186 

886 

55 

1094 

1155 

  

2.2 Hydrodeoxygenation experiments 

Fast pyrolysis oil was hydrotreated in a 100 ml batch autoclave setup (Buchi AG). The 

maximum pressure and temperature of the set-up are 350 bar and 450 °C, respectively. 

The temperature of the system is controlled using an electric heating mantle combined 

with a cooling spiral using water. The reactor content was stirred at 1300 rpm with a 

magnetically driven gas inducing impeller. The impeller was of the Ruston type with four 

blades (d: 24 mm, h: 12 mm and 5.5 mm thickness). Temperature and pressure in the 

reactor vessel are measured and monitored by a PC. A schematic representation of the 

set-up is given in Figure 1.  

The reactor was filled with fast pyrolysis oil (25 g) and catalyst (1.25 g, 5 %-wt. on basis 

of wet pyrolysis oil). Subsequently, the reactor was flushed with nitrogen gas and 

pressurized with 20 bar of hydrogen at room temperature. The reactor was heated to the 

intended reaction temperature (250 or 350 °C) with a heating rate of 16 °C/min and kept 

at that temperature for the intended reaction time. The pressure in the reactor was set to 

the pre-determined value. The pressure during a run was kept constant by continuous 

feeding of hydrogen. After completion of the reaction, typically 4 h, the reactor was 

cooled to ambient temperature. 
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Figure 1. Schematic representation of the autoclave setup.  

 

The pressure was recorded for mass balance calculations and the gas phase was sampled 

using a gas bag. The liquid product, consisting of a water phase and, depending on the 

catalyst and reaction temperature, one or two organic phases, was recovered from the 

reactor using a syringe and the liquid product was weighed. Subsequently, the reactor was 

rinsed with acetone. The combined acetone fractions with suspended solids were filtered. 

After filtration, the filter was dried and weighed. The amount of solids minus the original 

catalyst intake was taken as the amount of solids formed during the HDO process. The 

deep HDO experiments were conducted in duplicate. The mild HDO experiment with 

Ru/TiO2 was conducted in duplicate, the remaining experiments were conducted once. 

 

2.3 Analyses of the HDO oils 

2.3.1 GC/MS and 2D-GC analyses 

Samples were either injected pure or diluted with tetrahydrofuran (THF) to 50 %-wt. n- 

decane was used as an internal standard. 

GC-MS analysis were performed on a Quadrupole Hewlett Packard 5972 MSD attached 

to a Hewlett Packard 5890 GC equipped with a 30 m x 0.25 mm i.d. and 0.25 µm film 

sol-gel capillary column. The injector temperature was set at 250 °C. The oven 
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temperature was kept at 40 °C for 5 minutes then heated up to 250 °C at a rate of 3 °C 

min-1 and then held at 250 °C for 10 minutes. 

2D-GC analyses were performed on a trace 2D-GC from Interscience equipped with a 

cryogenic trap system and two columns, a 30 m x 0.25 mm i.d. and 0.25 µm film of sol-

gel capillary column connected to a 148 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 coldtrap is 

60 °C. Helium was used as the carrier gas (flow 0.6 ml/min). The injector temperature 

and FID temperature were set at 250 °C. The oven temperature was kept at 60 °C for 5 

minutes then heated up to 250 °C at a rate of 3 °C min-1. The pressure was set at 0.7 bar. 

The modulation time was 6 s. 

 

2.3.2 Elemental composition, higher heating value (HHV), water content, flashpoint, 

viscosity and NMR analyses  

The elemental composition of the HDO oils (C, H and N) was determined using an Euro 

Vector 3400 CHN-S analyzer. The oxygen content was determined by difference. The 

HHV of the samples was calculated using Milne’s formula (eq. 1) [20]. Where C, H and 

O stands for carbon, hydrogen and oxygen in %-wt. 

 

)
8
O(H x 1442.8C x 338.2HHV −+=  [MJ/kg]                                                           (eq. 1) 

 

The water content in the samples was determined by a Karl Fischer titration using an 

Metrohm Titrino 758 titration device. A small amount of product (0.03-0.05 g) was added 

to an isolated glass chamber containing Hydranal (Karl Fischer Solvent, Riedel de Haen). 

The titrations were carried out using the Karl Fischer titrant Composit 5K (Riedel de 

Haen). All measurements were performed in duplicate. 

Flashpoints were determined using a Grabner Instruments mini flashpoint analyser with a 

temperature increase of 5.5 °C/min in the range of 30-80 °C.  
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The viscosity of the oil and products were determined with a AR 1000-N Rheometer 

from TA instruments. The temperature was set at 40 °C with a shear rate of 0.1 s-1. Each 

sample was measured 10 minutes to get an accurate constant value for the viscosity. 
1H- NMR spectra were recorded on a 500 MHz NMR (Varian). The samples were 

dissolved in CDCl3.  

 

2.4 Gas phase analyses 

The gas phases after reaction were collected and stored in a gasbag (SKC Tedlar 3 Liter 

Sample Bag (9.5" x 10")) equipped with a polypropylene septum fitting. GC-TCD 

analyses were performed on a Hewlett Packard 5890 Series II GC equipped with a 

Porablot Q Al2O3/Na2SO4 column and a Molecular Sieve (5A) column. The injector 

temperature was set at 150 oC, the detector temperature at 90 °C. The oven temperature 

was kept at 40 oC for 2 minute then heated up to 90 oC at 20 oC/min and kept at this 

temperature for 2 minutes. The columns were flushed for 30 seconds with gas sample 

before starting the measurement. A reference gas containing H2, CH4, CO, CO2, ethylene, 

ethane, propylene and propane with known composition was used for peak identification 

and quantification. 

 

2.5 Chemisorption and physisorption measurements 

The chemisorption experiments were executed on a Quantachrome Autosorb-1C 

gassorption system. The sample was dried in-situ in vacuum at a temperature of 152 oC. 

Prior to the actual chemisorption experiment, the following pre-treatment protocol was 

used for the Ru catalysts. First the catalyst is reduced in H2 (35 cm3/min) at 400 oC during 

1 h (ramp rate 3 oC/min). After the reduction the sample was evacuated at 400 oC for 1 h 

and cooled in vacuum to the analysis temperature of 35 oC. The procedure is similar for 

the Pt and Pd catalysts but these catalysts were reduced at 300 and 200 oC, respectively. 

After this pre-treatment, the CO (Pd) or H2 (Ru and Pt) adsorption isotherms were 

measured on the activated catalyst. In all steps, a temperature ramping rate of 10 oC/min 

and a gas flow rate of 35 cm3/min were applied. The total hydrogen adsorption isotherm 

was measured at room temperature up to 0.33 bar by dosing hydrogen to the sample and 

measuring the adsorbed amount as a function of hydrogen pressure. After adsorption, the 
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sample was evacuated at the same temperature for one hour and the adsorption 

measurement was repeated for reversible adsorption. A complete reduction of the metal 

surface at the pretreatment conditions and dissociative adsorption of H2 on Ruthenium 

were used as assumptions in calculations   

The BET measurements (physisorption) were performed with an ASAP 2400 

(Micromeritics) gas adsorption instrument using a static volumetric adsorption and 

desorption method. After loading the sample, it was first evacuated at room temperature 

to a pressure of 1.33.10-7 bar or lower. Then, the evacuating temperature was raised 

slowly to 90 °C, avoiding a pressure raise over 1.33x10-6 bar. At 90 °C the sample was 

evacuated a few hours, at least to a pressure equal or below 1.33x10-7 bar. Nitrogen was 

used as an adsorptive gas and the measurement was done at -196 oC. The adsorption 

isotherm was measured by dosing nitrogen to sample (0.27 bar increments) and 

measuring the adsorbed amount as a function of nitrogen pressure. The measurement was 

continued until 98.1 % of the saturation pressure of nitrogen. The desorption isotherm 

was measured by decreasing the nitrogen pressure gradually, with steps of 0.04 bar. The 

dead volume of the system was measured with helium adsorption before the 

measurement.  

 

3. Results and Discussion 

3.1 Selected catalysts and screening conditions 

Five noble metal catalysts (Ru/C, Ru/TiO2, Ru/Al2O3, Pt/C and Pd/C, all with 5 %-wt. 

active metal on support) and two typical hydrotreatment catalysts (sulphided NiMo/Al2O3 

and CoMo/Al2O3) were selected for these screening experiments. The noble metal 

catalysts were chosen because these are known to be active with respect to hydrogenation 

and hydrodeoxygenation [10,12,17]. Ru was selected on the basis of its high activity 

towards the reduction of a wide range of different oxygenates [10]. The catalytic 

reactions were conducted at 250 °C and 100 bar as representative conditions for mild 

HDO and at 350 °C and 200 bar to mimic typical deep HDO conditions. The reaction 

time was always 4 h, the pressure during a run was kept constant by continuous feeding 

of hydrogen. The reaction time was selected on the basis of earlier research performed in 

our group [21].  
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3.1.2 Mild HDO of pyrolysis oil 

All catalytic experiments at 250 °C and 100 bar resulted in the formation of two liquid 

phases after reaction, a yellowish water phase and a brown oil phase with a density higher 

than the water phase. In addition, solids (char) were produced as well. The viscosity of 

the oil is a strong function of the catalyst applied. Some oils were flowable at room 

temperature whereas others were highly viscous and even semi-solid. 

The relative amounts of the water, oil, char and gas phases were determined 

experimentally, allowing determination of the overall mass balance for the process. The 

results are presented in Figure 2. Mass balance closure varies between 77-96 %-wt. The 

best closures were obtained for Ru/C, Ru/TiO2 and Pt/C (> 85%). The largest errors were 

for catalysts supported on an alumina carrier. The most likely reason for this high error is 

loss of product due to the very high viscosity of the upgraded pyrolysis oil obtained with 

this carrier. This hampers product work-up and quantification due to its tendency to stick 

to the reactor wall, impeller and tubing. 
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Figure 2. Mass balances for the mild HDO of pyrolysis oil with different catalysts (250 

°C, 100 bar, 4 h).  
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The oil yield and the oxygen content of the oil (dry bases, as determined by elemental 

analyses) for each catalyst are depicted in Figure 3.  
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Figure 3. Oil yield and oxygen content (both on dry basis) of the oil phase from the mild 

HDO of pyrolysis oil (250 °C, 100 bar, 4h). 

 

The oil yields on dry basis range between 21 and 58 %-wt. The highest yields were 

obtained for Pt/C, but the oil remains rich in oxygen. The yields for the sulphided CoMo 

and NiMo were at the low end of the range. The oxygen content of the oil phase was 

between 18.5 and 26.5 %-wt. The lowest value was found for the Pd/C catalyst.   

When aiming at a high oil yield in combination with a low oxygen content, the Pd/C 

catalyst seems to be the best choice for the mild HDO process. Pt/C has the highest yield 

(57 %-wt.) but the oxygen content is relatively high (25 %-wt.). For comparison, the 

pyrolysis oil feed has an oxygen content of 42 %-wt. (dry basis).  Of interest is a clear 

support effect for the three Ru-catalysts. With respect to both oil yield and oxygen 

content, TiO2 and C supports perform much better than alumina. A number of 

explanations can be proposed to clarify these findings. It is well possible that the 

dispersity of the Ru particles of the various supports differs considerably, leading to 

different intrinsic activities [22,23]. This was indeed shown to be the case, see Table 2 for 

details. However, Ru on γ-Al2O3 has the highest dispersion (22%), which is expected to 

be positive for catalytic activity. The relatively poor performance of the Ru on γ-Al2O3 
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catalyst is likely associated with support effect. The specific surface area of γ-Al2O3 is 

much smaller than carbon (Table 2).  Furthermore, the stability of the supports is likely to 

be substantially different. TiO2 and carbon are expected to be relatively inert under the 

conditions employed whereas γ-alumina is known to be susceptible by attack of acidic 

water at elevated conditions [23-26]. In the latter case, reaction with water leads to a 

reduction of the surface area due to among others crystallisation of the γ-alumina to a 

boehmite phase. 

Besides the formation of two liquid phases and solids, significant amounts of gaseous 

components were formed as well. The amount varies between 3 %-wt. (for Ru/C) to 6 %-

wt. (for Ru/Al2O3). The gas phase composition after reaction was analysed and the results 

are given in Figure 4.  
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Figure 4. Gas phase composition after mild HDO of pyrolysis oil (250 °C, 100 bar, 4h) 

using various catalysts. 

 

The main component is un-reacted hydrogen. Besides hydrogen, CO2 was present in 

amounts in between 10 and 15 %-mol. A likely pathway for the formation of CO2 is 

decarboxylation of organic acids. Organic acids are known to be present in pyrolysis oils 

in amounts varying between 1.9 and 10 %-wt. [1]. Typical examples are acetic acid and 



Chapter 2 

63 

formic acid. Decarboxylation of organic acids by the catalysts applied in this study is well 

established [26-28].  For CoMo, small amounts of CO were formed as well (5 %-mol), 

probably due to decarbonylation reactions [25,26]. 

 

3.1.3 Deep HDO of pyrolysis oil 

Experiments aiming at a further lowering of the oxygen content (deep HDO) of pyrolysis 

oil were conducted at more severe conditions (350 °C and 200 bar pressure for 4 h of 

reaction time) than used for the mild HDO step. For the noble metal catalysts, the liquid 

product after reaction consisted of three different phases, a slightly yellow aqueous phase 

and two oil phases, one with a density higher than water and the other lower. Both 

product oils are miscible with each other, but apparently not with water. For the 

traditional hydrotreatment catalysts NiMo/Al2O3 and CoMo/Al2O3, a single oil phase was 

produced with a density higher than the aqueous phase. 

After reaction, the amounts of water, both product oils, char and gas phase were 

determined, allowing determination of the mass balance. Figure 5 presents the results of 

the mass balance calculation for the various catalysts. Mass balance closure is good and 

ranges between 87-100 %-wt. In line with the mild HDO experiments, the largest 

deviations were again observed for the catalysts on an alumina support. The HDO oils 

produced with these catalysts and particularly the bottom oils are highly viscous which 

hampers product work-up and leads to relatively high losses.  

The distribution of the element carbon per phase for a typical run using Ru/C (350 °C, 

200 bar, 4h) was also determined. Most of the carbon resides in both oil product phases 

(53.7 in the bottom and 29.2 %-wt. in the top oil). The remaining carbon resides in the 

solid phase (8.4 %-wt.) and gas phase (4.5 %-wt.). Also substantial amounts of carbon are 

present in the water phase after reaction (4.3 %-wt.), suggesting the presence of organics 

in the water phase. This is also supported by the acidity of the water phase (pH= 2-3), an 

indication for the presence of substantial amounts of organic acids. Measurement with 

GC-MS and 2D-GC confirmed the presence of organic acids (mainly formic acid, acetic 

acid) as well as alcohols (among others ethanol, propanediol) and esters (ethyl and 

methyl acetate). 
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Figure 5. Mass balance for the deep HDO of pyrolysis (350 °C, 200 bar, 4h) using 

various catalysts.  

 

The total product oil yield varies between 25 and 65 %-wt. (Figure 6). These yields are in 

the same range as reported in the literature for hydrotreating temperatures exceeding 350 

°C (30-80 %-wt.), see Table 1 for details [1,2,5-8,12,15]. The highest yields were 

observed for Ru/TiO2 and Pd/C.  

The oxygen content of the various oils varies between 6 and 11 %-wt. The oxygen 

content is lowest for Ru/C and highest for sulphided NiMo/Al2O3. Thus, it appears that 

the classical sulphided hydrotreatment catalysts NiMo and CoMo on alumina are less 

active in the hydrotreating of pyrolysis oil to liquid organic products than noble metal 

catalyst. The activity and stability of these catalysts is likely reduced due to the absence 

of sulphur in the feed, which is known to be necessary for good catalyst performance 

[18,19,25,26]. 
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Figure 6. Oil yield and oxygen content (both on dry basis) of the combined oil phases for 

the deep HDO of pyrolysis oil (350 °C, 200 bar, 4 h).  

 

The effect of the support type on the yield and deoxygenation can once more be observed 

for the ruthenium based catalysts. With respect to yield, the following order is observed: 

TiO2 > C > Al2O3, with respect to deoxygenation C > Al2O3 > TiO2. Thus, carbon seems 

the best choice when considering both oil yield and deoxygenation level. The low activity 

of the TiO2 support may be attributed to its low surface area giving relatively large Ru 

particles leading to lower activity [22,23].  

Besides liquid products and a char, considerable amounts of gas phase components are 

produced as well. The amount of gas produced varies between 6 %-wt. for Ru/C and 15 

%-wt. for Pt/C (Figure 5), and implies that gasification occurs to a significant extent 

during the deep HDO reaction. The gas phase composition after reaction was also 

determined, see Figure 7 for details. For all catalysts, methane and CO2 were by far the 

most abundant components. Large differences, though, between the catalysts were 

observed. For Pt/C and Pd/C all hydrogen was consumed. Apparently, hydrogen 

consumption for these catalysts is high (vide infra). When considering the relatively high 

H/C ratio of the product oils obtained with these catalysts (vide infra), it is likely that 

hydrogenation of e.g. C-C double bonds in addition to hydrodeoxygenation reactions also 
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occurs to a significant extent. This observation is confirmed by analyses of the different 

oil products using 1H-NMR and 2D-GC. These show an increase in the aliphatic to 

aromatic hydrogen ratio especially when using a Pd/C catalyst. However, particularly for 

Pd/C, significant amounts of methane were formed as well, which also contributes 

considerably to the relatively high hydrogen consumption. 

Especially for the Pt and Pd catalysts, large amounts of CO2 are present in the product 

gas. These catalysts are known for their high decarboxlyation activity for organic acids 

[24,27,28].   
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Figure 7. Gas composition for the deep HDO of pyrolysis (350 °C, 200 bar, 4h) using 

various catalysts. 

 

The amount of gas produced at 350 °C and 200 bar (6 - 15 %-wt.) is considerably higher 

than at 250 °C and 100 bar (3-6 %-wt.). Thus gas production is more severe at higher 

temperatures. At 250 °C, the main gas phase component is CO2. At more severe 

conditions, the amount of CO2 increases, an indication that all CO2 forming reactions are 

not yet complete at 250 °C and 100 bar and 4 h reaction time. In addition, considerable 

amounts of methane and some higher alkanes are formed (ethane and propane) at higher 
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temperatures. Apparently, methanation does occur at 350 °C but not yet at 250 °C [29-

32].  

The amount of char produced during the HDO reaction at elevated conditions varies 

between 4 and 26 %-wt. (see Figure 5). Very low amounts of char were observed for the 

carbon carriers, in particular for Pd. The catalysts on alumina support produce the highest 

amounts of char (26 %-wt.). This corresponds with observations reported in the literature 

[2,7,14,18,19], where high coke formation is shown in packed bed reactors using alumina 

carriers when the temperature exceeds 350 °C.  

For comparison a single experiment was carried out without catalyst at 350 °C and 200 

bar hydrogen (4h). The resulting product is a highly viscous tar containing suspended 

solids, in line with thermal deoxygenation results reported by Samolada et al. [15]. Thus, 

it may be concluded that catalysts are required to obtain low viscous, flowable oil 

products. The oxygen content of the tar could not be determined accurately due to the 

inhomogeneity of the sample. The gas phase after reaction contains about 22 %-mol of 

CO2 indicating that CO2 formation during catalytic hydrotreatment is not necessary by a 

catalytic pathway but may also be formed by thermal reactions.  

A useful representation to gain insights in the effects of catalyst and process conditions 

on the elemental composition of the hydrotreated products is a van Krevelen plot [33]. 

The results are provided in Figure 8.  

In Figure 8, two distinct areas are visible for the mild and deep HDO oils. The product 

oils from the deep HDO process show a lower oxygen and hydrogen content. The former 

is expected based on the higher anticipated deoxygenation activity at 350 °C. The H/C 

ratio for the product obtained at 350 °C is lower than at 250 °C. This is not anticipated at 

forehand, a higher hydrogenation activity is expected to lead to a higher H/C ratio. One of 

the possible explanations is a change in the distribution of the organics between the oil 

and the water phase as a function of the reaction temperature. Another possibility is the 

formation of re-polymerised products with a rather low H/C ratio (e.g. condensed 

aromatics) when performing the reaction at 350 °C. Further (analytical) studies are in 

progress to gain more insights in these observations.   
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Figure 8. Van Krevelen plot for the elemental composition (dry base) of the mild and 

deep HDO oils using various catalysts. In the case of two oil phases, the weight average 

composition is used.  

 

For comparison, the elemental composition for a typical thermally treated pyrolysis oil 

sample (HPTT) is also provided in Figure 8. HPTT is a process in which the pyrolysis oil 

is heated up to 350 °C in the absence of hydrogen at a pressure of 200 bar and a residence 

time of 0.5-2 min [34]. This process produces two liquid phases viz a water phase on top 

and an oil phase on the bottom which is more viscous than pyrolysis oil. During the 

HPTT process CO2 and CH4 are formed, indicative for the occurrence of thermal 

decarboxylation and cracking. When comparing the elemental composition of typical 

mild-HDO oils with that of HPTT oils, it is clear that indeed catalytic hydrotreatment 

occurs to a significant content.  

In Figure 8 the weight averaged elemental composition of the top and bottom oil are 

provided for the oils obtained at 350 °C for the noble metal catalysts. It is also of interest 

to compare the composition of the top and bottom product phases. The results are given 

in Figure 9.  
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Figure 9. Van Krevelen plot for the top and bottom organic phase produced at deep HDO 

conditions (dry base) with various catalysts (350 °C, 200 bar, 4 h).  

 

For all but one catalyst, the elemental composition of both the upper and bottom oil 

phases are within a rather narrow composition range. The exception is the bottom layer of 

the oil produced with Ru/TiO2. In general, the top phase has a considerably higher H/C 

ratio than the bottom phase, indicative for a higher aliphatic character. The O/C ratio for 

the top phase is slightly higher than the bottom phase, an indication that the top phase 

contains more oxygenates than the bottom phase. 

 

3.1.4 Hydrogen consumption for the deep HDO process 

The hydrogen consumption could not be measured accurately in the experimental set-up.  

However, with mass balances and elemental compositions available for the various 

product phases, the hydrogen consumption may be calculated. Calculations were 

performed for the deep HDO reactions (350 °C, 200 bar, 4h) with the Ru/C and Pd/C 

catalysts using the reaction stoichiometry as from the elemental data of the different 

phases (eq. 2: Ru/C; eq. 3: Pd/C).  
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CH1.90O0.73 + 0.31 H2  0.33 CH1.56O0.15 (top oil) + 0.049 CH19.4O9.4 (aqueous phase) + 

0.55 CH1.39O0.17 (bottom oil) + 0.087 CH1.31O0.11 (solids) +  0.026 CH4 + 0.01 C2H6 + 

0.0025 C3H8                                                                                                                                                                          (eq. 2) 

 

CH1.90O0.73 + 0.35 H2  0.42 CH1.63O0.15 (top oil) + 0.046 CH18.2O11.8 (aqueous phase) + 

0.48 CH1.39O0.12 (bottom oil) + 0.0039 CH1.34O0.16 (solids) +  0.06 CH4 + 0.020 C2H6 + 

0.005 C3H8                                                                                                                                                                             (eq. 3)                                             

                                                                                                                                                                                                         

On basis of these data the hydrogen uptake was estimated at 400 NL/kg dry pyrolysis oil 

for Ru/C. As expected on the basis of the elemental composition of the oil phases and the 

composition of the gas phase (more CH4), the uptake for Pd/C was noticably higher and 

about 450 NL H2/kg dry pyrolysis oil.  

 

3.1.5 Energy distribution 

With the hydrogen consumption available for two deep HDO experiments (Ru/C and 

Pd/C, see eq 2 and 3), the energy balance for the deep HDO using these two catalysts 

may be determined. This allows calculation of the energy efficiency (η) of the process 

using equation 4. The energy efficiency give information how much of the original 

energy content of the original pyrolysis oil is retained in the product HDO oils. The 

calculations are performed on a dry basis using the higher heating values (HHV) of the 

various reactants/products and hydrogen usage was taken into account. The higher 

heating values for the pyrolysis oils and product derived thereof were calculated using 

Milne’s formula (eq. 1), the HHV of hydrogen was taken as 141.8 MJ/kg.  

 

x100%
.HHVyHHV

.HHVy
η

H2H2oil pyrolysis

HDOproductHDOproduct

+
=  (%)     (eq. 4) 

   

here yHDOproduct is defined as the yield of HDO product per kg dry pyrolysis oil and yH2 is 

the usage of hydrogen per kg dry pyrolysis oil. This yields an energy efficiency of 86 % 
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for Ru/C and 90 % for Pd/C. Losses are due to the formation of gas phase components, 

solids and residual amounts of organics in the aqueous phase. 

 

3.2 Product Properties and Molecular Composition of the deep HDO oils  

The desired product properties and associated molecular composition of the product oil 

will be application dependent. When aiming for a hydrocarbon like transportation fuel 

like diesel or gasoline consisting of a range of linear and cyclic hydrocarbons, the 

oxygenated groups in fast pyrolysis oil should be converted quantitatively. For some 

engines this specification might be relaxed and some oxygenates may even be preferred 

for better engine performance (e.g. MTBE like ethers). Clearly organic acids should be 

absent as these are known to have a negative effect on engine performance.  

Other possible application for the hydrotreated products like co-feeding to existing 

refineries will require different product specification. These are expected to be depending 

on the feeding position in the refinery (blending with crude oil, addition in the FCC feed 

etc.), though exact specifications need to be developed. 

The properties of the top HDO oil produced at 350 oC and 200 bar using 5 %-wt. Ru/C 

with a reaction time of 4h were analyzed in detail and the results are given in Table 3.  

The density of the top HDO oil is 0.9 kg/l, which is lower than that of the original 

pyrolysis oil (1.2 kg/l) and indicates that the HDO oil is more “hydrocarbon-like”. 

Hydrotreatment reactions obviously lead to a large reduction in the viscosity, i.e. from 40 

to 1 cP at 40 oC. These values are in line with data reported by Elliott et al. [9] for a HDO 

oil with 5 % of oxygen (2 cP at 35 oC). The acidity of the product oil is considerably 

lower than the original pyrolysis oil. The acidity is related to the presence of a wide 

variety of organic acids [1]. This reduction is due the conversion of the organic acids 

upon hydrotreatment, in line with the large amounts of CO2 formed (vide supra). 

However, the water phase after the reaction is also acidic, meaning that part of the acids 

is also transferred to the water phase after reaction. The top HDO oil still contains some 

residual water (1.5 %-wt.) after phase separation. The oxygen content of the hydrotreated 

sample was 4.8 %-wt. on a dry basis, compared to 42 %-wt. for the original pyrolysis oil. 

As a result, the higher heating value of the product is a factor of about two higher than the 

pyrolysis oil feed.  
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Table 3. Physical properties of the fast pyrolysis oil used in this study and a 

representative top HDO oil (350 oC, 200 bar, 5 %-wt. Ru/C, 4h reaction time). 

Property Fast pyrolysis oil Top HDO 

oila 

VGO[35] 

Density (kg/l) 

Viscosity  (cP) at 40 oC 

Water content (%-wt.) 

Acidity (pH) 

Flash point (oC) 

Elemental composition, dry base (%-wt.) 

C 

H 

O 

Higher Heating value (MJ/kg), HHV  

1.2 

40 

30 

2.5 

40-65 

 

51.1 

7.3 

41.6 

20.3  

0.9 

1 

1.5 

5.8 

35-39 

 

84.9  

10.2 

4.8 

42.6 

0.86 

- 

0.1 

- 

90-180 

 

85.8 

13.8 

0.29  

48.9 
a. prepared at 350 oC, 200 bar, 5 %-wt. Ru/C, 4h reaction time. 

 

3.3.1 1H- NMR analysis of pyrolysis oil and HDO oil 
1H- NMR appears a useful technique for pyrolysis oil characterization (see e.g Ingram et 

al. [36]). Important information on the amounts of various organic groups in the mixture 

may be obtained and pyrolysis oils from different origin and with a different processing 

history may be compared [36]. We have applied this classification concept for the 

characterization of a number of the deep HDO oils prepared in this study. 

Using this concept three samples have been analysed: pyrolysis oil and two top HDO oils 

produced at 350 oC, 200 bar for 4 h using a Ru/C and a Pd/C catalyst. 1H-NMR spectra of 

the fast pyrolysis oil feed and a typical HDO oil are shown in Figure 10. The functional 

group analysis is given in Table 4 for the samples shown in Figure 10 as well as a top oil 

using a Pd/C catalyst.  
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Figure 10. 1H-NMR analysis of pyrolysis oil (bottom) and HDO oil (top, Ru/C, 350 °C, 

200 bar, 4 h) in CDCl3.  

 

The main differences between the two 1H-NMR spectra is a strong reduction in the 

intensity of the peaks in the δ 3-8 ppm range and an increase of the intensity of the peaks 

in the δ 2.5-0.5 ppm range for the HDO oils. This is indicative for the formation of 

aliphatic CH2 and CH3 groups at the expense of oxygenates. Furthermore, the aldehyde 

protons (-CH(=O)) at about δ 10 ppm in the original fast pyrolysis oil are absent in the 

HDO oil, indicative for high aldehyde conversion during the hydrotreatment process. In 

addition, the intensity of the aromatic CH groups (δ 6.8-8 ppm) has reduced considerably, 

in line with hydrogenation of carbon-carbon double bonds to saturated aliphatics. The 

highest reduction in intensity was observed for the δ 4.2-3.0 ppm range. Here, 

characteristic resonances of methoxy groups (e.g. from lignin fragments) are present, 

indicative for considerable loss of these groups due to the hydrotreatment process.   
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Table 4. Functional group analyses of the fast pyrolysis oil used in this study and two top 

HDO oils using 1H-NMR. 
Chemical shift region 

(ppm) 

Type of protons Pyrolysis oil 

Hydrogen 

content (% area 

of total) 

Top HDO oil 

(Ru/C)  

Hydrogen content 

(% area of total) 

Top HDO oil 

(Pd/C) 

Hydrogen 

content 

(% area of total) 

10-8.0 -CHO, -COOH, 

downfield ArH 

0.9 0 

 

0 

8.0-6.8 ArH, HC=C 

(conjugated) 

3.3 1.4 1.3 

6.8-6.4 HC=C 

(nonconjugated) 

4.4 3.4 3.0 

6.4-4.2 -CHn-O-, ArOH, 

HC=C 

(nonconjugated) 

9.0 1.4 1.1 

4.2-3.0 CH3O-, -CH2O-,   

-CHO- 

26.3 6.3 2.2 

3.0-2.2 CH3C(=O)-, CH3-

Ar,  -CH2Ar 

6.4 4.9 9.5 

2.2-1.6 -CH2-, 

aliphatic OH 

32.7 16.8 9.6 

1.6-0.0 -CH3,-CH2- 17.0 64.5 73.1 

Aliphatic/aromatica - 6.4 16.9 19.2 

Atomic H/Cb - 1.69 1.41 1.54 

a. Ratio of the area % at 2.2-0 ppm and 8-6.4 ppm.  

b. Ratio according to the elemental composition (dry bases).  

 

The functional group analysis also reveals interesting differences between the two top 

HDO oils. The aliphatic/aromatic ratio for the oil produced with Pd/C is considerably 

higher than that produced with Ru/C, indicating that the oil is more aliphatic in character. 

This is also in agreement with the elemental composition of the HDO oils, the H/C ratio 

for the product from the Pd/C catalyst is considerably higher (1.54) than for Ru/C (1.41).  
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3.3.2 Multidimensional GC-FID analysis of pyrolysis oil and HDO oil 

Multidimensional GC has been applied to gain insights in the molecular composition of 

top HDO oil produced at 350 °C and 200 bar at 4h of reaction time using a Ru/C catalyst 

(Figure 11). In earlier work we have applied this method to classify the various 

component groups present in the oil [37]. The various phenolic components were divided 

into three subgroups, phenolics, hydroxyl-substituted acetophenones and guiacols. The 

three subgroups overlap in the 2D-GC chromatograms. The focus here will be on the 

identification and quantification of major individual components. It should be stressed 

here that GC techniques only provide insights in the composition of volatile components 

and that the higher molecular weight fraction is not analysed The higher molecular 

weight fraction of raw fast pyrolysis oil may be up to 35 % [11,38,39]. For HDO oils, the 

amount of the non-volatile fraction is not known in detail. Thus the data provided are 

only for the volatile fraction and not necessary representative for the total oil. 

 
Figure 11. 2D-GC chromatogram of HDO oil produced using a Ru/C catalyst (350 °C, 

200 bar, 4h).  
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Table 5 depicts the most abundant components classified according to component groups 

like phenolics, alkylbenzenes and alkanes.  

 

Table 5. Individual compounds of selected component classes in top HDO oil produced 

using a Ru/C catalyst (350 °C, 200 bar)a.  
Compound Area (%) General structure 

Phenolics 

Phenol 

3-methylphenol 

3-Propylphenol 

4-Ethylphenol 

2-Ethyl-6-methylphenol 

2,3-dimethylphenol 

 

Alkylbenzenes 

1-methyl-2-ethylbenzene 

1,2,3-trimethylbenzene  

1-(methyl-ethyl)benzene 

 

Naphtalenes 

Decahydronapthalene 

1,2,3,4-tetrahydro-5,7-dimethyl-naphtalene 

1,2,3,4-tetrahydro-5-methyl-napthalene 

 

Alkanes 

Hexane 

1-ethyl-3-methylcyclopentane 

1-propylcyclopentane 

1-methylcyclohexane 

1-propylcyclohexane 

1-methyl-2-propylcyclohexane 

Heptadecane 

5-propyltridecane 

Heptane 

1,3-dimethylcyclohexane 

 

0.91 

0.74 

0.72 

0.74 

0.33 

0.35 

 

 

0.35 

0.11 

0.17 

 

 

0.11 

0.09 

0.08 

 

 

1.11 

0.83 

0.73 

0.69 

0.66 

0.66 

0.49 

0.32 

0.32 

0.30 

  
OH

R1

R2

R3

R4

 
 

 

 

R1

R2

R3  
 

 

 

R1 R2  
 

 

 

a R1, R2,, R3 and R4= H, methyl or ethyl  
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The phenolics are most likely products of the HDO of the lignin fraction in the original 

pyrolysis oil [1,38,39]. The major constituents in this group are methylated, ethylated and 

propylated phenolics. A variety of alkyl benzenes were also observed. These compounds 

are likely formed by HDO of phenolics [37-39]. Besides alkylbenzenes, partially 

dehydrogenated naphtalenes are also present in relative high amounts. Substantial 

amounts of aliphatic hydrocarbons such as linear alkanes up to C17 as well as branched 

and cyclic derivatives were detected in the samples. These are likely formed by 

subsequent reactions of the phenolics and alkylbenzenes with hydrogen.   

 

4. Conclusions  

A catalyst screening study using noble metal catalysts was performed on the 

hydrotreatment of fast pyrolysis oil. The reactions were carried out at two conditions 

relevant for the process, a mild hydrotreatment at 250°C (100 bar hydrogen) and a more 

severe hydrotreatment at 350°C (200 bar hydrogen). Distinct differences in catalyst 

performance, product yield and product properties were observed for mild and deep 

hydrotreatment.    

At mild HDO conditions, a single product oil with an oxygen content between 18 and 27 

%-wt. was obtained in yields between 21 and 55 %-wt. (dry basis). The yields as well as 

the level of deoxygenation for the noble metal catalysts were higher than for the classical 

hydrotreatment catalysts. At deep HDO conditions, two product liquids were obtained 

with the noble metal catalysts, one with a density higher and one with a density lower 

than water. The composition of the top oil differs from that of the bottom oil and the top 

oil has a higher H/C and O/C ratio. The weight average oxygen level of the product oils is 

between 5 and 11 %-wt., which is considerably lower than for the mild HDO process. 

Thus, reduction of the oxygen content below 10 %-wt. by a catalytic hydrotreatment 

reactions is only possible at severe conditions.  

On the basis of oil yields, deoxygenation levels and hydrogen consumption, Ru/C seems 

the most promising catalyst for further testing in dedicated reactor set-ups. Pd/C also has 

potential with higher oils yields than Ru/C though with a higher product oxygen content 

and a larger hydrogen consumption due to enhanced methane formation.  
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Relevant product properties and the chemical composition of the top oil produced at deep 

HDO conditions (350 oC, 200 bar, 4 h) using the Ru/C catalyst were determined. The 

HHV is about 43 MJ/kg which is considerably higher than for the feed pyrolysis oil (20 

MJ/kg). The acidity of the hydrotreated oil is considerably lower than the original feed as 

expressed by an increase in the pH from 2.5 to a 5.8. The molecular composition changes 

upon the deep HDO process were determined by 2D-GC and 1H-NMR analyses on the 

pyrolysis feed and the product oils. Upon hydrotreatment, the aliphatic character of the 

oil increases (1H-NMR) which is supported by 2D-GC data showing the formation of 

significant amounts of phenolics, aromatics and hydrocarbons.  Thus, all data imply that 

multiple reactions occur during the hydrotreatment process like hydrogenation, 

hydrogenolysis, hydrodeoxygenation, decarboxylation, decarbonylation, 

cracking/hydrocracking and polymerization reactions leading to the formation of coke. 

The application of the products derived from the deep HDO process using the noble 

metal catalysts may be found in the biofuels area, either (after fractionation by 

distillation) as a gasoline/diesel replacement or as a blend with gasoline/diesel. Engine 

testing in a small diesel engine with deep HDO oil produced with Ru/C catalysts have 

been performed and the results will be reported in in Chapter 6. The mild as well as the 

deep HDO products may also be useful products for co-feeding in existing oil refineries. 

This concept is currently receiving a great deal of attention in Europe (Biocoup) and the 

US [40]. The required product properties for this application will be depending on the 

feed location in the refinery (e.g. in the crude oil or the feed of an FCC unit) and need to 

be established in close collaboration with oil companies 
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Chapter 3: Insights in the Hydrotreatment of Fast Pyrolysis Oil using a Ruthenium 

on Carbon Catalyst 

 

Abstract 

The use of Ru/C (5 %-wt.) as a catalyst for the hydrogenation of fast pyrolysis oil was 

explored at 350 oC and 200 bar pressure in a batch reactor set-up. The main objective was 

to determine the effect of the reaction time on the oil yield and elemental compositions of 

the product phases. Highest oil yields (65 %-wt.) were obtained after 4 h using a 5 %-wt. 

intake of catalyst on fast pyrolysis oil. Longer reaction times lead to a reduction of the oil 

yield due to the formation of gas phase components (methane, ethane, propane, CO/CO2). 

A solvent-solvent extraction procedure was applied to gain insights in the molecular 

processes during the catalytic hydrotreatment experiments. It appears that specifically the 

carbohydrate fraction is very reactive. The observations are rationalized by a set of 

reaction pathways for the various product phases. 
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1. Introduction 

Environmental concerns and possible future shortages have boosted research on 

alternatives for fossil derived liquid transportation fuels. Biomass is considered a 

promising alternative due to its high abundance and renewability. Various products from 

different sources of biomass have been proposed. A potentially interesting second 

generation transportation fuel is fast pyrolysis oil and bio-liquids derived thereof. Fast 

pyrolysis oils can be obtained from biomass in yields up to 70 %-wt. [1]. As of now, 

crude fast pyrolysis oil is not suitable for application in internal combustion engines and 

some upgrading is required. A suitrable technology is hydrogenation, through which oils 

are hydrotreated and (some) bound oxygen can be removed in the form of water. 

Typically, catalysts and harsh operating conditions (400 oC and 200 bar) are required to 

obtain reasonable deoxygenation levels [2-5].   

The majority of the catalytic and reactor engineering know-how on pyrolysis oil 

hydrodeoxygenation is derived from the hydrodesulphurization of fossil feeds (HDS). 

Typical hydrotreatment catalyst such as NiMoS and CoMoS on γ-Al2O3 are applied and 

the process is typically performed in packed bed reactor configurations [2-5]. A two stage 

approach appears necessary for hydrodeoxygenation to avoid severe coking. In the first 

stage (140-275 oC ) the oil is stabilized while the second stage (350-450 oC at pressures 

up to 300 bar) is applied to treat the ‘stabilized’ oil to obtain deep oxygen removal. 

Continuous operation in a downflow mode gave an oil in a yield of 30 to 55 % with an 

deoxygenation level of 99 % [6,7]. A limited numbers of studies in batch mode have been 

reported  [5,8,9] .  

Apart from the conventional desulfurization catalysts, also noble metal catalysts have 

been reported for the hydrotreatment of pyrolysis oil. Gagnon et al [8] for example used 

ruthenium on alumina and NiW on alumina to hydrotreat (stabilized) oil. Elliott et al. 

[10,11] used ruthenium on carbon for the hydrotreatment of fast pyrolysis oil as well as 

representative model components. Typical conditions are 180-240 °C and hydrogen 

pressures of 133-142 bar in a down flow operated trickle bed reactor. This approach 

resulted in a reduction of the oxygen content from 41.3 %-wt. down to 20-27.0 %-wt.  

We recently reported a catalyst screening study in a batch set-up with a range of noble 

metal catalysts (Ru/C, Ru/TiO2, Ru/Al2O3, Pt/C and Pd/C) at 250-350 °C and 100-200 
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bar [12]. Good performance of the Ru/C catalyst with respect to oil yield (up to 60 %-wt.) 

and deoxygenation level (up to 90 %-wt.) was observed [12]. Model component studies 

have also been performed using Ru/C to gain insight in the complex chemistry of the 

HDO of pyrolysis oil components [10,11,13]. Elliott studied the hydrotreatment of alkyl-

substituted guaiacols (for example 4-alkyl-2-methoxyphenols) at elevated temperatures 

(250 °C). These components were converted to alkyl-cyclohexanols and at lower 

temperatures (150 °C) to alkyl-methoxy-cyclohexanols, indicating substantial 

hydrogenation activity of the catalyst for aromatic C-C bonds. Recently, Elliott reported 

the hydrotreatment of model components like acetic acid, guaiacol and furfural using 

Ru/C at 150-300 °C and pressures of 138 bar for a reaction time of 4 h [10,11]. This 

study shows that gasification to hydrocarbons and CO/CO2 occurs to a significant extent. 

In our group the hydrotreatment (175-250 °C, 100 bar, 4 h) of model compounds (D-

glucose, D-cellobiose) representative for the carbohydrate fraction in pyrolysis oil was 

studied using Ru/C as the catalyst [13]. The experiments show that carbohydrates are 

converted relatively fast (1 h of reaction time) to a mixture of polyols. In the absence of a 

catalyst, the carbohydrates are converted for a large part to solids showing that the 

carbohydrates are a potential source for char formation. An interesting finding was the 

observation that the solids formed from carbohydrate conversions are not inert and are 

catalytically converted to liquid and gasphase components [13]. 

We here report a study on the effect of process conditions, and particularly the reaction 

time, for the hydrotreatment of fast pyrolysis oil with Ru/C in a batch reactor set-up to 

determine the optimum time with respect to oil yield. The mass balances were 

constructed and the resulting gas and liquid products were analysed in detail. In addition, 

a solvent-solvent extraction approach was used to gain insight in the molecular processes 

occurring during the hydrotreatment of fast pyrolysis oil. On the basis of the experimental 

findings an overall reaction scheme for the hydrotreatment of fast pyrolysis oil is 

proposed. 
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2. Materials and Methods 

2.1 Materials 

Fast pyrolysis oil was supplied by BTG (Enschede) and was prepared from beech wood. 

Relevant properties of the oil are given in Table 1. The noble metal catalysts Ru/C was 

obtained from Sigma Aldrich and contained 5 %-wt. of active metal. Hydrogen and 

helium were obtained from Hoek Loos (Schiedam) and were of analytical grade 

(hydrogen 6.0). Nitrogen (technical grade, >98 % purity) was also obtained from Hoek 

Loos (Schiedam). Tetrahydrofuran and n-decane were obtained from Acros and were of 

analytical grade (99.99 %).   

 

Table 1.  Properties of fast pyrolysis oil used in this study 

Property Value 

Water content (%-wt.) 

Elemental composition, dry base (%-wt.) 

C 

H 

O 

27.8 

 

58.6 

6.2 

35.2 

 

2.2 Hydrodeoxygenation experiment 

Fast pyrolysis oil was hydrotreated in a 100 ml batch autoclave setup (Buchi AG). The 

maximum pressure and temperature of the set-up are 350 bar and 450 °C, respectively. 

The temperature of the system is controlled using an electric heating mantle combined 

with a cooling spiral using water. The reactor content is stirred at 1300 rpm with a 

magnetically driven gas inducing impeller (Ruston type). Temperature and pressure in the 

reactor vessel are measured and monitored by a PC. 

The reactor was filled with fast pyrolysis oil (25 g) and catalyst (1.25 g, 5 %-wt. on basis 

of wet pyrolysis oil). Subsequently, the reactor was flushed with nitrogen gas and 

pressurized with 20 bar of hydrogen at room temperature. The reactor was heated to the 

reaction temperature (350 °C) with a heating rate of 16 °C/min and kept at that 

temperature for the intended reaction time. Subsequently, the pressure in the reactor was 

set to 200 bar by adding hydrogen gas to the reactor. The pressure during a run was kept 
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constant by continuous feeding of hydrogen. After completion of the reaction the reactor 

was cooled to ambient temperature. The pressure was recorded for mass balance 

calculations and the gas phase was sampled using a gas bag. The liquid product, 

consisting of a water phase and two organic phases, was recovered from the reactor using 

a syringe and the liquid products weighed. Subsequently, the reactor was rinsed with 

acetone. The combined acetone fractions with suspended solids were filtered. After 

filtration, the filter was dried and weighed. The amount of solids minus the original 

catalyst intake was taken as the amount of solids formed during the HDO process. The 

deep HDO experiments were conducted in duplicate. The experimental error in the mass 

balance and elemental composition was between 5-10 %-wt. 

 

2.3 Analyses of the HDO oils 

2.3.1 GC/MS and 2D-GC analyses 

Samples were either injected pure or diluted with tetrahydrofuran (THF) to 50 %-wt. n- 

Decane was used as an internal standard. 

GC-MS analysis were performed on a Quadrupole Hewlett Packard 5972 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-1 and then held 

at 250 °C for 10 minutes. 

2D-GC analyses were performed on a trace 2D-GC from Interscience equipped with a 

cryogenic trap system and two columns, a 30 m x 0.25 mm i.d. and 0.25 µm film of sol-

gel capillary column connected to a 148 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 (flow 0.6 ml/min). The injector temperature 

and FID temperature were set at 250 °C. The oven temperature was kept at 60 °C for 5 

minutes then heated up to 250 °C at a rate of 3 °C min-1. The pressure was set at 70 kPa. 

The modulation time was 6 seconds.  
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2.3.2 Elemental composition, NMR analyses  and  water content  

The elemental composition of the HDO oils (C, H and N) was determined using an Euro 

Vector 3400 CHN-S analyzer. The oxygen content was determined by difference.  
1H- NMR spectra were recorded on a 500 MHz NMR (Varian). The samples were 

dissolved in CDCl3.  

The water content in the samples was determined by a Karl Fischer titration using an 

Metrohm Titrino 758 titration device. A small amount of product (0.03-0.05 g) was added 

to an isolated glass chamber containing Hydranal (Karl Fischer Solvent, Riedel de Haen). 

The titrations were carried out using the Karl Fischer titrant Composit 5K (Riedel de 

Haen). All measurements were performed in duplo. 

 

2.4 Gas phase analyses 

The gas phases after reaction were collected and stored in a gas bag (SKC Tedlar 3 Liter 

Sample Bag (9.5" x 10") equipped with a polypropylene septum fitting. GC-TCD 

analyses were performed on a Hewlett Packard 5890 Series II GC equipped with a 

Porablot Q Al2O3/Na2SO4 column and a Molecular Sieve (5A) column. The injector 

temperature was set at 150 oC, the detector temperature at 90 °C. The oven temperature 

was kept at 40 oC for 2 minute then heated up to 90 oC at 20 oC/min and kept at this 

temperature for 2 minutes. The columns were flushed for 30 seconds with gas sample 

before starting the measurement. A reference gas containing H2, CH4, CO, CO2, ethylene, 

ethane, propylene and propane with known composition was used for peak identification 

and quantification. 

 

2.5 Solvent-solvent fractionation 

The fast pyrolysis oil used in this study was fractionated by a solvent-solvent extraction 

according to the scheme provided in Figure 1. The various steps will be discussed in the 

following. 
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Figure 1. Fractionation scheme applied to pyrolysis oil and HDO oil  [14,15].   

 

Oil extraction using n-hexane as solvent. A typical pyrolysis oil sample was extracted 

with n-hexane (1:1). Two phases were formed, a brown liquid top phase (n-hexane 

solubles) and a viscous black-brown bottom phase (n-hexane insolubles). For 

determination of the mass balance both samples were dried and weighed. The n-hexane 

soluble fraction contains large amounts of hydrocarbons and is labeled as hydrocarbons. 

Oil extraction using water as solvent. An oil sample was extracted with water (1:10). The 

water was added dropwise into the oil to prevent solids formation. This resulted in two 

liquid phases, a clear liquid light brown phase (water solubles) and a viscous black phase 

(water insolubles). Both liquid phases were further extracted using different solvents. For 

determination of the mass balance the water insoluble fraction was dried in air until 

constant weight was achieved. The water content of the water soluble fraction was 

determined using Karl Fischer titration.   

Water solubles extraction using diethyl ether as solvent. The water soluble fraction was 

extracted further with diethylether (1:1). This resulted in two phases, a top phase (diethyl 

ether solubles) and a water phase (diethyl ether insolubles). For determination of the mass 

balance the ether soluble fraction was dried and weighed. The water content of the ether 

yield Hydro- 
carbons 

n-hexane extraction 
PO or HDO- Oil

hexane-solubles hexane-insolubles

ether-solubles DCM-insolublesether-insolubles

water-insolubles

DCM-solubles

water-solubles

water fractionation 
(1:10) 

diethyl ether extraction  (1:1) Dichloromethane (DCM)

 HMM lignin LMM lignin, 
hydrocarbons 

anhydrosugars, 
anhydroligomers, 
hydroxy acids (C<10) 

aldehydes, ketones, 
lignin monomers 
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insolubles fraction was determined using a Karl Fischer titration. The diethylether soluble 

fraction contains mainly aldehydes, ketones and lignin monomers and is labeled as such. 

The diethyl ether insolubles mainly consists of sugars (sugar fraction). 

Water insolubles extraction using dichloromethane as solvent. The water insoluble 

fraction was extracted further with dichloromethane (1:1). Two phases were formed, an 

organic top phase (dichloromethane solubles) and a solid phase (dichloromethane 

insolubles). For the determination of the mass balance both samples were dried until 

constant weight. The weight of dichloromethane solubles was corrected for the 

hydrocarbon content by subtraction of the weight of the hydrocarbon fraction as 

determined by n-hexane extraction. The dichloromethane soluble fraction contains low 

molecular weight lignins and is labelled as the DCM soluble fraction. The 

dichloromethane insoluble fraction is rich in higher molecular weight lignin fragments 

and is labeled the DCM insoluble fraction. 

 

3. Results and Discussion 

The hydrotreatment experiments were carried out in a batch autoclave at constant 

temperature (350 °C) and pressure (200 bar) with Ru/C as the catalyst. The liquid product 

after reaction consisted of three different phases, a slightly yellow aqueous phase and two 

brown oil phases, one with a density higher than water and a density lower than water. 

Furthermore substantial amounts of solids (coke/char) and gas phase organics were 

formed as well. 

 

3.1 Effect of reaction time on product yield and deoxygenation level 

The effect of reaction time on the weight of the various phases after reaction was 

determined in the range of 1 to 6 h and the results are shown in Figure 2.  
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Figure 2. Product distribution for the hydrotreatment of pyrolysis oil (350 °C and 200 bar, 

Ru/C catalyst) at different reaction times (dry base, except for the aqueous phase)  

 

In general the mass balance closure was very good, ranging from 93 % to 96 %. The 

amount of bottom oil decreased with time. The amount of top oil increased from 1 to 4 h 

after which it also decreased in time. For illustrative purposes the total oil yield, being the 

sum of the top and bottom oil, is provided in Figure 3. The total oil yield increased in 

time when going from 1 to 4 h reaction time. The highest product yield (65 %-wt.) was 

obtained at a reaction time of 4 h. At longer reaction time the oil yield was lower. Thus, 

from a yield perspective, a 4 h reaction time seems preferred.  

This decrease in total oil phase when going from 4 to 6 h is associated with an increase 

the amount of gas phase components (Figure 2). This indicates that the oil phase is 

further (hydro-cracked) to gas phase components (vide infra).  

Furthermore, the amount of solids decreased at prolonged reaction times, indicating that 

solids formed in the course of the reaction are susceptible for further gasification and/or 

liquefaction. This explanation is supported by recent model studies on the carbohydrate 

fraction of fast pyrolysis oil [13], which indeed showed that the solids formed upon 

catalytic hydrotreatment of carbohydrates are not inert.  
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Figure 3. Total oil yield (dry basis) for the hydrotreatment of pyrolysis oil (350 °C and 

200 bar, Ru/C) versus reaction time.  

 

The amount of water in the system increased from 28 %-wt. to 37 %-wt. during reaction. 

A likely explanation is the formation of water due to dehydration (repolymerisation) and 

hydrodeoxygenation reactions [16].  

Figure 4 shows the composition of the gas phase as a function of reaction time. For all 

experiments, un-reacted hydrogen is still present at the end of the reaction, indicating that 

hydrogen is not limitting. The main components formed are CO2 and methane, the latter 

typically observed while using Ru/C [17]. The amount of methane is about constant (8-12 

%-wt.), and appears to be formed in the first hour of reaction only. The amount of 

methane may be related to the level of Ru dispersion on the support [18], as was shown in 

a recent investigation by our group [19].  

The initial formation of CO2 and CO are due to various decarboxylation and 

decarbonylation reactions, respectively [20-23], as it has been observed for uncatalyzed 

experiments as well (HPTT process) [24]. The amount of carbon dioxide increases from 

13 to 19 %-mol during the reaction time. This suggests that, after an initial rapid 

production, further CO2 formation by decarboxylation reactions is relatively slow.    
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Figure 4. Gas composition for the hydrotreatment of fast pyrolysis oil at different reaction 

times (Ru/C, 350 °C, 200 bar).  

 

Also of interest is the gradual increase in the amount of higher alkanes (ethane, ethane, 

propene and propane) in the course of the reaction (from 2.3 to 5.0 %-mol). These could 

be produced by hydrocracking of larger hydrocarbons formed during the hydrotreatment 

reaction (vide infra). 

 

3.2 Hydrogen consumption 

Hydrogen consumption during the catalytic hydrotreatment reaction will be a major 

variable cost contributor for the process [25]. Unfortunately, in the present set-up, it was 

not possible to accurately determine the hydrogen uptake during the reaction. However, 

with the mass balances and elemental composition available for each phase, it can be 

calculated. The reaction stoichiometry as determined from the elemental data (wet base) 

for the different phases for a typical run (6 h) is shown in eq. 1. 

 

CH1.90O0.73 + 0.29 H2  0.36 CH1.58O0.12 (top oil) + 0.052 CH20.6O10 (aqueous phase) + 

0.35 CH1.45O0.26 (bottom oil) + 0.065 CH1.5O0.35 (solids) +  0.023 CH4 + 0.02 C2H6 + 

0.0039 C3H8                                                                                                                                                                         (eq. 1) 
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The calculated hydrogen consumption based on this approach for all reaction times are 

presented in Figure 5.                                                                                                                                                 
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Figure 5. Hydrogen consumption versus time for the hydrotreatment of fast pyrolysis oil 

(Ru/C, 350  °C, 200 bar.)  

 

Thus, the hydrogen uptake increases with time when going from 1 to 4 h and remains 

almost constant at prolonged reaction times. An explanation may be catalyst deactivation, 

however, the composition and amounts of the various phases still changes in the last 2 h 

of reactions. A more detailed study on catalyst deactivation is reported in a separate 

chapter [19], showing that deactivation occurs to a significant extent. The ongoing 

changes in amount and composition of the various phases suggests nevertheless that 

chemical reactions continue to take place, but are either thermal in nature or do not 

involve excessive amounts of hydrogen.  

A hydrogen consumption of 400 Nl per kg dry bio-oil (4 h reaction time) coincides well 

with data from literature. For example, Elliott et al. [26] reported an hydrogen uptake of 

461 Nl/kg dry bio-oil in a continuous packed bed reactor with two temperature zones 

(150 °C and 365 °C) to arrive at a deoxygenation level of 92 %.  
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3.3 Carbon distribution as a function of time   

Of particular interest is the carbon distribution between the various phases as a function 

of time. The carbon content of each phase was determined from the mass balances in 

combination with the elemental composition of each phase. The C-balance closure ranges 

from 93-100 %. The results are given in Figure 6.  
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Figure 6. The carbon distribution for each phase as function of the reaction time (Ru/C 

catalyst, 350 °C, 200 bar).   

 

The carbon content in the oil product decreases to ~84 %-wt. of the original C content of 

the pyrolysis oil after 2 h reaction time and remains constant at this value till about 4 h. 

Between 4 and 6 h the carbon content drops down to ~70 %-wt. A considerable amount 

of carbon is transformed to gaseous components, and the C content in the gas phase 

increases throughout the reaction to about 10 %-wt. (methane, higher alkanes and 

CO/CO2, vide supra). Furthermore, a significant amount of the carbon ends up in the 

aqueous phase formed during the reaction and in the solids (char/coke). While the carbon 

content of the water phase is about constant throughout the reaction time (4-5 %-wt.), the 

solids initially retain a rather high carbon content (8 %-wt) but this is reduced down to 4 

to 5 %-wt. after long reaction times.   

 

 



Insights in the Hydrotreatment of Fast Pyrolysis Oil using a Ruthenium on Carbon Catalyst  

96 

3.4 Composition of the product oils  

A useful representation to present the effect of process conditions on the elemental 

composition of the product oils is the Van Krevelen plot [27]. Figure 7 depicts the weight 

average elemental data of the two product oils (top and bottom oil) at different reaction 

times.  
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Figure 7. The Van Krevelen plot of the weight average elemental data for the produced 

oils (dry base) at different reaction times (5 %-wt. Ru/C, 350 °C and 200 bar).  

 

Also shown in the figure is a point indicated with HPTT. This is a process where the 

pyrolysis oil is heated up to elevated temperatures (250-350 °C) in the absence of 

hydrogen at a pressure of 200 bar or higher and a residence time of 0.5-2 min. This leads 

to the formation of two liquid phases viz a water phase on top and an oil phase on the 

bottom which is more viscous than pyrolysis oil. During the HPTT process CO2 and CH4 

are formed, indicative for the occurrence of thermal decarboxylation and cracking. When 

comparing the elemental composition of typical HDO oils with that of HPTT oils, it is 

clear that indeed catalytic hydrotreatment occurs to a significant content when using 

hydrogen in combination with Ru/C as the catalyst.  

The H/C ratio increases from 1.05 to 1.32 as a function of the reaction time indicating 

hydrogenation activity throughout the time of reaction. The O/C ratio increases from 0.02 
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to 0.07 when going from 1 h to 6 h reaction time. A possible explanation for the latter 

observation is transfer of components with a lower O/C ratio from the oil phases to either 

the gas phase or aqueous phase in the course of the reaction. The formation of significant 

amounts of higher alkanes (particularly ethane and propane) was indeed observed (Figure 

4) showing the validity of this pathway. Another explanation is transfer of components 

with a higher O/C ratio from the aqueous phase to the oil phase in the course of the 

reaction. The amount of organics dissolved in the aqueous phase indeed decreases from 7 

down to 2 %-wt. with reaction time and the O/C ratio of the organics in the aqueous 

phase also decreased from 0.89 to 0.13 after 6 h of reaction. Alternatively, cracking of the 

char molecules could also occur, yielding higher oxygen containing molecules. But 

considering the limited amount of char reduction in time, this would have a very limited 

effect on the overall O/C ratio. 

It should be noted that composition of the ‘top’ oils and ‘bottom’ oils differs 

considerably. Figure 8 shows the van Krevelen plot for both phases at different reaction 

times. The top oils have a higher H/C ratio and O/C ratio than the bottom oils.  
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Figure 8. Van Krevelen plot of the elemental data for the produced oils (dry base) at 

different reaction times (5 %-wt. Ru/C, 350 °C and 200 bar).  
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1H-NMR was used to gain insights in the differences in the molecular composition of the 

top and bottom oil. The method published by Ingram et al. [28] was applied for functional 

group analyses and quantification, wherein regions in 1H-NMR spectra are assigned to 

certain functional groups and the relative amount is calculated from the peak integrals 

(Table 2). 

 

Table 2. Functional group analyses of the fast pyrolysis oil used in this study and a 

representative top and bottom hydrotreated product using 1H-NMR. 
Chemical shift region 

(ppm) 

Type of protons 

[28] 

Pyrolysis oil 

Hydrogen 

content (% area 

of total) 

Top Product oil 

(Ru/C)  

Hydrogen content 

(% area of total) 

Bottom Product 

oil (Ru/C) 

Hydrogen 

content 

(% area of total) 

10-8.0 -CHO, -COOH, 

downfield ArH 

0.9 0 

 

0 

8.0-6.8 ArH, HC=C 

(conjugated) 

3.3 1.4 1.6 

6.8-6.4 HC=C 

(nonconjugated) 

4.4 3.7 4.2 

6.4-4.2 -CHn-O-, ArOH, 

HC=C 

(nonconjugated) 

9.0 1.5 3.1 

4.2-3.0 CH3O-, -CH2O-,   

-CHO- 

26.3 3.2 3.4 

3.0-2.2 CH3C(=O)-, CH3-

Ar,  -CH2Ar 

6.4 4.9 13.5 

2.2-1.6 -CH2-, 

aliphatic OH 

32.7 17.4 32.6 

1.6-0.0 -CH3,-CH2- 17.0 67.9 32.6 

Aliphatic/aromatica - 6.4 16.4 11.2 

a. Ratio of the area % at 2.2-0 ppm and 8-6.4 ppm.  

 

In line with the measured higher H/C ratio, the aliphatics content in the top oil as 

calculated using this procedure is higher than for the bottom oil. Thus, the top oil is more 
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apolar in nature as expressed by a higher H/C ratio, contains more aliphatics (NMR), has 

a lower density than water and posesses a relatively low water content. 

 

3.5 Molecular insights by product fractionation using solvent-solvent extraction  

A solvent-solvent extraction based on the work of Oasmaa et al. [14,15] was used to gain 

insight in the reactivity of various component classes (fractions) in the fast pyrolysis oil 

during the catalytic hydrotreatment process. The fractionation scheme (Figure 1) was 

applied to the original fast pyrolysis oil and oil products obtained at different reaction 

times (350 °C and 200 bar). The results are given in Figure 9. 
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Figure 9. Composition of fast pyrolysis oil and hydrotreated oil products (Ru/C, 350 °C, 

200 bar) at various reaction times using solvent-solvent extraction  

 

It shows the amounts of the various fractions (carbohydrates, aldehydes/ketones/lignin 

monomers, hydrocarbons, acids and esters) as a function of the reaction time.  

As expected on the basis of the product composition by elemental analysis and NMR, the 

amount of hydrocarbons produced during the reaction in the organic products increases 

from 2.1 to 20.7 %-wt. in the first 4 h. This increase is expected due to 

hydrodeoxygenation and hydrogenation reactions of oxygenates. However, the amount 

decreases in the period 4-6 h. A likely explanation is the occurrence of (hydro)cracking 

reactions of the hydrocarbons to gas phase components. This is confirmed by an increase 
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in the amounts of ethane and propane in the gas phase in the course of the reaction, see 

Figure 6 for details. 

A large and relatively fast decline in the carbohydrate fraction is visible in the initial part 

of the reaction and the carbohydrate fraction is almost completely converted to other 

components within 6 h. The fraction is most likely converted to liquid phase polyols 

(distributing between the organic and aqueous phase) and subsequently into hydrocarbons 

as shown by Wildschut et al. [13] in a model study using monomeric carbohydrates. Also 

the aldehyde, ketone and lignin monomer fraction is rapidly decreasing in time, a clear 

indication for the high reactivity of this compound class. This is in line with catalytic 

hydrotreatment studies with model components [10,11].  

Of interest is the rather constant level of the DCM (in)solubles fraction which is rich in 

lignin. However, this does not necessary imply that this fraction is inert. The lignin 

fractions not only contain low and higher molecular weight lignins but a variety of other 

reactive components. The results imply that conversion to other components not 

belonging to this fraction occurs with a similar rate as the reactions leading to the 

formation of components in this fraction.   

 

3.6 Reaction network/pathways 

In combination with available literature data, this study on the time dependency of the 

product phases during the catalytic hydrotreatment of fast pyrolysis oil allows 

construction of an overall reaction scheme (Figure 10). In the course of the 

hydrotreatment reaction, pyrolysis liquid can react according to various parallel and/or 

consecutive reactions. At the initial stage of the reaction (order of minutes, not 

investigated here), it is well known that thermal reactions occur, leading to phase 

separation (water and organics) [26]. This non-catalytic thermal treatment is referred to as 

HPTT. The oxygen content of such oils was reduced from 40 %-wt. to ~25 %-wt. in the 

organic phase of the HPTT product (both on dry basis); the aqueous phase contains 15 to 

30 %-wt. organic material. These HPTT reactions appear mainly re-polymerization 

reactions, which result in a relatively apolar fraction separated from an aqueous phase. 

Gaseous products are mainly CO2 and CO. This process is also expected to take place in 

the presence of hydrogen and catalysts due to its fast nature. The repolymerised, higher 



Chapter 3 

 

101 

molecular weight products are likely not inert under reaction conditions and further 

polymerise to solids in the form of char.  

Besides these thermal reactions, various catalytic reactions take place when H2 and 

catalysts are present. These include catalytic hydrodeoxygenation (water production),  

catalytic decarboxylation/decarbonylation (CO2 and CO production) and methanation 

(Figure 4). Due to a change in the product characteristics upon reaction and particularly 

the polarity of the various phases a two or three phase liquid system is obtained (an 

aqueous phase and one or two organic phases), depending on residence time and 

temperature. At milder conditions (175-250 °C, known as stabilisation, not investigated 

here), hydrodeoxygenation occurs to a lesser extent and only two liquid phases (watery 

and one organic phase) are obtained after reaction. At the rather extreme conditions 

applied in this study (350 °C, 200 bar), the formation of two organic phases with a 

different composition is observed (Figure 2). The formation of an apolar top phase is 

likely due to further hydrogenation of various intermediate products leading to 

components with a more apolar character (higher H/C ratio, see Figure 8). The liquid-

liquid extraction study presented here shows that the sugar fraction during deep 

hydrotreatment is reactive and converted quantitatively. This is associated with the 

formation of a hydrocarbon rich fraction. The amount of hydrocarbons shows an 

optimum in time. After 4 h reaction time, the amount decreases, likely due to gasification 

to (higher) alkanes by hydrocracking reactions. The repolymerised compounds formed by 

the parallel non-catalytic HPTT reactions are likely not inert under catalytic 

hydrotreatment conditions and are also hydrotreated to end up in the rather apolar oily 

product phases. The char formed in the course of the reaction is not necessary inert 

(Figure 2) and may participate in various reactions leading to gas phase or liquid phase 

components. This was also confirmed by model studies on the carbohydrate fraction 

using Ru/C catalysts [13]. 
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Figure 10. Proposed reaction scheme/pathways for hydrotreatment of fast pyrolysis oil 

 

4. Conclusions  

The effect of reaction time (1-6 h) on the product distribution for the catalytic 

hydrotreatment of fast pyrolysis oil was explored in a batch reactor set-up using a Ru/C 

catalyst (350 °C, 200 bar). The mass balance and carbon balance for each phase (two oil 

products, one aqueous phase, gas and solid phase) were determined. The highest oil yield 

was obtained for 4 h reaction time (65 %-wt.). An increase of the reaction time leads to a 

decrease of the oil yield due to the formation of gas phase components, the majority 

being methane, higher alkanes and CO/CO2. The amount of solids varies between 6.3 and 

4.6 %-wt. and shows an optimum with respect to reaction time, indicating that the solids 

are not inert but participate in the reactions. Elemental data indicate that the H/C ratio of 

the oil is a function of the reaction time and increases from 1.05 to 1.35 after 6 h of 

reaction time. Solvent-solvent extraction shows that the amount of the hydrocarbon 

fraction is time dependent and actually shows an optimum (20.7 %-wt.) after 4 h reaction 

time. Of particular interest is the rapid decrease of the carbohydrate fraction in the fast 

pyrolysis oil, an indication for the high reactivity of this fraction under catalytic 

hydrotreatment conditions. Together with existing literature data, the findings may be 

rationalized by a reaction scheme involving repolymerisation, hydrogenation, charring 

and hydrocracking reactions  
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Chapter 4: Ru/C Catalysts for the Hydrotreatment of Fast Pyrolysis oil: Insights in 

Catalyst Stability using an Integrated Approach 

 

Abstract 

Catalytic hydrotreatment is considered an attractive technology for fast pyrolysis oil 

upgrading to liquid transportation fuels. The use of noble metal catalysts such as Ru/C 

has shown good potential. We here report an experimental study to gain insights in  

catalyst stability when using Ru/C catalysts for the hydrotreatment of fast pyrolysis oil 

(350 °C and 200 bar) in a batch set-up. A considerable reduction in the liquid yield, 

increased solids formation, a reduction in the H/C of the liquid product and a lowering of 

the extent of methane in the gas phase was observed after a number of catalyst recycles. 

Characterization of the catalyst before and after reaction using TEM, chemo- and 

physisorption showed significant coke deposition and a decrease in metal dispersion and 

pore volume. The application of in house prepared Ru/C catalysts for both the 

hydrotreatment of fast pyrolysis oil as well as phenol using different Ru-precursors 

(RuCl3, Ru(NO3)(NO)3 and Ru(acac)3) showed different effects on both product yield and 

elemental composition of the liquid phase. A the catalyst prepared from the precursor 

RuCl3 at a ruthenium loading of 5 %-wt. showing the highest activity in hydrogenation of 

pyrolysis oil and the lowest decrease in BET area and dispersion.  
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1. Introduction 

Liquid transportation fuels from biomass sources are considered attractive alternatives for 

the current fossil derived fuels. A variety of technologies have been investigated for the 

conversion of biomass into liquid transportation fuels. Well know examples are biodiesel 

from plant oil and bioethanol from carbohydrate rich resources [1]. Due to competition 

with the food industry, these first generation biofuels are under pressure and new options 

are being explored actively [1]. A promising second generation biofuels platform 

involves thermochemical biomass conversions like gasification, hydrothermal 

liquefaction and fast pyrolysis [1]. Fast pyrolysis technology involves the rapid heating of 

lignocellulosic biomass to temperatures in the range of 450-650 °C with a residence time 

of <2 s in an oxygen free atmosphere [2]. Typical liquid product yields for this 

technology are in the range of 70 %-wt. [2]. The resulting oil is not suitable as a biofuel 

for internal combustion engines. It contains large amounts of water (up to 50 %-wt.) and 

corrosive organic acids (up to 20 %-wt.) and shows limited storage stability. Upgrading 

by either chemical or physical methods is required  [2] .  

Catalytic hydrotreatment is considered as a promising technology [3]. It involves 

treatment of fast pyrolysis oil with hydrogen in the presence of a heterogeneous catalyst. 

The primary aim is a reduction/minimization of the oxygen content by 

hydrodeoxygenation (HDO), leading to gasoline or diesel like products. Research 

activities on the HDO of pyrolysis oil started already in 1984 with the pioneering work of 

Elliot et al. [3]. Reaction conditions, catalyst and reactor systems were adopted from 

typical fossil hydrotreating processes like hydrodesulphurization (HDS). Typically, batch 

or trickle bed reactors (packed beds with downflow operation of both liquid and gas) in 

continuous mode were applied in combination with commercial HDS catalysts, sulphided 

NiMo/Al2O3 and CoMo/Al2O3 [4-7]. 

The disadvantage of the latter two catalysts is the requirement of the presence of sulphur 

to remain active. Furthermore, deactivation of the catalyst as a function of time on stream 

is reported. Different deactivation mechanisms have been reported like blockage of 

catalyst pores and active sites, poisoning of the catalyst (by for example by nitrogen 

compounds), sintering of the active metals, structural degradation of the support and of 

the active sites, coking and metal deposition [8].  
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The main reason for catalyst deactivation appears coke formation, which may result in 

blockage of the catalyst pores and thus limiting the access of reactants into the pores (a.o. 

Baldauf et al. [9,10]; and Gevert and Ottersted [11]). Gevert and Ottersted [12,13] 

observed a rapid deactivation of NiMo and CoMo catalysts during the first hours of 

operation of a packed bed system at 350-370 °C and up to 300 bar. Analyses showed that 

the pore volume decreased rapidly in the initial state of the reaction, suggesting that coke 

deposition occurs primarily in the initial stage of the HDO process. Coking appears faster 

when there is (local) depletion of hydrogen and at higher temperatures, suggesting  

competition between repolymerisation (coking) and hydrogenation/ hydrodeoxygenation. 

The tendency for coking appears to be a function of the chemical structure and activity of 

the catalyst support as well. The coking rate is lower using neutral carriers (Appelby et al. 

[14]). Alumina supports, commonly used, are believed to promote coke formation, also 

because of rapid loss of structural integrity of the catalyst leading to a considerable 

reduction in catalytic activity. Model compound studies suggest that phenolic 

components are mainly responsible for coke formation (Laurent et al. [15], Centeno et al. 

[16]), though there are also indications that the carbohydrate fraction in fast pyrolysis oil 

is responsible for coke formation [4,17]. Coking reactions are enhanced by (and in 

parallel to) deposition of transition and/ or alkali metals on the catalyst, presumably due 

to deactivation of the active catalyst because of such deposits. Fast pyrolysis oils contain 

variable amounts of metals such as calcium, potassium, iron, alumina, sodium, 

magnesium and silica [10]. Calcium and mangnesium were shown to have the tendency 

to accumulate onto the surface of NiMo/Al2O3 and CoMo/Al2O3. These deposits may 

lead to irreversible structural changes in the catalyst. The order of catalyst deactivation 

was reported as: Na > Ca > Mg = Fe  [8]. 

It is obvious that better catalysts for the hydrotreatment of pyrolysis oil are required. 

These should be active and stable, produce high liquid yields and not result in the 

formation of (large amounts of) coke. Noble metal catalysts based on Ru, Pd, Rh, Pt as 

well others metals like CuCr, CuO, NiO and Ni on various supports have been explored  

[3-7,9,18-23]. 

Recently we reported a catalyst screening study in a batch set-up at well defined 

conditions with a range of noble metal catalysts (Ru/C, Ru/TiO2, Ru/Al2O3, Pt/C and 
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Pd/C) at 250-350 °C and 100-200 bar. Good performance of the Ru/C catalyst with 

respect to oil yield (up to 60 %-wt.) and deoxygenation level (up to 90 %-wt.) was 

observed [24]. In a subsequent study the Ru/C catalyst was explored in more detail and 

the effect of reaction times on oil yield and product properties were determined. In 

autoclave experiments at 350 °C and 200 bar, a 4 h reaction time appeared optimal with 

respect to oil yield. Longer reaction times lead to a reduction of the oil yield due to 

gasification. Solids formation (coke) was observed for all experiments, the highest 

amounts being 5.3 %-wt. [24,25].   

Studies aimed at determining the stability of Ru/C catalysts for the hydrotreatment of 

fast-pyrolysis oils are limited. We here report experiments to determine the level of 

catalyst deactivation when using Ru/C catalysts for the hydrotreatment of fast-pyrolysis 

oil. Furthermore, the effect of the catalyst precursor used for the synthesis of the Ru/C 

catalyst (Ru(NO)(NO3)3, RuCl3 and Ru(acac)3) on catalytic activity and stability was 

explored for hydrotreatment experiments on fast pyrolysis oil as well as for model studies 

using phenol. The performance of Ru/C catalysts is known to be affected by the metal 

precursors used in the preparation [26,27]. For instance, Miyazawe et al. [26] used a 

combination of Ru/C and an Amberlyst ion-exchange resin for the dehydration and 

hydrogenation of glycerol to 1,2-propanediol at mild reaction conditions (120 °C). 

Catalyst activity and product selectivity were a strong function of the ruthenium 

precursor (RuCl3, Ru(NO3)(NO)3 or Ru(acac)3) used for the preparation of the Ru/C 

catalyst. Similar observations were made by Neri et al. [27] for the hydrogenation of 

citral at 60 °C in ethanol.  

In the present work, relevant catalyst properties (dispersion, BET and size of the 

ruthenium metal clusters) were measured and critically evaluated before and after 

reaction to probe possible deactivation mechanisms for the catalyst.  
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2. Materials and Methods 

2.1 Materials 

Ru(NO)(NO3)3 (1.5 %-wt. solution in water), Ru(acac)3 (99 %,  acac = acetylacetonate) 

and RuCl3 anhydrous (99%) were obtained from Strem chemicals. Activated carbon (SG 

Ultra), 1200 m2/g; with a particle diameter µm in the range of 1-20 µm  and an average 

size of 17.3 +/- 4.5 was used as the carrier and supplied by Norit (The Netherlands). 

Phenol was obtained from Sigma Aldrich. Fast pyrolysis oil was supplied by BTG 

(Enschede) and was from beech wood (Table 1). The Ru/C catalyst was obtained from 

Sigma Aldrich, containing 5 %-wt. of active metal (with an average particle diameter of 

18.4 +/- 4.8 µm in the range of 1-20). Hydrogen, nitrogen and helium were obtained from 

Hoekloos (Schiedam) and were all of analytical grade (> 99.9999 %). Tetrahydrofuran 

(THF), n-decane and dodecane were obtained from Acros (99.99 %).   

 

Table 1.  Properties of fast pyrolysis oil used in this study. 

Property Value 

Water content (%-wt.) 

Elemental composition, dry base (%-wt.) 

C 

H 

O 

25 

 

55.4 

6.9 

37.7 

 

2.2 Catalyst preparation  

All catalysts were prepared by wet impregnation. In case of Ru(acac)3, acetone was used 

as a solvent, whereas water was used for the other two precursors. The synthesis was 

performed by suspending 10 g of active carbon in a solvent (water or acetone, 100-200 

ml). Subsequently, a pre-determined amount of the metal precursor was added to obtain 

the preferred Ru amount on carrier (1, 3 or 5 %-wt.). The suspension was stirred for 24 h 

under air (20 °C and 1 bar). After stirring, the solvent was evaporated at reduced pressure 

(35 - 40 °C, ~30 mbar) for 8 h. Then the catalyst was dried at 100 °C for 12 h under 

vacuum (35 mbar). After drying, the catalysts were treated at 250 °C for 2 h in a nitrogen 
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atmosphere. During this procedure, the nitrogen atmosphere was refreshed 6 times. The 

catalyst was stored under a protective nitrogen atmosphere. 

 

2.3. Experimental setups 

Fast pyrolysis oil was hydrotreated in a 100 ml batch autoclave setup (Buchi AG, CH 

Uster, max. 350 bar, 450 °C). Phenol was hydrotreated in a 100 ml Parr autoclave (max. 

350 bar, 350 °C). The reactors were equipped with an electric heater and cooling coil 

(water) to allow temperature control and maintain constant temperature. The reaction 

mixture was stirred with a magnetically driven gas inducing impeller of the Ruston type. 

Temperature and pressure were continuously measured in the reactor vessel and 

monitored by a computer.  

 

2.3.1 Fast pyrolysis oil hydrotreatment 

For a typical experiment, the reactor was filled with fast pyrolysis oil (25 g) and catalyst 

(1.25 g, 5 %-wt. with respect to pyrolysis oil), and subsequently flushed with nitrogen gas 

and then pressurized with 20 bar of hydrogen gas at room temperature. The reactor was 

heated to the intended reaction temperature (350 °C) with a heating rate of 16 °C/min. 

The pressure in the reactor was increased to 200 bar by adding hydrogen. After 4 h 

reaction time at 350°C (4.3 h time when including heating up period to 350 °C), the 

reactor was cooled to ambient temperature, the pressure recorded for mass balance 

calculations and the gas phase was sampled using a gas bag. The liquid phase (consisting 

of an aqueous and one or two oil phases) was recovered from the reactor using a syringe 

and weighed. The solids were collected, washed with acetone, dried and weighed till 

constant weight. The weight of the solids was corrected for the catalyst intake.  

In the recycling experiments, the catalyst was isolated from the liquid (oil and aqueous 

phase) and solid phases. These were mixed with a 10-fold excess of acetone. 

Subsequently the mixture was filtered and the solid residue was washed three times with 

acetone. The solids were dried 24 h (100 °C and 30 mbar) and reused for a subsequent 

hydrotreatment reaction.  
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2.3.2 Catalytic hydrotreatment reactions of phenol 

The Ru/C catalysts were activated prior to reaction. For this purpose, the reactor was 

loaded with the catalyst, charged with hydrogen gas (5 to 10 bar) at room temperature 

and then heated to 250 °C. After activation for 2 h, the reactor was cooled to room 

temperature and filled with 5 g of phenol, 20 g of dodecane and the Ru/C catalyst. 

Subsequently, the reactor was flushed with nitrogen gas to remove all oxygen and then 

filled with hydrogen gas at room temperature (10 bar). The reactor was heated to the 

reaction temperature (250 °C) with a heating rate of about 20 oC/min. The hydrogen 

pressure was increased to the pre-determined value (100 bar) when the reaction 

temperature was reached. During reaction, the reactor content was stirred at 1300 rpm. 

Liquid samples were taken every 10 minutes during the first hour. After 1 hour, samples 

were taken every hour. The liquid samples were analyzed with GC-MS, 2D-GC and GC-

TCD. A typical reaction time was 4.3 h.  

 

2.4 Analysis of the various liquid phases 

For all GC analysis (GC-MS, 2D-GC), the samples were injected either pure or diluted 

(50 %-wt.) with THF. Phenol and phenol hydrotreatment product samples were dissolved 

in THF and n-decane was used as an internal standard.  

GC-MS analysis were performed on a Quadrupole Hewlett Packard 5972 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 oC. The oven temperature was 

kept at 40 oC  for 5 minutes then heated up to 250 oC at a rate of 3 oC min-1 and then held 

at 250 oC for 10 minutes. 

2D-GC analysis were performed on a trace 2D-GC from Interscience equipped with a 

cryogenic trap system and two columns: a 30 m x 0.25 mm i.d. and 0.25 µm film of sol-

gel capillary column connected to a 148 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 oC. Helium was used as the carrier gas (flow 0.6 ml/min). The injector temperature and 

FID temperature were set at 250 oC. The oven temperature was kept at 40 oC for 5 
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minutes then heated up to 250 oC at a rate of 3 °C min-1. The pressure was set at 0.7 bar. 

The modulation time was 6 seconds.  

Elemental analysis (C, H and N) were determined using an Euro Vector 3400 CHN-S 

analyser analyzer. The oxygen content was determined by difference. 

The water content in the samples was determined by Karl Fischer titration using an 

Metrohm Titrino 758 titration device. A small amount of sample (ca. 0.03-0.05 g) was 

added into an isolated glass chamber containing Hydranal® (Karl Fischer Solvent, Riedel 

de Haen). The titrations were carried out using the Karl Fischer titrant Composit 5K 

(Riedel de Haen). All measurements were performed in duplicate. 

 

2.5 Gas phase analysis 

The gas phases were collected in a gasbag (SKC Tedlar 3 Liter Sample Bag (9.5" X 10")) 

with a polypropylene septum fitting. GC-TCD analyses were performed on a Hewlett 

Packard 5890 Series II GC equipped with an Porablot Q Al2O3/Na2SO4 column and a 

molecular sieve (5A) column. The injector temperature was set at 150 oC, the detector 

temperature at 90 °C. The oven temperature was kept at 40 oC for 2 minute then heated 

up to 90 oC at 20 oC/min and kept at this temperature for 2 minutes. The columns were 

flushed for 30 seconds with gas sample before starting the measurement.  

A reference gas composition was used to quantify the results. The reference gas consists 

of a known composition of gasses: 75.73 % H2, 5.81 % CH4, 0.60 % CO, 15.35 % CO2, 

0.60 % ethylene, 0.90 % ethane, 0.50 % propylene and 0.50 % propane. This reference 

gas was used to indentify the peaks retention time and response factors.  

 

2.6 Catalyst characterization 

Monolayer hydrogen chemisorption capacity and dispersion measurements were 

performed with a Coulter Omnisorp 100CX gas adsorption instrument using static 

volumetric adsorption method. Before a measurement the sample was evacuated at room 

temperature to a pressure of 2.67 × 10–8 bar or lower , heated in vacuum to 150 oC and 

purged in helium flow for 30 min. After this drying treatment, the sample was reduced in 

a hydrogen flow at 400 oC for one hour and then evacuated at the same temperature for 

one hour. In all steps, a temperature ramp of 10 oC/min and a gas flow rate of 35 cm3/min 



Chapter 4 

 

115 

were applied. The total hydrogen adsorption isotherm was measured at room temperature 

up to 0.33 bar by dosing hydrogen to the sample and measuring the adsorbed amount as a 

function of hydrogen pressure. After adsorption, the sample was evacuated at the same 

temperature for one hour and the adsorption measurement was repeated for reversible 

adsorption. Finally, after the chemisorption measurement, a dead space calibration with 

helium was performed. 

The measured adsorption isotherms were used to calculate the monolayer surface 

capacity. A linear regression was applied to both isotherms individually for the linear 

region of the curve, typically between 0.07-0.27 bar. Extrapolation of these lines to zero 

pressure gives the amount of adsorbed gas for total and reversible adsorption, 

respectively. A complete reduction of the metal surface in used pretreatment conditions 

and dissociative adsorption of H2 on Ruthenium were used as assumptions in calculations  

[28]. 

The metal dispersion (D) is defined as the number of metal atoms as determined on the 

sample surface divided by the total number of metal atoms using equation 1: 

 

   D = ( Vm /22414 ) x S x Mw x (100/Xm)                               (eq.1) 

 

In which D is the dispersion in %, Vm is the mono-layer coverage in cm3/g, S is the 

stoichiometric factor of H2 to Ru atoms (S=2)   [28], Mw the molar weight of ruthenium 

(101.07 g/mol) and Xm the weight fraction of metal on the catalyst. 

The surface area and porosity measurements (physisorption) were performed with a 

Coulter Omnisorp 100CX gas adsorption instrument using static volumetric adsorption 

and desorption method. After loading the sample, it was first evacuated at room 

temperature to a pressure of 1.33x10-7 bar or lower. Then, the evacuating temperature 

was raised slowly to 90 °C, avoiding the pressure raise over 1.33x10-6 bar. At 90 °C the 

sample was evacuated a few hours, at least until the pressure was 1.33.10-7 bar or lower. 

Nitrogen was used as an adsorptive gas and the measurement was done at a temperature 

of liquid nitrogen bath, -196 oC. The adsorption isotherm was measured by dosing 

nitrogen to sample with 0.27 bar doses and measuring the adsorbed amount as a function 

of the nitrogen pressure. Nitrogen pressure on the sample was increased until it reached 
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98.1 % of the nitrogen saturation pressure. The desorption isotherm was measured by 

decreasing the nitrogen pressure on the sample holder gradually, with steps of 0.04 bar. 

The dead volume of the system was measured with helium adsorption before the 

measurement. 

The total surface area of the sample was calculated using the Brunauer-Emmett-Teller 

(BET) [29] method in the adsorption isotherm from 0.05 to 0.25 relative pressures (p/po, 

meaning absolute pressure on the sample / nitrogen saturation pressure at temperature of 

the measurement, liquid nitrogen bath). The pore volume and the pore size distribution of 

mesopores were calculated from desorption isotherm using the BJH (Barrett, Joyner and 

Hallender) method  [30] with a cylindrical pore model assumption.  

Samples for Transmission Electron Microscopy (TEM) were prepared by deposition of 

the catalyst on a cupper grid. Bright-Field TEM images and Selected Area Electron 

Diffraction Patterns were recorded using a JEOL 2110F TEM operating at 200 kV. 

Energy Dispersive X-ray Spectrometry (EDAX) attached to the TEM was also used to 

determine the local chemical composition of the prepared TEM samples with a spatial 

resolution down to about 1 nm. 

ICP was performed on a Perkin Elmer 4300 DV. Solid samples were calcined at 900 °C 

and subsequently dissolved in a 2 %-wt. HNO3 solution. Liquid samples were only 

dissolved in a 2 %-wt. HNO3 solution before analysis. 

 

3. Results and Discussion 

3.1 Experimental studies on the stability of the Ru/C catalyst for the hydrotreatment of 

fast- pyrolysis oil 

To gain insight in the stability of Ru/C catalysts in the hydrotreatment of fast pyrolysis 

oil, 3 successive experiments were carried out in a batch reactor set-up at constant 

pressure (hydrogen supply). In the first experiment, the autoclave was charged with a 

commercial sample of Ru/C and fast pyrolysis oil. The hydrotreatment reaction was 

carried out at 350 °C at a constant pressure of 200 bar for 4.3 h. After reaction, the 

products were separated from the catalyst and the catalyst was re-used in a second 

experiment with fresh oil. This sequence was repeated again, giving in total three 

different upgraded pyrolysis oils  
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After reaction, the gas, liquid and solid phase (defined as acetone insolubles, see 

experimental section) were isolated and quantified, allowing construction of the mass 

balance. Mass balance closure was good and ranged between 90 and 96 %-wt. The results 

are given in Figure 1. It shows that initially (left bar) fresh Ru/C produces a liquid 

product consisting of various layers, viz. a dark brown product floating on top (‘top oil’), 

a red aqueous phase, and a dark brown layer heavier than water (‘bottom layer’). In 

addition, gaseous and solid products are formed. For both experiments using the recycled 

catalyst, the liquid phase after reaction consisted only of two layers, a dark brown bottom 

layer with a density higher than water and an aqueous phase. The total amount of oily 

product(s) decreased with the number of recycles (55 to 30 %-wt.), whereas the amount 

of gasphase (5 to 11 %-wt.) and solids (3 to 20 %-wt.) increased with the number of 

recycles. Catalyst recycling thus results in a considerable decrease in the top layer oil 

fraction and implies that catalyst performance changes as a function of the number of 

recycles. The formation of solids is expected to have a profound influence on the catalyst 

properties and may lead to pore blockage and a reduction of the internal catalyst surface 

area (vide infra).  
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Figure 1. Mass balance closure for the hydrotreatment experiments with fresh and reused 

Ru/C catalyst (350 °C, 200 bar, 4.3 h).  
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The elemental composition of the organic liquid phase(s) after reaction was determined 

and the results are visualised in Figure 2. For fresh Ru/C, two organic phases are 

produced and the weight average composition is given. In addition, the elemental 

composition for the organic product from an experiment in the absence of catalysts but 

otherwise similar conditions is shown. This product appeared highly viscous, nearly solid 

at room temperatures.  

0,9 1,0 1,1 1,2 1,3 1,4 1,5 1,6 1,7

0,0

0,1

0,2

0,3

0,4

0,5

Ru/C rec 2

 

 

M
ol

ar
 O

/C

Molar H/C

Pyrolysis oil

Ru/C fresh
Ru/C rec 1

Blank

 
Figure 2. The Van Krevelen plot for the oil phase obtained after hydrotreatment of 

pyrolysis oil with fresh and recycled Ru/C catalyst (350 °C, 200 bar, 4.3 h). In the case of 

fresh Ru/C, two oil phases were obtained and the weight average composition is shown. 

 

The level of deoxygenation (as expressed by the O/C ratio), appears higher for all 

catalytic experiments than for the non-catalytic one with hydrogen. Catalytic 

hydrodeoxygenation thus takes place to some extent, and oxygen levels of about 1 %-wt. 

are achieved at the conditions applied in this study. A clear trend between the O/C ratio 

and the number of recycles is absent and all O/C ratios are within a rather narrow range 

(0.05-0.06). Thus, deoxygenation activity appears almost independent on recycle. 

Of particular interest is the difference in the H/C ratio as a function of the number of 

recycles. Clearly the H/C ratio drops after subsequent recycles and already after two 
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recycles, the H/C ratio is close to that of the non-catalytic experiment. High product H/C 

ratios implies high hydrogenation activity for the catalysts, and thus hydrogenation 

activity reduces upon this type of recycling.  

Of interest is the composition of the gas phase as a function of the number of catalyst 

recycles (Figure 3).  
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Figure 3. Gas phase composition of the hydrotreatment experiments with fresh and reused 

Ru/C catalyst (350 °C, 200 bar, 4.3 h).  

 

The gas phase consists of unreacted hydrogen but also of considerable amounts of 

methane, CO and CO2, in line with earlier results [24,25]. The gas phase of the non-

catalytic reaction (350 °C, 200 bar, 4.3 h) contained about 22 %-mol of CO2 indicating 

that CO2 formation during catalytic hydrotreatment is not necessarily a catalytic pathway 

but may also be formed by thermal reactions. However, whereas for fresh catalyst, 

methane formation is significant, this is considerably lower for the recycled catalysts. 

This is again an indication that the catalyst structure changes upon the hydrotreatment 

reaction (vide infra). These structural changes are probably the result of deactivation due 

to sintering and coke formation on the catalyst leading to a decrease in dispersion and 

surface area. 
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3.2 Hydrotreatment experiments with Ru/C prepared with different Ru-precursors and 

loadings 

To determine the effect of the Ru-precursor on both the stability and activity of the 

resulting Ru/C catalysts for the hydrotreatment of fast pyrolysis oil, nine different Ru/C 

catalysts were synthesized by a wet impregnation method. Three different ruthenium 

precursors RuCl3, Ru(acac)3 and Ru(NO)(NO3)3 were used at three different ruthenium 

loadings (1, 3 and 5% -wt.). Activated carbon was used as the support for all catalysts. 

Catalyst performance was evaluated not only for the fast pyrolysis oil hydrotreatment but 

also for the phenol hydrodeoxygenation/hydrogenation for comparison. The commercial 

Ru/C catalyst sample is used as a bench mark.  

 

3.2.1 Hydrotreatment experiments using phenol  

Phenol was used as a model compound to compare the catalysts performance of the 

various Ru/C catalysts. Phenol was selected as it is known to be present in pyrolysis oil in 

quantities up to 3.8 %-wt. [10], but also because the products derived thereof 

(cyclohexanol and cyclohexane, see Figure 4) can be easily analysed. Cyclohexanone, a 

possible intermediate, was not observed in the course of the reaction [31,32]. The 

catalysts were tested at 250 °C and 100 bar of hydrogen pressure in dodecane for a 

reaction time of 4.3 h.  
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Figure 4. Typical concentration profile for the HDO of phenol using a 5 %-wt. Ru/C 

catalyst (250 °C, 100 bar, 4.3 h). 

 

A reaction pathway with two reactions in series seems appropriate to explain the profiles 

(Scheme 1), in line with literature data  [31,32]. 
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Scheme 1. Reaction pathway for the hydrotreatment  of phenol.  

 

Again, in all experiments the liquid phase mass balance closure for all the experiments 

was good and ranges from 88-100 %. For the catalysts tested, the composition of the 

liquid phase after reaction is given in Figure 5.  
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Figure 5. Product composition of the HDO of phenol (250 °C, 100 bar) using several 

catalysts after 4.3 h of reaction time.  

 

Some minor differences in the product composition were expected, but quite surprisingly, 

the product distribution appears a strong function of the ruthenium precursor used in the 

preparation. An illustrative way to present the data is again in the Van Krevelen plot 

(Figure 6). Phenol, cyclohexanol and cyclohexane are indicated as points, while the 

overall elemental composition of the reaction mixture after reaction is given as such for 

each of the catalysts. The most active hydrogenation catalyst will give the highest amount 

of cyclohexane in the product mixture. The best hydrogenation results were obtained by 

the commercial catalyst followed by the inhouse made catalysts from the RuCl3 and 

Ru(acac)3 precursors. The catalysts prepared with the Ru(NO)(NO3)3 precursor perform 

considerably worse. Possible explanations are the presence of residual nitrogen on the 

catalyst  negatively affecting its performance as well as a poor Ru distribution within the 

catalyst particle. Similar results were reported for Pd/C prepared with a nitrate precursor 

(Pd(NO3)2) [31]. XPS studies indicated that most Pd was deposited on the exterior of the 

carbon, leading to a lower overall hydrogenation activity. 
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The performance of the RuCl3 precursor is remarkable and it outperforms both the 

Ru(NO3)(NO)3 or Ru(acac)3 precursors. Explanation for this good performance may be 

the presence of residual Cl- in the samples, having a positive effect on catalyst activity 

(vide infra) [27,33-35]. 
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Figure 6. The Van Krevelen plot for the products of the hydrotreatment of phenol (250 

°C, 100 bar, 4.3 h).  

 

3.2.2  Hydrotreatment of pyrolysis oil using various Ru/C catalysts 

All in house prepared Ru/C catalysts were tested for the hydrotreatment of fast pyrolysis 

oil at 350 °C and 200 bar for a reaction time of 4.3 h with a commercial Ru/C catalyst as 

a reference.  

The visual appearance of the liquid phase after reaction is a strong function of the 

catalyst. For Ru/C catalysts with a 1 %-wt. Ru loading, a highly viscous tar-like product 

was obtained. A similar observation was made for all catalysts prepared with 

Ru(NO)(NO3)3. For the 3 %-wt. Ru/C catalysts prepared with Ru(acac)3 and RuCl3, the 

liquid phase consisted of two (Ru(acac)3) or three (RuCl3) easily flowalbe liquid layers. 

For all 5 %-wt. catalyst, three liquid layers were formed, a dark brown bottom layer, an 

intermediate aqueous phase and a brown top organic phase.  

Thus, there is a strong relation between the visual appearance of the liquid phase after 

reaction and the activity of the catalyst as determined for the phenol hydrotreatment 
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experiments. Poor hydrogenation catalysts will result in the formation of tar-like 

products, indicating polymerisation rather than hydrogenation. A similar observation was 

also made when performing an experiment in the absence of catalyst (vide supra). 

Intermediately active catalysts lead to the formation of two liquid phases whereas the 

most active catalysts produce a liquid phase consisting of three layers. The presence of a 

third liquid phase then appears indicative for high catalyst activity.  

Due to its high viscosity, the isolation, characterisation and gravimetric determination of 

the tar-like product from the 1 %-wt. catalysts and the ones prepared with Ru(NO)(NO3) 

is troublesome. Therefore, the mass balances were only constructed for the more active 

catalysts leading to separate liquid phases. The results are given in Figure 7. Mass 

balance closure is again good (90-96 %-wt.).  
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Figure 7. Mass balances for the hydrotreatment of fast pyrolysis oil (350 °C, 200 bar, 

4.3h) using various catalysts (3 and 5 % loading) and a commercial Ru/C as reference.  

 

The total product liquid oil yield (wet basis) varied from 45 to 56 %-wt., but was 

essentially similar for all 5 %-wt. catalysts tested. It is tempting to assume the total oil 

yield as a measure of catalyst hydrogenation activity, with high oil yield associated with 
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high activity. However, this is not possible as earlier studies showed that the oil yield 

displays an optimum with respect to the reaction time. At longer reaction times, the oil 

yield reduces, probably due to further conversion of the oil to gas phase components  

[25]. Thus, the most active catalysts do not necessary result in the highest oil yield.  

The elemental composition of the oil phases was determined and the final oxygen content 

of the oils ranged from 5-11 %-wt. (Figure 8).  
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Figure 8. The Van Krevelen plot for the oils (dry base and weight averaged elemental 

composition) produced with various Ru/C catalysts (350 °C, 100 bar, 4.3 h). Th = 

indicative for a thermal pathway.  

 

In Figure 8, the weight average composition of the top and bottom oil phase are provided. 

The elemental composition of the product obtained in the absence of a catalyst (blank, 

350 °C, 200 bar, 4 h) is also given as a measure of the thermal, non-catalytic pathway. 

For the product to be of interest as a transportation fuel, the O/C ratio should preferably 

be lower than 0.02 and the H/C ratio should be between 1.8 and 2.0 [36]. It is clear that 

these targets are not yet met under the process conditions applied in this study.  

The van Krevelen plot can be used to rank the catalyst with respect to activity: highly 

active catalysts give organic products with a low O/C ratio and high H/C ratio. For all 

catalysts, the O/C ratio lies within a very narrow range (0.07-0.09) and does not allow a 

clear discrimination in catalyst performance. A better measure seems the H/C ratio, for 
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which the deviation between the precursors is clearly noticeable. For catalysts loaded 

with 5 %-wt. Ru, the performance of precursors RuCl3 and Ru(acac)3 are slightly better 

than the commercial Ru catalysts. The performance of the catalysts loaded with 3 %-wt. 

Ru  lower than the 5 %-wt. catalysts.  

The catalyst activity trend for the hydrotreatment of fast pyrolysis oil is essentially 

similar to that of the hydrotreatment of phenol (Figure 6). It appears that model studies 

with phenol allow selection of the preferred catalysts for actual catalytic hydrogenation of 

fast pyrolysis oil. 

The composition of the gas phase after reaction was also determined (Figure 9).  
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Figure 9. Composition of the gas phase of fast pyrolysis hydrotreatment experiments (350 

°C, 200 bar, 4.3h) using various catalysts. 

 

Besides the presence of un-reacted hydrogen, hydrocarbons (methane, ethane, ethene and 

higher derivatives), CO and CO2 were present as well. Methanation activity is typical for 

Ru/C catalysts [37]. The amount of methane is a strong function of the catalyst, with 

commercial Ru-catalyst showing the highest methane formation. The amount of methane 

formed is likely related to the level of Ru dispersion on the support [38]. Higher metal 

dispersions are associated with higher methanation activity. Metal dispersion 
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determinations and its relation to methanation are discussed further on in this paper. The 

formation of CO2 and CO may be ascribed to decarboxylation and decarbonylation, 

respectively [39-42]. 

 

3.3 Catalyst characterization  

Recycle experiments using commercial Ru/C catalysts clearly showed that the H/C ratio 

of the product oil is a function of the number of recycles. This implies that the 

(hydrogenation) activity of the catalyst is lower after recycling, an indication for catalyst 

deactivation during the hydrotreatment reaction. Furthermore, distinct differences were 

observed between the Ru/C prepared with different precursors. The structural differences 

between the catalyst before and after reaction and between the catalyst prepared with 

different precursors, were characterized using a variety of techniques such as ICP, TEM 

analysis, physisorption and chemisorption. 

 

3.3.1 ICP analysis of the catalysts 

One catalyst deactivation mechanism is loss of Ru by leaching, which might be occurring 

at the rather extreme operating conditions (acidity, water, temperatures of 350 °C). 

Experiments were performed with commercial Ru/C catalyst at extended reaction times 

(8 h) and otherwise similar conditions (350 °C and 200 bar). The Ru content of the 

catalyst was determined before and after reaction, and no significant differences were 

observed (after correction for the coke deposited on the catalyst). Remarkable was a high 

iron content after reaction (0.87 %-wt.) compared to the fresh catalyst (0.07 %-wt.), the 

most likely source being the reactor wall and the impellor. The effect on Fe on catalytic 

activity and possible deactivation pathways is not yet known. 

 

3.3.2 Characterization of Ru/C catalysts by TEM 

Two catalysts were selected for TEM analysis: the commercial Ru/C catalyst as a 

reference versus the 5 %-wt. catalyst prepared using RuCl3. The latter was selected as it 

showed the highest hydrogenation activity (see Figure 8). 
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Figure 10. TEM pictures of the commercial Ru/C catalyst. Left) fresh catalyst and right) 

used catalyst after HDO of pyrolysis oil at 350 °C and 200 bar. 

 

Figure 10 shows representative TEM pictures for the commercial Ru/C catalyst. The size 

of the Ru particles for the fresh catalyst is in the range of 2-5 nm, while after the reaction 

the size growths to the order of 5-10 nm. This concerns a qualitative observation and 

needs support by other analysis as will be discussed in the subsequent sections. 

Figure 11 shows representative TEM pictures of the RuCl3  catalyst. The fresh catalyst 

contains ruthenium clusters in the size range of 1-5 nm (in the minimum detection range 

of the TEM), while after reaction they appear to grow to up to 7 nm.  
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Figure 11. TEM pictures of ex RuCl3 Ru/C before (left) and after the HDO of pyrolysis 

oil at 350 °C and 200 bar (right). 

 

In both cases an increase of the Ru particle size is thus observed, due to sintering of Ru. 

Figure 12 shows the TEM pictures under lower magnifications of the RuCl3 prepared 

catalyst. It shows an overview with different regions highlighted (left-side, a to d) and a 

magnification of section (a, right-side). 

 

 
Figure 12. TEM pictures of Ru/C prepared using RuCl3 after HDO of pyrolysis oil at 350 

°C and 200 bar. Left is an overview picture with a magnification of region (a), right.  

 

a

b

d

c
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In Figure 12 four types of patterns can be distinguished, indicated by (a) to (d). Section 

(a) shows a proper dispersion of the Ru on the catalyst surface (see also magnification in 

Figure 12, right-side). Patterns (b) and (c) appear large carbon deposits with different 

morphology. Finally, region (d) shows crystals most likely to be carbon [43,44]. It also 

shows the Ru particles which are relatively narrow in terms of size of the clusters. 

It may be concluded that the ruthenium particle size increase during reaction and that 

significant amounts of coke will be deposited on the catalyst surface. This concerns a 

very qualitative observation of a relative small part of the catalyst surface, and additional 

characterization techniques have been applied (physisorption and chemisorption, see 

below). 

 

3.3.3 Chemi- and physisorption data for the Ru/C catalysts 

Table 2 shows the chemisorption results for the commercial and synthesized catalysts, 

fresh and after reaction with 5 %-wt. loading. The fresh commercial catalysts displays the 

highest dispersion (22.7 %) followed by the ex RuCl3 catalyst (9.6 %) and the catalyst 

prepared using Ru(acac)3 (5.9 %). After reaction, a large decrease in the dispersion was 

observed in all cases, with a reduction of nearly 100 % (commercial catalyst), 77 % (ex 

RuCl3) and 95 % (ex Ru(acac)3).   

 

Table 2. H2 chemisorption of the 5 %-wt. Ru/C catalysts and derived dispersion.  

Sample Total 

chemisorption 

(cm³/g) 

Total 

chemisorption 

(cm³/g) 

D (%) D (%) 

 Fresh  Used1 Fresh  Used1 

Ru/C com  1.3743 0.115 22.7 0.2 

Ru/C Ru(acac)3  0.390 0.131 5.9 0.3 

Ru/C RuCl3  0.649 0.238 9.6 2.2 

Carrier 0.117 n.a. 2.1 n.a. 

(1) HDO of pyrolysis oil at 350 °C and 200 bar for a reaction time of 4.3 h  
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Table 2 indicates a significant decrease in dispersion during the hydrotreatment process. 

Probable causes are sintering and coke deposition that will hinder chemisorption. 

Leaching studies showed that Ru-leaching is not significant (section 3.3.1), whereas 

sintering and coking occur to a significant extent (TEM).   

Gas physisorption analysis using nitrogen was carried out to determine the degree of 

textural changes during the reaction. Table 3 shows the results for the commercial and 

synthesized catalysts, fresh and after reaction. The commercial catalyst has a reduction of 

ca. 85 % in the BET surface area, Ru(acac)3 has a reduction of 78 % and 79 % for the 

RuCl3 derived catalysts. 

 

Table 3. N2 physisorption of the Ru/C catalysts and the resulting BET surface area.  

Sample BET surface 

area (m²/g) 

BET surface 

area (m²/g) 

Total pore 

volume > 10 

Å  (cm³/g) 

Total pore 

volume > 10 

Å  (cm³/g) 

 Fresh  Used1 Fresh  Used1 

Ru/C com  717 111 0.364 0.168 

Ru/C Ru(acac)3  774 169 0.414 0.257 

Ru/C RuCl3  794 164 0.415 0.292 

Carrier 751 n.a. 0.415 n.a. 
(1) HDO of pyrolysis oil at 350 °C and 200 bar for a reaction time of 4.3 h  

 

With such chemo-and physisorption data available, some of the observed catalyst 

performance trends may be elaborated upon.  

It was shown that catalyst performance was affected by catalyst recycling (Figure 1, 2 

and 3). Both the oil yield and the H/C ratio were reduced considerably after recycling. 

These observations may be ascribed to coke formation as suggested by the BET data and 

sintering of metal particles to larger aggregates (physisorption and TEM data). 

Furthermore, a considerable difference in catalyst performance between the commercial 

and the various in house made Ru/C catalysts was observed. For pyrolysis oil 

hydrotreatment, the catalyst derived from RuCl3 gave a product with the highest H/C 

ratio, an indication for the highest hydrogenation activity. There appears to be a relation 
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between the average BET area and the H/C ratio of the oil product (Figure 13). 

Apparently the BET area plays a role and higher average BET areas lead to higher 

hydrogenation activity. It suggests that the good performance of RuCl3 is due to reduced 

coke formation. However, an alternative explanation for the high hydrogenation activity 

for RuCl3 derived Ru catalyst is H2 spillover by surface Cl– species leading to enhanced 

H2 chemisorption. A positive effect of Cl- is reported in other hydrogenation applications 

as well [27,33-35]. 
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Figure 13. H/C ratio as a function of the average BET for the HDO of pyrolysis oil using 

5 %-wt. catalysts prepared with different precursors (350 °C, 200 bar, 4.3 h). 

 

There also appears to be a relation between methane formation for the various catalysts 

and the average dispersion (Figure 14). Apparently, a higher dispersion leads to a larger 

amount of methane in the gas phase. This observation is in line with literature data, where 

higher methanation rates were observed for catalyst with a high dispersion. Thus, the 

observed reduction in methane formation for the recycling experiments (Figure 1) is 

likely also due to a reduction of the metal dispersion.  
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Figure 14. Methane formation as a function of the average dispersion for the HDO of 

pyrolysis oil using 5 %-wt. catalysts prepared with different precursors (350 °C, 200 bar, 

4h). 

 

4. Conclusions  

Recycling experiments in batch mode indicate that the performance of Ru/C for the 

catalytic hydrotreatment of fast pyrolysis oil is a function of the reaction time. The oil 

yield and the H/C ratio of the oil are reduced considerably after subsequent recycles. 

After two recycles, the H/C ratio is even close to that of the blank experiment without 

catalyst, indicating severe loss in the hydrogenation activity upon recycling. Further 

testing in dedicated continuous units is required to gain detailed insights in catalyst 

performance at extended reaction times. Analyses of the catalyst before and after reaction 

by TEM, physi- and chemisorption techniques indicate that clustering of metal particles 

and coke deposition occurs to a significant extent. 

Furthermore, nine different catalysts have been synthesized using different precursors and 

different loading namely 1, 3 and 5 %-wt. to determine the effect of the type of precursor 

on catalyst performance for the hydrotreatment of fast pyrolysis oil (350 °C, 200 bar for 

4.3 h) and phenol. The best results with respect to the hydrogenation activity as expressed 
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by the H/C ratio of the product were observed for the catalyst prepared with 5 %-wt. 

RuCl3 showing the lowest decrease in BET area and dispersion after reaction. 

 

Acknowledgements 

Hans van der Velde (University of Groningen, Department of Organic Chemistry) is 

acknowledged for performing the elemental analysis. Andrea Gutierrez (Helsinki 

University of Technology, Department of Chemical Technology) is acknowledged for 

performing chemi- and physisorption experiments. Prof. dr. ir. B.J. Kooi (University of 

Groningen,  department of Applied Physics, Zernike Institute for Advanced Materials) is 

acknowledged for performing and help with interpretation of the TEM-EDAX analysis. 

This project was financially supported by Senter Novem (projects NEO 0268-02-03-03-

0001 and DEN 2020-04-90-08-001) 

 

References 
 
 [1]  Huber, G.W., Corma, A. Synthesis of Transportation Fuels from Biomass: 

Chemistry, Catalysts, and Engineering. Chem. Rev 2006., 106, 4044. 

 [2]  Bridgwater, A.; Czernik, S.; Diebold, J.; Meier, D.; Oasmaa, A.; Peacocke, C,. Fast 
Pyrolysis of Biomass: A Handbook. Vol. 1; CPL: Press Berkshire; 1999.  

 [3]  Elliott, D.C.; Baker, E.G. Upgrading Biomass Liquefaction Products through 
Hydrodeoxygenation. Biotechnol. Bioeng. Symp. 1984, suppl. 14, 159. 

 [4]  Gagnon, J.; Kaliaguine, S. Catalytic Hydrotreatment of Vacuum Pyrolysis Oils from 
Wood. Ind. Eng. Chem. Res. 1988, 27, 1783. 

 [5]  Oasmaa, A.; Boocock, D.G.B. The Catalytic Hydrotreatment of Peat Pyrolysate 
Oils. Can. J. Chem. Eng. 1992, 70, 294. 

 [6]  Oasmaa, A. Fuel Oil Quality Properties of Wood Based Pyrolysis Liquids. PhD 
thesis, University of Jyväskylä, Finland 2003.  

 [7]  Zhang, S.P. Study of Hydrodeoxygenation of Bio-Oil from the Fast Pyrolysis of 
Biomass. Energ. Source. 2003, 25, 57.  

 [8]  Furimsky, E.; Massoth, F.E. Deactivation of Hydroprocessing Catalysts. Catal. 
Today. 1999, 52, 381. 

 [9]  Baldauf, W.; Balfanz, U.;  Rupp, M. Upgrading of Flash Pyrolysis Oil and 
Utilization in Refineries. Biomass. Bioeng. 1994, 237.  



Chapter 4 

 

135 

[10]  Diebold, J. P. A Review of the Chemical and Physical Mechanisms of the Storage  
Stability of Fast Pyrolysis Bio-Oils.  2000. NREL/SR-570-27613.  

[11]  Elliott, D.C. Historical developments in hydroprocessing bio-oils. Energ. Fuel. 
2007, 21(3), 1792. 

[12]  Gevert, S.B.; Eriksson, M.; Eriksson, P.; Massoth, F.E. Direct Hydrodeoxygenation 
and Hydrogenation of 2,6-Dimethylphenol and 3,5-Dimethylphenol over Sulphided 
CoMo Catalyst. Appl. Catal.,A. 1994, 117(2), 151. 

[13]  Otterstedt, J.E.; Gevert, S.B.; Jaras, S.G.; Menon, P.G. Fluid Catalytic Cracking of 
Heavy (Residual) Oil Fractions - A Review. Appl. Catal. 1986, 22(2), 159. 

[14]  Appleby, W.G.; Good, G.M.; Gibson, J.W. Coke Formation in Catalytic Cracking. 
Ind. Eng. Chem. Proc. Des. Devel. 1962, 1(2), 102. 

[15]  Laurent, E.; Delmon, B. Study of the Hydrodeoxygenation of Carbonyl, Carboxylic 
and Guaiacyl Groups Over Sulphided Como/Gamma-Al2O3 and Nimo/Gamma-
Al2O3 Catalysts .1. Catalytic Reaction Schemes. Appl. Catal. A, 1994, 109(1), 77. 

[16]  Centeno, A.; Laurent, E.; Delmon, B. Influence of the Support of Como Sulfide 
Catalysts and of the Addition of Potassium and Platinum on the Catalytic 
Performances for the Hydrodeoxygenation of Carbonyl, Carboxyl, and Guaiacol-
Type Molecules. J. Catal.  1995, 154(2), 288. 

[17]  Wildschut, J.; Arentz, J.; Rasrendra, C.B.; Venderbosch, R.H.; Heeres, H.J. 
Catalytic Hydrotreatment of Fast Pyrolysis oil: Model studies on Reaction Pathways 
for the Carbohydrate Fraction. Environ. Prog., 2009, 28(3), 456. 

[18]  Conti, L.; Scano, G.; Boufala, J.; Mascia, S. Experiments of Bio-oil Hydrotreating 
in a Continuous Bench-Scale Plant. In: Bridgwater, A.V.; Hogan, E.N., editors.   
Bio-Oil Production and Utilization. CPL Press, Newbury Berks, 1996, 198.  

[19]  Elliott, D.C.; Schiefelbein, G.F. Liquid-Hydrocarbon Fuels from Biomass. Abstr. 
Pap. Am. Chem. Soc. 1989, 34, 1160. 

[20]  Elliott D.C.; Neuenschwander, G.G. Liquid Fuels by Low-Severity Hydrotreating   
of Biocrude.   In: Bridgwater, A.V.; Boocock, D.G.B.; editors. Developments in   
Thermochemical Biomass Conversion Vol. 1.; Blackie Academic & Professional: 
London, 1996, 611. 

[21]  Elliott, D.C.; Peterson, K.L.; Muzatko, D.S.; Alderson, E.V.; Hart, T.R.; 
Neuenschwander, G.G. Effects of Trace Contaminants on Catalytic Processing of 
Biomass-Berived Feedstocks. Appl. Biochem. Biotech. 2004, 113, 807. 

[22]  Samolada, M.C.; Baldauf, W.; Vasalos, I.A. Production of a Bio-Gasoline by 
Ugrading Biomass Flash Pyrolysis Liquids via Hydrogen Processing and Catalytic 
Cracking. Fuel. 1998, 77, 1667. 



Ru/C Catalysts for the Hydrotreatment of Fast Pyrolysis oil: Insights in Catalyst Stability  

136 

[23]  Sheu, Y.H.E.; Anthony, R.G.; Soltes, E.J. Kinetic-Studies of Upgrading Pine 
Pyrolytic Oil by Hydrotreatment. Fuel. Process. Technol. 1988, 19, 31. 

[24]  Wildschut, J.; Mahfud, F. H.; Venderbosch, R. H.; Heeres, H. J. Hydrotreatment of 
Fast Pyrolysis oil using Heterogeneous Noble Metal Catalysts. Ind. Eng. Chem. Res. 
2009, Accepted for publication.  

[25]  Wildschut, J.; Heeres, H.J. Experimental Studies on the Upgrading of Fast Pyrolysis 
Oil to Liquid Transportation Fuels. Prepr. Pap. - Am. Chem. Soc., Div. Fuel Chem. 
2008, 53(1),  349. 

[26]  Miyazawa, T.; Koso, S.; Kunimori, K.; Tomishige, K. Development of a Ru/C 
Catalyst for Glycerol Hydrogenolysis in Combination with an Ion-Exchange Resin. 
Appl. Catal. A, 2007, 318, 244. 

[27]  Neri, G.; Mercadante, L.; Donato, A.; Visco, A.M.; Galvagno, S. Influence of Ru 
Precursor, Support and Solvent in the Hydrogenation of Citral Over Ruthenium 
Catalysts. Catal. Lett. 1994, 29, 379. 

[28]  Shen, X.; Garces, L. J.; Ding, Y.; Laubernds, K.; Zerger, R. P.; Aindow, M.; Neth, 
E. J.; Suib, S. L. Behavior of H2 Chemisorption on Ru/TiO2 Surface and its 
Application in Evaluation of Ru Particles Compared with TEM and XRD Analysis. 
Appl. Catal., A. 2008, 335, 187.  

[29]  Brunauer, S.; Emett, P. H.; Teller, E. Adsorption of Gases in Multimolecular 
Layers. J. Am. Chem. Soc.  1938, 60, 309.  

[30]  Barrett, E. P.; Joyner, L. G.; and Halenda, P. P. The Determination of Pore Volume 
and Area Distributions in Porous Substances. I. Computations from Nitrogen 
Isotherms. J. Am. Chem. Soc. 1951, 73, 373.  

[31]  Diaz, E.; Mohedano, A.F.; Calvo, L.; Gilarranz, M.A.; Casas, J.A.; Rodriguez, J.J. 
Hydrogenation of Phenol in Aqueous Phase with Palladium on Activated Carbon 
Catalysts. Chem. Eng. J., 2007, 131, 65.  

[32]  Zao, C.; Kuo, Y.; Lemonidou, A.A.; Li, X.; Lercher, J.A. Highly Selective Catalytic 
Conversion of Phenolic Bio-Oil to Alkanes. Angew. Chem., 2009, 121(22), 4047.  

[33]  Jiang, D.; Ding, Y.; Pan, Z.; Li, X.; Jiao, G.; Li J et al. Roles of Chlorine in the CO 
Hydrogenation to C-2-Oxygenates over Rh-Mn-Li/SiO2 Catalysts. Appl. Catal. A. 
2007, 331, 70. 

[34]  Kim, J.G.; Kim, S.S. Effect of Residual Chlorine on Hydrogen Spillover Kinetics 
over Pt/MoO3. J. Ind. Eng. Chem. 2006, 12(2), 284. 

[35]  Ojeda, M.; Granados, M.L.; Rojas, S.; Terreros, P.; Fierro, J.L.G. Influence of 
Residual Chloride Ions in the CO Hydrogenation over Rh/SiO2 Catalysts. J. Mol. 
Catal. A: Chem. 2003, 202(1-2), 179. 



Chapter 4 

 

137 

[36]  Kersten, S.R.A.; van Swaaij, W.P.M.; Lefferts, L.; Seshan, K. Options for Catalysis 
in the Thermochemical Conversion of Biomass into Fuels in: Centi, G.; van Santen, 
R.A., editors, Catalysis for Renewables: from feedstock to Energy Production., 
Wiley-VCH: Chichester, 2007. 

[37]  Osada, M.; Sato, O.; Arai, K.; Shirai, M. Stability of Supported Ruthenium 
Catalysts for Lignin Gasification in Supercritical Water. Energ. Fuel. 2006, 20, 
2337. 

[38]  Panagiotopoulou, P.; Kondarides, D.I.; Verykios, X.E. Selective Methanation of CO 
over Supported Ru Catalysts. Appl. Catal. B, 2009, 88, 470.  

[39]  Kubickova, I.; Snare, M.; Eranen, K.; Maki-Arvela,  P.; Murzin, D.Y. 
Hydrocarbons for Diesel via Decarboxylation of Vegetable Oils. Catal. Today. 
2005, 106, 197. 

[40]  Laurent, E.; Delmon, B. Study of the Hydrodeoxygenation of Carbonyl, Carboxylic 
and Guaiacyl Groups Over Sulphided Como/Gamma-Al2O3 and Nimo/Gamma-
Al2O3 Catalyst .2. Influence of Water, Ammonia and Hydrogen-Sulfide. Appl. 
Catal. ,A 1994, 109(1), 97. 

[41]  Laurent, E.; Delmon, B. Influence of Water in the Deactivation of A Sulphided 
Nimo Gamma-Al2O3 Catalyst During Hydrodeoxygenation. J. Catal. 1994, 146(1), 
281. 

[42]  Masende, Z.P.F.; Kuster, B.F.M.; Ptasinski, K.J.; Janssen, F.J.J.G; Katima, J.H.Y.; 
Schouten, J.C. Kinetics of Malonic Acid Degradation in Aqueous Phase over a 
Pt/Graphite Catalyst. Appl. Catal. B-Env. 2005, 56, 189. 

[43]  Yu, S. H.; Cui, X.; Lingling, L.; Li, K.; Yu, B.; Antonietti, M.; Cölfen, H. From 
Starch to Metal/Carbon Hybrid Nanostructures: Hydrothermal Metal-Catalyzed 
Carbonization. Adv. Mat. 2004, 16, 1636.  

[44]  Hu, B.; Yu, S.H.; Wang, K.; Liu, L.; Xu, X.W. Functional Carbonaceous Materials 
from Hydrothermal Carbonization of Biomass: an Effective Chemical Process. 
Dalton Trans. 2008, 40, 5414. 



Hydrotreatment of Fast Pyrolysis oil: Model Studies on Reaction Pathways for the Carbohydrate Fraction 

138 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 5 

 

139 

Chapter 5: Catalytic Hydrotreatment of Fast Pyrolysis oil: Model Studies on 

Reaction Pathways for the Carbohydrate Fraction. 

 

Abstract  

Fast pyrolysis oil can be upgraded by a catalytic hydrotreatment (250-400 °C, 100-200 

bar) using heterogeneous catalysts like Ru/C to hydrocarbon like products that can serve 

as liquid transportation fuels. Insight in the complex reaction pathways of the various 

component fractions during hydrotreatment is desirable to reduce the formation of by-

products such as char and gaseous components. This paper deals with the catalytic 

hydrotreatment of representative model components for the carbohydrate fraction (viz. D-

glucose and D-cellobiose) present in concentrations of 20 to 40 % in fast pyrolysis oils. 

The hydrotreatment was conducted at a temperature of 250 °C and 100 bar hydrogen 

using Ru and Pd on carbon catalysts in water. Two parallel reaction pathways are then 

observed, a thermal, non-catalysed, pathway leading to insoluble humins (char) and a 

hydrogenation pathway leading to smaller polyols and gaseous hydrocarbons like 

methane and ethane. The implications of these findings for the catalytic hydrotreatment 

of fast pyrolysis oil will be discussed. 
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1. Introduction  

Decline in easily accessible fossil resources, security of supply and global warming issues 

have boosted research on renewable resources for fuel and energy generation [1]. 

Biomass is considered a promising feedstock. A wide variety of technologies is available 

for biomass conversions [2]. Examples are gasification and liquefaction using thermo-

chemical and biotechnological pathways. A very promising and versatile liquefaction 

technology is fast pyrolysis, leading to the formation of a liquid product in high yields 

[3]. Such pyrolysis oils are not suitable as a transportation fuel, because of their relatively 

low energy content, high acidity and relatively poor storage stability [4,5]. Various 

upgrading technologies have been proposed in the past, such as catalytic hydrotreatment, 

(reactive) blending with alcohols and catalytic cracking [6,7]. Catalytic hydrotreatment 

aims at reducing the oxygen content of the oil by hydrodeoxygenation, the removal of 

oxygen as water preferably by phase separation. Catalytic hydrotreatment of pyrolysis oil 

has been studied since 1980. Typical catalysts applied are (sulphided) NiMo and CoMo 

on alumina. Overviews covering the catalytic hydrotreatment of pyrolysis oil are given by 

Elliott et al. [8,9] and one of the major findings is that processing of the oil requires two 

steps. The first step at lower temperature (< 280 °C) is referred to as a stabilization step to 

avoid excessive solids formation, while the oil is further deoxygenated in a second 

hydrotreating step at higher temperatures (> 350 °C).  

Earlier work in our laboratory focused on the catalytic hydrotreatment of fast pyrolysis 

oil using a variety of catalysts at relatively low (250 °C) and high temperatures (up to 

350°C) [10,11]. Upgraded oils with a yield of approximately 55 %-wt. (dry basis) could 

be obtained with an oxygen content below 10 %-wt. for a Ru/C catalyst. Besides the 

preferred oil, solids and gas phase components (for example methane) were formed as 

well. At the milder conditions (lower temperature) the amount of solids formed ranged 

between 1 and 10 %-wt., whereas the yield of gas phase components ranged from 3 to 6 

%-wt. At the higher temperatures, the amount of solids and gases increased up to 26 %-

wt. and 15 %-wt., respectively. Obviously, the formation of solids and gas phase 

components are to be avoided as they have a negative effect on the mass- and energy 

balance of the process [11]. Moreover, excessive solids formation will lead to reactor 

blockage and other associated operational issues. Earlier studies in our group revealed 
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that Pd/C, besides Ru/C, is also a promising catalyst for the catalytic hydrotreatment of 

pyrolysis oil [11]. 

A wide variety of organic components are likely involved in the solids (or ‘char’/coke) 

formation. One of the possible component groups is the cellulose-derived carbohydrate 

fraction. Carbohydrates can make up 30-40 %-wt. of pyrolysis oil as shown by Oasmaa et 

al. [12, 13]. This fraction mainly consists of monomeric and oligomeric (anhydro)sugars. 

The main component of this fraction is of levoglucosan [12,13,14]. Next to these 

compounds Diebold indentified monomeric sugars like glucose, fructose, D-xylose and 

D-arabinose in levels up to 3.2 %-wt. [12]. Indications for the presence of oligomeric 

carbohydrates in higher amounts was demonstrated by Helle et al. [15].  

Solid production from such carbohydrates is known. Thermal decomposition, either 

catalytic or non-catalytic, leads to solid products referred to as humins [16,17,18]. The 

proposed reaction pathway consists of D-glucose conversion to 5-hydroxymethyl furfural 

(HMF) and subsequently levulinic acid (LA). Both reactions also accompanied by solids 

formation [17,18] (Scheme 1). 
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Scheme 1. Thermal decomposition of D-glucose. 

 

Higher temperatures and the presence of acid catalysts (homogeneous and heterogeneous) 

increase the rate of D-glucose decomposition. Knesevic et al. [19] studied the thermal 

decomposition of D-glucose in hot compressed water at elevated temperatures (240-374 

°C), where it was shown to decompose mainly to char and some gaseous components 

(primarily CO2), while only a limited number of components remain in the water phase 
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(for example formaldehyde). At these conditions, the reactions are very fast and 

decomposition to char takes place on the time scale of seconds to minutes. 

Catalytic hydrotreatment of carbohydrates using heterogeneous catalysts have been 

reported extensively in the literature. The main focus is on the hydrogenation of D-

glucose to D-sorbitol, a well known chemical with use in the pharmaceutical and the food 

industry [20]. Catalytic hydrotreatment of D-glucose over Ni and Ru based catalysts at 80 

°C, 80 bar yields D-sorbitol  in high yields [20,21] (Scheme 2). Pd/C is also a well known 

catalyst for the hydrogenation of D-glucose to D-sorbitol and D-mannitol (60-80 °C and 

20-75 bar) [22]. 

O
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OH

OH
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Ru/C, H2

CH2OH

OHH

HHO

OHH

CH2OH

OHH

 
Scheme 2. Catalytic hydrogenation of D-glucose to D-sorbitol  

 

Kusserow [20] reported that besides the formation of D-sorbitol also other carbohydrates 

and their hydrogenated products (mannose, fructose, maltose, glycolaldehyde, 

dihydroxyacetone, formaldehyde, 5-hydroxymethylfurfural, mannitol, maltitol and iditol) 

may be formed in amounts up to 8 %-wt. (supported Ru and Ni as catalyst, 120 °C and 

120 bar).  

Further catalytic hydrogenation studies have shown that D-sorbitol is reactive at elevated 

temperatures (above 180 oC) and may be converted to a variety of products. For instance, 

Huber et al. [23] showed that D-sorbitol can be converted to n-hexane in high yield using 

Pd and Pt catalyst on SiO2 or Al2O3 (225-265 °C and 26-58 bar). Over a Ru/SiO2 catalyst 

hydrogenolysis of D-sorbitol at 180-240 °C and 80-125 bar hydrogen pressure yields 

mainly glycerol and 1,2-propanediol [24] (Scheme 3).  
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Scheme 3. Hydrogenolysis of D-sorbitol to glycerol and 1,2-propanediol.  

 

Wang et al  [25] provided more insights in the mechanism of such reactions by studying 

the hydrogenation of a variety of 1,3-diols (like 2,4-dimethyl-2,4-pentanediol, 2-methyl-

2,4-pentanediol, 2,2,4-trimethyl-1,3-pentanediol, 2,2-dimethyl-l,3-propanediol, 2,4-

pentanediol, 1,3-butanediol and 1,3-propandiol) at a temperature of 210 °C and 5 bar 

hydrogen using Raney Ni and Cu catalysts. A sequence consisting of dehydrogenation 

followed by either dehydration or a retro-aldol condensation and 

hydrogenation/dehydrogenation was proposed to explain the product composition 

(Scheme 4).  

 
Scheme 4. Proposed mechanism for the formation of diols from D-sorbitol (adapted from 

Wang et al.  [25]). 

 



Hydrotreatment of Fast Pyrolysis oil: Model Studies on Reaction Pathways for the Carbohydrate Fraction 

144 

Larger carbohydrates can be hydrogenated to lower molecular weight products. Luo et al. 

[26,27] showed that cellulose is converted to D-glucose and D-fructose and subsequently 

in a mixture of D-sorbitol, D-mannitol and C1-C5 alcohols using a Ru/C catalyst at 200 

°C and 20 bar hydrogen pressure. Yields up to 47 % of D-sorbitol were reported. 

Byproducts are mannitol, sorbitan, xylitol, erythritol,  and methane.  

Hydrogenation of D-cellobiose at lower temperatures (120 °C) and pressures (40 bar 

hydrogen) at acidic conditions (pH = 2) using Ru/C yields D-sorbitol in essentially 

quantitative yields, while at neutral conditions a mixture of D-sorbitol and 3-β-D-

glucopyranosyl-D-glucitol (dideoxyhexitol) was formed (Yan et al.) [28]. 

Catalytic hydrogenations of mixtures of carbohydrates and ketones have also been 

reported. This is of relevance for the catalytic hydrotreatment of fast pyrolysis oil as 

ketones such as acetone are present in pyrolysis oil up to 3 %-wt. [12]. Huber et al. have 

shown that larger alkanes (up to C15) can be obtained from D-glucose and acetone [29] 

using combined hydrogenation/ aldol condensation reactions. D-glucose first decomposes 

to HMF (Scheme 1), which subsequently reacts with acetone by an aldol condensation 

(basic conditions) to give (3-hydroxybutenyl)-hydroxymethylfuran. The latter is then 

hydrogenated at 250-265 °C using a Pt/SiO2-Al2O3 catalyst to produce the larger alkanes.  

 

1.1 This work 

To gain insights in catalytic hydrogenation pathways of the carbohydrate fraction in fast 

pyrolysis oil, we here report model studies using D-glucose and D-cellobiose. The results 

will be of particular interest for pyrolysis oils rich in carbohydrates. Such oils are 

obtained by pyrolysing cellulose and hemi-cellulose rich biomass feedstocks (and 

consequently low lignin feedstocks) like soft and hard wood, bagasse, rice husk and straw 

[14,15,30]. 

The reactions were carried out at conditions representative for mild hydrotreatment: in 

aqueous media, temperatures ranging from 175 to 250 °C, pressures up to 100 bar and a 

reaction time of 4.3 h. Major components in the gas and liquid phase were identified and 

quantified and, in combination with the solids yield, allowed closure of the mass 

balances. The effect of the addition of acids, ketones and aldehydes to the reaction 
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mixture will also be explored. Implications of these finding for the catalytic 

hydrotreatment of fast pyrolysis oil will be addressed. 

 

2. Materials and Methods 

2.1 Chemicals 

D-glucose, D-cellobiose, D-sorbitol, acetic acid, acetaldehyde and acetone were obtained 

in analytical grade from Sigma Aldrich. Ru/C and Pd/C (5 %-wt.) were obtained from 

Sigma Aldrich. Analytical grade hydrogen gas and technical grade nitrogen and helium 

were obtained from Hoekloos (Schiedam). Analytical grade tetrahydrofuran and n-decane 

were obtained from Acros.   

 

2.2 Hydrogenation set-up 

The hydrogenation reactions were carried out in a 100 ml batch autoclave (Parr, 

maximum 350 bar and 350 oC) equipped with an electric heater and the possibility to cool 

with water. The reactor content was mixed efficiently with a magnetically driven impeller 

(Heidolph RZR 2050). The stirrer speed throughout an experiment was kept at 1300 rpm 

to avoid G-L mass transfer limitations. Temperature and pressure were monitored 

continuously using a PC.  

A catalyst activation step was applied before the hydrotreatment reactions were initiated. 

For this purpose the reactor was charged with Ru/C (5 %-wt. based on reactant) and 

water (20 g). The reactor was pressurized with hydrogen (5 to 10 bar) at room 

temperature, and subsequently the temperature was increased to 250 °C and maintained 

for 2 h. After cooling down and venting of the gases, the model component (5 g) and 

catalyst (5 %-wt. on model component intake) were added. Subsequently, the reactor was 

flushed with nitrogen gas and then filled with hydrogen (about 10 bar) at room 

temperature. The reactor was heated to the pre-determined temperature with a heating 

rate of about 20 oC/min. When the desired reaction temperature was reached, the 

hydrogen pressure was set at the intended level. Liquid samples were taken every 10 

minutes during the first hour. After 1 h reaction time, samples were taken on an hourly 

basis. Typically, a 4.3 h reaction time was applied. Subsequently, the reactor was cooled 

to ambient temperature. The final pressure at room temperature was recorded for mass 
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balance calculations. The remaining liquid product was recovered from the reactor using 

a syringe and weighed. Subsequently, the reactor was rinsed with acetone. The combined 

acetone fractions with suspended solids were filtered. After filtration, the filter was dried 

and weighed. The amount of solids minus the original catalyst intake was taken as the 

amount of solids formed during the HDO process.   

 

2.3 Liquid  analyses 

Liquid samples were analysed with GC-MS, HPLC and Capillary Electrophoresis (CE). 

Solids were removed from the reaction mixture using filtration and washing with acetone. 

Samples were injected after dilution using water or tetrahydrofuran (THF). 

GC-MS analysis were performed on a Quadrupole Hewlett Packard 5972 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-1 and then held 

at 250 °C for 10 minutes. 

The HPLC system consists of a Hewlett Packard 1050 pump, a Bio-Rad Organic Acid 

column Aminex HPX-87H, and a Waters 410 differential refractometer. The mobile 

phase consisted of aqueous sulphuric acid (5 mM) set at a flow rate of 0.55 cm3 /min. The 

column was operated at 60°C. The analysis for a sample was complete in 30 min. The 

concentrations of each compound in the product mixture were determined using 

calibration curves obtained by analyzing standard solutions of known concentrations. 

The CE analyses were performed using a 3DCE system (Agilent Technologies) equipped 

with a cassette containing standard fused-silica capillary (75 µm ID, 80.5 cm total length 

and 72 cm active length) and a diode array detector. An organic acid buffer (pH = 4.6) 

containing 5 mM cetyltrimethylammonium bromide (CTAB) was used as the running 

buffer. Samples were injected at a pressure of 50 mbar for 2 s, followed by post injection 

using the running buffer at 50 mbar for 4 s to avoid loss of sample. -25 kV voltage was 

applied and the capillary temperature was maintained at 20 oC. Electropherograms were 

recorded at 350 nm with a reference at 200 nm. The column was preconditioned prior to 

each measurement by flushing with the buffer solution for 4 minutes at 1 bar. Triplicate 

measurements were performed for each sample. 
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The elemental composition (C, H and N) of the products were determined in Euro Vector 

3400 CHN-S analyzer (oxygen content by difference). 

The water content in the samples was determined by a Karl Fischer titration using an 

Metrohm Titrino 758 titration device. A small amount of compound (0.03-0.05 g) was 

added to an isolated glass chamber containing Hydranal (Karl Fischer Solvent, Riedel de 

Haen). The titrations were carried out using the Karl Fischer titrant Composit 5K (Riedel 

de Haen). All measurements were performed in duplo. 

NMR spectra were recorded on a 200 MHz NMR (Varian). The samples were dissolved 

in D2O.  

ICP was performed on a Perkin Elmer 4300 DV. Solids samples were converted to ash at 

900 °C in an oven. The remaining ash was dissolved in a 2 % HNO3 solution and 

analysed.  

 

2.4 Gas phase analyses 

The gas phase samples were collected and stored in a gasbag. GC-TCD analyses were 

performed on a Hewlett Packard 5890 Series II GC equipped with a Poraplot Q 

Al2O3/Na2SO4 column and a Molecular Sieve (5A) column. The amount of gas phase 

components formed during reaction could then be evaluated from the gas phase 

composition and the volume and pressure of the gas phase after reaction. 

The GC injector temperature was set at 150 oC, the detector temperature at 90 °C. The 

oven temperature was kept at 40 oC for 2 minute then heated up to 90 oC at 20 oC/min and 

kept at this temperature for 2 minutes. The columns were flushed during 30 seconds with 

the gas sample before starting the actual measurement. A reference gas containing H2, 

CH4, CO, CO2, ethylene, ethane, propylene and propane with known composition was 

used for peak identification and quantification. 
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3. Results and discussion 

Catalytic hydrotreatment experiments using D-glucose, D-cellobiose and D-sorbitol were 

conducted at 250 °C, 100 bar of hydrogen and 4.3 h of reaction time. For D-glucose, two 

different catalysts were explored (Ru/C and Pd/C). The latter was selected as it was 

shown to be a promising catalyst for the hydrotreatment of fast pyrolysis oil [10]. 

Furthermore, the addition of several compounds (acetaldehyde, acetone and acetic acid) 

was explored to mimic the multi-component nature of pyrolysis oil. 

  

3.1 Hydrotreatment of D-glucose 

3.1.1 Experiments using a Ru/C catalyst 

Catalytic hydrotreatment of D-glucose over Ru/C was studied at 250 °C and 100 bar. 

After the reaction, a colourless liquid phase and brown solids were formed. The overall 

mass balance closure was good (> 99%), with 71.4 %-wt. liquid phase product, 25.9 %-

wt. gaseous and 1.5 %-wt. solids. With respect to the carbon balance, most is collected in 

the liquid phase (61%), with 37 % in the gas phase and 2 % in the solids. Thus, it may be 

concluded that the amount of gas phase components formed is considerable whereas 

solids formation is limited when performing the reactions at 250°C and 100 bar of 

hydrogen pressure. 

The composition of the liquid phase of the reaction mixture versus time is given in Figure 

1. D-glucose appears fully converted within 1 h, producing (intermediate) D-sorbitol, D-

fructose, glycerol and propanediol isomers (1,3-propanediol and/or 1,2-propanediol). D-

fructose is a known isomerisation product of D-glucose [20,31]. The isomerisation 

reaction is known to be catalysed by bases and heterogeneous catalysts like ZrO2, TiO2, 

hydrothalcites, as shown by Watanabe et al. and Moreu et al. [17,32]. The formation of 

D-sorbitol is in line with literature data [20]. D-sorbitol is a clear intermediate and is 

converted under the prevailing reaction conditions to mainly glycerol and propanediol 

(vide infra) [20,21,24].  

The polyols appear not stable under such conditions and after 4.3 h of reaction time their 

concentration levels are below the HPLC detection limit.  

 

 



Chapter 5 

 

149 

0 1 2 3 4 5

0,0

0,2

0,4

0,6

0,8

1,0

 

 

M
as

s 
fra

ct
io

n 
(m

/m
)

Time (h)

 D-Glucose
 D-Fructose
 Sorbitol
 Glycerol
 Propanediol

 
Figure 1. Product composition for the catalytic hydrotreatment of D-glucose in water 

versus the time (250 °C, 100 bar and 5 %-wt. Ru/C). Lines are for illustrative purposes 

only. 

 

To gain further insights in the composition of the liquid phase after reaction, the solvent 

was removed under vacuum (35 °C and 30 mbar) and the viscous yellow product was 

weighed and analyzed. Analyses by GC-MS (diluted in dichloromethane) showed a large 

number of components. The major components, although present in minor amounts, were 

(poly-)alcohols like propanediol, 1,2-butanediol, tetrahydrofuranmethanol, 1,2-

pentanediol and 1,2-hexanediol.  

 

The liquid product was analyzed by 1H and 13C-NMR (D2O) and the results are depicted 

in Figure 2. The spectra confirm the presence of a complex mixture of polyols. The 1H-

NMR spectrum shows typical shifts of aliphatic CH2 and CH3 groups in the region δ 0.5- 

2 ppm and CHn groups adjacent to an OH group between δ 3- 4 ppm. 



Hydrotreatment of Fast Pyrolysis oil: Model Studies on Reaction Pathways for the Carbohydrate Fraction 

150 

0246810

 

 

ppm
050100150200

 

 

ppm

 
Figure 2. 1H- and 13C-NMR (D2O) of the isolated liquid phase of catalytic hydrotreatment 

of D-glucose at 250 °C and 100 bar after 4.3 h of reaction time. 

 

These findings are confirmed by 13C-NMR, showing methyl groups at around δ 14-18.9 

ppm, aliphatic -CH2- groups at δ 22.8- 32.9 ppm and carbons adjacent to an OH group at 

δ 57.8- 73 ppm. Analysis of the liquid product with CE also shows the presence of 

various organic acids namely acetic acid, formic acid and glycolic acid in quantities of 

2.7 %-wt., 0.78 %-wt. and 0.7 %-wt. respectively. This is also in line with the measured 

pH of 3.0 of the liquid phase after reaction. Formic acid results from the thermal pathway 

(Scheme 1), acetic acid and glycolic acid may originate from D-glucose or D-fructose 

decomposition as shown by Srokol et al. and Watanabe et al.  [17,18,33] 

The gas phase was analysed by GC and consisted of 73 %-mol of residual H2, 24 %-mol 

CH4, and 0.1 %-mol CO2. Remaining gases are ethane (1.7 %-mol) and propane (1.2 %-

mol). Ru/C is an excellent methanation catalyst and this explains the presence of high 

amounts of methane in the gas phase [34]. 

After isolation, the elemental composition of the solid phase was determined and it was 

shown to consist of almost 60 %-wt. of carbon. This number is close to the value for the 

humins produced by thermal D-glucose decomposition (61.2 %-wt.) [35], indicating that 

the solid reaction products are most likely humins formed by thermal decomposition of 

D-glucose.  
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3.1.2 Hydrotreatment of D-glucose using a Pd/C catalyst 

Experiments have been performed with Pd/C at reaction conditions similar to that for 

Ru/C (250 °C, 100 bar hydrogen, 4.3 h). The profiles of various reaction products are 

given in Figure 3. Apparently, Pd/C is less active than Ru/C. Full conversion of D-

glucose was observed after about 3.5 h, compared to 1 h for Ru/C. The lower reactivity of  

Pd/C for the hydrogenation of D-glucose was also reported by Makkee et al. [22], 

showing Pd/C can be a factor of more than 6 times less active than Ru/C in terms of 

initial reaction rate 
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Figure 3. Product composition for the catalytic hydrotreatment of D-glucose in water 

versus time (250 °C, 100 bar H2, 5 %-wt. Pd/C). Lines are for illustrative purposes only. 

 

The initial reaction products are D-fructose (due to D-glucose isomerisation) and D-

sorbitol by hydrogenation of either D-glucose or D-fructose. The maximum amount of D-

sorbitol is 8.7 %-wt. (not shown in Figure 3 for brevity). Besides, a multitude of smaller 

polyols are produced, the major being pentitol, glycerol and propanediol isomers. 

Analyses of the reaction mixture after reaction by CE reveals the presence of organic 

acids like formic acid (2.4 %-wt.), acetic acid (0.1 %-wt.) and levulinic acid (2-3 %-wt.). 

In addition, HMF and benzenetriol were observed as well (2-3 %-wt., HPLC). The 

presence of levulinic acid, formic acid and HMF are indicative for the occurrence of the 
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thermal degradation pathway of D-glucose (Scheme 1). Benzenetriol is a known product 

of the thermal route. For instance van Luijkx et al. [36] obtained 46 % of benzenetriol 

when reacting HMF in water at elevated conditions (290-400 °C and 275 bar pressure). 

The occurrence of the thermal route is expected to be accompanied by the formation of 

solid humin reaction products [36]. This was indeed the case in our experiments and the 

solid yield was 2.6 %-wt. It may be proposed that due to the relatively lower 

hydrogenation activity of Pd/C for D-glucose, the thermal route is more dominant for this 

catalyst than for Ru/C leading to higher amounts of levulinic acid, formic acid and solids.  

The composition of the gas phase was determined and shown to consist of 96 %-mol of 

unreacted H2, 1.0 %-mol of CH4, 0.4 %-mol of CO, 2.5 %-mol CO2, 0.06 %-mol of 

ethane and 0.08 %-mol of propane. The methane yield is considerably lower than 

observed for Ru/C (24 %-mol). This implies that Pd/C is a not a very active 

methanisation catalyst under such conditions. This observation is in line with data 

reported by Mckee et al. [37] showing that Pd is a less active methanation catalyst than 

Ru. 

 

3.2 Catalytic hydrotreatment of D-cellobiose 

The carbohydrates fraction of fast pyrolysis oil not only consists of mono-saccharides and 

derivatives (e.g. levoglucosan) but mainly of larger polysaccharides. D-cellobiose was 

selected as a model compound to investigate the behaviour of such polymeric 

components. D-cellobiose contains two glucose units linked in a 1,4-fashion. The 

reactions were performed at 250 °C and 100 bar during 4.3 h using Ru/C. The various 

components detected in the liquid phase as a function of time are given in Figure 4.  
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Figure 4. Product composition for the catalytic hydrotreatment of D-cellobiose in water 

versus time (250 °C, 100 bar hydrogen, 5 %-wt. Ru/C). Lines are for illustrative purposes 

only. 

 

D-cellobiose conversion exceeded 90 % within 2 h of reaction time. The major 

intermediates are D-fructose and the hydrogenated product D-sorbitol. D-glucose is 

present only in minor amounts. The anticipated smaller polyols from the subsequent 

hydrogenation of D-sorbitol such as glycerol and propanediol were present in low 

amounts at the end of the reaction (max 0.80 %-wt.). Small amounts of formic acid and 

acetic acid were also detected (0.2 %-wt. and 0.4 %-wt. respectively). The results are in 

line with literature data on catalytic hydrogenations of cellulose [26].  

The reaction mechanism likely involves hydrolysis of D-cellobiose to D-glucose, partial 

isomerisation of D-glucose to D-fructose, followed by hydrogenation to D-sorbitol and 

subsequent hydrogenolysis to lower polyols [28]. The near absence of D-glucose in the 

course of the reaction here is remarkable. It implies that either the isomerisation reaction 

to D-fructose is very fast or that the hydrogenation reaction of D-glucose to D-sorbitol is 

(much) faster than the hydrogenation reaction of D-fructose to D-sorbitol. The latter 

argument is more likely as it is well known that D-glucose hydrogenation using Ru/C is 

much faster than D-fructose hydrogenation [20].  
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Mass balance calculations indicate that about 30 %-wt. of the original intake is converted 

to gas phase components, similar to the D-glucose experiments. Gas phase analysis 

shows that the gas consists mainly of unconverted H2 (72.7 %-mol), 15.3 %-mol of CH4, 

0.33 %-mol of CO2, 0.82 %-mol of ethane and 0.53 %-mol of propane. The amount of 

solids formed during reaction was slightly lower (1.1 %-wt.) than for D-glucose (1.5 %-

wt.). This low amount of solids (combined with the absence of LA and HMF) implies that 

the thermal pathway (Scheme 1) occurs only to a minor extent.   

 

3.3 Catalytic hydrotreatment of D-sorbitol 

The catalytic hydrotreatment experiments with D-glucose and D-cellobiose indicate that 

D-sorbitol indeed is an important intermediate. Separate hydrotreatment experiments 

were conducted with D-sorbitol at conditions similar to that for D-glucose and D-

cellobiose using Ru/C as the catalyst. The concentration of D-sorbitol and the main 

product (glycerol) as a function of time are given in Figure 5. D-sorbitol is, as expected 

based on the D-glucose experiments, converted to mainly glycerol and other C1-C5 

polyols like propanediol and ethanol (quantities of max 1.75 %-wt.). These observations 

are in line with research of Sohonloue et al. on the hydrotreatment of D-sorbitol using 

Ru/SiO2 (250 °C, 100 bar) [24]. It takes about 2.5 h to achieve full D-sorbitol conversion.  

The product polyols, however, are not stable and are converted to other components. A 

clear example is glycerol (Figure 5), which reaches a maximum concentration at 3.5 h 

reaction time, after which the concentration drops again. Some of the polyols are likely 

converted to gas phase components. GC analyses indicate that the gas phase consists of 

91.2 %-mol unreacted H2, 7.8 %-mol CH4, 0.06 %-mol CO2, 0.57 %-mol ethane and 0.33 

%-mol of propane. Thus, like with D-glucose, methane is the major gas phase 

component. Analysis of the solid phase produced indicates that it solely consists of the 

catalyst, indicating that char/humins are not formed during the reaction. This is in 

contrast with the reactions starting with D-glucose and D-cellobiose and implies that 

solids formation is indeed related to the presence of D-glucose (and D-fructose) in the 

reaction mixture. 
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Figure 5. Product composition for the catalytic hydrotreatment of D-sorbitol in water 

versus time (250 °C, 100 bar H2, 5 %-wt. Ru/C). Lines are for illustrative purposes only. 

 

3.4 Catalytic hydrotreatment of glucose using Ru/C in the presence of acetic acid, 

acetaldehyde and acetone.  

To better mimic fast-pyrolysis oil (a multi-component mixture containing a variety of 

oxygen functionalities), a number of catalytic experiments for D-glucose were carried out 

in the presence of co-reagents (acetic acid, acetaldehyde and acetone). For each 

experiment, D-glucose was mixed with either acetic acid, acetaldehyde or acetone in a 5 

%-wt. basis (relative to the D-glucose intake). The reactions were carried out at 100 bar 

pressure and three different temperatures (175, 200 and 250 °C) using Ru/C. A multitude 

of liquid components was formed during these reactions (HPLC), of which the most 

could not yet be identified. Therefore, only the maximum yield of the most relevant and 

positively identified components (particularly D-sorbitol) will be provided. The results of 

the experiments are given in Table 1. The maximum D-sorbitol yield is a clear function 

of the reaction temperature, but also the type of co-reagent. In the absence of a co-

reagent, the D-sorbitol yield is 97 %-wt. at both 175 and 200 °C. The maximum yield 

drops at higher temperatures and was found to be only 29 % at 250 °C. A similar trend 

was observed for experiments in the presence of acetic acid. To exclude possible effects 
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of catalyst deactivation by leaching of active metal from the support due to the presence 

of acids, the Ru-content in the water phase after reaction was determined (ICP). 

Ruthenium was not detected implying that Ru leaching from the support does not occur 

to a significant extent, in line with literature data on the stability of Ru/C in compressed 

water and acidic conditions [20]. 

In the presence of acetone or acetaldehyde, the maximum sorbitol yield at 175-200 °C is 

considerably lower. This is a clear indication that the reaction pathways at lower 

temperatures are affected by the presence of such co-reagents.   

 

Table 1. Maximum D-sorbitol, solid and gas yield for catalytic hydrotreatment reactions 

of D-glucose (5 %-wt. Ru/C, 100 bar hydrogen, 4.3 h) in the presence of co-reagent. 

co-reagent*  Maximum D-

sorbitol yield at 

175 °C 

(%-wt.) 

Maximum D-

sorbitol yield 

at 200 °C 

(%-wt.) 

Maximum D-

sorbitol yield 

at 250 °C 

(%-wt.) 

Gas yield**  

(%-wt.) 

Solids yield** 

(%-wt.) 

none 

Acetic acid 

Acetaldehyde 

Acetone 

97 

95 

84 

91 

97 

99 

43 

77 

29 

29 

43 

45 

25.9 

32.4 

28.2 

27.6 

1.5 

6.8 

0.3 

1.3 
* 5 %-wt. on D-glucose intake.  

** Based on D-glucose intake and for 250 °C experiments 

 

Of particular interest is the amount of solids formed during the reaction at 250 °C. 

Compared to the blank experiment (1.5 %-wt.), the amount of solids formed in the 

presence of acetic acid (6.8 %-wt.) is considerably higher. Apparently, solids formation is 

more severe at acidic conditions. These findings may be rationalized by considering the 

reaction pathway for humin formation (Scheme 1), showing that the rate of humin 

formation is enhanced in the presence of acids  [16,38]. The rate of the hydrogenation 

pathways is expected to be relatively independent of the acidity, leading to higher 

amounts of humins/char when hydrotreating D-glucose in the presence of acids.  
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3.5 Solids formation as a function of process conditions, catalyst and co-reagent 

Table 2 shows an overview of the amount of solids formed in the various experiments 

reported in this paper. For comparison, the solids yield for an experiment using D-glucose 

at 250 °C, 4.3 h reaction time, Ru/C and 100 bar of nitrogen instead of hydrogen is also 

included. This value (43.2 %-wt.) is the upper limit of solids formation by the thermal 

pathway to humins under these conditions (Scheme 1). 

  

Table 2. Overview of solids formation at 250 °C. 

Reagent Co-reagent Gas 

phase 

Catalyst Solids yield 

(%-wt.) 

D-cellobiose 

D-glucose 

D-glucose 

D-glucose 

D-glucose 

D-glucose 

D-glucose 

- 

- 

acetic acid 

acetaldehyde 

acetone 

- 

- 

Hydrogen

Hydrogen

Hydrogen

Hydrogen

Hydrogen

nitrogen 

Hydrogen

Ru/C 

Ru/C 

Ru/C 

Ru/C 

Ru/C 

Ru/C 

Pd/C 

1.1 

1.5 

6.8 

0.3 

1.3 

43.2 

2.6 

 

It is clear that solids formation for all experiments is much lower than the limit at thermal 

conditions (43.2 %-wt.). Thus, the rate of the catalytic hydrogenation of D-glucose to D-

sorbitol is considerably higher than the rate of thermal decomposition to LA/HMF and 

humins (Scheme 1). Solids formation in the subsequent hydrogenation/hydrogenolysis 

reactions of D-sorbitol to polyols does not occur as was shown by separate experiments 

with D-sorbitol. In the presence of acetic acid, larger amounts of humins are formed. This 

may be rationalized by considering that the thermal route to humins is catalysed by acids 

[16,38].  

The existence of two important pathways for D-glucose (hydrogenation to D-sorbitol and 

thermal reactions to LA/HMF/humins) is also supported by comparing the experiments 

with Pd/C and Ru/C. The reaction rate for D-glucose is much higher when using Ru/C 

(compare Figure 1 and 3) and effectively the average D-glucose concentration is lower 
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throughout an experiment. Less solids formation by the thermal pathway is thus expected 

for Ru/C and this is indeed the case.  

It is of particular interest to have insights in the reactivity of the humins under catalytic 

hydrotreatment conditions. For this purpose, a batch of humins was produced by 

treatment of D-glucose in water (1 M) in the absence of catalyst and hydrogen at 180 °C 

for 2 h. The solids yield was 41 %. Elemental analysis gave the following composition: 

64.83 %-wt. of carbon, 4.06 %-wt. of hydrogen and 30.11 %-wt. of oxygen. The humin 

product was hydrotreated in a batch autoclave at 350 °C and 200 bar hydrogen using 5 %-

wt. Ru/C in water. After reaction, the liquid phase was analysed, the solid conversion was 

determined and the gas phase was analysed and quantified. 

Mass balance calculations showed that 65 % of the humins have reacted to mainly liquid 

phase components and some gas phase components. The gas phase consists of mainly 

unreacted hydrogen (96.8 %-mol), 2.5 %-mol CH4, 0.49 %-mol of CO2, 0.16 %-mol of 

ethane and propane. Analysis of the liquid phase using HPLC showed the presence of a 

large amount of as yet unknown components. The identification and quantification of the 

liquid reaction products are in progress and will be reported in due course. Thus, the 

catalytic hydrogenation experiment indicates that the solids formed during the reaction by 

the thermal route are not inert under reaction conditions and may be 

depolymerised/hydrotreated to both gas phase components and water soluble products.  

 

3.6 Reaction pathways and implications for catalytic fast-pyrolysis hydrotreatment 

The catalytic hydrogenation experiments using D-glucose, D-cellobiose and D-sorbitol 

reveal that the main reaction pathway is a hydrogenation pathway to D-sorbitol followed 

by subsequent hydrogenolysis to smaller polyols (for instance glycerol, propanediol). In 

addition, a thermal pathway leading to the formation of LA/HMF takes place as well, but 

to a minor extent. This pathway also produces solid products (humins). Both pathways 

are depicted in Scheme 5. The presence of acids (e.g. acetic acid) catalyses the thermal 

route and leads to higher amounts of solids. Thus, the solids formed by the 

hydrotreatment of fast-pyrolysis oil may indeed be formed (partly) by thermal 

decomposition of monomeric sugars (D-glucose/D-fructose). The solids are apparently 
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not inert and may be depolymerised/converted to both gas and liquid phase components, 

adding to the complexity of the process.  

All reactions were accompanied by the formation of gas phase components, the major 

being methane if Ru/C is used. A variety of possible reaction pathways may be envisaged 

for the formation of methane. Examples are methanisation of smaller polyols, the 

catalytic methanisation reaction of CO and hydrogen in the gasphase as well as 

conversion of the solids formed by the thermal pathways to gas phase components.  

O

HO

CH2OH

OH

OH

OH

O CH2OHCH2HO

OH

HO

HO

D-Glucose

D-Fructose

OH

OH

OH

OH

OH
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OH OH
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+Ru/C, H2

Ru/C, H2

Ru/C, H2

Ru/, H2

Ru/C, H2
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CH4
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CH2OH

OHH

HHO

OHH
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OHH
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H3C
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O
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H OH

O
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+
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Th

+2H2O
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-3H2O
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CH4

hydrogenation
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hydrogenation
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Cat.

Cat.Cat.

Cat. Cat.
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Scheme 5. Proposed pathway for the catalytic hydrotreatment of D-glucose. (Th. 

represents mainly the thermal route and Cat. represents a catalytic route.) 

 

The results of this study imply that at least part of the gas phase components and solids 

formed upon hydrotreatment of fast-pyrolysis oils arise from the carbohydrate fraction in 

the oil. To reduce the solids formation, the rate of the thermal decomposition route of 

mono-saccharides (D-glucose, D-fructose) should thus be much lower than the 

hydrogenation reactions (Scheme 1). In practice, this may be achieved by performing a 
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pre-treatment step at low temperatures (< 150 °C). The rate of thermal decomposition to 

humins is low at these conditions, even in the presence of acid catalysts [39] whereas the 

rate of hydrogenation to D-sorbitol, the first intermediate in the sequence, is expected to 

be much faster. This is also clearly expressed by the difference in activation energy for 

key steps in both pathways, viz 55-75 kJ/mol for the hydrogenation of D-glucose to D-

sorbitol [21] and 152 kJ/mol for humin formation from D-glucose [40]. In addition, 

humin formation may likely also be suppressed by performing the reaction at neutral 

conditions as the rate of the thermal decomposition pathway is known to be catalyzed by 

(organic) acids. Thus, a neutralization step and perhaps an acid removal step (distillation, 

reactive extraction) prior to fast pyrolysis oil hydrotreatment may also lead to reduced 

solids formation. Both hypotheses will be studied in future fast pyrolysis hydrotreatment 

experiments.  

 

4. Conclusions  

Catalytic hydrotreatment of D-glucose, D-cellobiose and D-sorbitol using a Ru/C catalyst 

has been conducted at 250 °C, 100 bar for 4.3 h. Main products of the catalytic 

hydrotreatment of D-glucose are a complex mixture of polyols and gas phase 

components, the major being methane. The results show that the catalytic hydrotreatment 

route at the prevailing reaction conditions is preferred over the thermal route leading to 

solids. Addition of acetic acid increases solids formation by catalyzing the thermal route. 

It has also been shown that the solids formed by the thermal route are not inert and may 

be hydrotreated to a give large number of yet unidentified water soluble products and 

methane. The results of this study imply that at least part of the gas phase components 

and solids formed upon hydrotreatment of fast-pyrolysis oils arise from the carbohydrate 

fraction in the oil. On the basis of these findings, a number of measures are proposed to 

reduce solids formation during hydrotreatment of fast-pyrolysis oil. 
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Chapter 6: Experimental Studies on the Performance of Catalytically Hydrotreated 

Fast Pyrolysis oil in a Stationary Diesel Engine  

 

Abstract 

Products derived from the catalytic hydrotreatment of fast pyrolysis oil are potentially 

interesting second generation bio-fuels. They offer distinct advantages over untreated 

pyrolysis liquids in terms of stability, acidity, repolymerisation behaviour and other 

product properties. We here report the preparation of two types of hydroprocessed fast 

pyrolysis oil samples using Ru/C as the catalysts, viz. a mild HDO treated at 320-340 °C 

and 200-250 bar pressure and a 2nd stage oil treated at 340 °C and 200 bar. The products 

were successfully tested as a diesel substitute in a small high-speed stationary 5 kW 

diesel engine. Whereas crude pyrolysis oil could be used in this diesel engine during a 

time period of about 30 minutes before severe deterioration of the engine (heavy smoke 

generation followed by stopping of the engine), undiluted hydroprocessed oils (mild 

HDO or 2nd stage oils) could be used at slightly optimized conditions for a few hours 

without any significant deterioration. The exhaust emissions showed a higher CO content 

but a lower NOx content when compared to diesel, but this is subject to further 

optimization. After a testing period of 1.5 hours, the injectors were visually analyzed and 

very clear pictures of the injectors will be presented using Scanning Electroscope 

Microscopy. They showed that coke deposit and corrosion and / or erosion was evident in 

the runs in which the engine was not operated at optimum conditions. Surprisingly for the 

hydroprocessed oil at proper engine operation, corrosion / erosion patterns on the injector 

surface were absent.   
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1. Introduction  

Second generation biofuels receive a great deal of attention [1-5]. Major drivers are a 

growing awareness of the security of supply and the emissions of green house gases like 

CO2 for traditional fossil resources [1-5]. Well know examples of second generation fuels 

derived from biomass are pyrolysis oil, products obtained from hydrothermal upgrading, 

Fisher-Tropsch diesel from bio-based synthesis gas and bio-ethanol from cellulosic 

biomass.  

Fast pyrolysis of lignocellulosic biomass involves heating of the biomass in an oxygen 

free atmosphere at medium temperatures (450-600 oC) and short vapour residence times 

(< 2 s). The hot vapour is rapidly condensed to avoid the formation of secondary products 

like gases and tar [1]. Typically three different products are formed, fast pyrolysis oil, 

non-condensable gases and char. The pyrolysis oil yield may be up to 75 %-wt. [6]. 

Direct application of fast pyrolysis oil as a biofuel in stationary and instationary engines 

is troublesome, though some success has been reported [7,8]. The product contains 

considerable amounts of water and bound oxygen, leading to an energy content of about 

half of that of crude oil (16-18 vs. 40 MJ/kg). The pH of the oil is low (typically 2-3) due 

to the presence of organic acids and this may lead to corrosion in engines. Furthermore, 

the storage stability of fast pyrolysis oil is rather limited, leading to a viscosity increase in 

time and the formation of solids [6,9]. Besides, pyrolysis oil consists of large sized 

molecules and even small particulates that hamper application as a biofuel due to 

excessive erosion in, e.g., fuel injectors.  

The larger diesel engines of today are very versatile with respect to fuels and are capable 

of running on less sophisticated fuels. Small high-speed diesel engines applied in cars, 

though, require cleaner and optimal fuel properties when compared to large, medium and 

low-speed engines. These features render a larger engine more suitable for testing of 

pyrolysis oil and derivatives derived thereof  [10]. 

Tests using pyrolysis oil in diesel engines have been conducted. Solantausta et al. [11,12] 

used pyrolysis oil in an unmodified high speed diesel engine. The oil itself did not ignite 

and an additive was added (N-Cet from ICI, 5-10 %-vol.). The test was started using 

diesel due to the immiscibility with pyrolysis oil. The main difficulties encountered 



Chapter 6 

 

167 

during the tests were coke deposition on the injector nozzle and clogging of the bore for 

the cylinder pressure transducer. 

An elaborate overview of the application of fast pyrolysis oil and fast pyrolysis oil/diesel 

blends as a diesel substitute was reported by Chiaramonti et al.[13]. The main 

conclusions are:  

- The pH, solid content, extent of lubrication, and ‘thermal stability’ of the 

pyrolysis oil determines the extent of plugging of the injector system, and the 

wear and tear. 

- The construction materials (injector nozzle, needle bodies, pressure valves, 

gaskets and seals) should be able to withstand the low pH of the fuel, but also 

high wear and tear; 

- Heating of the fast pyrolysis oil before injection is possible only for short 

preheating times at temperatures below 90 °C to avoid severe solids formation. 

- The ignition delay is larger than that for diesel, and is affected by the water 

content.  

- The water content is beneficial with respect to NOx emission resulting in a 

considerable lower emission level. 

- The high density and low heating value of pyrolysis oil requires redesign for the 

fuel feeding system. 

Upgrading by emulsification with diesel improves the fuel characteristics and improves 

handling but engine failure is still reported. The time of failure appears to correspond 

reasonably well with the dilution ratio, with a high dilution leading to longer time of 

operation before failure.  

Apparently, many issues need to be resolved to introduce bio-oil into the transportation 

market to replace diesel. Especially the acidic nature of the oil (pH ≈ 3) and its tendency 

for soot formation and re-polymerisation is of prime concern, as it negatively affects the 

performance of the diesel engine within hours of starting. The poor performance of the 

diesel engine was easily recognized from noticeable smoke production in the exhaust, 

right before the diesel engine completely stopped operation.  

The diesel engine is a dedicated piece of equipment, designed and optimized (technically 

and economically) for conventional diesel. The use of such relatively aggressive bio-oils 
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requires modification of various parts of the engine, amongst which the most important 

ones are the fuel pump, the linings and the injection system. It remains to be seen if this is 

sufficient for sustainable operation. 

An integrated strategy involving substantial upgrading of the oil and modification of the 

conventional diesel engine is more likely to be successful. Several upgrading routes are 

reported in the literature to improve the product properties of fast pyrolysis oil and 

allowing easier application in existing engines. Examples of physical upgrading are 

blending of pyrolysis oil with diesel by the use of surfactants and additives/solvents 

[13,14]. Chemical upgrading routes are for instance catalytic alcohol treatments [15] and 

hydroprocessing (a.o. hydrogenation, hydrodeoxygenation and hydrocracking [16-18]).  

Catalytic hydrotreatment has received considerable attention the last decade. Typical 

process conditions are temperatures between 250-450 oC and 100-200 bar of hydrogen 

pressure [19-22] and the use of a heterogeneous catalyst. The process converts fast 

pyrolysis oil in a more hydrocarbon-like product with increased stability, lower (bound) 

oxygen and water content and lower viscosity.  

To the best of our knowledge, testing of hydroprocessed pyrolysis oil in diesel engines 

has not been reported to date. We here report the proof of principle of using upgraded fast 

pyrolysis oil as a substitute for diesel fuel by performing tests in a commercially available 

high-speed stationary diesel engine. Two types of oil have been tested, viz. a mild HDO-

oil and a so-called second stage oil, produced by further hydrotreating the organic phase 

derived from mild HDO. The emissions of the engine tests were monitored as a function 

of time and will be compared with diesel. Furthermore, the injectors after testing were 

inspected visually as well as with SEM for coke deposition and corrosion/erosion 

patterns.  

 

2. Material and Methods 

2.1 Chemicals 

The pyrolysis oil used in this investigation was produced from beech wood and obtained 

from BTG, the Netherlands. The Ru/C catalyst (5 %-wt. pellets) was obtained from 

KAIDA (China). The pellets were crushed before reaction. Diesel was obtained from a 

local fuel station in the Netherlands. 
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2.2 Experimental setup 

Fast pyrolysis oil was hydrotreated in a 5 liter batch autoclave with a maximum operating 

temperature of 350 oC and a maximum pressure of 340 bar. The reactor was equipped 

with an electric heating and can be cooled by an air flow to allow temperature control. 

The reactor was equipped with a Buchi Ulster stirrer. Temperature and pressure were 

continuously measured in the reactor vessel and monitored by a computer.  

 

2.2.1 Hydrotreatment of fast pyrolysis oil 

For a typical experiment, the reactor was filled with fast pyrolysis oil (3 kg) and catalyst 

(150  g, 5 %-wt. on pyrolysis oil), and subsequently flushed with nitrogen gas and then 

pressurized with 100 bar of hydrogen gas at room temperature. The reactor was heated to 

the intended reaction temperature (330 +/- 10 °C) with a heating rate of 2.6 °C/min. The 

pressure in the reactor was increased to 200-250 bar by adding hydrogen gas. After 3 to 4 

h reaction (or when hydrogen uptake ceased) time the reactor was cooled to ambient 

temperatures, the pressure recorded for mass balance calculations and the gas phase was 

sampled. The liquid phase (consisting of an aqueous and an oil phases) was recovered 

from the reactor and weighed. The oil was filtered using an 11 µm filter to remove the 

catalyst. 

 

2.3 Engine testing 

A one cylinder Hatz engine of the type 1D31S was applied for testing. Engine 

characteristics are shown in Table 1. The injectors used were made of conventional steel. 

 

Table 1. Characteristics of the Hatz engine. 

Parameter Value 

Bore/Stroke (mm) 

Contents (cm3) 

Compression ratio 

RPM  

Maximum load standard conditionsa (kW) 

86/65 

377 

21:1 

3000 

5  
a.When diesel is applied as a fuel. 
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For a proper combustion the injection moment of the engine was set at ~20 degrees 

before the top dead centre. The engine was running with a frequency of 3000 rpm (50 

Hz), and could be equipped with a generator attached to an electrical heater to simulate  

engine loading (variable up to 1 kW). The engine exhaust is equipped with a flue gas 

analyzer of rbr-Computertechnik GmbH (rbr-ecom KD). Table 2 shows the components 

measured by the analyzer. 

 

Table 2. Exhaust gases measured by the flue gas analyzer.  

Component Range  Accuracy 

O2 

CO 

NO 

NO2 

CO2 (calculated) 

0-21% 

0-4000 ppm 

0-2000 ppm 

0-200 ppm 

0-10% 

0.1% 

16 ppm 

8 ppm 

10 ppm 

0.5% 

 

Afterwards the injector was removed and studied visually and by SEM. When required, 

the coke deposit on the injector was removed by submerging the injector for 48 h in 

acetone at room temperature, followed by rinsing with water.   

 

2.4 Analyses 

2.4.1 Oil analysis 

The water content of the oil and the aqueous phase was determined by a Karl Fisher 

titration. For the Karl Fisher titrations a 787 KF Titrino device from Metrohm was used. 

A small amount of sample (ca. 0.03-0.05 g) was added into an isolated glass chamber 

containing Hydranal® (Karl Fischer Solvent, Riedel de Haen). The titrations were carried 

out using the Karl Fischer titrant Composit 5K (Riedel de Haen). All measurements were 

performed in duplicate. 

The elemental composition (C, H, N) of the oil phase was analysed using a Fisions EA 

1108 Elemental Analyzer. The amount of oxygen of the sample was calculated by 

difference.  
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The viscosity of several oil products was determined using an AR 1000-N Rheometer 

from TA instruments. The temperature was set at 40 °C, the sheer rate at 0.1 s-1. Each 

sample was measured for at least 10 minutes. 

The flash point of the oil samples was determined with a Grabner Instruments mini 

flashpoint analyzer with a temperature increase of 5.5 °C/min in the range of 30-80 °C. 

 

2.4.2 Gas phase analysis 

The composition of the gas phase was determined with a Varian CP-4900 Micro Gas 

Chromatograph (Varian Micro GC CP-2003) at a sampling time of 90 second. The GC 

was equipped with a FID detector. For product identification and quantification a 10 m 

molsieve (5 A) column and a 10 m of PPQ column were used in series. The molsieve 

column was operated at 90 ºC and 155 mbar to separate H2, CO, CH4, N2, O2. The 

Porapak Q column was operated at 75 ºC and 155 mbar to separate CO2, C2 and C3 

components. Helium was used as the carrier gas. 
 

2.5 Scanning Electron Microscopy 

The injector of the engine after a run was examined using Scanning Electron Microscopy 

(SEM) on a JEOL 6320F instrument equipped with an Energy Dispersive X-Ray 

spectrometer (EDAX) to determine the local chemical composition. 

 

3. Results and discussion 

3.1 Preparation and properties of hydrotreated fast pyrolysis oil 

Fast pyrolysis oil was catalytically hydrotreated in a 5 liter batch autoclave at 320-340 °C 

and 200-250 bar pressure using 5 %-wt. Ru/C as the catalyst. The reaction was continued 

until the hydrogen uptake ceased. After reaction two liquid phases were present, an oil 

phase and an aqueous phase. A total of three runs were conducted producing three 

batches of oil, abbreviated mild HDO, which were combined to obtain ~ 2 kg of oil with 

an oxygen content of 20.3 %-wt. The liquid oil yield for the runs was between 20-40 %-

wt. Half of the mild HDO oil was again hydrotreated at 340 °C and 200 bar pressure to 

produce an oil with an oxygen content of 12 %-wt. (2nd stage HDO oil). 

Relevant properties of mild and 2nd stage HDO oils are given in Table 3.  
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Table 3. Overview of properties of the HDO oils, and the original fast pyrolysis oil 

compared with conventional diesel fuel. 

Properties Diesel Fast 

Pyrolysis oil 

mild 

HDO  

2nd stage 

HDO 

HHV (MJ/kg) 

LHV (MJ/kg) 

Density at 20 °C (kg/l) 

Flash point (°C) 

Viscosity at 40 °C (Pa.s) 

Water content (%) 

pH 

Elemental comp. (dry) 

C (%-wt. ) 

H (%-wt. ) 

N (%-wt.) 

O (%-wt.) 

49.0 

46.0 

0.8 

66 

0.004 

0.007 

n.a. 

 

86.4 

13.7 

0.0 

0.0 

15.7 

13.9 

1.2 

40-65 

0.040-0.10 

27.8 

2-3 

 

39.95 

8.0 

0.04 

52.05 

31.8 

30.1 

1.0 

31.1 

0.17 

4.3 

5 

 

71.6 

7.8 

0.29 

20.31 

37.5 

35.6 

0.9 

30.4 

0.13 

1.6 

6 

 

79.0 

9.0 

n.a. 

12.0 

 

For comparison, the properties of the original pyrolysis oil and diesel are given as well. 

Clear differences in properties are observed between the two HDO oils. Due to the 

second hydrotreatment step, the oxygen content for 2nd stage HDO is lower than for mild 

HDO while the water content is reduced from 4.3 to 1.6 %-wt. Thus, the hydrocarbon 

character is increased upon the second hydrotreatment step.  

The viscosity of the 2nd stage HDO is considerably lower than that of mild HDO. The 

flash point is not affected to a major extent by the second step (~31 °C for both oils).   

Compared to the original pyrolysis oil, the properties of the oils seem considerably better 

for diesel substitution (lower acidity, lower water content, higher energetic value, lower 

bound oxygen content). Also, the viscosities are considerably lower than the crude fast 

pyrolysis oil. Viscosity appears related to the oxygen content as shown by Elliot et al. 

[20,23]. At oxygen contents below about 25 %, the viscosity decreases about linearly 

with the the oxygen content, ultimately reaching the values for hydrocarbons at zero 

oxygen content.  
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The product properties of the hydrotreated samples are still not in the line with those of 

diesel. The energy content is about 20 % lower due to the presence of remaining 

oxygenates and the viscosity is also a factor of 30 higher than diesel. Furthermore, the 

water content in both oils is considerably higher than for diesel. However, the latter does 

not have to be detrimental as it is known that small amounts of water may improve 

engine performance due to the formation of smaller fuel droplets in the engine [3].   

 

3.2 Engine testing 

The engine tests were performed in a Hatz diesel engine (details are listed in Table 1) and 

the exhaust gas composition was measured on-line. A total of 5 runs were performed with 

different fuels, at different engine loading and air inlet temperatures (Table 4).  

 

Table 4. Overview of engine tests performed in this studya.  

Run Feed Engine 

load 

Test time Air inlet 

temperature 

(°C) 

Statusb 

1 

2 

3 

4 

5 

Mild HDO 

Mild HDO 

Mild HDO 

2ndstage HDO 

Diesel 

None  

None 

1 kW 

None 

None 

NA 

30 min 

30 min 

30 min 

30 min 

No heating 

160-170 

160-170 

60-130 

No heating 

Engine failure 

Successful 

Successful 

Successful 

Successful 
a. The engine was operated at 3000 rpm 

b. After the failed run (run 1) the injector was replaced and runs 2 to 5 were conducted with this injector. 

 

In each run, the engine was started with diesel fuel, then switched to an 

ethanol:methanol:water (85:5:10) mixture and subsequently to the pyrolysis oil 

derivative. Two injectors were applied throughout the test runs, one for run 1 and a 

second one for runs 2-5. The latter injector was not replaced and cleaned between runs 2 

and 5 and thus has a longer engine history than  injector 1. In total the engine was running 

successfully on HDO oils for 1.5 h. Whereas crude pyrolysis oil could be used in this 

diesel engine during a time period of about 30 minutes before severe deterioration of the 
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engine (heavy smoke generation followed by stopping of the engine). Details for the 

individual runs will be provided in the following sections.  
 

3.2.1 Engine tests with mild HDO oil 

The mild HDO was initially tested at an air inlet temperature of 15-20 °C (no external 

heating, run 1). After running for 1-2 min, considerable amounts of smoke could be 

observed and shortly after the engine stopped. Analysis of the injector afterwards showed 

large deposits of coke on the injector (vide infra).  

The second test continued using mild HDO oil (Run 2 in Table 4) but now by heating the 

intake air of the engine. Heating to 160-170 °C was required to allow stable and smooth 

operation of the engine. 

 

3.2.2  Engine tests with mild HDO oil under loaded and non loaded conditions. 

After the successful run described earlier the engine was tested under loaded conditions 

(1 kW, air inlet temperature 170 °C). Figure 1 shows the emission data of the engine test 

at loaded and unloaded conditions. 
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Figure 1. Emission data of the engine when operated using HDO I oil as the fuel (loaded 

and unloaded). The air intake was heated to 170 °C. 

 

At loaded conditions, in particularly the CO emissions are considerably higher, indicative 

of incomplete combustion. The NOx emission is independent of the conditions and about 

290-380 ppm.  



Chapter 6 

 

175 

During the run at 1 kW load, the air inlet temperature was varied between 160 and 170 °C 

and its effect on the exhaust emissions were measured. The results are given in Figure 2. 
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Figure 2. Emission data of the engine operated using mild HDO oil versus the air inlet 

temperature (load is 1 kW).  

 

The CO2 and oxygen concentrations seem to be a function of air inlet temperature, with 

higher temperatures leading to a lower oxygen content and higher CO2 content. This 

effect can be attributed to the increased temperature of the air inlet which leads to a 

higher temperature in the engine. This increase of temperature lowers the viscosity of the 

oil, leading to improved atomization and thus a higher fuel input. Apparently, 

temperatures above 165 °C have a positive effect on the combustion process. The CO 

concentration increases slightly when going from 165 to 170 °C, whereas the NOx 

concentration remains almost constant.  

 

3.2.3 Engine test with 2nd stage HDO oil 

The further hydroprocessed HDO was tested as a function of the air inlet temperature at 

zero load (run 4 Table 4). Figure 3 shows the emission data as a function of the air inlet 

temperature. Compared with mild HDO oil, using this fuel the engine was running stable 

already at an air inlet temperature of 60 oC. The lowest emission of CO (~250 ppm) and 

NOx (~300 ppm) was observed at a temperature of the air inlet between 90 and 100 °C. 
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Figure 3. Emission data of the engine operated using 2nd stage HDO oil versus the  air 

inlet temperature.  

 

Emissions for 2nd stage HDO oil (intake air of 90 °C) and particularly the CO and NOx 

emissions are considerably lower than for the mild HDO (intake air of 165 °C). The CO 

emissions drop from 3750 ppm to 1200 ppm, and also the NOx emission is about half of 

the value for mild HDO. Thus, it may be concluded that 2nd stage HDO oil shows a better 

engine performance than mild HDO oil and that further catalytic upgrading to lower 

oxygen and water contents is expected to have an even more positive effect on engine 

performance probably due to improved atomization of the oil. 

 

3.2.4 Emissions of HDO oils versus diesel   

The emissions at the optimal settings for both HDO oils were compared with 

conventional diesel. The air inlet temperature when using diesel was 15-20 °C (not 

heated), for the mild and 2nd stage HDO it was set to 170 °C and 95 °C respectively (run 

2, 4 and 5, Table 4). The oxygen and carbon dioxide concentration for both the HDO oils 

are quite similar to that of diesel. CO emissions for the HDO oils (1100-1200 ppm) are 

significantly higher than for diesel (630 ppm), indicating a more efficient combustion. 

This is likely due to the better atomization of the diesel fuel. 
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Figure 4. Emission data of diesel, mild HDO and 2nd stage HDO oil at (optimized) air 

inlet temperatures of 15-20 °C, 170 °C and 95 °C, respectively (zero engine load).  

 

The NOx emissions for the oils are considerably lower than for diesel, which is a positive 

finding. It could be related to a lower combustion temperature when using the HDO oils, 

which is known to lead to lower thermal NOx emissions [24]. Similar findings (lower 

NOx and similar CO2 emission) were reported by Chiaramonti et al. [25] for untreated 

fast pyrolysis oil. Further reductions of CO emissions for HDO oils are likely achievable 

by proper engine tuning.   

 

3.3 Analysis of the injector nozzle 

Figure 5 shows the SEM pictures of the reference injector. The nozzle hole is about 

circular with a diameter of 203 µm. 

 

 
Figure 5. SEM image of the reference injector. Left: injector tip (35 times magnification); 

Right: nozzle hole (140 times magnification). 
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The injector after run 1 (engine failure) and run 5 (no engine failure, Table 4) were also 

visually analyzed. Severe coke deposition on both injectors was observed, see Figure 5 

for injector appearance after run 1. 

 

 

 

 

 

 

 

 

 

Figure 6. Coke deposition on the injector after an engine test with mild HDO oil (run 1, 

Table 4). 

  

Typical SEM imagines for the injectors of run 1 and run 5 are shown in Figure 7. Clearly 

visible is the large deposition of coke on both the injectors. The surface of the injectors 

shows distinct differences. For the test run leading to engine failure (run 1 in Table 4) the 

surface of the deposit appears rather uneven whereas the injector after run 5 has a rather 

smooth surface. The coke deposit can lead to the malfunctioning of the injector due to 

clogging of the nozzle hole, resulting in reduced atomization or even total failure of 

injection. Deposit formation was also reported in literature by Chiaramonti et al. [25] 

when using blends of pyrolysis oil and diesel. 
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Figure 7. SEM image (32 and 42 times magnification) of the coke deposition on the 

injectors. Left: injector after run 5. Right: injector after the failed engine test (run 1 in 

Table 4) 

 

A magnification of the injector tip and nozzle hole is shown in Figure 8. The left side in 

Figure 7 shows an image of the injector and nozzle hole of the successful run, on the right 

an image of the failed run. 

 

 
Figure 8. SEM picture (109 and 266 times magnification) of coke deposit around the 

nozzle hole of the injectors. Left: the injector after run 5. Right: injector after the failed 

engine test (run 1 in Table 4).  

 

The image on the left shows that the nozzle hole is still round shaped and deposition of 

solids inside the nozzle hole is not visible. In contrast, the injector after the failed run 1 

shows deposition of solids in the nozzle hole, and it also seems that the opening has 

changed from a circular to an elliptical shape. It is well possible that the use of mild HDO 
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at a low air inlet temperature leads to large amounts of coke deposition on the injector 

and in and around the nozzle hole, ultimately leading to lack of atomization. This will 

prevent the auto-ignition which leads to nozzle hole blockage and engine failure. 

After analysis of the injectors by SEM, the coke deposit was removed by subsequent 

acetone and water washing. Subsequently, the metal surface was again investigated by 

SEM. The two injectors used for HDO oils were analysed (one after run 1 and the other 

after the combined runs 2 to 5).  

Figure 9 shows two SEM images of the injector after run 1 (engine failure after a few 

minutes). Compared with the reference injector (Figure 8) the surface still contains 

carbon deposits, even after a thorough cleaning process.  

 

 
Figure 9. SEM images of the injector after the failed engine test using mild HDO  oil (run 

1, table 4). Left: injector tip (36 times magnification); Right: nozzle hole including 

dimensions (188 times magnification) 

 

Furthermore, the surface shows an uneven character probably caused by erosion and / or 

corrosion.  Erosion patterns are also clearly visible in the injector nozzle hole. The nozzle 

hole is less smooth than the reference injector (Figure 8), also indicative for corrosion and 

/ or erosion. Similar observations were reported by Chiaramonti et al. [25] using 

untreated pyrolysis oil derived from pine, sparse bagasse and hardwood. The dimensions 

of the nozzle hole were also determined (Figure 9). Compared to the reference injector, 

the diameter increased from 203 to 252-275 µm, again an indication for 

corrosion/erosion. This increase can lead to malfunctioning of the injector due to a less 
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efficient fuel atomization (or even loss of atomization), leading to a reduction in the 

efficiency of the combustion process.  

 

 
Figure 10. SEM images of the cleaned injector after the good test runs using HDO oils. 

Left: injector tip (36 times magnification); Right: nozzle hole (243 times magnification). 

 

Figure 10 shows two SEM images of the injector after the good test runs and the cleaning 

procedure. Both the injector tip and the nozzle hole do not show corrosion or erosion 

patterns. The diameter of the nozzle hole is on average about 203 µm, which is close to 

the reference injector. Also the edges of the opening do not show the corrosion / erosion 

patterns as in the case of the injector opening of the failed run.  

 

4. Conclusions 

Proof of principle for the use of catalytically hydrotreated fast pyrolysis oil as a biofuel in 

a Hatz diesel engine has been obtained. Good engine performance was achieved only 

after heating the air intake to 170 oC (mild HDO) and 60 °C for 2nd stage HDO. The CO 

emissions are a function of the engine load, with higher loads leading to higher 

emissions. The emissions of CO for the HDO oils are higher than for diesel though the 

NOx emissions are a factor of two lower. Coke deposition and corrosion/erosion of the 

injector nozzle hole occurred when using HDO oil at a too low air inlet temperature as 

shown by SEM analyses.  
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Nomenclature 

 
Abbrevations 
 
DCM   dicholoromethane 
HDO   hydrodeoxygenation 
HDN   hydrodenitrification 
HDS    hydrodesulphurization 
HHV   higher heating value (MJ/kg) 
HMF  hydroxymethylfurfural 
HMM   high molecular mass 
HPTT   high pressure temperature treatment 
LA  levulinic acid 
LMM   low molecular mass 
LHSV   liquid hourly space velocity (vol. oil/vol. cat.h) 
SEM   scanning electron microscopy 
TEM   transmission electron microscopy 
n.a.   not available 
 
 
Nomenclature 
 
D   dispersion (%) 
Vm   mono layer coverage (cm3/g) 
S   stoichiometric factor 
Xm   weight fraction of metal 
γ  yield (%) 
η   efficiency (%) 
 
 



 

186 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Dankwoord 

 

187 

Dankwoord 
De periode als AIO zit erop en het ‘Boekje’ is klaar. Het proefschrift op zich is een 
afsluiting van een periode van werk, plezier en een sociale omgeving. Dit is dan ook het 
moment om daarop terug te blikken. 
 
Ten eerste wil ik mijn promotor, Prof. dr. ir. H.J. Heeres, Erik bedanken voor de 
mogelijkheid die je mij hebt geboden voor de positie van AIO. Niet alleen de kans maar 
ook het enthousiasme, de zelfstandigheid/ vrijheid die mij is gegeven heb ik zeer op prijs 
gesteld. De discussies waren altijd zeer leerzaam en creëerden een extra perspectief op 
het onderzoek. Uiteraard moet ik de congres gerelateerde uitstapjes ook niet geheel 
vergeten, de incidentele wetenschappelijke discussie op een terras, in Malta of in een café 
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Steenbergen, Huhammad Iqbal en Joni Arentz. Tijdens de afronding hebben Henk van de 
Bovenkamp en Agnes Ardiyanti enorm geholpen bij het doorlezen van het manuscript. 
Henk heeft hiernaast ook nog de taak vervult als paranimf waar ik hem zeer dankbaar 
voor ben. Ook Arjen Klinkenberg wil ik hierbij bedanken voor het ontwerp van de voor 
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Leon Janssen, Lidia Lopez Perez, Louis Daniel, Mochamed Chalid,  Robert Wilting, 
Sameer Nalawade, Sebastien Noel, Sjoerd van de Knoop, Teddy Teddy, Vincent 
Nieborg, Youchun Zhang en de mensen die ik ben vergeten. 
 
Op het eind van dit dankwoord wilde ik toch ook mijn vrienden bedanken die zorgden 
voor de ontspanning naast het werk. Klaas, Arjen, Gonnie en Meta bedankt voor de 
gezelligheid in die tijd en het verzorgen van ontspanning ik hoop dat we die nog vele 
jaren kunnen doorzetten. Wat mijn familie betreft met name mijn ouders, broer en zussen 
bedankt voor de steun en hulp in alle zaken naast het promoveren welke mij de ruimte 
verschafte om aan mijn onderzoek te werken. In dit rijtje wilde ik ook Jan bedanken ,de 
vader van mijn vriendin, die ook zeker heeft bijgedragen aan de ontspanning maar ook 
vanaf de zijlijn af en toe heeft kunnen helpen bij presentaties.  
Aan het einde van dit stuk wil ik mijn vriendin Dieke bedanken. Zij heeft met haar 
engelen geduld af en toe best wat ontberingen moeten doorstaan. Haar steun en 
toewijding aan mij zijn onontbeerlijk geweest, ze zorgde voor een leuk en ontspannen 
thuisfront waar ik graag ben, ook als ik thuis ging werken (jelleren). Ik hoop nog op vele 
jaren samen met jouw. 
 
Jelle 



List of Publications 

 

189 

List of Publications 
 
Oral presentations: 
 
Wildschut, J.; Mahfud, F.H.; Heeres, H.J. Novel Hydrotreating Catalysts for Upgrading 
Fast-Pyrolysis Oil. Proceedings of the 8th Netherlands’ Catalytsis and Chemistry 
Conference 2007, Noordwijkerhout (The Netherlands), 5-7 March 2007. 
 
Wildschut, J.; Huisman, B.; Heeres, H.J. Upgrading Fast-Pyrolysis Oil: a Model 
Compound Study. Proceedings of the 9th Netherlands’ Catalytsis and Chemistry 
Conference 2008, Noordwijkerhout (The Netherlands), 3-5 March 2008. 
  
Wildschut, J.; Heeres, H.J. Experimental Studies on the Upgrading of Fast Pyrolysis Oil 
to Liquid Transportation Fuels. Proceedings of the 235th ACS meeting , New Orleans 
(United States of America), 6-10 April 2008  
 
Wildschut, J.; Heeres, H.J.; Upgrading of Fast Pyrolysis Oil to Liquid Transportation 
Fuels. Proceedings of Netherlands Process Technology Symposium 2008, Veldhoven 
(The Netherlands), 28-29 Oktober. 
 
Wildschut, J.; Arendz, J.; Rasrendra, C.B.; Venderbosch, R.H.; Heeres, H.J. Upgrading 
Fast Pyrolysis Oil: Hydrogenation of Sugar Fraction Molecules from Pyrolysis Oil using 
Ru/C Catalysts. Proceedings of the 10th Netherlands’ Catalytsis and Chemistry 
Conference 2009, Noordwijkerhout (The Netherlands), 2-4 March 2008. 
 
Wildschut, J.; Heeres, H.J. Hydrodeoxygenation of Pyrolysis Oil: a Model Compound 
Study. Proceedings of the 18th International conference on Chemical Reactors,  Bugibba 
(Malta), 29 September- 3 October 2008. 
 
Poster presentations: 
 
Wildschut, J.; Mahfud, F.H.; Melian Cabrera, I.V.; Heeres, H.J. Synthesis and 
Characterization of Hydro-deoxygenated Pyrolysis-oils. Proceedings of the 7th 
Netherlands’ Catalytsis and Chemistry Conference 2006, Noordwijkerhout (The 
Netherlands), 6-8 March 2006. 
 
Wildschut, J.; Heeres, H.J. Novel Hydrotreating Catalysts for Upgrading Fast-Pyrolysis 
Oil. Proceedings of the 7th Netherland Process Technology Symposium,  
Noordwijkerhout (The Netherlands), 29-30 October 2007. 
 
Wildschut, J.; Arentz, J.; Rasrendra, C.B.; Venderbosch, R.H.; Heeres H.J. Catalytic 
Hydrotreatment of Fast Pyrolysis oil: Model studies on Reaction Pathways for the 
Carbohydrate Fraction. Environmental Progress and Sustainable Energy, TCBiomass 
Conference, Chicago (United States of America), 16-18 September, 2009.  
 
 



 

190 

Written publications: 
 
Marsman, J.H.; Wildschut, J.; Mahfud, F.H.; Heeres, H.J. Identification of Components 
in Fast Pyrolysis Oil and Upgraded Products by Comprehensive Two-Dimensional Gas 
Ghromatography and Flame Ionisation Detection. J. Chrom. A. 2007, 1150, 21. 
 
Marsman, J.H.; Wildschut, J.; Evers, P.; Koning, S.; Heeres, H.J. Analysis and 
Characterisation of Flash Pyrolysis oil by Two-Dimensional Gas Chromatography and 
Time of Flight Mass Spectrometry.  Chromatogr. A. 2008, 1188, 17. 
 
Wildschut, J.; Heeres, H.J. Experimental Studies on the Upgrading of Fast Pyrolysis Oil 
to Liquid Transportation Fuels. Prepr. Pap. - Am. Chem. Soc., Div. Fuel Chem. 2008, 
53(1),  349. 

Wildschut, J.; Arentz, J.; Rasrendra, C.B.; Venderbosch, R.H.; Heeres, H.J. Catalytic 
Hydrotreatment of Fast Pyrolysis oil: Model studies on Reaction Pathways for the 
Carbohydrate Fraction. Environ. Prog., 2009, 28(3),  
 
Wildschut, J.; Mahfud, F.H.; Venderbosch, R.H.; Heeres, H. J. Hydrotreatment of Fast 
Pyrolysis oil using Heterogeneous Noble Metal Catalysts. Ind. Eng. Chem. Res. 2009, 
Accepted for Publication.  
 

Leijenhorst, E.J.; Wever, D.A.Z.; Wildschut, J.; Venderbosch, R.H.; van Dam, J.E.G.; 
Manurung, R.; Broekhuis, A.A.; Heeres; H.J. Valorisation of Jatropha curcas L. plant 
parts: Nut Shell Conversion to Fast Pyrolysis Oil. Food Bioprod. Process. 2009. 
 
Venderbosch, R.H.; Ardiyanti, A.; Wildschut, J.; Oasmaa, A.; Heeres, H. J. Insights in 
the Hydroprocessing of Biomass Derived Pyrolysis oil. www.btgworld.com. 2009. 
 
Wildschut, J.; Muhammed, I.; Venderbosch, R.H.; Heeres, H.J. Insights in the 
Hydrotreatment of Fast Pyrolysis Oil using a Ruthenium on Carbon Catalyst. Biofuel. 
Bioprod. Bior. 2009, submitted. 
 
Venderbosch, R.H.; Ardiyanti, A.; Wildschut, J.; Oasmaa, A.; Heeres, H.J. Stabilisation 
of Biomass Derived Pyrolysis Oils. J. Chem. Technol. Biot. 2009, Submitted. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


