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CHAPTER 2 

Exploratory studies on the hydrodeoxygenation of fast pyrolysis 

liquid in a high pressure batch reactor using various heterogeneous 

catalysts 

2.1 Introduction 

Fast pyrolysis of biomass is a well-known route to produce a liquid product known as 

flash pyrolysis liquid or bio-oil (BO). Over the last decades, the activities in this field have 

been focused on process research and development with the objective to optimize the process 

and to reduce the manufacturing costs. Improved reactor and process designs have led to a yield 

of more than 70-80 wt% of BO, the remainder being gas (15 wt-%) and char (10 wt-%) [1-4]. 

BO by itself is not directly applicable as a liquid transportation fuel. The oxygen content of BO 

is significantly higher than that of conventional transportation fuels and its energy content (high 

heating value, HHV) is about half of that of conventional products (petro-diesel). Furthermore, 

BO has the tendency to polymerize upon standing, which results in an undesired increase in the 

viscosity [5,6]. In addition, due to the presence of organic acids, the pH is relatively low, 

therefore corrosion issues have to be taken into account [7]. 

Various methods have been proposed to improve the BO product properties and to make 

it suitable as a liquid transportation fuel [2,8-10]. For instance, product properties are expected 

to improve upon blending or treatment with alcohol [6,9,11]. Hydrotreatment of the oil using 

molecular hydrogen is another attractive alternative. Here, the oxygen content of the BO is 

reduced by reaction with hydrogen in the presence of a suitable catalyst. The reaction is known 

as a hydrodeoxygenation reaction (HDO), and water is one of the major by-products of this 

reaction (Eq. 1).  

 

-(CH2O)- + H2  →   -(CH2)-  + H2O        (1) 

 

Hydrotreatment processes are well established in conventional oil refinery. Examples 

are hydrodesulphurisation (HDS) and hydrodenitrification (HDN). Typical process conditions 

for these conversions are hydrogen pressures above 70 bar and temperatures in the range of 

300-400°C [12-16]. Various catalysts are applied but combinations of Co and Mo and/or Ni and 

Mo on various supports appear to be favored. HDO can be viewed as an extension of this 
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technology. Evidently, the rules of the game for hydrotreatment of pyrolysis oil will be 

different from those of conventional oil, not in the last place due to the high oxygen content in a 

typical BO. 

A number of process and catalyst studies have been reported on BO 

hydrodeoxygenation [13,17-19]. Generally, it appears favorable to perform the 

hydrodeoxygenation reaction in two separate steps, a low temperature treatment at about 200-

250°C and a more severe treatment at 350-450°C. In the first stage, very reactive compounds 

like aldehydes are hydrogenated resulting in a so-called “stabilized oil”. In the second stage, 

less reactive components (e.g. phenolics) in the matrix are converted. 

Two HDO concepts may be distinguished:  

(i) aimed at full hydrodeoxygenation of the pyrolysis oil, and  

(ii) aimed at partial hydrodeoxygenation of the pyrolysis oil 

In case of full HDO, the objective is to produce oil with oxygen content less than 1% or, in 

other words, a hydrocarbon type of product. This product is expected to resemble the product 

properties of conventional fossil oil or its derivatives. The main drawback of full 

hydrodeoxygenation process is the high hydrogen consumption. Elliot has reported hydrogen 

consumptions of 340-700 Nm3 H2/t of oil [20,21]. To reduce the variable hydrogen costs, 

partial hydrodeoxygenation may be an attractive alternative [8,22]. Here, the objective is to 

produce a stabilized oil with a heating value higher than the original BO but not necessary with 

a large reduction in the oxygen content (partial hydrodeoxygenation). In this way, product 

properties can be improved without the use of large amounts of hydrogen. 

This chapter reports an exploratory study on the partial-HDO of BO. The objectives for 

this study were as follows: 

a. Performing an exploratory catalyst screening studiy to select a promising catalyst 

with respect to activity and stability 

b. Performing process studies using the selected catalyst to determine optimum 

performance of the catalyst with respect to process conditions like temperature, 

pressure and reaction time and to identify possible bottlenecks 

c. Determination of the final product properties and to gain information on the 

compositional changes due to the HDO treatment.  
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2.2 Experimental 

2.2.1 Reactor set-up 

BO was hydro-deoxygenated in a dedicated 100 ml batch autoclave set-up (Buchi AG, 

CH Utser) equipped with an electrical heating system. The system can be operated at pressures 

up to 350 bar and temperatures up to 450oC. The temperature in the reactor is programmable 

using a temperature controller. The system is stirred with an overhead stirrer equipped with a 

Rushton type gas inducing-impeller. Gas cap sampling is possible during the reaction. A 

pressure and temperature measuring device are present to log the pressure and temperature as a 

function of time. An overview of the set-up is given in Figure 2-1. 

 

ComputerComputer

Figure 2-1. Schematic representation of the batch HDO set-up 

 

2.2.2 Typical hydrodeoxygenation experiment 

Crude BO (25 g) and a pre-determined amount of catalyst were (1.25 g) charged to the 

autoclave. The autoclave was closed and purged three times with nitrogen to remove all 

oxygen. Subsequently, the autoclave was pressurised with hydrogen gas to 100 bar at room 
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temperature. The temperature inside the reactor was programmable and the following sequence 

was applied: 

1. heating to 1st stage temperature (T1) 

2. isothermal operation at T1 for a time tR1  

3. heating to 2nd stage reaction temperature (T2) 

4. isothermal operation at T2 for a time tR2 

5. cooling to room temperature 
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Figure 2-2. Typical P-T profile for a HDO reaction 

tR2

tR1

T2T1

 

When using this procedure and an initial pressure of 100 bar at room temperature,  the 

corresponding hydrogen pressure at 400C was about 200 bar (See Figure 2-2). After reaction, 

the reactor was cooled to room temperature and the final pressure was recorded. A sample to 

determine the gas cap composition was taken using a gasbag and analysed by GC. 

Subsequently, the autoclave was depressurized to atmospheric pressure. The liquid product was 

collected, weighted and subjected to various analyses.  

From experiment 32 onwards, special precautions were taken to accurately determine the 

mass balance before and after the reaction. After cooling down and depressurising the reactor to 

room temperature, the liquid content of the reactor was collected. The remaining oil, catalyst 

and char in the reactor were slurried into about 50 ml of acetone. The solids were collected by 
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filtration. The acetone in the filtrate was allowed to evaporate overnight. The amount of 

acetone insoluble (char) formed during reaction was calculated from the amount of solids 

isolated minus the catalyst intake.  

2.2.3 Fractionation of a HDO-oil 

2.43 gr of typical HDO oil (experiment 32) was subjected to a distillation under 

(reduced) pressure using a standard 1 stage distillation set-up. Three fractions were collected. 

The 1st fraction was recovered at 50-100oC and atmospheric pressure, the 2nd at 100-110oC and 

200 mbar and the 3rd fraction at 100-150oC and 75-90 mbar. The fractions were weighed and 

analysed (elemental composition and GC/MS). 

2.2.4 Materials 

Catalysts. The following catalysts were applied: CoMo on Al2O3 (C1) and NiMo on 

Al2O3 (C2), 5% Platinum on activated carbon (Pt/C, Across organics) and 5% Ru on alumina 

(Sigma Aldrich). The NiMo and CoMo catalysts were supplied in its active, sulphidised form 

and were crushed before a hydrogenation experiment. 

 
Table 2-1. Properties of the crude Bio-oil used in this study 

Properties Value Unit 

Viscosity at 40oC 17.4 cPs 

pH 2.5  

Elemental composition (wet basis)   

C 50.9 %-wt 

H 7.7 %-wt 

N 0.2 %-wt 

O (by differences) 41.2 %-wt 

High Heating Value (HHV) 20.8 MJ/kg 

Low Heating Value (LHV) 19.1 MJ/kg 

Water content 30.0 %-wt 

 
 

Reactants. The main reactants were crude BO and hydrogen. Crude BO originating from 

beech wood was kindly provided by the Biomass Technology Group (BTG). All experiments 

were carried out with the same batch of BO. Various product properties of the oil were 
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determined and are summarized in Table 2-1. Hydrogen gas was supplied by Hoek Loos 

and was > 99,9 % pure.  

2.2.5 Analytical methods 

2.2.5.1 Water content  

The water content in the crude BO was determined by Karl Fischer titration using an 

Applicon Titrino 758 titration device. The titrations were performed using the Karl Fischer 

titrant Composit 5K (Riedel de Haen) and Hydranal (Karl Fischer Solvent, Riedel de Haen) as a 

solvent.  

Elemental compositions (C, H, N) were determined using an elemental analyser (Flash 

EA 1112, CE Instruments). The oxygen content cannot be determined directly and was taken 

as the difference. The elemental composition of the BO was used to calculate the high heating 

value (HHV) and the low heating value (LHV) using Eq. 2 [23] and Eq. 3 [24]. 

  

1000

)
8
O1442.8x(H338.2xC

HHV
−+

=  in MJ/Kg (2) 

(0.218xH)HHVLHV −=  in MJ/Kg (3) 

 

With: 

C = carbon content in the sample (%-wt) 

H = hydrogen content in the sample (%-wt) 

O = oxygen content in the sample (%-wt) 

2.2.5.2 Viscosity 

The viscosity of the samples was measured using a cone and plate rheo-meter (TA 

instruments, AR-100 N). A temperature ramp (20–140oC) was applied to obtain the viscosity as 

a function of the temperature. The shear rate was set at a fixed value of 30 s-1. 

GC/MS was applied to identify the various components present in the treated BO 

samples. The analyses were performed on a HP5890 equipped with a Quadrupole MS. The GC 

was equipped with an AT5MS column of 30 m, 0.25 mm diameter and a 0.25 μm film 

thickness. A 1mL/min flow rate, a split ratio of 1:100 (except for crude BO: splitless) and 0.5 

μL of undiluted sample was applied. 
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The gas-cap composition after a reaction was determined using gas 

chromatography at BTG. A Shimadzu GC-14B equipped with a TCD detector and a mol sieve 

column operating at 20-110 oC (for detection of CO, CH4 and H2) and a Poraplot column 

operating at 110-200 oC (for detecting CO2 and light hydrocarbons) was applied.  

NMR was used to gain insights in the overall composition of the HDO oil. 1H and 13C- 

NMR spectra were recorded on a 200 MHz NMR (AMS100, Varian). The samples were 

dissolved in CDCl3. Typically, 4800 scans were carried out for 13C-NMR spectra. The spectra 

were referenced to TMS. 

 

2.3 Results and discussion 

2.3.1 Catalyst screening studies 

Various catalysts have been reported for the hydrodeoxygenation of a range of 

pyrolysis oils derived from different types of biomass [13,14,17,25-31]. Of these, classical 

hydrotreatment catalysts from the petrochemical industry like Co-Mo on Al2O3 (CoMo) and Ni-

Mo on Al2O3 (NiMo) have shown to be the most promising [13]. However, these catalysts also 

have some serious drawbacks like the prerequisite of the presence of sulphur in the feed for 

optimal performance. BO is essentially sulphur free and the (undesired) addition of sulphur 

containing compounds appears to be essential for optimum performance [32]. 

 In this study two commercially applied hydrotreatment catalysts (CoMo and NiMo on 

alumina) were applied. Some potentially interesting noble metal catalysts on a supports (Pt/C 

and Ru on Al2O3) were tested as well. The latter catalyst was selected as ruthenium is known to 

be a very versatile catalyst for the reduction of all types of oxygen containing organic 

molecules (aldehydes, ketones, esters and acids) [33]. For all experiments, a fixed 

catalyst/crude BO ratio of 5%-wt was applied. To eliminate possible mass transfer effects, the 

CoMo and NiMo catalysts were crushed into a powder before use. The HDO experiments were 

carried in two stages, each at a different temperature and pressure level. In the first stage, 

relatively mild conditions were applied (175-300°C and 100-130 bar). According to the 

literature [15,19], this stage is essential and the amount of very reactive compounds in the 

mixture (i.e. aldehydes) are reduced, reducing the possibility of polymerisation and a 

concomitant increase in the viscosity of the mixture. Severe conditions of 200-220 bar and 

400°C are applied in the second phase. Here, the hydrodeoxygenation reaction is expected to 
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occur to a significant extent. The experimental conditions for the screening experiments are 

given in Table 2-2. 

 

 Table 2-2. Experimental conditions for the screening experiments 

Catalyst CoMo/Al2O3 NiMo/Al2O3 Ru/Al2O3

Exp number 20 18 44 

T1,  oC 250 250 300 

tR1, min. 60 60 15 

T2, oC 400 400 400 

tR2, min. 60 60 180 

Po,H2, bar 100 100 100 

Preactor, at Rtend, bar 40 (at 53oC) 65 (at 30oC) 55 (39oC) 

 

 

Typically, the product of a hydrogenation experiment consists of two immiscible 

liquids, a gas phase containing CO2 and hydrocarbons and a solid residue containing the 

catalyst and some char. One of the liquid layers is rich in water, the other in organics. 

Depending on the experimental conditions, the top liquid layer either consists of the organic or 

the water phase. At higher deoxygenation levels, the top layer is the organic layer (Figure 2-3). 

This effect may be rationalised by taking into consideration that the density of crude BO (ca. 

1.2 g/ml) is higher than that of water and is expected to decrease upon hydrotreatment due to an 

increased hydrocarbon character of the oil. The two liquid layers were separated and analysed.  
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Figure 2-3. Appearance of the liquid phase at several reaction times  

 

The oxygen content of the organic layer is taken as a measure of catalyst performance. The 

results of the screening experiments are given in Figure 2-4.  

 The crude BO applied in this study contains 41.2 wt% oxygen, corresponding to about 

20.76 wt% on a dry base. The NiMo catalyst gave the highest reduction in the oxygen content, 

i.e. from 20.7 wt% in the crude BO to 9.42 wt% in the hydrotreated oil. The CoMo catalyst 

gave a HDO oil with an oxygen content of 11.94 wt%. The Ru/alumina catalyst showed also 

promising results and a reduction to 14.40 wt% oxygen was achieved, although a significantly 

longer reaction time was applied compared to NiMo and CoMo. 

The average activity of the NiMo catalysts was about 0.20 mol H2 per g cat per h, 

corresponding to about 5.94 g bio oil/ g cat per h. Details about the calculation procedure are 

given in Appendix 2, an overview of the results is given in Table 2-3.  
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Figure 2-4. Oxygen content after HDO reaction for 3 different catalysts.  

Conditions: Po,H2= 100 bar, T1=250oC, Rt1=60 min, T2=400oC, Rt2=60 min. Note: 

for Ru/Al2O3, conditions: (Exp. 44) T1=300oC, Rt1=15 min, T2=400oC, Rt2=180 min. 

 

Table 2-3. Average Turn Over Frequency of the HDO catalyst tested in this study 

Catalyst condition Average Turn Over Frequency Unit 

NiMo 1 0.20 Mole H2 . gr cat-1.hr-1

CoMo 1 0.12 Mole H2 . gr cat-1. hr-1

NiMo 2 0.09 Mole H2 . gr cat-1.hr-1

Ru 2 0.11 Mole H2 . gr cat-1.hr-1

1. Po,H2= 100 bar, T1=250oC, Rt1=60 min, T2=400oC, Rt2=60 min 

2. Po,H2= 100 bar, T1=300oC, Rt1=15 min, T2=400oC, Rt2=180 min. 

  

On the basis of the favourable catalyst activity for NiMo, it was decided to focus further 

process studies on this catalyst. 
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2.3.2 Process studies; optimizing the operating conditions for the NiMo catalyst 

Process conditions like temperature, pressure and the reaction time for the first and 

second stage of the hydrotreatment process are expected to have a substantial effect on the 

deoxygenation levels. A number of experiments using the NiMo catalyst have been performed 

to assess the effect of these process parameters on the oxygen content of the final sample. An 

overview of the experiments is given in Appendix 2. The experiments were in two stages, a 

stabilisation stage at about 200-300°C and a second stage at more severe conditions (350-

400°C). A reference experiment (exp 24), performed at the conditions given below, was 

selected. 

 

• T1 :  250°C 

• tR1:  15 min 

• T2:  400°C 

• tR2:  15 min 

• PH2,0:  100 bar (T= 25°C) 

• PH2,400C:  200 bar  

 

Using these conditions, HDO oil with an oxygen content of 16.9 wt% was obtained. 

The effect of the first stage reaction time (tR1), the first stage temperature T2 and the second 

stage temperature (tR2) were examined systematically.  

2.3.2.1 Effect of 1st stage reaction time (tR1) 

 Increasing tR1 from 15 minutes to 1 hour did not give a significant effect on the oxygen 

content of the final (liquid) product. The oxygen content was even slightly higher, although not 

statistically significant when going from 15 min (16.9 wt%) to 60 min, (18.3 wt%) (see Figure 

2-5). These findings imply that the reactions taking place in 1st stage are relatively fast and that 

exceeding 15 minutes of reaction time is not required. 
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Figure 2-5. Oxygen content of products at different 1st stage reaction 

times. Conditions: Catalyst: 5%-wt NiMo/ Bio-oil, T1= 523 K, 

T2=673 K, RT2=15 min. 

 

2.3.2.2 Effect of 1st stage temperature (T1) 

 The first stage temperature was increased from 250°C to 300°C while other process 

parameters were kept constant. The hydrogen uptake and the gascap composition were analysed 

(Table 2-4).  

 Comparing both experiments, it is evident that the gascap compositions are essentially 

identical. This indicates that most of the first stage reactions occur at a relatively high reaction 

rate and that a temperature of 250°C and a reaction time of 15 minutes seems sufficient in the 

first stage.   

2.3.2.3 Effect of 2nd stage reaction time (tR2) 

 The reaction time for the second stage of the hydrotreatment process was varied from 

15 to 180 minutes while keeping the other conditions equal to those applied in the reference 

experiment (vide supra). Figure 2-6 shows that the oxygen content of the HDO product 

decreases till about 10 wt% after 60 min and remains constant at longer reaction times. Further 

reduction of the oxygen content, could not be achieved with these conditions. This suggests that 

the desired hydrodeoxygenation reaction stops after about 60 min. The same trend is observed 
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when comparing the hydrogen uptake; the uptake after tR2=60 min is within the experimental 

error equal to the value at 180 min. Although speculative at this stage, it could be related to 

catalyst deactivation. 

 

Table 2-4. Gas cap analysis for 1st stage temperature experiments 

Operating Conditions E-30 E-29 

tR1, min 15 15 

T1, oC 300 250 

tR2, min 60 60 

T2, oC 400 400 

Gas Composition     

H2, %-vol 24.8% 27.3% 

CH4, %-vol 44.9% 43.3% 

CO, %-vol 1.3% 1.3% 

CO2, %-vol 20.1% 19.8% 

C2H4, %-vol 0.4% 0.4% 

C2H6, %-vol 5.1% 5.7% 

C3H6, %vol 1.1% 1.0% 

C3H8, %-vol 2.3% 2.7% 

Total 100% 100% 

H2 Consumption,  

N.liter H2 /kg dry bio-oil 

358.3 342.8 

 

 

It is well known that the NiMo catalyst requires a constant supply of sulphur to maintain its 

activity, e.g. originating from the feed. However, pyrolysis oil contains no sulphur. In addition, 

several studies have pointed out that water may also have detrimental effect on the stability of 

the NiMo catalyst [34-36]. Significant amounts of water are present in the crude BO and more 

is produced during the reaction, which might have a negative effect on catalyst stability. 

Furthermore, it cannot be excluded that a high molecular weight solid product (char) is formed 

during the reaction which may result in severe catalyst deactivation due to pore blocking. One 

surprising observations was made. The reaction product obtained after tR2 60 minutes consisted 

of two immiscible liquids with the HDO oil as the bottom layer, whereas for the sample takes at 

tR2 = 180 min, the hydrocarbon rich layer was at the top layer. These findings suggest that, 
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besides the hydrodeoxygenation reaction, cracking reactions may take place as well, leading to 

a change in the product composition and as such a change in the density of the product. Gas cap 

analysis (Table 2-3) reveals that the amount of saturated hydrocarbons in the gas cap like 

ethane and propane are significantly higher when performing the reaction at tR2 = 3 hr, an 

indication for the occurrence of cracking reactions. 
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Figure 2-6. Oxygen content of samples as a function of 2nd stage reaction time (dry 

basis). Conditions: Catalyst: 5%-wt C1/ Bio-oil, T1= 523 K, tR1=60 min T2=673 K. 

Note: at tR2 =3h, T1=300°C, tR1 = 15 min. 

  

2.3.2.4 Product distribution  

Hydrotreatment of pyrolysis oil is known to produce gaseous compounds, liquid 

products and often a solid residue (char). The gas phase often contains oxygenated 

hydrocarbons like CO and CO2 and also saturated hydrocarbons like methane and higher 

analogues have been reported [37]. The gas cap compositions for the various experiments 

performed with the NiMo catalyst are given in Table 2-5.  

  It shows that a mixture of gases, consisting of among others methane, carbon dioxide 

and to a lesser extent CO and higher hydrocarbons, are formed during the hydrodeoxygenation 

reaction. In all cases, hydrogen is still present in the gas phase after termination of the reaction, 

a clear indication that the reactions were not performed under hydrogen starvation conditions. 
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Large amounts of carbon dioxide were formed, ranging from 12-25.2%. This compound may 

be formed by decarboxylation of carboxylic acids as has been shown recently by Adjaye et.al. 

[38]. Carbon loss to the gas phase in the form of CO2 and methane and higher hydrocarbon 

analogues is promoted at longer reaction time. The higher hydrocarbons may be formed by 

cracking reactions of larger molecules (vide supra). 

 

Table 2-5 Gas cap composition for NiMo experiments 

Run No. 23 24 26 32 
tR1, min 60 15 60 15 
T1, 

oC 250 250 250 300 
tR2,  min 15 15 30 180 
T2, 

oC 400 400 400 400 
Gas Composition     
H2, vol-% 70.5 75.7 79.1 33.2 
CH4, vol-% 8.9 5.8 6.7 31.9 
CO, vol-% 0.9 0.6 0.3 0.7 
CO2, vol-% 17.4 15.3 12 25.2 
C2H4, vol-% 0.2 0.6 n.a 0.3 
C2H6, vol-% 1.1 0.9 1.1 5.1 
C3H6, vol-% 0.4 0.5 0.4 0.8 
C3H8, vol-% 0.6 0.5 0.3 2.8 
     
Total, vol-% 100 100 100 100 

 

Mass balances for a number of selected experiments (exp 31, NiMo and exp. 44 for Ru 

on alumina) were performed on the basis of the gas cap composition and the weight of the 

liquid and solid phase. The results are schematically presented in Figure 2-7. The calculation 

procedure is given in Appendix 1.  
For the NiMo catalyst, a proper mass balance could be obtained (94 wt% recovery). 

The amount of HDO oil formed is about 8.16 g, corresponding to a yield of 33 wt% on wet BO 

and 47 wt% on a dry BO base. The amount of the aqueous phase is slightly higher than that of 

the HDO oil. The aqueous layer does not only consist of water as indicated by the pH. The pH 

varies between 3 and 3.2, suggesting the presence of significant amounts of acids. Elliot et al. 

reported that about 5-10 wt% of carbon may be present in the aqueous phase. A small amount 

of char could be isolated (0.9 g) [39]. The weight of the gas cap was estimated ca. 3.3 g. This 

means that about 13 wt% of the original BO is converted into gas phase components, which is 

in the range as reported in the literature. On the basis of these data, the energy efficiency for the 

conversion of (wet) pyrolysis oil to HDO oil is ca. 62 % (see Appendix 1 for calculation 

details).  
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 Slightly different results were obtained using the Ru on alumina catalyst. Here, the gas 

phase is depleted in hydrogen (full conversion) and the gas phase composition is markedly 

different from that for NiMo. Especially the amount of CO2 and methane are more than a factor 

of three higher. Whether this is caused by the absence of hydrogen at the end of the reaction or 

is an intrinsic feature of the system, needs to be established in further studies. However, it is 

clear that the Ru catalyst has potential, not in the last because the presence of sulphur in the 

feed is not required.   
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Figure 2-7. Mass balances for the hydrodeoxygenation process.  (a) using NiMo/Al2O3 (Note: mass-

balanc are not equal to 100%-wt due to the work-up losses); (b) using Ru/Al2O3

 

 The hydrogen uptake for both experiments was calculated from the gas phase 

composition and the initial and final reactor pressure (Appendix 2) and was found to be about 

0.25 mole, corresponding with 230 Nl/kg wet BO for NiMo (exp 31) and 0.3 mol for Ru on 

alumina (exp 44, 270 N.liter/kg wet BO). Research by E.G. Baker et .al using a CoMo/Al2O3 

catalyst in a single stage continuous reactor (temperature zones of 390 and 302oC) reported a 

H2 consumption of 498 L/L  feed BO, corresponding  to about ~ 400 L/kg feed of BO. 

2.3.3 Product Propeties 

 Several product properties of the HDO oil derived from experiment 32 (NiMo catalyst, 

see Table 2-5 for conditions) were determined. These included the viscosity, high heating value 

and the water content. The results are given in Table 2-6.  
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 The viscosity of the HDO oil is higher than the original pyrolysis oil (50.5 cP vs 17.4 

cP). The viscosity of (treated) pyrolysis oils are known to be a function of the oxygen content, 

see Figure 2-8 for a representation [40]. According to these findings, the viscosity of the 

untreated pyrolysis oil with an oxygen content of about 41% should be lower than the treated 

HDO-oil with an oxygen content of 10.5 wt% and this is indeed the case. For certain 

applications, this product viscosity may be on the high side. When this is the case, deeper 

hydrodeoxygenation or blending with other energy carriers will be required to reduce the 

viscosity .   

 The water content in the HDO oil with a oxygen content of 10.5 wt% was determined 

to be about 2 wt%, which is substantially lower than the original pyrolysis oil (30 wt%).  

 

10-15 40 

log (viscosity) 

oxygen content of the bio-oil (wt.%) 

one-phase two-phase 

Hydrocarbons 
Bio-oil 

0 

 
Figure 2-8. Viscosity of (treated) pyrolysis oil as a function of the oxygen content 

 

The elemental composition of the (treated pyrolysis) oils allows calculation of the HHV and 

LHV of the samples. The HHV of the hydrotreated sample derived from exp. 32 was about 39 

MJ/kg, which nearly twice as high as the value for untreated pyrolysis oil. These values are 

close to those for standard diesel (45.3 MJ/kg) and FAME (40.5 MJ/kg), see Table 2-6. 
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Table 2-6. Properties comparison between crude bio-oil, HDO oil, diesel No.2, Fatty acid 

methyl ester (FAME). HDO oil produced at: T1=300 oC, RT1=15 min, T2=400oC, RT2=3 hr 

Properties HDO oil 

(exp 32) 

Bio-oil Diesel 

ASTM D975 

FAME (Bio-diesel) 

ASTM D9751

Viscosity at 40oC (in cP) 50.5 17.4 1.1-3.4 1.7-5.3 

Elemental analysis (in %-wt) 

• C 

• H 

• N 

• O2 

 

79.6 

9.5 

0.4 

10.5 

 

50.90 

7.70 

0.2 

41.20 

 

87 

13 

- 

- 

 

77 

12 

- 

11 

HHV (MJ/kg) 39 21 45.3 40.5 

LHV (MJ/kg) 37 19.3 42.2 38 

Moisture (%-wt) 2.1 30 - 0.05 max 

Note:1)NREL sources,  2) by differences 

 

2.3.4 Fractionation of HDO oil 

 A typical HDO oil (exp 32), prepared using the NiMo catalyst, was subjected to a 

fractionation procedure to obtain products with an increased hydrocarbon character, and as such 

more closely resemble conventional transportation fuels. The properties of the crude HDO oil 

are given in Table 2-6. Three fractions were collected: 

 

• Fraction 1:  bp range 50-100°C, 1 atm  

• Fraction 2: bp range 100-110°C, 200 mbar   ( ~ 155 – 160oC (@ 1 atm) 

• Fraction 3: bp range 100-150°C, 75-90 mbar ( ~ 175 – 240oC (@ 1atm) 

 

These boiling points may be compared with those of other (conventional) transportation fuels: 

 

• Gasoline1:  bp range < 260oC (ASTM D3710-95) 

• Diesel#22: bp range 188-343 (ASTM D975)   

• FAME2: bp range 182-338 (ASTM D6751) 

 

It may be concluded that the boiling point range of fraction 3 is in the range of that of 

diesel and FAME. All fractions were obtained as colourless-slightly yellow liquids. However, 

upon standing in contact with air, the samples turned purple and subsequently dark brown. 
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These observations imply that product oxidation occurs rapidly, for instance, the oxidation of 

substituted phenols to highly coloured quinones [41]. The elemental composition of the various 

fractions was determined by elemental analyses and the results are given in Table 2-7.  

 

Table 2-7. Elemental composition of the various distillation fractions  

Fraction C 

(%-wt) 

H 

(%-wt) 

N 

(%-wt) 

O1

(%-wt) 

HHV  

(MJ/kg) 

LHV  

(MJ/kg) 

H/C 

(m/m) 

HDO oil 79.6 10 0.16 10.3 39.44 37.27 1.5 

F1 73.3 11 0.38 15.3 37.85 35.46 1.8 

F2 78.9 9.7 0.24 11.2 38.57 36.47 1.5 

F3 78.8 9.5 0.35 11.3 38.36 36.28 1.5 

F4-residue1 81.0 10.0 0.05 8.9 40.24 38.06 1.5 

FAME2 77.0 12.0 n.a 11.0 40.56 36.95 1.8 

Diesel2 87.0 13.0 n.a 0 44.91 43.36 1.8 

Gasoline3 85.0 15.0 n.a 0 50.39 47.12 2.1 

1. (by difference) 

2. Source: US, Department of Energy, “Bio-diesel Handling and use guidelines”, NREL. 

3. “Alcohols: A Technical Assessment of Their Application as Motor Fuels,” API Publication No. 

4261, July 1976.[42]  

 

Evidently, only the elemental composition of fraction 1 is significantly different from that of 

the original HDO oil. The carbon content is about 73.3 wt%, which is about 5-6 wt% lower 

than the original HDO-oil and fraction 2 and 3. Although not proven, this relatively low carbon 

content is likely caused by an accumulation of the amount of water in the first distillation 

fraction. 

A mass balance for the distillation was prepared and it turns out that about 40%wt of 

material were collected as fractions 1, 2 and 3. Distillation losses and a large amount of 

distillation residue account for the remaining 60 wt %. Optimisation in a dedicated distillation 

set-up at larger scale will be required to gain further insights in the potential of fractionation.  
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Figure 2-9. Mass balances for the fractionation of typical HDO oil.  

F1= 10.3 % 

 
1.0 Bar 

 
50-

100°C 
 

200 mbar 
 

100-110°C 

 
75-90 mbar 

 
100 - 150 oC 

F2= 16.5 % 

F3= 14.8 % 

F4= 58.4 % 

100 % 
HDO oil 
 

 

2.3.5 Product analyses on a molecular level  

To gain insights in the reactions occurring during the HDO process, the product was 

analysed using NMR, FT/IR,GC and GC/MS). An overview of the analyses performed is 

provided in Table 2-7. 

 

Table 2-7. Overview of analysis performed on the various samples  

NMR 
Samples 

1H 13C 
GC/MS FTIR 

Exp 18   X X 

Exp 20 - - - X 

Exp 32 X X X  

Exp 32_Fraction 01 - - - - 

Exp 32_Fraction 02 - - X  

Exp 32_Fraction 03 - - X  

 

It is well known that pyrolysis oil is a multi-component mixture in which at least 400 different 

types of organic compounds are present. This is clearly illustrated by a GC/MS spectrum of a 

typical BO (Figure 2-10).    
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Figure 2-10. GC/MS spectrum of a crude bio-oil  

 

It is of interest to compare this spectrum with that of a typical HDO oil (Figure 2-11).  

 

 

 

Figure 2-11. GC/MS Spectrum of HDO oil (exp 32) 

 

As expected, the composition of the HDO oil is significantly different from the original 

starting oil. The presence of some key components in the original BO and the HDO-oil were 

compared and the results are given in Table 2-8. Clearly, some of the phenolics, aldehydes and 
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acids are converted during the hydrodeoxygenation process. These results should be interpreted 

with some reservation as the GC/MS component library is not 100% reliable.  

NMR has proven to be a very versatile technique for identification of organic 

molecules, even in complex mixtures. Typical 1H- and 13C-NMR spectra of HDO oil are given 

in Figures 3-12 and 13.  

 

Table 2-8. Overview of key components present in 

BO and HDO oil 

Key component Bio-oil HDO Oil 

Acetic acid v x 

Hydroxyacetaldehyde v x 

3-hexanone v x 

2-butanone x v 

1,2,3-trimethyl cyclopentene x v 

2,6-dimethoxy phenol v x 

3-methoxy phenol v x 

2-methyl cyclopentanone x v 

5-ethyl cyclopentanone x v 

1,2,4-trimethyl benzene x v 

2-propenyl benzene x v 

Phenol v v 

   Note: v: present; x: not-present 

 

Although highly complex in nature, these spectra do provide a lot of information. For 

instance, it allows an estimation of the aliphatic and aromatic carbon and hydrogen present in 

the samples, which is expected to be an important product feature (c.f. fossil transportation 

fuels). In addition, the 13C-NMR spectra clearly show the presence of acid and ester groups at 

around 170-180 ppm, a clear indication that some of the compounds belonging to this product 

class are not hydrogenated or hydrodeoxygenated.  
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Figure 2-12. 13C-NMR spectrum of HDO oil (exp 32) 

 

 

Figure 2-13. 1H-NMR spectrum of HDO oil (exp 32) 

 

The full potential of NMR to gain information on the nature of HDO oils needs to be 

explored but is evident that it could become a powerful tool to obtain information on a 

molecular level which might be translated into interesting product properties.  

We have also explored the differences in chemical composition of the various fractions 

obtained by fractionation of a HDO sample (see section 2.3.4). The fractions (F2 and F3) were 

analysed with GC/MS and the results are given in Figure 2-14. Again these spectra indicate that 

the various fractions consist of numerous organic compounds. The main components identified 

in the mixture were substituted alkyl substituted phenolics like trimethylphenol, 

dimethylphenol, iso-propylphenol and isomers thereof and some small ketones. 
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Figure 2-14. GC spectrum of fractionated HDO oil. F2 (top); F3 (bottom). 

 

2.4 Conclusions 

This chapter describes an experimental study on the hydrodeoxygenation of pyrolysis oil 

using heterogeneous catalysts with the objective to produce an oil with product properties in the 

range of conventional liquid transportation fuels. Various catalysts and process conditions have 

been explored and the main (HDO oil) and byproducts (gases and char) have been quantified. 

The product properties of the HDO oil have been explored and compared to those of 

conventional transportation fuels. The following conclusions may be drawn: 
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• Catalyst screening studies 

1. Severe conditions (temperatures up to 350-425°C) are required to obtain decent 

hydrodeoxygenation activity. 

2. Of the classical hydrotreating catalysts, pre-sulphidised NiMo on alumina is a more 

active catalyst than pre-sulphidised CoMo on alumina.  

3. Ru on alumina appears to be an interesting alternative catalyst as no sulphur is 

required in the feed. 100% hydrogen conversion in batch experiments was 

observed. 

 

• Process studies on the NiMo catalysts indicate that 

1. HDO oil with an oxygen content of 10 wt% could be obtained 

2. There is a strong indication for excessive catalyst deactivation, either due to the 

presence of water, the absence of sulphur or pore blocking by char formation. As a 

consequence, HDO oil with oxygen contents below 9 wt% could not be obtained 

3. A first stage reaction time of 15 minutes is sufficient 

4. The product package consists of a gas, two liquid phases and a small amount of 

char. The gas phase consists mainly of CO2, methane and higher hydrocarbons. 100 

g of crude pyrolysis is converted to 34 g of HDO oil, 42 g of an aqueous phase, 13 

g of gas and about 4 g of char using the NiMo catalyst. The energy efficiency of 

the process is about 62%. 

   

• Product properties 

1. The HDO oil produced with the NiMo catalyst has a HHV of about 39 MJ/kg, 

which is about twice of that of a crude pyrolysis oil and close to the values for 

FAME. 

2. Fractionation of the HDO oil produced three fractions with different boiling point 

ranges. The fractionated HDO oil is colorless but oxidize to a brown liquid upon 

exposure to air 

 

• Product analyses on a molecular level reveal that: 

1. NMR spectroscopy is a versatile tool to characterize pyrolysis and HDO oils and to 

gain insights in the reactions taking place on a molecular level 

2. The two main fractions of the fractionated HDO oil mainly consist of alkyl 

substituted phenolics.  



2-26 Chapter 2 
 

 

2.5 References  

[1] Agblevor, F. A.; Besler, S.; Wiselogel, A. E. Energy & Fuels 1995, 9, 635-640. 

[2] Bridgwater, A. V., Czernik, S., Diebold, J., Meier, D., Oasma, A., Peackocke, C., 

Pizkorz, J., Radlein, D. Fast Pyrolysis of Biomass: A Handbook; CPL Press, Newbury 

Berkshire, UK, 1999. 

[3] Bridgwater, A. V.; Peacocke, G. V. C. Renewable & Sustainable Energy Reviews 

2000, 4, 1-73. 

[4] Meier, D.; Faix, O. Bioresource Technology 1999, 68, 71-77. 

[5] Czernik, S.; Johnson, D. K.; Black, S. Biomass & Bioenergy 1994, 7, 187-192. 

[6] Oasmaa, A.; Kuoppala, E. Energy & Fuels 2003, 17, 1075-1084. 

[7] Darmstadt, H.; Garcia-Perez, M.; Adnot, A.; Chaala, A.; Kretschmer, D.; Roy, C. 

Energy & Fuels 2004, 18, 1291-1301. 

[8] Bridgwater, A. V. Applied Catalysis A: General 1994, 116, 5-47. 

[9] Oasmaa, A.; Kuoppala, E.; Selin, J. F.; Gust, S.; Solantausta, Y. Energy & Fuels 2004, 

18, 1578-1583. 

[10] Vitolo, S.; Seggiani, M.; Frediani, P.; Ambrosini, G.; Politi, L. Fuel 1999, 78, 1147-

1159. 

[11] Oasmaa, A.; Kuoppala, E.; Gust, S.; Solantausta, Y. Energy & Fuels 2003, 17, 1-12. 

[12] Wandas, R.; Surygala, J.; Sliwka, E. Fuel 1996, 75, 687-694. 

[13] Furimsky, E. Applied Catalysis a-General 2000, 199, 147-190. 

[14] Oasmaa, A.; Boocock, D. G. B. Canadian Journal of Chemical Engineering 1992, 70, 

294-300. 

[15] Maggi, R.; Delmon, B. Hydrotreatment and Hydrocracking of Oil Fractions 1997, 106, 

99-113. 

[16] Elliott, D. C. Abstracts of Papers of the American Chemical Society 1983, 185, 29-

Petr. 

[17] Zhang, S. P.; Yan, Y. J.; Ren, J. W.; Li, T. C. Energy Sources 2003, 25, 57-65. 

[18] Vitolo, S.; Ghetti, P. Fuel 1994, 73, 1810-1812. 

[19] Rocha, J. D.; Luengo, C. A.; Snape, C. E. Renewable Energy 1996, 9, 950-953. 

[20] Elliott, D. C.; Baker, E. G. Biotechnology and Bioengineering 1984, 159-174. 

[21] Elliott, D. C.; Baker, E. G. Biotechnology and Bioengineering Symposium, 1984, pp 

159-174. 



 Hydro-deoxygenation of Bio-oil 2-27  
 

[22] Bridgwater, A. V. Catalysis Today 1996, 29, 285-295. 

[23] Cho, K. W.; Park, H. S.; Kim, K. H.; Lee, Y. K.; Lee, K.-H. Fuel 1995, 74, 1918-1921. 

[24] Oasmaa, A., Leppämäki, E., Koponen, P.; Levander, J., Tapola, J.; VTT- Technical 

Research Center of Finland: Espoo, 1997. 

[25] Maggi, R.; Delmon, B. Biomass & Bioenergy 1994, 7, 245-249. 

[26] Grange, P.; Laurent, E.; Maggi, R.; Centeno, A.; Delmon, B. Catalysis Today 1996, 29, 

297-301. 

[27] de la Puente, G.; Gil, A.; Pis, J. J.; Grange, P. Langmuir 1999, 15, 5800-5806. 

[28] Kirby, S. R.; Song, C. S.; Schobert, H. H. Catalysis Today 1996, 31, 121-135. 

[29] Edwards, J. H.; Schluter, K.; Tyler, R. J. Fuel 1987, 66, 637-642. 

[30] Edwards, J. H.; Schluter, K.; Tyler, R. J. Fuel 1986, 65, 202-207. 

[31] Edwards, J. H.; Schluter, K.; Tyler, R. J. Fuel 1985, 64, 594-599. 

[32] Ferrari, M.; Maggi, R.; Delmon, B.; Grange, P. Journal of Catalysis 2001, 198, 47-55. 

[33] Gagnon, J.; Kaliaguine, S. Ind. Eng. Chem. Res. 1988, 27, 1783-1788. 

[34] Laurent, E.; Delmon, B. Journal of Catalysis 1994, 146, 281-291. 

[35] Laurent, E.; Delmon, B. Applied Catalysis a-General 1994, 109, 97-115. 

[36] Laurent, E.; Delmon, B. Catalyst Deactivation 1994 1994, 88, 459-466. 

[37] Conti, L., Scano, G., Baoufala, J., Mascia, S., Ed. Bio-oil production and utilization; 

CPL Press: Newbury, 1996. 

[38] Adjaye, J. D.; Bakhshi, N. N. Biomass & Bioenergy 1995, 8, 131-149. 

[39] Bridgwater, A. V.; Boocock, D. G. Developments in thermochemical biomass 

conversion; Blackie Academic & Professional: London; New York, 1997. 

[40] D. C. Elliott, G. G. N. In Developments in Thermochemical Biomass Conversion; A. 

V. Bridgewater, Boocock, D. G., Ed.; Blackie Academic & Professional, 1996, p pp. 

611-621. 

[41] Choudhury, H.; Collins, S.; Davidson, R. S. Journal of Photochemistry and 

Photobiology A: Chemistry 1992, 69, 109-119. 

[42] API Publication No. 4261, 1976. 

[43] Samolada, M. C.; Baldauf, W.; Vasalos, I. A. Fuel 1998, 77, 1667-1675. 

 



2-28 Chapter 2 
 

 

2.6 Appendix 1: Calculation Sheet  

(Exp 31 is taken as an example) 
A. Calculation of H2 consumption and conversion from mass balance 

Wet bio-oil: Wwb= 25g 
30 %-wt H2O 
41 %-wt O Water: Ww 

88.89 %-wt O 

Dry Bio-oil: Wdb 
 

 
 

Overall mass balances:  

Wdb = Wwb – Ww = 25 – 0.30 x 25 = 17.30 gram 

Oxygen balances: 

%46.20%100
30.17

889.071.243.041.071.24
, =

−
= xxxxX dbO  

a) Weight of oxygen potentially removed by HDO reaction = 20.46% x 17.30 gram = 4.26 

gram (oxygen in water does not react) 

b) 4.26 gram Oxygen = 0.27 mole Oxygen  

c) Based on Eq. 1, amount of hydrogen needed to react with 0.27 oxygen = 0.27 mole H2  

d) Theoretical H2 consumption per kg dry bio-oil =  

mole Oxygen in dry bio-oil x 22.4 Nl/ Weight of dry bio-oil 

(0.27 mole x 22.4 Nl/mole)/(17.3 x 10-3) = 349 Nl/kg dry bio-oil

 

B. Calculation of actual Hydrogen consumption 

The actual hydrogenation consumption (in moles) was calculated using the following equation: 

t

tispacegast
ti TR

XVP
n

.
. ,

,
−=  

ni,t: mole of gas i at time t 

Pt : total pressure of the reactor at time t 

Vgas-space: volume of gas space within the reactor (=75 ml) 

Xi,t: fraction of gas i at time t 
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Tt: temperature of reactor at time t 

R: ideal gas constant = 8.314 J/(mol.K) 

 

Initial conditions: Po=100 bar, To=25oC, XH2,o=100%.  

a) End of experiment and after cooling condition: Pt=55 bar at Tt=35.5oC.  

b) %H2 in gas space: XH2,t =23.8%-vol.  

 

 No,H2 = (Po,H2 . Vgas-spcae) /(R.To) = 0.30       [43] 

Nt,H2  = (Pt,H2 . Vgas-space . XH2,t) /(R.Tt) = 0.04   [43] 

Hydrogen consumption: ΔN= No,H2 - Nt,H2  = 0.26  [43] 

 

c) Actual H2 consumption per kg dry bio-oil = mole H2 consume x (22.4 Nl/mole) / 

Weight of dry bio-oil 

(0.26 mole x 22.4 Nl/mole)/(17.3 x 10-3) = 336 Nl/kg dry bio-oil 

 

C. Calculation of overall mass balance closure  

 

 

HDO 

Gas:     H2, CO, CO2, CH4, C2H4, C2H6, C3H6, C3H8
H2: Po,To 

Bio-oil Liquid 

HDO oil 

Water + 
Hydrocarbon 

Coke 
 

 

Overall mass balances:  

a) Wbio-oil,in + WH2, in = (Wgas, out + Wliquid, out + Wcoke, out) 

 

b) Wbio-oil,in + (Po.Vr.XH2,in/(R.To)) = (Σ(Wgas,out . Xi,out ) + Wliquid, out + Wcoke, out) 

 

d) Wbio-oil,in + (Po.Vr.XH2,in/(R.To))= (Σ(((Pt,H2 . Vr .MWi) /(R.Tt)). Xi,out ) + Wliquid, out + 

Wcoke, out) 
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(Σ(((Pt,H2 . Vr .MWi) /(R.Tt)). Xi,out ) + Wliquid, out + Wcoke, out). 100% 
η = 

Wbio-oil,in + (Po.Vr.XH2,in.MWH2 /(R.To)) 

 

 (3.3+ 18.98 + 0.9). 100% 
η = 

(24.71 + 0.6)  

 

η = 91 % 

 

D. Calculation of the TOF of the catalyst in screening phase 

TOF expressed in mol H2/g. cat.hr, 

  

Example: Volume of reactor gas gap = 75 ml. Initial conditions: Po=100 bar, To=25oC. End 

of experiment and after cooling condition: Pt=55 bar at Tt=35.5oC. %H2 in gas space: XH2,t 

=23.8%-vol. Weight of catalyst: Wcat= 1.25 g. Reaction time: Rt =3 hour. R = 8.314 

J/(mol.K). Vgas=75 ml  

No,H2 = (Po,H2 . Vgas-space) /(R.To) = 0.30       [43] 

Nt,H2  = (Pt,H2 . Vgas-space . XH2,t) /(R.Tt) = 0.04   [43] 

Average TOFH2 = (No,H2 - Nt,H2)/(Wcat . Rt) = 0.0693 (mol. (g cat)-1.hr-1) 

 

E. Calculation of energy efficiency 

Energy efficiency = %100..
BO

product
HDO HHV

HHV
X   

HHVproduct  : Heating value of product (HDO oil) = 39 MJ/kg  

HHVBO  : Heating value of BO (wet basis) = 21 MJ/kg.  

XHDO  : HDO oil fraction = 33 wt% of total product. 

Using this equation, the calculated energy efficiency is ~62%. 
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2.7 Appendix 2. Overview of selected HDO experiments  

 
Exp. No. 18 20 23 26 28 29 30 31 32

Catalyst NiMo/Al2O3 CoMo/Al2O3 NiMo/Al2O3 NiMo/Al2O3 NiMo/Al2O3 NiMo/Al2O3 NiMo/Al2O3 NiMo/Al2O3 NiMo/Al2O3 Ru/Al2O3

Conditions
Po.h2,bar 100 100 100 100 100 100 100 100 100 100
T1, oC 250 250 250 250 250 250 300 300 300 300
Rt1, min 60 60 60 60 60 15 15 15 15 15
T2, oC 400 400 400 400 400 400 400 400 400 400
Rt2, min 60 60 15 30 60 60 60 180 180 180

Feed
Bio-oil, gr 25,19 25,53 26,29 24,69 24,46 24,2 23,77 24,71 25,2 25
Catalyst, gr/gr Bio-oil 0,05 0,05 0,05 0,05 0,05 0,05 0,05 0,05 0,05 0,05

Analysis
Elemental Compositions n.a n.a n.a n.a

C, %-wt 81,25 79,2 77,4 79,55 79,55 76,4%
H, %-wt 8,81 8,79 8,66 9,54 9,98 9,1%
N, %-wt 0,52 0,35 0,36 0,43 0,16 0,1%
O, %-wt (diff.) 9,42 11,67 13,59 10,49 10,31 14,4%

Gas Composition n.a n.a
H2, %-vol 70,5 79,1 14,7               27,3% 24,8% 23,8% 33,2% 0%
CH4, %-vol 8,9 6,7 26,7               43,4% 44,9% 45,3% 31,9% 0%
CO, %-vol 0,9 0,3 0,6                 1,1% 1,3% 1,3% 0,7% 0%
CO2, %-vol 17,4 12 12,2               19,8% 20,1% 19,8% 25,2% 71,8%
C2H4, %-vol 0,2 0 0,2                 0,3% 0,4% 0,4% 0,3% 0%
C2H6, %-vol 1,1 1,1 3,2                 4,8% 5,1% 5,7% 5,1% 28,2%
C3H6, %vol 0,4 0,4 0,6                 1,0% 1,1% 1,0% 0,8% 0%
C3H8, %-vol 0,6 0,3 1,6                 2,3% 2,3% 2,7% 2,8% 0%
total 100 100 100,0             100% 100% 100% 100% 100

Results & Product
Pt, bar 40 65,2 47,71 15,6 55,4               59 51,9 55 54,2 55,1
Tt, oC 52,8 30 32 45 26,0               46 27,5 35,5 28,5 38,8
Gas MW, gr/mole 12 12 11,6               8,6                 10,9               18,2               20,0             20,2               20,2          40,0

Gas, gr 1,3 n.a 1,6 0,4 2,0 3,0 3,1 3,3 3,3
Liquid, gr 13,9 13,83 12,57 17,54 13,7               18,08 14,23 18,98 18,05 17,08

Water, gr 10,68 10,11 n.a n.a 9,27 11,13 9,27 10,28 10,82 10
HDO oil, gr 3,22 3,72 n.a n.a 4,4                 6,95 4,96 8,16 7,23 7,08

Char, gr 0 1,3 n.a n.a n.a 0,98 0,9 1,2 1,8
Total (G+L+S), gr 15,2 15,1 14,2 17,9 15,7 22,1 17,3 23,1 22,5 25,3

Balance 59% 58% 53% 71% 63% 89% 71% 91% 87% 99%

44

6,4

 
 

 

 



 




