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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 
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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.  
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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]. 

 
OH OH

Ru/C, H2

Phenol Cyclohexanol Cyclohexane

Ru/C, H2

H2O

 
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.  
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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. 
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