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Abstract 
Morgalla, Mario (2018). Benzene-char conversion and particle-vapor characterization in biomass gasification, 
Linnaeus University Dissertations No 321/2018, ISBN: 978-91-88761-60-6 (print) 978-91-88761-61-3 
(pdf). Written in English. 

Biomass is increasingly attracting attention as an alternative to fossil fuels. Gasification permits the 
thermochemical conversion of biomass into a product gas rich in carbon monoxide and hydrogen. The 
product gas can be further processed to generate heat, electricity, synthesis gas, chemicals, and biofuels. 
Particulate matter (PM), inorganic and organic (tars) impurities are formed as contaminants in the 
gasification process. In this thesis PM and tars formed during atmospheric fluidized bed biomass 
gasification are characterized and the conversion of a model tar compound (benzene) using a biomass 
based char aerosol in high temperature (HT) applications is investigated.  
PM in the product gas of a steam-blown atmospheric bubbling fluidized bed gasifier was characterized 
for mass size distribution and concentration, morphology, and elemental composition. The hot product 
gas was extracted using a HT- dilution probe combined with a primary and a secondary thermodenuder 
to adsorb tars and investigate the volatility/thermal stability of the remaining aerosol, respectively. Size 
distributions with three distinct modes were established. The fine and intermediate modes were mainly 
formed by tar and alkali vapors that had condensed in the sampling and conditioning systems. The coarse 
mode mainly consisted of the original particles, which are char, fly ash, and fragmented bed material. 
The presented PM sampling and conditioning system also showed the potential for online monitoring of 
heavy tars.  
The tar conversion performance of finely dispersed char particles within a HT-filter and an Al2O3 bed 
were tested experimentally using benzene as the model-tar. Benzene plus steam (or CO2) were 
simultaneously supplied to a tubular ceramic reactor that was heated electrically. Fragmented char 
particles were suspended and continuously supplied via a separate supply line. A HT-filter or a packed 
bed of crushed Al2O3 balls was positioned in the reactor to retain the char particles. The benzene 
conversion in the so formed hot char bed was investigated by varying the temperature of the filter or bed, 
gas flow rates, benzene concentrations, gasification media, char type, char mass and char concentration.  
Increasing the ratio of the char mass and gas flow rate (also referred to as char weight time) enhanced 
the benzene conversion. This was accomplished by increasing the supplied char concentrations, reducing 
the gas flow rates or slowing the char gasification reactions. The latter was achieved by lowering the 
steam concentrations or changing the gasification medium from steam to CO2. Increasing the temperature 
of the Al2O3 bed did not only raise the char gasification rate and thus reduce the char weight time but 
also showed to enhance the specific benzene conversion activity of the woody char samples. However, 
in the 900−1100 °C temperature range, the combined effect was to lower benzene conversions at higher 
temperatures. The apparent rate constant of the benzene conversion was slightly higher when CO2 rather 
than steam was used as the gasification medium. Increasing the benzene concentration slightly reduced 
the benzene conversion. Activated carbon pellets showed higher benzene conversions compared to a pine 
wood char which was related to the higher specific surface area of the activated carbon pellets. In contrast 
to a commercially available barbeque charcoal made from broadleaf wood, steam-activated woody 
charcoal converted benzene even in the absence of steam. This was probably due to the earlier steam 
activation of the woody charcoal and thus higher microporous surface area compared with that of the 
barbeque charcoal. Doping the woody barbeque charcoal with approximately 0.7 wt. % iron or 2 wt. % 
potassium did not improve the specific benzene conversion of the char. For a certain char concentration, 
however, the doping increased the char gasification rate, leaving less char in the packed alumina bed, 
thus leading to overall lower benzene conversions.  
 
Keywords: biomass gasification, fluidized bed, particulate matter, aerosol, char, tars, benzene 
conversion. 
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1. Introduction 

1.1 Background 
To mitigate global warming, the amounts of released greenhouse gases 
(GHGs) need to be reduced. At the Conference of the Parties (COP 21, 2015, 
Paris) it was agreed that a global temperature rise within this century should be 
kept well below 2°C. By 2030, the European Union (EU) aims to reduce GHG 
emissions by at least 40% compared with 1990 levels and increase the share of 
renewable energy in final energy consumption to 27%. By 2050, GHG 
emissions should be further reduced by 80–90% compared with 1990 levels. 
The energy and transport sectors are the major sources of GHG emissions. As 
is obvious from Figure 1 they contributed with 60 % of the total GHG 
emissions1 in 2015.  

 
Figure 1. GHG emissions by sector, EU-28, 20151; percent CO2 equivalent.  

One way to meet the European climate goals would be to use renewable 
energy sources instead of fossil fuels in the energy and transport sectors. 
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the paper. The raw gas and tar analysis, as well as the 
SEM/EDS were not performed by the author. The author was 
present during and evaluated the results of the SEM/EDS 
analysis.  
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planned and performed the experiments under the supervision 
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1.2 Aims and outline of the thesis 
The scope of this thesis was to: 
 

(a) Characterize particulate matter and tars formed during the 
atmospheric fluidized bed biomass gasification and testing of an 
aerosol-based method to monitor heavy tars. (Article I) 

 
(b) Investigate the conversion of a model tar compound (benzene) using a 

biomass-based char aerosol in high-temperature (HT) applications. 
(Articles II–IV) 

 

 
Figure 2. Outline of the thesis work. 

6 

Within the EU the share of renewable energy in gross final energy 
consumption in 2014 was highest in Sweden at 52.6%.1 Wood-based fuels 
alone, including processing residues from imported wood, produce 16% of the 
total consumption of the primary energy in Sweden.2 Nowadays the wood is 
mainly directly burnt to produce power and heat. However, woody biomass 
represents a major carbon source that in future needs to replace finite fossil 
fuels in the production of transportation sector fuels and various chemicals. 
One possibility is to gasify the woody biomass at elevated temperatures 
(>750°C) in a reducing atmosphere to produce a product gas that consists 
mainly of H2 and CO. This syngas can then be further processed into biofuels 
such as dimethyl ether (DME), synthetic diesel, gasoline, and natural gas. 
Even the burning of the syngas has many advantages compared with the direct 
combustion of the original biomass. The combustion of the syngas is more 
efficient because it can be burnt at higher temperatures in a more controlled 
way. Furthermore, the syngas can be used in IC engines or turbines, which 
generally have higher efficiencies than steam-based devices. Another 
advantage is the option to transport the gas in pipelines or store it.  
 
However, compared with the gasification of fossil fuels, biomass gasification 
is more troublesome due to the complex nature of the biomass. The product 
gas contains contaminants in both the gas phase (e.g. tar vapors) and particle 
phase (e.g. char and ashes) that needs to be measured and characterized at 
current process temperatures to control the contaminant concentrations in the 
product gas and to facilitate the design of potential gas-cleaning equipment.  
 
Tar vapors start to condense downstream from the gasifier, plugging pipes, 
fouling the heat exchanger, and deactivating catalysts. To prevent those 
technical problems and to increase the cold gas efficiency of the gasifier (tars 
contain substantial amounts of energy), the tars need to be converted. Metal- or 
transition-metal based tar-reforming catalysts are still not used commercially 
in the long term due to deactivation issues caused by the harsh gasifier 
conditions combined with their rather high investment costs. Thus, one major 
problem in biomass gasification that needs to be solved is to find inexpensive 
alternatives to convert tars at elevated temperatures.  
 
Depending on the product gas application, the tar concentration needs to be 
reduced to a certain level. For strict adherence to this level, continuous 
monitoring and control of the tar concentration in the product gas is crucial. 
Heavy tars that condense at elevated temperatures are especially troublesome. 
However, at the moment there is still no standard method for measuring heavy 
tar components online, which is why there is a need to further develop online 
measurement techniques for heavy tars. 
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Later, in chapter 3, experiments are presented in which wood was used as fuel, 
since it is regarded as a high-quality biomass with respect to the above 
parameters. The three main constituents of woody biomass are cellulose, 
hemicellulose, and lignin. Exemplary values for softwood are approximately 
41% cellulose, 24% hemicellulose, and 28% lignin.5 Typically, woody 
biomass consists of (dry wt.%) 40–50 % carbon, 5 % hydrogen, 35–50 % 
oxygen,<1% nitrogen,< 1% sulphur,< 2% ash, and 35–60 % water (i.e. 
moisture).6, 7 The volatile matter content in wood is around 80%. 4 The lower 
heating value of woody biomass is approximately 18–22 MJ kg-1.7 The ash 
melting temperature of wood varies depending on the type of wood; while 
scots pine ash starts melting around 1200°C, the ash of willow starts melting at 
about 1500°C.7  

2.2 Biomass gasification 
2.2.1 Fundamentals 
The objective of biomass gasification is to convert the solid biomass 
completely into a gas mixture of high calorific value. The biomass is brought 
into contact with a gasification medium (oxidant) at a high temperature (> 
750°C), whereby the equivalence ratio (i.e. the actual air-to-fuel ratio relative 
to the stoichiometric air-to-fuel ratio required for complete combustion of the 
fuel) is typically around 0.25.8 The gasification process consists of several 
steps (Figure 3) that, depending on the gasification technology, can be 
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2. Theory 

2.1 Biomass 
According to the European Parliament and Council, the term biomass means 
the biodegradable fraction of products, waste and residues from biological 
origin from agriculture (including vegetal and animal substances), forestry and 
related industries including fisheries and aquaculture, as well as the 
biodegradable fraction of industrial and municipal waste.”3 Depending on the 
type of gasifier, the biomass needs to be chosen and possibly pre-treated. The 
most important parameters when judging the performance of a biomass as a 
fuel suitable for gasification are the lower heating value, moisture and ash 
contents, ash composition, elemental composition, volatile matter content, bulk 
density, morphology, and homogeneity.  

 
The lower heating value is defined as the heat released during the combustion 
of a fuel minus the heat of evaporation contained in the steam.  

 
Biomass moisture means the weight of water per weight of biomass. A low 
fuel moisture content is preferred in order to increase the heating value of the 
syngas.  

 
Ash means the inorganic or mineral solid residues left after complete biomass 
combustion. Since a high biomass ash content leads to technical problems 
during the gasification process, it is recommended that biomass with low ash 
content and high ash melting temperatures be used.  

 
Volatile matter denotes the percent change in the weight of the biomass sample 
when heated to a standardized temperature in the absence of oxygen. 
Generally, the volatile matter content of biomass is quite high at approximately 
60–85%.4 Volatile matter is produced in the form of volatile organic 
compounds (VOCs), tars (i.e. condensable organic compounds), polyaromatic 
hydrocarbons (PAHs), and permanent gases (e.g. CO, CO2, H2, CH4 and 
CxHy).  
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Fixed-bed gasifiers are the simplest types of gasifier and the sequences of 
gasification (i.e. drying, pyrolysis, combustion, and gasification) shown in 
Figure 3 can be distinguished spatially in zones. Fixed beds can be divided into 
updraft and downdraft gasifiers. Both types contain a grate on which the 
biomass falls from the top of the gasifier. The difference between the two 
types is the direction of the gasification medium and the product gas.  
 
In an updraft gasifier, the gasification medium is fed from the bottom. Because 
the gas passes through all four zones before leaving at the top, high heat 
transfer is established within the gasifier. Advantages of the updraft gasifier 
are therefore a high char burnout, high gasification efficiencies, and the 
tolerance of very moist biomass. A disadvantage is the very high tar content of 
the product gas of updraft gasifier, since the pyrolysis gas does not pass 
through the combustion zone.  
 
In a downdraft gasifier, the gasification medium moves in the same direction 
as the biomass. However, high particle/ash emissions, scaling, lower 
gasification efficiencies, and higher fuel requirements are problematic in this 
type. The main advantage of the downdraft gasifier is the low tar content of the 
product gas, since it needs to pass through the high-temperature combustion 
zone and subsequently through the char bed that naturally builds up in the 
bottom section of the gasifier. One example of a downdraft gasifier is the 
Viking gasifier12 shown in Figure 4. The Viking gasifier is a modified 
downdraft fixed-bed gasifier in which the drying/pyrolysis unit is separated 
from the gasification unit. The tar-rich gas from the pyrolysis unit enters the 
top of the gasifier at a temperature of approximately 600°C. When the gas 
passes through the partial oxidation zone, the tar content is reduced by a factor 
100. It is reduced again by a factor of 100 when passing through the hot char 
bed. The product gas is cleaned by passing through several filters and then 
cooled down to 50°C before it is burned in a gas engine providing the heat for 
the pyrolysis unit. 

10 

Initially, the biomass is dried, i.e. the contained water is evaporated. Above 
200°C and in the absence of oxygen, lignin, cellulose, and hemicellulose start 
to decompose into permanent gases (e.g. CO, CO2, H2, CH4, and H2O) and 
tars, leaving a solid carbonaceous residue (char). Above approximately 750°C  
inorganic vapors are released (i.e. sulphur-, chlorine-, nitrogen-, and alkali-
related compounds) and the char-gasification and tar-cracking/reforming 
reactions become more severe. Parts of the char and the tars are converted into 
permanent gases, mainly via the reactions noted in Table 1. Parts of the char, 
permanent gases, as well as volatiles are combusted to provide the heat needed 
for the endothermic char-gasification- and tar-reforming reactions as well as 
the heat for drying the biomass.  
 
Table 1. Principal chemical reactions occurring during biomass gasification.9, 10 

Sequence/Reaction Equation Reaction 
enthalpy  

Char gasification   
Boudouard reaction C + CO2 ↔ 2CO Endothermic 
Hydrogasification C + 2H2 ↔ CH4 Exothermic 
Steam gasification C + H2O → CO +H2 Endothermic 
Char/Gas combustion   
Partial char combustion C + 0.5O2 → CO Exothermic 
Complete char combustion C + O2 → CO2 Exothermic 
Methane oxidation CH4 + 2O2 → CO2 + 2H2O Exothermic 
Hydrogen oxidation H2 + 0.5O2 → H2O Exothermic 
Carbon monoxide oxidation CO + 0.5O2 → CO2 Exothermic 
Tar (CxHy) reactions   
Thermal cracking CxHy → (y/4)CH4 + (x-(y/4))C Endothermic 
Dry reforming CxHy + xCO2→ (y/2)H2 + (2x)CO Endothermic 
Steam reforming CxHy + xH2O → ((y/2)+x)H2 + xCO Endothermic 
Hydrogenation CxHy + (2x-(y/2))H2 → xCH4  Endothermic 
Tar oxidation CxHy + (x/2)O2 → xCO + (y/2)H2  Endothermic 
Water-gas shift reaction CO + H2O ↔ CO2 + H2 Exothermic 
 
The gas resulting from the gasification of the biomass (product gas) mainly 
contains CO, H2, CH4 as well as CO2, steam and nitrogen (if air is used as 
gasification medium). However, depending on the efficiency of the 
gasification process and the biomass the product gas might contain substantial 
amounts of unconverted char particles, tars and ashes which need to be either 
removed or converted to increase the energy efficiency of the gasifier and 
protect downstream installed equipment.  

2.2.2 Gasifier designs 
Many different types of reactor (gasifier) technologies have been suggested, 
differing in terms of the gasification medium (i.e. steam, air, oxygen), pressure 
(i.e. ambient or pressurized), heat supply (i.e. autothermal or allothermal), or 
design.11 
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Figure 5. Schematic of a bubbling fluidized bed gasifier based on Knoef et al.8 

Advantages of FB gasifiers compared with fixed-bed gasifiers are the uniform 
temperature distribution within the gasifier, the possibility of scaling up 
operation, high reaction rates, and high feedstocks tolerances. However, the 
product gas of FB gasifiers usually still contains unconverted tars 
(approximately 10 g Nm–3)13 and char (1–40 g Nm–3)14 that need to be 
removed downstream from the gasifier if the product gas is intended to be used 
in internal combustion engines, gas turbines, compressors, fuel cells, or for 
methanol synthesis.13  
   

2.2.3 Char 
Char is the solid residue remaining after the biomass is pyrolyzed, i.e. moisture 
and volatiles are driven out. In FB gasifiers char particles are crushed due to 
the movement of the bed material which is discussed in more detail by Lin et 
al.15 Due to their relatively high volatile matter content biomass char particles 
are low in density (< 0.3 g cm–3)16 and therefore easily entrained from the 
gasification process. The unconverted char particles, on one hand, lower the 
cold gas efficiency of the product gas, might block catalysts, and increase the 
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Figure 4. Simplified Viking gasifier concept.12 

Another type of gasifier design is the Fluidized-bed (FB) gasifier. In addition 
to the biomass, a granular solid material (i.e. bed material) is fed above the 
grate as shown in Figure 5. The gasification medium moves upwards through 
the grate at a velocity that is high enough to fluidize the biomass and bed 
particles. Due to the intense mixing, the biomass particles are quickly heated 
by the bed material and decomposed into a combustible gas. Unlike in a fixed-
bed gasifier, it is impossible to spatially distinguish the gasification sequences, 
as drying, pyrolysis, gasification, and combustion all take place 
simultaneously. The freeboard section is designed to provide enough time for 
gas-phase reactions to take place and retain fine particles. Two main types of 
FB gasifiers are bubbling fluidized-bed (BFB) and circulating fluidized-bed 
(CFB) gasifiers. Both types of gasifier differ in their degree of fluidization, i.e. 
fluidization velocity. A BFB gasifier forms a clear gas–solid boundary layer, 
as depicted in Figure 5. In a CFB gasifier, the solid is completely fluidized and 
dispersed in the freeboard. This leads to a higher char conversion, on one hand, 
as well as higher particle and bed material entrainment on the other. The 
particles are recycled to the gasifier by connecting the hopper outlet of the 
cyclone to the bottom section of the CFB gasifier.  
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2.3 Particulate matter (PM) 
Continuous measurements and characterization of PM in the product gas with 
respect to their particle size distribution, concentration, and chemical 
composition are crucial in order to: 

 properly design and place product gas upgrading equipment (e.g. 
filters and catalysts)—otherwise, PM might simply pass through 
particle filters and deactivate catalysts; 

 avoid damaging downstream-installed devices—depending on the 
product gas application certain particle mass concentrations must not 
be exceeded as shown in Table 3; 

 understand particle formation mechanisms inside the gasifier— these 
depend on the type of biomass and process conditions (e.g. 
temperature, pressure, and gasifying agent); and 

 prevent health implications for humans— the particle size determines 
the PM fraction and the harm caused by the PM that is deposited in 
the human respiratory deposition system.25 
 

Table 3. Particle limits depending on product gas applications.8 

Application Particles [mg Nm–3] 
Gas engine < 50 
Gas turbine < 30 
Syngas/Methanol < 0.02 

2.3.1 Definitions 
Solid and/or liquid PM is suspended in the raw product gas, making it an 
aerosol by definition.25, 26 As explained earlier, the most important property 
characterizing an aerosol is the size of the particles it contains. Depending on 
the particle size, the aerosol will behave differently, since the laws determining 
particle behavior change with size. For example, many properties of very small 
PM (approximately 0.001 µm) resemble those of a big gas molecule, while PM 
bigger than 10 µm (e.g. dust, pollen, and flour) are very unstable in the 
atmosphere.25 It is not always easy to accurately describe the size of a particle. 
Particles formed by condensation of a liquid (e.g. many atmospheric aerosols) 
are often spherical, so the particle diameter (dp) is an appropriate way to 
describe them. In this case, dp equals the Stokes diameter (dS), defined as the 
diameter of a sphere with the same settling velocity (v𝑇𝑇𝑇𝑇) and density as the 
original particle. However, agglomerated or fragmented solid PM (e.g. char) is 
randomly shaped, i.e. does not have an actual particle diameter. Non-spherical 
PM is usually described by certain equivalent diameters with the same 
physical properties as the non-spherical particle. The choice of an appropriate 
equivalent diameter depends on the particle property of interest and the 
respective measurement technique. In this work, the particle measurement 
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pressure drop in filters installed downstream from the gasifier. On the other 
hand, char seems to reduce the tar content of the product gas, which is 
discussed in more detail in sections 4.2 and 4.3. Char is continuously produced 
and consumed during the gasification process. Char yield and consumption are 
strongly influenced by the char’s chemical composition, which depends on the 
type of biomass. Table 2 presents chemical compositions of willow, oak, and 
straw-pellet char pyrolyzed at approximately 550–560°C. It is obvious that the 
chemical compositions of the three chars differ considerably. The carbon 
content of willow char is almost two times higher and the ash content 
approximately eight times lower than those of the straw-pellet char. Since the 
char largely consists of carbon, it is important to convert as much char as 
possible into useful gases (e.g. CO, H2, and CH4) to increase the gasification 
efficiency of the process. Certain ash components such as K, Na, Fe, and Ni 
catalyze the char gasification, i.e. enhance the char reactivity.17, 18 However, 
straw char, which contains substantial amounts of ash was found to display a 
lower char reactivity at elevated temperatures than did wood char.16, 19 This 
indicates that the chemical composition of the char does not solely determine 
the char reactivity.  
 
Table 2. Proximate and ultimate analysis of willow, oak and straw-pellet chars.20 

Proximate analysis 
 [wt. %, dry] 

Willow * 
 

Oak** 
 

Straw pellets* 

Ash 6.2 17.3 49.6 
Volatile matter 11.6 27.1 8.1 
Fixed carbon 82.2 55.6 42.3 
Ultimate analysis  
 [wt. %, dry] 

   

Carbon 81.7 64.6 42.5 
Hydrogen 2.4 2.1 1.4 
Nitrogen 0.4 0.4 0.8 
Sulfur 0.04 0.1 0.49 
Oxygen 8.6 15.5 5.04 
* Produced at 550℃ 
** Produced at 565℃
 
The pyrolysis conditions under which the biomass is treated (i.e. heating rate, 
pyrolysis temperature, pyrolysis time, and pressure) influence the internal 
structure of the char and thus the char reactivity as well. Increasing the surface 
area enhances the char-gasification rate21. High heating rates generally 
increase the specific surface area and pore volume at temperatures up to 900 ̶ 
1200°C and heating rates up to 450°C min–1  Above 900 ̶ 1200°C char 
melting, pore fusing and structure ordering decreases the specific surface 
area Heating rates ˃ 450°C min–1 reduce the surface area21 due to interior 
partial graphitization.22 Increasing the pressure or the pyrolysis retention time 
also reduces the surface area of the char and thus the char reactivity.23, 24 
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interest, particle size distributions provide information on how the PM is size 
distributed with respect to number, mass, volume, or surface area.   

The simplest form of a PM distribution is a histogram containing a series of 
rectangles (or bars), with the width of each bar representing the size 
interval (µm) and the height representing the property of interest (r) (e.g. 
number or mass). To enable direct comparison of the heights, a frequency 
function, qr, is used in which each bar is divided/normalized by the width 
of the respective interval (dr/∆dp). A commonly used distribution in 
particle size statistics is the lognormal distribution in which q𝑟𝑟 is defined as 
the ratio of the height and the logarithm of the width (dr/∆logdp) and 
plotted as a function of the logarithm of the particle size, dp (actually 
dp/d0  with d0 = 1 µ𝑚𝑚).25 The number of rectangles depends on the 
resolution of the measurement device used. Impactors (explained in more 
detail in chapter 3) are usually used to roughly separate the aerosol into 
approximately 10–15 size intervals, so histograms are often used to analyze 
impactor data. Other particle measurement instruments such as the 
scanning mobility particle sizer (SMPS, see chapter 3 for details), allow for 
a higher particle size resolution, i.e. the use of many rectangles (∆→d). 
Thus, the histogram merges into a curve and the frequency function, qr, is 
called the particle size distribution. Such a distribution can be more easily 
interpreted using statistical techniques.25  
 
The mode is defined as the most frequently occurring particle diameter in a 
particle size distribution,25 which might be expressed as: 

                                                         dqr
ddp

= 0                      (5) 

A very useful tool to for indirectly calculating mean values and distributions 
are so-called moments (Mk,r ), where r takes values of 0, 1, 2, or 3 for the 
number-weighted, length-weighted, surface-weighted, or volume/mass-
weighted distribution, qr, respectively. �̅�𝑑k,r

k  represents the mean diameter of 
the corresponding property r using the 𝑘𝑘-th moment (… –3, –2, –1, 0, 1, 2, 3 
…):  

              Mk,r =  ∫ dp
kq𝑟𝑟(dp)ddp =  d̅k,r

kdp,max
dp,min

                       (6) 
 
If the particle size distribution of property l (0, 1, 2, 3) is searched for, it can be 
determined via the distribution of a known property j: 
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instruments used relied on the aerodynamic (dae) and mobility-equivalent 
diameter (dm). The aerodynamic diameter is defined as the equivalent diameter 
of a spherical particle that has the same v𝑇𝑇𝑇𝑇 as the actual particle but with a 
standard density of ρ0 (1 g cm–3). For particle Reynolds numbers < 1 (Stokes 
region), v𝑇𝑇𝑇𝑇 can be calculated for the different equivalent diameters by 
equating the Stokes drag force and the force of gravity25: 
 

vTS = ρpdp2 gCc(dp)
18ηχ  = ρ0dae2 gCc(dae)

18η = ρpdS
2gCc(dS)
18η                                               (1) 

 

where χ is the dynamic shape factor correcting for a non-spherical shape, 𝐶𝐶𝑐𝑐 
the Cunningham slip-correction factor, needed to adjust the Stokes law for PM 
<1 µm, η the dynamic viscosity, g the gravitational constant, and ρp the 
particle density. Based on Eq. 1 the Stokes diameter and aerodynamic diameter 
can be related in Eq. 2:  

                      dae =  dS√ ρp∙Cc(dS)
ρ0∙Cc(dae)        (2) 

 
The mobility-equivalent diameter dm is defined as the diameter of a particle 
that has the same mobility (defined as the particle velocity produced by a unit 
of external force)26 as does the actual particle. If the external force is 
electrostatic in nature (e.g. an electrical field, E), equating it to the Stokes drag 
force gives the velocity (vTE) of a particle having 𝑛𝑛 elementary charges: 

 

vTE =  neE𝐶𝐶𝑐𝑐
3πηdm

                         (3) 

 
The ability of a particle to move in an electric field (E) is often expressed as 
the particle’s electrical mobility (Z) and defined as:  
 

       Z = vTE
E                             (4) 

For spherical particles, dm can be estimated using dS. In addition, if a particle 
density of ρ0 is assumed, this would mean that dae ≈  dm. This is quite useful 
in case particle measurement instruments relying on dae and dm are used, since 
their results can be compared directly with each other.   

Particle diameter alone is only enough to characterize aerosols comprising PM 
of identical size, i.e. monodisperse aerosols. However, most aerosols are 
polydisperse, i.e. contain PM of various sizes, making it necessary to 
characterize how these particles are distributed. Depending on the property of 
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from atmospheric FB gasifiers and suggested the particle formation pathways 
shown in Figure 6.  

 

 
Figure 6. Modified particle formation mechanisms during biomass gasification based on 
Gustafsson.28 

The entirety of PM is often divided into a fine (<1 µm) and coarse (>1 µm) 
particle mode. Particles from both modes are formed via different particle 
formation mechanisms. Fine PM are formed from volatile inorganic (e.g. 
alkalis, heavy metals, and chlorides) components released from the biomass. 
During homogeneous gas-phase reactions gas, components with high vapor 
pressures are formed. If the partial pressures of those components are much 
higher than their corresponding saturation vapor pressures PM are 
spontaneously formed (via homogeneous nucleation). During this process, 
submicrometer particles with a high number concentration and surface area are 
produced. The high surface area of the existing particles instead causes the 
remaining vapor to condense onto those particles (via nucleated condensation) 
reducing the partial pressure, thus counteracting homogeneous nucleation. 
Condensation causes the particles to grow in size. Initially, the particle size 
will be smaller than the gas mean free path and growth is determined by the 
particle–vapor molecule collision frequency. After the particle diameter 
exceeds the mean free path, particle growth depends on the rate of diffusion of 
vapor molecules towards the particle surface.25 The formed particles collide 
with each other, adhere, and form larger particles (via 
coagulation/agglomeration), thereby reducing the number concentration over 
time. Coarse-mode PM originates from non-volatile matter, i.e. char, bed 
material, and ashes. Char and bed particles collide, grinding each other, 
breaking into smaller PM (fragmentation), and becoming entrained with the 
bed material. More details on char fragmentation can be found elsewhere.15 As 
shown in Figure 6 inorganic vapor might also condense onto coarse PM. 
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                                            ql(dp) = dp
l−jqj(dp)

Ml−j,j
                                                (7) 

 
For the trivial case of k = 0, integration of Eq. 6 for all particles gives 

                                        M0,r = ∫ qr(dP)ddP = 1𝑑𝑑𝑝𝑝,𝑚𝑚𝑚𝑚𝑚𝑚
𝑑𝑑𝑝𝑝,𝑚𝑚𝑚𝑚𝑚𝑚

                                  (8) 

Similarly, the fraction of a certain property within a particle interval (dp,1 −
dp,2) can be calculated as: 

                                                 ∫ qr(dP)dd𝑃𝑃
dp,2

dp,1
                                               (9) 

The arithmetic mean (or number mean) d̅p is defined as the ratio of the sum of 
all particle sizes (dp) and the total sum of particles (N) and can be derived 
from Eq. 6 for k = 1: 

                                        d̅p =  ∫ dpqr(dp)ddp = ∞
0

∑ dp
N                               (10) 

If particle size distributions are skewed, the geometric mean, dg, is favored 
over the arithmetic mean and is defined as: 

                                               dg = [∏ dp,i
N
i=1 ]

1 N⁄                                          (11) 

where dp,i are the particle diameters of different size intervals.  

An aerosol might, for example, be characterized with respect to number (CN), 
mass (Cm), surface (CS) or volume (CV) concentration. In a clean room, 
regulations are often based on number concentration. For example, in a class 1 
clean room, PM of dp= 0.1 µm is limited to a maximum concentration of 10 
particles m–3.27 Air pollution standards or product gas application thresholds 
are often defined as mass concentrations in g Nm–3 (see Table 3). Many PM 
measurement instruments (e.g. SMPS) measure the number concentration and 
number size distribution, and recalculate the corresponding mass concentration 
or mass size distribution under the assumption of spherical particles. Using the 
third moment average, (𝑑𝑑3̅), the number concentration, CN, can be used to 
calculate the mass concentration, Cm: 

                                                    Cm = CN
ρπ
6 d3̅

3                                            (12) 

2.3.2 PM formation 
The resulting product gas from biomass gasification contains solid and liquid 
PM originating from the biomass (char and ashes) as well as PM from abraded 
bed material. In this section, the particle formation mechanisms occurring 
during biomass gasification are explained. Gustafsson28 characterized PM 



19 

from atmospheric FB gasifiers and suggested the particle formation pathways 
shown in Figure 6.  
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A second commonly used method is to extract the product gas at actual 
process temperatures using a dilution probe.38-43 An example of a dilution 
probe is shown in Figure 7. The product gas inside the dilution probe becomes 
diluted and cooled, upstream from any aerosol instruments used for the PM 
characterization. Different types of probes were originally designed to extract 
PM contained in the flue gas from biomass combustion. Jimenez and 
Ballester44 sampled submicron particles from pulverized olive residue 
combustion using a new aerodynamic quenching particle-sampling probe 
(AQPS), which essentially consisted of a tiny nozzle entrance, a low-angle 
divergent cone, and an expansion section. A very rapid decrease in gas 
temperature and pressure quenched any gas phase reaction and reduces 
physiochemical transformations of condensable vapors into PM. Strand et al.41 
developed a high-temperature dilution probe to sample PM from a 104-MW 
CFB boiler. The probe consisted of two co axial quartz tubes, i.e. an inner and 
an outer tube. Dilution air was fed into the cold end of the outer tube, 
transported towards the sampling position at the hot end of the probe, and 
mixed and transported out of the probe through the inner tube. By adjusting the 
dilution ratio (DR) and dilution gas temperatures, the nucleation and 
condensation of inorganic vapors could be controlled. The vapor could be 
induced to completely deposit inside the probe, condense on existing PM, or 
form a distinct mode clearly distinguishable from the original PM.  

 
Figure 7. Schematic of a dilution probe.  

Gustafsson et al.28, 45, 46 used a similar probe to sample PM from different 
biomass gasifiers. Tars were removed before the actual PM measurement 
instruments using an activated bed of carbon or a thermodenuder.  

2.4 Tar 
2.4.1 Definition 
According to Milne and Evans,13 tars might be defined as “the organics, 
produced under thermal or partial-oxidation regimes (gasification) of any 
organic material, and are generally assumed to be largely aromatic.” 
Operationally, tars are defined as the condensable matter contained in the 
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Nucleated condensation, however is not as pronounced as in the fine mode, 
since the number concentration and specific surface area of the coarse-mode 
PM are small compared to the fine mode. The mass concentration is dominated 
by coarse PM.  
 

2.3.3 Particle measurements 
It is challenging to collect a representative sample of a moving aerosol stream. 
Depending on the design of the sampling system, the size distribution and 
concentration might vary substantially. If a sample is extracted using, for 
example, a thin-walled tube, it is essential to ensure that the concentration and 
size distribution of the aerosol entering the probe are the same as in the 
original stream. This condition is met if the velocity of the aerosol stream to be 
measured and the velocity in the tube are identical (i.e. isokinetic sampling). 
After a representative sample is extracted, the aerosol needs to be transported 
to the PM measurement instrument(s). The particle transport efficiency is 
defined as the ratio between the PM concentration at the measurement 
instrument and PM concentration at the tube inlet. It is usually smaller than 1 
due to particle losses, becoming smaller the longer and more angled the 
measurement system. Particle losses might occur in tubes, elbows, 
constrictions, electrically non-conducting tubing, or due to temperature 
changes that cause particle settling, particle diffusion, electrostatic effects, 
impaction/inertial effects, or thermophoresis (in the case of a hot aerosol).29 
Because of the complexity and potential interactions of those possible 
deposition mechanisms, a proper sampling system needs to be experimentally 
validated with respect to particle losses.  
 
There are particular challenges if PM of high concentration is to be measured 
and characterized in a hot gas. One issue is that many PM measurement 
devices require that the number concentration and temperature be lowered to 
suit the operational limits of the instrument. Another issue is that high 
temperatures and concentrations will trigger chemical reactions and 
physiochemical changes (e.g. nucleation, condensation, and agglomeration) in 
the aerosol. A sampling system must therefore be designed to rapidly quench 
all physical and chemical aerosol dynamics to prevent alteration of the PM and 
to obtain a representative representation of the PM in the hot product gas. In 
FB biomass gasification, the condensation of volatile matter (e.g. tars and 
inorganics) partly contributes to the formation of PM (i.e. artifact PM).  
 
There are generally two ways to sample PM from a hot gas containing 
condensing vapors. One way is to use heated filters and impactors. If the gas 
temperature is kept above the dew point of the tars (≈ 300°C), condensation of 
tars might be avoided.30-37 A drawback of this method is that inorganic vapors 
will have already condensed and formed PM at these temperatures.  
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phenols such as guaiacol and syringol.49 At 500–600°C these primary tars 
undergo a series of secondary homogeneous reactions forming so-called 
secondary tars. In general, the high oxygen content of the primary tars makes 
them very reactive, even at low temperatures. However, there are still 
differences in the reactivity of cellulose and lignin-derived tars. While the 
cellulose-derived primary tar fraction is reportedly readily gasified to CO, 
CO2, CH4, and H2 at a temperature of 600°C, the reactivity of the lignin-
derived tar fraction was only one sixth of that.49 The secondary tar fraction 
formed during lignin pyrolysis is dominated by phenolics which are 
structurally similar to the lignin building block. At temperatures above 800°C 
simple phenolic compounds, including the parent phenol compounds, are 
major sources of low-molecular-weight aromatics.50 Ortho-methoxyphenols 
are thermally transformed to cinnamic aldehydes, which are relatively labile 
and polymerize easily into larger Polyaromatic hydrocarbons (PAHs) such as 
acenaphthylene, fluorene, phenantrene, anthracene, and pyrene. Another 
pathway is the direct formation of PAHs due to the pyrolysis of phenolic 
oligomers.50 According to Frenklach and Wang,51 PAHs form from simple 
aromatics via two different reaction pathways: either through the direct 
combination of intact aromatic rings or through H2 abstraction and subsequent 
acetylene addition (cyclization). During the homogenous formation and 
conversion of tar components, soot48, 52 and “secondary char (coke)”49 are 
major products as well. Soot particles are produced by PAH compounds that 
initially grow from planar structures into three-dimensional particle clusters 
through nucleation. These particle clusters will then grow further by 
coagulation and surface reactions (with e.g. acetylene).51   
 
The formed solid carbon (i.e. soot and coke), potentially used bed material, 
inorganic particles, and char particles might simultaneously interact with 
primary, secondary, and tertiary formed tar compounds. The interaction 
between tar and char particles is elucidated in more detail in sections 2.4.4.3, 
4.2, and 4.3.   
 

2.4.3 Tar measurements 
Since the term “tar” is not clearly defined in the literature, it is also 
problematic to define a standard method with which to measure tars. In the 
past, many research groups have suggested different protocols and guidelines 
for performing tar measurements. A technique still commonly used today is 
based on the adsorption of tars onto a solid amino phase (SPA).53 The 
concentration of the adsorbed tar compounds is subsequently determined by 
gas chromatography with flame-ionization detection, as explained in more 
detail in section 3.2.4.  
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product gas causing various technical problems. These problems include the 
tar’s condensation and thus blockage of downstream process equipment, such 
as pipes, heat exchangers, and turbines, as well as the fouling of catalysts. The 
definition of tars also depends on the end-use application. Since modern 
energy conversion equipment (e.g. fuel cells) is also affected by certain non-
condensing compounds (e.g. ethylene, cyclopentadiene, and benzene), these 
compounds are occasionally defined as tars as well.  

 
The amount and type of tar depends on the fuel- and gasifier type. The product 
gas of a FB gasifier contains approximately 10 g Nm–3 of tars13 (depending on 
the tar definition and measurement method). The tar yields in wood 
gasification were reported to be higher than in the gasification of peat or 
brown coal.47 
 

2.4.2 Formation mechanisms 
As shown in Figure 3 tar formation starts during the initial biomass 
gasification steps (pyrolysis). Figure 8 shows a more detailed distribution of 
the gaseous and solid products formed during biomass pyrolysis as a function 
of temperature and time. The scheme is based on the work of Evans and 
Milne,48 neglecting the liquid products (i.e. condensed oils) and subsequent 
reaction pathways, which are of more importance in high-pressure gasification 
processes. 

 
Figure 8. Pyrolysis pathways based on Evans and Milne.48 

The building blocks of the biomass (i.e. lignin, cellulose, and hemicellulose) 
initially decompose at a temperature of 400°C into oxygenated compounds 
(“primary tars”). As polysaccharides, hemicellulose and cellulose form low-
molecular-weight carbonyls, carboxylic acids, anhydrosugars, and furans as 
their primary tar components.49 Lignin as the aromatic constituent of woody 
biomass forms aromatic monomers and oligomers that are structurally related 
to the original building blocks of the lignin, for example, methoxy-substituted 
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phenols such as guaiacol and syringol.49 At 500–600°C these primary tars 
undergo a series of secondary homogeneous reactions forming so-called 
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For operational reasons, it is useful to know when tars start condensing. 
Therefore, an on-line tar-dewpoint analyzer (TDA) was developed by the 
Energy Research Centre of the Netherlands (ECN) by modifying a 
hydrocarbon dew-point sensor.60 The maximum temperature of the TDA is 
limited to 200°C due to the thermal resistance of the fiber optics. At 
temperatures above 280°C, tar polymerization deposits will even lead to 
fouling/destruction of the sensor. That means that the dew-point analyzer can 
only be used downstream from potential tar removal units to measure the light 
tar fraction. Furthermore, heavy tars must be removed by the gas-conditioning 
system installed upstream from the dew-point analyzer to protect the sensor 
against fouling and corrosion. 

 
Heavy tar compounds are a major problem in the product gas since they easily 
condense at both elevated temperatures and quite low concentrations. Since 
they will mainly be responsible for clogging and operational problems of the 
downstream-installed equipment, it is important to further develop on-line tar 
measurement methods for heavy tar compounds. A first step in the on-line 
measurement of heavy tars is the method developed by Moersch et al.,61 which 
permits on-line determination of the total amount of non-condensable and 
condensable hydrocarbons at temperatures up to 300°C. By means of a flame 
ionization detector (FID), the total hydrocarbon content of the hot gas is 
compared with that of the gas with all tars removed using a filter. A possible 
drawback is that the filter element needs regular cleaning, especially at high 
heavy-tar concentrations. Furthermore, periodic calibration runs should be 
carried out to ensure proper performance, which require experienced 
personnel. Further development is needed to provide a simple and economical 
way to measure heavy tars that can be applied in commercial biomass 
gasification plants. This issue will be further elucidated in sections 3.3.2 and 
4.1.2. 
  

2.4.4 Tar removal and conversion 
Tars cause technical problems and reduce the energy efficiency of the 
gasification process. Many tar compounds are even considered damaging to 
health and the environment. Furthermore, depending on the product gas 
application, i.e. the required syngas quality, the tar content may need to be 
reduced to a specific value.13, 62 One way to reduce the tar concentration in the 
product gas is to optimize the operation of the gasifier using primary measures, 
including choosing appropriate operating parameters, catalytic bed materials, 
and gasifier design.63 However, secondary measures are usually needed to 
reduce the tar concentration in the product gas still further; these measures 
could involve the physical, thermal, and catalytic removal of tars. 
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However, the total reported tar concentrations varied with the applied tar 
sampling and analysis technique. Therefore the Commission Européene de 
normalisation (CEN) approved a technical standard for the measurement of 
tars in biomass gasification.30 According to this standard, the tar-laden gas first 
needs to be sampled isokinetically using a heated probe. Subsequently, the gas 
passes through a heated filter to remove PM and then through a series of 
heated and chilled impinger bottles containing organic solvents in which the 
different organic tar compounds are collected. The collected tars are divided 
into a GC-detectable fraction (MW < 350 g mol–1) and a gravimetric fraction. 
In the gravimetric analysis, part of the sample is evaporated under defined 
conditions and the residues are weighed. In that way, the gravimetric tar 
concentration of the product gas can be calculated. If individual tar compounds 
are of interest, part of the sample is injected into a gas chromatograph. 

 
The tar concentration might be also considered a kind of “fingerprint” of the 
gasifier. This means, for example, that a suddenly increasing tar concentration 
could indicate potential bed agglomeration in a FB gasifier. It is therefore of 
interest to measure the tar concentration on-line, i.e. in real time, in order to 
ensure proper operation of the gasifier and strict adherence to the tar limits at 
all times. 
  
On-line tar measurements based on optical techniques include systems based 
on photo-ionization detection,54 laser-induced fluorescence,55 and ultraviolet–
visible56 spectroscopy. Optical methods offer the possibility to measure the 
concentration of specific organic compounds in situ, i.e. directly in the product 
gas. However, such measurements require optical access, which might be 
difficult to obtain in industrial applications. Furthermore, advanced materials 
and frequent cleaning are needed to guarantee clean optical access in situations 
permanently exposed to the hot and dirty product gas. The optical signal might 
be also disturbed by high dust loads or H2S concentrations in the product gas.   
   
Another possibility is to measure tars “semi-online,” i.e. extract the product 
gas before analyzing it. One advantage of such measurements is that the tar 
content of the product gas can be analyzed closer to the gasifier exit, i.e. at 
higher temperatures (700–800°C). Furthermore, since the extracted product 
gas is conditioned (having passed through the particle filter, condenser, and 
diluter) before being analyzed, more advanced analysis instruments can be 
used, allowing for a more detailed and accurate tar analysis. 

 
For on-line tar measurements gas chromatographs (GCs) are often used and 
equipped with different types of mass spectrometers.57-59 Drawbacks are the 
high costs of the analysis equipment and the need for skilled personnel for 
operation.  
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Cooling of the product gas is a drawback occurring if tars are separated 
physically, which in most cases involves the product gas passing through a 
series of a cooler, heat exchanger, and heater, which always entails heat losses. 
 
Thermal conversion of tars  
According to Haro et al.,71 who investigated syngas processing for enhanced 
Bio-SNG production, about 10% of the energy in the raw syngas of an indirect 
FB gasifier corresponds to aromatics (mainly benzene). Therefore, converting 
rather than separating the aromatics would greatly increase the process 
efficiency in the production of bio-syngas. One way to do this is to thermally 
crack the tars by increasing the temperature and residence time of the tar-laden 
gas. In this way, large aromatic hydrocarbons are cracked into smaller 
hydrocarbons, carbon monoxide, and hydrogen. Prolonging the gas residence 
time by means of a properly designed freeboard section or by bringing the gas 
into contact with a hot surface can contribute to the thermal tar cracking.72 It 
was found that at technically relevant resident times (<10 s), temperatures of 
1200–1300°C are needed to achieve a significant thermal conversion of 
aromatic hydrocarbons73 or tars from an updraft gasifier,74 which might lead to 
the formation of soot,73 which also is troublesome. A more effective approach 
is to add oxygen or air in order to partially oxidize (POX) the tars. Houben et 
al.75 investigated the partial oxidation of naphthalene in a 
hydrogen/methane/nitrogen mixture for different air/fuel ratios (λ). The 
authors found an optimum λ-value of 0.2. Without air addition or at λ values ˃ 

soot and PAH formation dominated. Since the usage of air would 
substantially reduce the calorific value of the product gas, oxygen should be 
used instead. The need to produce oxygen and the high temperatures (as well 
as high heat losses and the low heating value and yield of the syngas) in non-
catalytic POX units make it economically unattractive for industrial-scale 
applications.8 

2.4.4.2 Catalytic measures 
According to Rub et al.,76 catalysts can be differentiated into mineral and 
synthetic catalysts as explained in the following. 
 
Mineral catalysts 
Minerals are naturally occurring chemical compounds77 with an ordered 
atomic arrangement.78 Catalytic materials of this type are often used as 
received and are therefore comparatively inexpensive. 
  
Calcined rocks (or “stones”) are one class of mineral catalysts and are 
produced through the calcination of minerals, such as limestone (CaCO3), 
magnesium carbonate (MgCO3), and dolomite (CaMg(CO3)2), containing 
alkaline earth metals. If these carbonate materials are heated to high 
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2.4.4.1 Non-catalytic measures 
Physical removal of tars 
One way to remove tars is to use wet gas-cleaning systems that remove tars 
through tar condensation, gas/liquid separation, and tar-droplet filtration.13 
Since solid or liquid tar droplets behave as PM, tars can be removed as dust 
particles from a gas, for example, in cyclones, filters, wet electrostatic 
precipitators, scrubbers, and demisters as described elsewhere.25 The 
technology chosen depends on the inlet tar concentration, particle size 
distribution, and downstream application of the product gas.  
 
In cooling towers, heavy tars might condense, forming a mist of tar droplets, 
so a venturi scrubber and demister installed downstream can be used to remove 
these droplets. If a water-based tar removal system is to be used, one should 
consider the low solubility of non-polar, heavy, and heterocyclic tar 
compounds, the clogging tendency and the high costs of waste-water and 
sludge treatment.  
 
The Energy Research Centre of the Netherlands has developed an oil-based 
gas washer (OLGA) that overcomes these problems.64 Unlike to the above-
described systems, the temperature of the tar-laden gas is kept above the tar 
dew point, i.e. no PM formation will occur upstream from the OLGA. Tar 
condensation and absorption are performed in separate packed scrubbing 
columns. Scrubbing columns minimize the gas-side pressure drops compared 
with the high pressure drops occurring, for example, in venturi scrubbers. In a 
stripper column, air is used to separate the tars from the oil; in this way, tars 
can be returned to the gasifier and the oil is recycled.  
 
The good tar-adsorption capacities of biomass chars and activated carbons are 
well known. The porous structure of chars makes them suitable as tar 
adsorbents.65, 66 Liu et al.67 investigated the phenol adsorption behavior of 
various chars at 40°C. The authors reported that the adsorption capacities of 
these chars were affected not only by their specific surface area but also by 
their organic functional groups (N- and O- groups such as NH2/ ̶ OH, C O, C ̶
O), both of which were functions of the pyrolysis time. An adsorption 
mechanism based on hydrogen binding and acid–base complexation between 
the phenol molecule and the functional groups was suggested. Increasing the 
temperature68 or the pressure69 will generally lead to reduced adsorption 
efficiencies of activated carbons. Paethanom et al.70 coupled an oil scrubber 
and a chestnut-char adsorption bed to clean the gas produced by an integrated 
pyrolysis regenerated plant. The authors reported a gravimetric tar removal 
efficiency of 98.7% at the exit of the char-adsorption bed. 
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specifically designed to be suitable/effective for a specific reaction/reactant. 
However, they are generally more expensive than mineral catalysts.  

 

Fluid catalytic cracking (FCC) catalysts are usually used in FCC units to 
convert heavy components of crude oil into a variety of lighter products such 
as gasoline and olefinic gases.91 They are produced as a fine powder (�̅�𝑑𝑝𝑝 ≈ 
70-80 µm) and consist of a crystalline zeolite, a matrix, a binder, and a filler.92 
The zeolite as the primary active component can comprise 15–50 wt.% of the 
catalyst.92 The zeolite is made of silica and aluminum tetrahedra composed of 
centered silica or aluminum atoms and four oxygen atoms at the corners.92 
This chemical structure acts as a molecular sieve and allows only a certain size 
range of hydrocarbon molecules to enter the lattice.92 The matrix component 
made of coarse-pored amorphous alumina provides catalytically active sites 
and allows the entry and cracking of larger molecules than does the zeolite.92 
The binder (silica sol) and filler (clay) components provide the mechanical 
strength of the catalyst.92 FCC catalysts are inexpensive relative to other 
synthetic catalysts. However, they are easily deactivated by coke poisoned by 
nitrogen compounds and alkaline earth materials that react with their acidic 
sites93 and rather quickly elutriated from the gasifier.80 
 

Alkali metals (mainly potassium), as natural constituents of biomass ash 
reportedly reduce the tar content of the product gas from biomass gasification. 
Nishimura et al.94 elucidated the role of the direct alkali metal impregnation of 
woody biomass under pyrolysis conditions in the temperature range of 300–
1000°C  By soaking cellulose filter paper in various K2CO3 solutions catalyst 
containing 0–14.7 wt.% K2CO3 were prepared. The higher the K2CO3 
concentrations, the higher was the tar conversion. The authors explained that 
reduced tar formation was due to suppressed levoglucosan formation when 
K2CO3 is added, which implying that K+ tends to cleave glycosidic linkages in 
cellulose molecules. Kim et al.95 investigated the catalytic activity of various 
K2CO3 catalysts during the steam gasification of Adaro coal in the temperature 
range of 600–800°C. K2CO3 was either used alone or supported on γ-alumina 
or LaMn0.8Cu0.2O3 (LMC82). Coal and catalyst (10 wt.%) were mixed and 
fluidized in the gasification reactor in nitrogen atmosphere before steam was 
introduced. The authors reported a reduced tar yield using the K2CO3 catalysts 
compared with the non-catalyzed gasification. The following order of tar-
conversion efficiencies at 700°C : K2CO3/γ-alumina >  
K2CO3/LMC82 > K2CO3. Expensive catalyst recovery, ash disposal problems, 
and deactivation through particle agglomeration at high temperatures are 
disadvantages of alkali metal-based catalysts.96 
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temperatures (>900°C) carbon dioxide is driven off, producing the following 
calcined rocks: 
 

CaCO3  CaO (calcite) + CO2(g) 
CaMg(CO3)2  CaO MgO (dolomite) + CO2(g) 

MgCO3 MgO (magnesite) + CO2(g) 
 

The order of tar cracking activity is reported to be dolomite > calcite > 
magnesite.79 Dolomite can reportedly remove about 99% of the gravimetric 
tars at 880°C and space times of 0.22 kg h m–3.79 It can be used as a guard-bed 
downstream from the gasifier to protect more expensive and sensitive 
catalysts80 or inside the gasifier by mixing it with the bed material.80 The latter 
could be troublesome, since dolomite is relatively easily fragmented into fine 
PM if, for example, used in a fluidized bed.79 Calcined rocks in general are 
prone to deactivation by coke79 or high CO2 partial pressures.81 
 
Olivine, named for its olive green color, is a magnesium iron silicate 
((Mg,Fe)2SiO4). It also partly incorporates nickel,82 which contributes to its 
catalytic activity, together with iron oxide and magnesite. Calcination of 
olivine transfers the iron to the surface of the material, increasing the catalytic 
activity.83 Olivine is resistant to abrasion, which makes it suitable even for 
pressurized FB gasification,84 but it has a lower catalytic activity than that of 
dolomite.85 Deactivation by coke formed on the surface of the material is an 
issue as well.86  
 
Clay minerals such as kaolinite, montmorillonite, and Kieselguhr are alumina 
silicates. Their catalytic activities are similar to those of zeolites with small 
pore sizes;87 the authors stated that effective pore diameters greater than 
approximately 0.7 nm, large internal surface areas, and many strongly acidic 
sites are responsible for their catalytic activities. However, clay minerals 
produce much lower tar conversions than do other catalysts and lose their 
catalytic activity at temperatures above 850°C.88 
 
Iron ores are iron-oxide rich minerals such as hematite (Fe2O3) and magnetite 
(Fe3O4). In the presence of hydrogen, hematite and magnetite are reduced to 
metallic iron, which is responsible for the tar conversion;89 the authors further 
reported that a constant supply of hydrogen was needed to avoid catalyst 
deactivation due to coke formation. The tar-conversion efficiency of hematite 
and magnetite is reportedly lower than that of dolomite.90 

 
Synthetic catalysts 
Synthetic catalysts are products obtained by physically and chemically 
manipulating an original material. This offers the advantage of a catalyst 
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specifically designed to be suitable/effective for a specific reaction/reactant. 
However, they are generally more expensive than mineral catalysts.  
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temperatures (>900°C) carbon dioxide is driven off, producing the following 
calcined rocks: 
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product gas through the hot bed of char that builds up during gasification.109 A 
100-kWth two-stage gasifier (separated pyrolysis and gasification) produced a 
gas with tar contents below 0.015 g Nm–3.12, 110 Such low tar contents were 
partly due to partial oxidation reactions of the volatile pyrolysis products and 
partly due to reactions that followed in the hot char bed. Nilsson et al.111, 112 
developed a model of a three-stage gasification system composed of an FB 
devolatilizer, a non-catalytic air/steam reformer, and a moving char bed 
section through which the product gas had to pass.   

 
The use of a hot char bed installed downstream from the gasifier as a tar pre-
reformer is beneficial, because high tar concentrations increase the risk of soot 
formation in partial oxidation units113 and given the tendency of tar cracking 
catalysts to become deactivated.114 Van der Drift et al.115 developed a tar pre-
reformer based on a granular bed filtration technology. The product gas of an 
air-blown FB gasifier, containing char particles and tar molecules, passes 
through a hot (900°C) granular moving bed made of inert bed material (i.e. 
silica sand) that captures the char particles. The tar content was reduced by 
80% downstream from the pre-reformer. Tuomi et al.116 investigated the 
behavior of tars in an HT filter operating at 800°C installed downstream from 
a BFB gasifier fed with wood pellets or bark. The authors reported that the 
amount of tars was reduced downstream from the filter independent of the 
feedstock, bed material, or gasifying agent, concluding that this was partly due 
to the catalytic effect of the unconverted char particles contained in the filter 
cake. 

 
Various lab-scale experiments have proven that the total amount of nascent tar 
from biomass117-123 and coal124, 125 pyrolysis was reduced if the product gas is 
passed through a hot bed of char with117-120 or without121-125 steam addition to 
the bed. To more deeply explore the mechanisms potentially involved in tar 
conversion, the behavior of a certain aromatic model tar compound in the 
presence of char has been investigated.107, 118, 126-131 Abu el Rub118 stated that 
aromatic components were initially adsorbed on the active sites of the char 
surfaces. Subsequently, these aromatics were wet and dry steam reformed into 
CO and H2 or decomposed to form free tar radicals that participate in heavy 
hydrocarbon polymerization reactions leading to the deposition of coke on the 
char surfaces. Hosokai et al. 130 and Fuentes et al.126 stated that the aromatics 
were decomposed over the char primarily by coking (see Figure 9). These 
authors reported that a requirement for keeping the char active was to ensure 
that the formation rate of carbon-containing gases was higher than the rate of 
carbon deposition.  
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Activated alumina (also called γ-alumina) comprise a series of non- 
equilibrium forms of partially hydroxylated aluminum oxide.97 Due to the 
activation, i.e. calcining of alumina hydroxide (e.g. boehmite and gibbsite), 
hydroxyl groups are driven off leaving a highly porous material. The surface 
consists of a mixture of aluminum, oxygen, and hydroxyl ions, thereby 
providing acid and base groups97 that are active in catalyzing tar-conversion 
reactions. Activated alumina was reported to display tar-conversion behavior 
comparable to that of dolomite.90 Because of their catalytic activity, high 
mechanical strength, and thermal stability, alumina hydroxides (activated 
under FCC processing conditions) are often added to FCC catalysts.98 
 
Metal- or transition-metal-based catalysts are used for the steam reforming of 
hydrocarbons and to adjust the product gas composition (e.g. methane 
reforming).99, 100 Rh, Pt, Pd, Ru and Ni were proven to be very effective tar-
reforming catalysts.101 The advantage of Ni is its comparatively low price, 
which is why it is subject in many tar-related studies.102-104 The building 
blocks of the actual catalyst are: (1) Ni as the active catalytic material; (2) a 
support material (e.g. Al2O3, SiO2, and CaO) to protect the catalyst against 
mechanical stress; and (3) a promoter that stabilizes the Ni crystallite (e.g. Mg) 
or counteracts catalyst deactivation (e.g. K).105 Deactivation is primarily due to 
carbon deposition and  nickel particle growth96 or H2S poisoning. It was found 
to be best to use nickel catalysts in a secondary reactor installed downstream 
from the gasifier, since direct insertion together with the biomass quickly 
deactivated the nickel.106 A guard-bed of dolomite catalyst installed 
downstream from the gasifier and upstream the nickel catalyst can be used to 
lower the tar content before the Ni catalyst and thus counteract quick 
deactivation.100 However, most of the reported Ni-related catalyst tests have 
been relatively brief considering the long activity requirements for such an 
catalyst to be economic. 

 

2.4.4.3 High temperature tar conversion using char 
Coal char as well as biomass-derived char have been demonstrated to have 
“catalytic” activity comparable to that of dolomite, FCC, or Ni catalysts.107 A 
substance that increases the rate of a chemical reaction without being 
consumed is called a catalyst. According to this definition, char cannot 
actually be called a catalytic material, since it is consumed (i.e. gasified). 
However, because char is also continuously produced during the gasification 
process, a more or less constant steady-state char mass will be established 
during the gasification process, which makes char a kind of pseudo-catalytic 
material. The continuous production of char in the gasification process is the 
main advantage of biomass char over other catalytic materials—a fact 
exploited in various gasification designs. The low tar contents in downdraft 
gasifiers (i.e. 0.01–6 g Nm–3)108 are partly ascribable to the passage of the 
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3. Experimental 

3.1 Particle characterization techniques 
The following describes various instruments that were used to characterize PM 
according to its number and mass concentration, chemical composition and 
optical properties.  

3.1.1 Cascade low Pressure Impactor (LPI) 
One way to determine the mass size distribution and mass concentration of an 
aerosol is to use a cascade impactor as depicted in Figure 10.  

 
Figure 10. Schematic of a cascade impactor based on Hinds25. 

The aerosol is drawn into the impactor using a vacuum pump. Inside the 
impactor, the aerosol passes through several stages, each consisting of a nozzle 
and a flat plate. Every stage is designed to have a certain cut-off diameter (d50), 
which is defined as the dae at which 50 % of the particles are collected on that 
plate. Due to the sudden redirection of the aerosol, particles with a certain 
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Figure 9. Mechanism of tar conversion over a char surface as suggested by Fuentes et al.126 

This means that to keep the char active, char surfaces blocked or deactivated 
by coke need to be replaced by the formation of new pores through char 
gasification. As char gasification is influenced by the type of char, gas 
composition, and temperature (see section 2.2.3), different requirements are 
defined in order to keep the char active. Hosokai et al.130 used a commercially 
available charcoal to convert various aromatics in a steam/H2 atmosphere 
(15/15 vol.%). The authors reported a minimum temperature of 800°C was 
required if a constant benzene conversion was to be maintained. Fuentes et 
al.126 investigated the decomposition kinetics of naphthalene and toluene over 
various chars in a steam atmosphere (15 vol.%). The authors reported that a 
minimum temperature of 950°C was required for all tested chars in order to 
avoid char deactivation by coke. It was reported that the formed coke itself 
acted “catalytically” by eliminating PAH compounds.132 Because coke 
(erroneously often called soot or secondary char) has a lower reactivity than 
the original char,133 continuous coke accumulation on the char might be 
problematic; therefore, the formed coke needs to be regularly oxidized or 
removed in some way.  
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of acceleration depends on the dae of a particle. With increasing particle size, 
the particle’s inertia increases which causing large particles to lag behind 
smaller ones. Downstream from the nozzle, the particles pass through two 
partially overlapping laser beams. The scattered light from the particles is 
collected by an elliptical mirror and detected by an avalanche photodetector 
that converts light pulses into electrical pulses. The particle mass size 
concentration and distribution are calculated from the number concentration, 
assuming standard density and spherical particles. 

3.1.4 Scanning mobility particle sizer (SMPS) 
The SMPS device used in this study (model 3080; TSI Inc.) comprised an 
aerosol neutralizer (model 3077; TSI Inc.), a differential mobility analyzer 
(DMA) (model 3081; TSI Inc.), and condensation particle counter (CPC) 
(model 3010; TSI Inc.) and is shown in Figure 11. The SMPS was used to 
determine the number size distributions in the submicrometer range (𝑑𝑑𝑚𝑚 = 
0.015–0.67 µm); the measurement which took approximately two to three 
minutes, were made semi-online. 
 

 
Figure 11. Simplified schematic of the SMPS134 system used in this work. 

After the polydisperse aerosol sample enters the aerosol neutralizer, it is 
diffusion charged under well-defined conditions, resulting in an equilibrium 
charge distribution of the aerosol. The DMA consists of a negatively charged 
high-voltage rod contained in a grounded outer concentric cylinder.  
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inertia (dae > d50) cannot follow the stream and collide with the plate. Particles 
with a dae < d50 remain airborne and follow the stream to the next stage. In the 
following stages, the nozzle diameter is progressively decreased, i.e. the speed 
of the aerosol is increased, which reduces the d50 from stage 1 to the last stage 
(stage n). Particles smaller than the cut-off diameter of the last stage are 
captured in a filter. 

 
In this study, a 13-stage LPI (Dekati Ltd., Tampere, Finland) was used to 
establish the mass concentration and mass size distribution of PM with dae of 
0.03–10 µm. An aluminium substrate (Nucleopore, Whatmann Inc., Brentford, 
UK) located on top of each plate was covered with a thin layer of Apiezon 
low-vacuum grease (Apiezon, Manchester, UK) to minimize particle bounce-
off and overloading of the following stages. The total particle mass (i.e. mass 
of particles collected on every stage and inside the filter) was determined 
gravimetrically. The mass concentration of the aerosol was established by 
dividing the total particle mass by the volume flow and sampling time. The 
mass size distribution was established by calculating the fraction of the total 
mass of each stage. The mean dae used for the particle mass size distribution 
was calculated as the geometric mean of the d50 of two consecutive impactor 
stages.  

3.1.2 Electrical Low Pressure Impactor (ELPI)  
For real-time information on aerodynamic particle size distributions in the size 
range of dae = 0.03–10 μm an ELPI (Dekati Ltd., Tampere, Finland) was used. 
  
The instrument consists of a unipolar corona charger, a cascade impactor and a 
multichannel electrometer. Initially, the sample is drawn into a positive corona 
charger and electrically charged to a known level of charge. After the charged 
aerosol enters the cascade impactor, particles are separated according to their 
aerodynamic diameter, analogous to the size classification in a conventional 
LPI. The electric charges carried by the particles onto the electrically insulated 
impactor stages produce an electrical current which is measured in real time by 
a multichannel electrometer. Since the measured current of each stage is 
proportional to the number of particles, the number concentration of every 
stage is established. The particle mass size concentration and distribution are 
calculated from the number concentration, assuming standard density and 
spherical particles. 

3.1.3 Aerodynamic Particle sizer (APS) 
An aerodynamic particle sizer (model 3321; TSI Inc., MN, USA) was used to 
measure the number size distributions based on the aerodynamic diameter (dae) 
in the range of dae = 0.7–10 μm; the measurements which each took 
approximately two to three minutes, were made semi-online). The aerosol 
sample was accelerated by sucking it into the APS through an orifice. The rate 
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3.1.6 Scanning electron microscopy with energy dispersive 
spectroscopy (SEM-EDS) 
The size-segregated LPI substrates were analyzed using a scanning electron 
microscope with energy dispersive spectroscopy (SEM-EDS) (JXA-840A; 
JEOL Ltd., Akishima, Tokyo, Japan) to obtain information about the particle’s 
morphology and semi-quantitative elemental composition. In this instrument, 
the PM surface is irradiated with electrons, producing signals used to create an 
image and calculate the elemental composition of the PM.136 After the electron 
beam hits the sample surface, inner shell electrons are removed and replaced 
by higher-energy electrons. This causes the emission of characteristic X-rays 
that provide information about the elemental composition of the sample.  

3.2 Gas and tar characterization techniques 
3.2.1 Micro gas chromatograph (µ-GC) 
A micro gas chromatograph (model CP-4900; Varian Inc., Palo Alto, CA, 
USA) was used to measure the H2 concentration in the laboratory experiments. 
The instrument consists of three components: an injector, a column, and a 
detector. The µ-GC has built-in microelectronic gas control regulators that 
adjust the pressure and thus the stream of gas through the injector, column, and 
detector. The injector has a built-in sample loop that is filled with the gaseous 
sample by means of a vacuum pump. The injector injects the gas sample from 
the loop into the gas stream and the different gas components are separated in 
the column, with each component exiting the column at a different time. On 
entering the detector, every gas compound generates a signal that is converted 
to a certain gas concentration. The µ-GC used in the laboratory tests was 
equipped with a molecular sieve column and a thermo-conductivity detector.  

3.2.2 CO2 meter 
The CO2 concentration during the experimental tests was measured in real time 
using a CO2 meter (model CM-0001; CO2 Meter Inc., Ormond Beach, FL, 
USA). The internal sampling micro‐pump draws the sample through a 
particulate filter, hydrophobic filter, and moisture trap into the sampling 
chamber of the instrument. The heart of the instrument is the non‐dispersive 
infrared (NDIR) gas sensor. CO2 sensors using NDIR technology are mature 
and well known for their high selectivity and good reliability.137 The main 
components of an NDIR sensor are an infrared source, a sample chamber and a 
detector. The IR light is directed through the sample chamber, towards the 
detector. The CO2 contained in the sample causes the absorption of 
characteristic wavelengths and the attenuation of these wavelengths is 
measured by the detector. According to the Beer–Lambert law, this signal can 
be converted to a CO2 concentration.  
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On entering the DMA, the charged particles are separated according to their 
electrical mobility within the electric field. The voltage of the rod and thus the 
electrical field strength within the DMA are successively adjusted during the 
course of one measurement, which causes particles of a certain size (i.e. of a 
certain electrical mobility Z) to precipitate at a certain location along the 
length of the rod. Only particles with a distinct electrical mobility exit through 
a small slit located at the bottom of the rod (monodisperse aerosol) and are 
transferred to the CPC, where their particle concentration is determined. The 
remaining aerosol is bypassed and guided through a gas-conditioning system 
in which particles are removed in a series of filters and the particle-free sheath 
flow is recycled to the DMA. 
 
An analog output port of the CPC is used to control the rod voltage of the 
DMA. The particles leaving the DMA are counted by the CPC. The 
monodisperse aerosol is initially saturated with 1-butanol. Subsequently, the 
aerosol is cooled, which causes the particles to grow, large enough in size to be 
counted optically. The CPC sends the raw data to a computer equipped with 
special software that converts the raw data into a number-weighted particle 
size distribution. The particle mass size concentration and distribution are 
calculated from the number concentration, assuming standard density and 
spherical particles. 
 

3.1.5 Tapered-element oscillating microbalance (TEOM)  
For on-line measurement of the total particle mass concentration, a tapered-
element oscillating microbalance (series 1400a; Thermo Fisher Scientific Inc., 
Waltham, MA, USA) with a resolution of 1 μg m−3 was used. The instrument 
consists of a TEOM sensor and a TEOM control unit. The main components of 
the control unit are the data-processing hardware, flow control components, 
and control electronics for the system. The sensor unit consists of the sample 
inlet and the TEOM microbalance.135 The aerosol sample is transported to the 
tapered element, which consists of a filter cartridge mounted on top of a 
hollow glass tube. The base of the tube is fixed, while the tip is floating and 
kept oscillating by the feedback electronics. A precision frequency counter 
records the frequency of the oscillations. During the passage of the aerosol 
through the TEOM, particles accumulate in the filter cartridge, where the 
added particle mass causes a change in the oscillation frequency. The tapered 
element plus filter are assumed to behave as a harmonic oscillator. The 
accumulated particle mass and oscillation frequency are mathematically 
related and the particle mass is recalculated by a microprocessor.  
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the boiler and then transported to the gasifier by means of a particle distributor 
connecting the cyclone of the boiler to the gasifier. Wood pellets and steam 
were supplied to the gasifier and were heated by the hot silica sand, producing 
a product gas containing permanent gases, PM, tar, char, and ashes. The 
product gas left the gasifier at the top, where it was directed into the boiler and 
combusted. The bed material and unconverted char were recirculated to the 
boiler as well. If the gasifier is not in operation, the particle distributor guides 
all particles directly into the boiler. More detailed information about the 
gasifier is presented by Thunman and Seemann.138 The measurements were 
performed on two successive days. On both days, the bottom-bed temperature 
in the boiler and the bed temperature in the gasifier were 820–830°C. The 
wood pellet feeding rate to the gasifier was 265 kg h−1 on both days. The steam 
supply to the gasifier was varied from the first (160 kg h−1) to the second day 
(240 kg h−1). The product gas temperature at the exit of the gasifier was 
approximately 765°C, while it was 745°C at the sampling position. 

 

 
Figure 12. Schematic of the indirect bubbling fluidized bed gasifier. 
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3.2.3 Fourier transform infrared gas spectrometer (FTIR) 
A Gasmet DX4000 FTIR gas analyzer (Gasmet Technologies, Helsinki, 
Finland) was used to measure the steam, CO, and C6H6 concentrations during 
laboratory experiments in real‐time. The gas analyzer consists of an FTIR gas 
analyzer, a temperature-controlled sampling unit, a heated probe, and heated 
sampling lines; all parts operated at 180°C. The heated pump installed in the 
sampling unit draws the sample gas through a heated probe, where PM > 2 µm 
is removed by means of a ceramic filter element. After passing through the 
sampling unit, the sample gas is directed into the FTIR gas analyzer, which 
incorporates an FTIR spectrometer, a temperature-controlled sample cell, and 
signal-processing electronics. The spectrometer contains an SiC element 
heated to 1550 K as the IR source and a Peltier-cooled mercury cadmium 
telluride detector. When the IR radiation penetrates the sample, the radiation is 
partly absorbed by the sample and partly transmitted. The resulting signal of 
the detector is an interferogram characteristic of the individual gas compounds. 
The interferogram is converted to a spectrum by Fourier transformation, which 
is then recalculated to the respective gas concentrations.      

3.2.4 Solid-Phase Adsorption (SPA) 
Tar samples from a 2–4-MWth steam-blown BFB gasifier were extracted and 
analyzed using the SPA method developed by Brage et al.53 The working 
principle of the SPA method is the adsorption of tar vapors on a solid-phase 
extraction column loaded with an amino phase. Using a needle mounted on a 
syringe, a 100-mL gas sample was sucked through the SPA column where the 
tar compounds were adsorbed. Aromatic and phenolic fractions were eluted 
from the solid phase and analyzed using a gas chromatograph (Bruker 
Daltonics Inc., Billerica, MA, USA) with a flame-ionizing detector (GC-FID). 

3.3 PM and tar plant measurements 
As mentioned in section 1.2, one aim of this work to characterize PM and tars 
formed during atmospheric FB biomass gasification and to test an aerosol-
based method for the online monitoring of heavy tars. The experiments to 
accomplish those goals were performed in an indirect atmospheric BFB 
gasifier located at Chalmers Technical University, Gothenburg, Sweden which 
is described below.  

3.3.1 Indirect bubbling fluidized bed (BFB) gasifier 
Tar and PM formed in a 2–4-MWth steam-blown indirect BFB pilot-scale 
gasifier were measured and characterized. The thermal energy for the gasifier 
was provided by the combustion of wood chips in a 12-MWth CFB boiler. The 
gasifier and boiler were connected to each other via two steam-fluidized loop 
seals (Figure 12). The bed material of the gasifier (silica sand) was heated in 
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the boiler and then transported to the gasifier by means of a particle distributor 
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3.2.3 Fourier transform infrared gas spectrometer (FTIR) 
A Gasmet DX4000 FTIR gas analyzer (Gasmet Technologies, Helsinki, 
Finland) was used to measure the steam, CO, and C6H6 concentrations during 
laboratory experiments in real‐time. The gas analyzer consists of an FTIR gas 
analyzer, a temperature-controlled sampling unit, a heated probe, and heated 
sampling lines; all parts operated at 180°C. The heated pump installed in the 
sampling unit draws the sample gas through a heated probe, where PM > 2 µm 
is removed by means of a ceramic filter element. After passing through the 
sampling unit, the sample gas is directed into the FTIR gas analyzer, which 
incorporates an FTIR spectrometer, a temperature-controlled sample cell, and 
signal-processing electronics. The spectrometer contains an SiC element 
heated to 1550 K as the IR source and a Peltier-cooled mercury cadmium 
telluride detector. When the IR radiation penetrates the sample, the radiation is 
partly absorbed by the sample and partly transmitted. The resulting signal of 
the detector is an interferogram characteristic of the individual gas compounds. 
The interferogram is converted to a spectrum by Fourier transformation, which 
is then recalculated to the respective gas concentrations.      

3.2.4 Solid-Phase Adsorption (SPA) 
Tar samples from a 2–4-MWth steam-blown BFB gasifier were extracted and 
analyzed using the SPA method developed by Brage et al.53 The working 
principle of the SPA method is the adsorption of tar vapors on a solid-phase 
extraction column loaded with an amino phase. Using a needle mounted on a 
syringe, a 100-mL gas sample was sucked through the SPA column where the 
tar compounds were adsorbed. Aromatic and phenolic fractions were eluted 
from the solid phase and analyzed using a gas chromatograph (Bruker 
Daltonics Inc., Billerica, MA, USA) with a flame-ionizing detector (GC-FID). 

3.3 PM and tar plant measurements 
As mentioned in section 1.2, one aim of this work to characterize PM and tars 
formed during atmospheric FB biomass gasification and to test an aerosol-
based method for the online monitoring of heavy tars. The experiments to 
accomplish those goals were performed in an indirect atmospheric BFB 
gasifier located at Chalmers Technical University, Gothenburg, Sweden which 
is described below.  

3.3.1 Indirect bubbling fluidized bed (BFB) gasifier 
Tar and PM formed in a 2–4-MWth steam-blown indirect BFB pilot-scale 
gasifier were measured and characterized. The thermal energy for the gasifier 
was provided by the combustion of wood chips in a 12-MWth CFB boiler. The 
gasifier and boiler were connected to each other via two steam-fluidized loop 
seals (Figure 12). The bed material of the gasifier (silica sand) was heated in 
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regulated ejector diluter was connected directly to the outlet of the primary 
TD. Particle-free dry compressed air was used as dilution gas.  
 
PM characterization system 
A gas analyzer based on infrared technology was used to measure the CO 
concentration after dilution in order to monitor the total dilution ratio. To 
investigate whether tars or inorganic vapors had formed PM by condensation 
in the sampling system, there was the option of passing the sample through a 
temperature-adjustable electrically heated tube furnace considered to operate 
as a secondary TD, where formed PM could be evaporated or combusted at 
various temperatures. The particle mass size distributions as well as particle 
mass concentrations (PMCs) were established using several aerosol 
instruments (i.e. SMPS, APS, LPI, ELPI, and TEOM). 

 
The PM sampling system is similar to the one presented by Gustafsson et al,139 
though instead of a granular bed of activated carbon, a primary TD was used to 
remove the tar. Furthermore, a secondary thermodenuder, which corresponds 
to the thermodenuder mentioned by Gustafsson et al.,139 was used in this study. 
 
Heavy tar measurement system 
According to van de Kamp et al.,140 poor tar sampling is often caused by the 
formation of “tar aerosols.” The approach in this thesis was to form such tar 
aerosols on purpose as illustrated in Figure 14, and to characterize them using 
semi-online and online particle measurement instruments using the PM 
characterization system as shown in Figure 13. 

 
Figure 14. Principal of the heavy tar measurement system. 
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3.3.2 PM and tar sampling and measurement system 
The used PM sampling and characterization system is presented in Figure 13 
and consists of an extraction/conditioning part and a PM characterization part. 

 

 
Figure 13. Schematic of the aerosol sampling and measurement system. 

Extraction system 
To reduce particle coagulation and control the condensation and nucleation of 
inorganic vapors during sampling, a sample of hot product gas was extracted 
using a dilution probe (similar to that shown in Figure 7). As dilution gas 
heated nitrogen was supplied to the probe, reducing the sample gas 
temperature at the end of the probe to about 220℃. A primary dilution ratio 
(DR) of approximately 20 was achieved by adjusting the flow rate of the 
nitrogen using a mass flow controller (MFC) (Bronkhorst HI-TEC, Ruurlo, 
Netherlands). A similar probe is described in greater detail by Strand et al.,41 
who used it to sample PM from a biomass-fired CFB boiler. Downstream from 
the dilution probe, the sample entered the primary thermodenuder (TD) 
(Dekati Ltd., Tampere, Finland) to reduce the tar content and prevent tar 
condensation onto PM or the formation of new PM through tar nucleation as 
the sample gas was further cooled. The primary TD is divided into a heating 
and an adsorber section. First, the sample passes through the heating section to 
evaporate the tars at a temperature of 300℃. In the adsorber section, the 
sample gas was gradually cooled to ambient temperature, and tar vapors were 
trapped in activated carbon cartridges. To extract a certain amount of product 
gas from the dilution probe and achieve a secondary dilution, a pressure-
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 Filter temperature 
 Char mass inside the filter 
 Inlet benzene (tar) concentration 
 Gas volume flow rate 
 Char type 

 
A practical limitation of using a HT filter as a tar pre-reformer is the increasing 
pressure drop with increasing operational time and thus the need for frequent 
cleaning of the filter element (especially at high char concentrations). During 
the regeneration/cleaning of the filter, the catalytically active char will be 
removed as well, resulting in a recurrent increase in the tar concentration. 
Furthermore, commercially available HT filters are limited to maximum 
temperatures of approximately 800°C. Therefore, additional experiments were 
performed in a vertical Al2O3 bed setup that enabled investigation of the 
benzene-conversion capacity of char aerosol particles at elevated char 
concentrations and temperatures. Such kind of tar pre-reformer might not only 
decrease the tar content of the product gas but also the risk of soot-formation 
in potential tar reforming units (ATR, POX, etc.). 
Parameters investigated using the Al2O3 bed setup are the following: 

 Bed temperature 
 Char concentration  
 Char weight time 
 Gasification medium and concentration 
 Char type and char doping 

 

3.4.1 Materials 
In total six different char samples were employed in the experiments: 

1. Commercially available steam-activated carbon pellets (A.C.) (3–4 
mm, type Norit RB3); 

2. granular hardwood-based steam-activated charcoal (AHC) type Soil 
DeTOX (Charcoal House, Crawford, NE, USA), manufactured at low 
heating rates for 4–7 h at pyrolysis temperatures of approximately 
500–700 °C; 

3. pine char (P.C.) produced by pyrolyzing pine wood rods (9–10 mm) 
for 10 min in an electrically heated tube furnace at 900°C in a 
nitrogen atmosphere; and 

4. three types of commercially certified (EN-1860-2) barbeque charcoal 
(Skandivaror, Malmö, Sweden) made from broadleaf wood;  
4.1  O-char, untreated original char. 
4.2  O-char impregnated with a K2CO3 solution (K-char) and  
4.3   O-char impregnated with a FeN3O9 solution (Fe-char)    
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If the heavy-tar concentration measured using the aerosol sampling and 
measurement system was to be evaluated semi-quantitatively, the primary and 
secondary TDs in the extraction system were bypassed (case 1, Table 4) and 
the ejector diluter was connected directly to the dilution probe outlet. In a 
separate measurement, an additional slipstream of product gas was extracted, 
PM was removed by a high-temperature (350 °C) ceramic filter, and tars were 
analyzed using the SPA method.  In that way, the heavy-tar concentrations 
measured with the aerosol sampling and measurement system could be 
compared with the heavy-tar concentrations measured using the SPA method.  
 
If the aerosol sampling and measurement system was to be tested as a potential 
online method for measuring heavy tar, only the secondary TD was bypassed 
(case 3) and the particle mass concentration (PMC) was recorded using the 
ELPI additionally.  
 
Table 4. Experimental and operational conditions during the plant measurements. 

Case Conditioning system Steam-to-fuel ratio [kgSteam/kgfuel] 
Primary TD Secondary TD 0.65 (low) 0.9 (high) 

1    x 
2 x  x  
3 x   x 
4 x x (200°C)  x 
5 x x (400°C)  x 
6 x x (700°C)  x 
7 x x (900°C)  x 
 
The measurements were performed on two successive days during which the 
steam-to-fuel ratio was changed from 0.65 to 0.9. On both days, several 
alternative settings of the tar and PM extraction and conditioning systems were 
used. As shown in Table 4, data will be presented for a total of seven selected 
settings (cases 1–7) differing in steam-to-fuel ratio, use of primary and 
secondary TDs, and the temperature of the secondary TD. Since the results for 
low and high fuel-to-steam ratios were similar, only one case was selected for 
the low steam-to-fuel ratio. 

3.4 Tar conversion using char aerosol particles 
In a real biomass gasification process, unconverted char particles will be 
continuously entrained and accumulated in potential filter elements installed 
downstream from the gasifier. It was reported that catalytic reactions induced 
by those unreacted biomass char particles on an HT- filter surface will reduce 
the tar concentration.116 The tar–char interactions in such an HT-filter element 
were investigated in more detail with respect to the following parameters: 
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If the heavy-tar concentration measured using the aerosol sampling and 
measurement system was to be evaluated semi-quantitatively, the primary and 
secondary TDs in the extraction system were bypassed (case 1, Table 4) and 
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model tar compound as it is believed to be one of the most refractory 
compounds among the tars originating from biomass gasification.73, 133 

 

3.4.2 High temperature filter setup 
The experimental setup used to perform the conversion tests is shown in 
Figure 15 and can be divided into three parts: 1) the char- and gas-supply 
systems, 2) the furnace, including the HT filter, and 3) the gas analysis system.  
 

 
Figure 15. Schematic of the experimental setup; the sections indicated by red wavy lines are 
heated to 100°C. 

Char- and gas-supply system 
The char-supply system consists of a char aerosol generator and a 
sedimentation chamber. In the char aerosol generator, small char particles were 
produced by mechanical abrasion/fragmentation of the two char materials. The 
char fragments were entrained with the carrier gas (N2) into the sedimentation 
chamber, through which only particles smaller than approximately 10 µm 
could pass.  

 
In the gas-supply system, the steam and benzene concentrations were regulated 
by adjusting the vapor generator temperature and the carrier gas (N2) flow 
rates. The steam concentration was set to 15 vol. % for all experiments. High 
(12 g Nm–3) and low (6 g Nm–3) benzene concentrations were chosen to 
represent typical tar concentrations found in FB biomass gasification. To 
investigate the effect of different gas residence times in the HT filter, three gas 
flow rates of 2 (Q0), 0.8 (Q1), and 0.25 (Q2) slpm were used. These gas flow 
rates were varied by extracting gas upstream from the HT filter (blue dashed 
line, Figure 15). The char and the reactive gases (i.e., steam and benzene) were 
fed to the HT filter via separate stainless steel tubes. 
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The K-char and Fe-char were prepared in the following way: potassium- and 
iron solutions were prepared by mixing K2CO3 (Fisher Scientific International, 
Inc., now Thermo Fisher Scientific, Waltham, MA, USA) and FeN3O9 (Acros 
Organics/Thermo Fisher Scientific) with water and ethanol. The O-char was 
crushed to particles < 0.5 mm. Those char particles were soaked in the K- and 
Fe solutions, respectively. The char slurry was dried for 15 h at 105°C.  
 
The elemental analysis of the AHC, O-char, Fe-char and K-char as well as the 
moisture and ash content are presented in Table 5. 
 
Table 5. Elemental analysis, moisture, and ash content of the char samples used in the 
experiments. 

Content (% dw) AHC O-char K-char Fe-char 
Non-metal elements     
C 88.2 87.1 82.4 85.0 
H 0.00 2.5 2.9 2.8 
N 0.22 0.48 0.48 0.97 
Cl 0.03 0.01 <0.01 <0.01 
S 0.05 0.02 0.01 0.02 
O (calculated) 5.00 6.6 7.2 7.7 
Metal elements/ 
metalloids 

    

Si 0.98 <0.05 0.16 <0.05 
Al 0.12 0.005 0.006 0.003 
Ca 1.00 1.2 0.96 0.8 
K 0.39 0.27 2.3 0.32 
Mg 0.10 0.06 0.08 0.08 
Na <0.05 < 0.01 < 0.01 <0.01 
Fe n.a. 0.005 0.009 0.76 
Char ash 6.50 3.2 6.9 3.5 
Moisture 10.7 3.0 1.6 1.4 
 
Table 6 presents information about the internal structural properties of the 
AHC and O-char, determined using BET analysis (TriStar 3000; 
Micromeritics, Norcross, GA, U.S.A.). 

 
Table 6. Properties characterizing the internal structure of the AHC and O-char. 

 Surface area (m2 g–1)a Pore volume (cm3 g–1)b Average pore diameter (nm)c 
AHC 554.4 0.17   4.0 
O-char 129.9 0.002 95.2 
a Brunauer-Emmet-Teller (BET) surface area 
b Barrett-Joyner-Halenda (BJH) desorption cumulative pore volume of pores 1.7–300 nm in diameter 
c BJH desorption average pore diameter 
 
For investigation of the tar conversion properties of the char, benzene with a 
purity of 99.7 % (Merck & Co., Inc, Kenilworth, NJ, USA) was selected as the 
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MC represents the molar mass of carbon, Qi the gas flow rate, Vm the molar 
volume of an ideal gas at standard temperature and pressure, 𝑥𝑥𝑐𝑐 the mass 
fraction of carbon in the char, 𝑦𝑦CO and 𝑦𝑦𝐶𝐶𝑂𝑂2 the gas concentrations of CO and 
CO2, respectively, ∆t the time interval between two data points, and 𝑚𝑚𝑐𝑐ℎ𝑎𝑎𝑎𝑎0 the 
initially deposited amount of char. The initial fraction of carbon was estimated 
to be approximately 85% in the pine char and activated carbon.20 
 
Table 7. Experimental procedures and the corresponding parameters in the HT-filter setup. 

Parameter Procedure 
 Steam 

gasification 
of char particles 

Tar decomposition 
using batches of  
char particles 

Tar decomposition 
during continuous  
char feed  

Char mass (g) 0.3 0.003, 0.03, 0.3 - 
Char concentration (g m–3) - - 5* 
Benzene concentration (g Nm–3) 0 6, 12 15 
Steam concentration (vol.%) 15 15 15 
Gas flow rate (slpm) 0.25, 0.8, 2 0.25, 0.8, 2 2 
TSet (°C) 800, 900 750, 800, 850, 900 1000 
Char type AC, PC AC, PC AC 

* Estimated using the APS instrument and assuming an effective char particle density of 0.25 g cm-3
. 

 
The procedure for investigating the benzene decomposition using batches 

of char particles (section 4.2.2) was similar to that used for the char 
gasification, except that benzene was fed together with the steam and that the 
benzene outlet concentration was measured in addition to the CO, CO2, and H2 
concentrations. During a single experiment, low (LB) and high (HB) benzene 
concentrations were tested.  
In a third procedure, activated carbon particles and steam were continuously 
fed into the HT-filter at 1000 °C while simultaneously measuring the CO, CO2, 
and H2 concentrations (section 4.2.3). Based on the char concentration and gas 
flow rate, the char deposition rate was estimated to be approximately 0.02 g 
min–1. After steady-state char-gasification conditions were reached, benzene 
was fed in addition to the continuously supplied char, and the benzene outlet 
concentration was measured. 
 
The benzene conversion (X) was calculated based on equation 14: 

 

𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 𝑐𝑐𝑐𝑐𝐵𝐵𝑐𝑐𝐵𝐵𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐵𝐵, 𝑋𝑋(t) =  [
(𝐶𝐶Benz,0)𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆

−(𝐶𝐶Benz,1(𝑡𝑡))𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆
(𝐶𝐶Benz,0)𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆

] ∙ 100               (14) 

 

where 𝑡𝑡 denotes the time,  𝑐𝑐𝐵𝐵𝑒𝑒𝑒𝑒𝑒𝑒,0𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆
 and 𝑐𝑐𝐵𝐵𝑒𝑒𝑒𝑒𝑒𝑒,1𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆

are the benzene outlet 
concentrations measured before and after depositing the char particles at the 
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Furnace including the HT filter 
The HT thimble filter was mounted and placed in the isothermal HT zone of a 
horizontal alumina tube. The HT filter (19 × 90 mm; Advantec, Dublin, CA, 
USA) was filled with loosely packed quartz wool. The packed quartz wool was 
used to retain particles throughout the filter volume, rather than just on the 
filter surface. Using the quartz wool enables more char to be deposited in the 
HT filter while maintaining a comparatively low pressure drop. The HT filter 
was heated to the required temperatures using an electrical tube furnace.  

 
Gas analysis system    
The gas was extracted downstream from the HT filter. A Fourier transform 
infrared (FTIR) gas spectrometer was used to measure the steam, CO, and 
benzene concentrations. A micro gas chromatograph equipped with a thermo-
conductivity detector using a molecular sieve column and nitrogen as carrier 
gas was used to measure the H2 concentration. The CO2 concentration was 
measured using a CO2 meter. All gas concentrations were corrected for the 
estimated dilution in the reactor. Considering the sum of the respective gas 
flow rate through the char bed plus the purge gas, the concentration of the 
gases formed in the reactor was less than 2 vol. % and hence no corrections for 
the changes of the gas volume flow rates were made. 
 
Procedure   
The experiments were performed using three procedures, the parameters of 
which are summarized in Table 7.  

Initially, the steam gasification characteristics of the char particles in the 
absence of tars (i.e., benzene) were investigated (section 4.2.1). The reactor 
was purged with nitrogen, heated to the required temperature (𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆), and the 
char was deposited in the HT filter. The amount of char was controlled by 
varying the char deposition time and was monitored by continuously 
measuring the increase in pressure drop across the HT filter using a 
pressure gauge. Once the char particles were deposited in the HT filter, 
steam was guided into the reactor and the CO, CO2, and H2 concentrations 
were measured. During each experiment, the gas flow rates were increased 
stepwise. After finishing a single test, any char particles remaining in the 
HT filter were oxidized using a mixture of steam and air.  
The char conversion was estimated based on Eq. 13, assuming that the char 
conversion was proportional to the carbon conversion and that the char was 
completely converted into CO and CO2: 

 

Char conversion (%) =  
McQi

Vm
 ∑ (yCO(t)+yCO2(t))t

t=0 ∆t
xcmchar0

∙ 100                     (13) 
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Furnace including the HT filter 
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rate of the carrier gas and the fragmentation intensity of the char aerosol 
generator determined the supplied char concentration. 
The gas supply system consists of two different gas supply lines; one for the 
benzene and one for the steam or CO2. The benzene was contained in a 
washing bottle which was placed inside a temperature controlled water bath. 
The benzene concentration was set by regulating the temperature of the 
washing bottle and the carrier gas (N2) flow rate through the bottle by means 
of a mass flow controller (MFC, Bronkhorst HIGH-TECH, Ruurlo, 
Netherlands). The steam concentration was adjusted by setting the water flow 
rate by means of a liquid mass flow controller (LMFC, Bronkhorst HIGH-
Tech) and the flow rate of N2 through a vapor Control unit (CEM, Bronkhorst 
HIGH-TECH, Ruurlo, Netherlands). The CO2 concentration was regulated by 
means of mass flow controller (MFC, Bronkhorst HIGH-TECH).  

 
Reactor including the packed bed 
Benzene, Steam/CO2, N2 as well as the char particles were supplied into a 
ceramic reactor (Pythagoras tube, Morgan Advanced Materials, Windsor, 
England). The char particles were captured in a circa 10 cm long packed bed 
inside the reactor. Irregularly shaped Al203 (T-162, Almatis GmbH, 
Ludwigshafen, Germany) particles with a particle size of 2-3 mm formed the 
packed bed. The temperature of the reactor and the packed bed were regulated 
using an electrically heated tube furnace (Entech Energiteknik AB, 
Ängelholm, Sweden). 

 
Gas analysis system 
Downstream from the reactor, a HT thimble filter was mounted in a metal case 
to collect the char particles not captured in the bed. The metal case was heated 
to 250 °C to minimize the benzene adsorption effects of the char particles 
collected in the thimble filter. The steam, CO, CO2 and benzene concentrations 
were analyzed by means of a Fourier transform infrared (FTIR) gas 
spectrometer.  The outlet gas of the FTIR instrument was led to a micro gas 
chromatograph measuring the H2 concentration and a CO2 meter recording the 
CO2 concentrations. Before the product gas reached the measurement 
instruments it was diluted with nitrogen which was necessary to bring the gas 
concentrations within the limits of the measurement instruments. All gas 
concentrations reported here were corrected for the dilution downstream the 
reactor. 

 
Procedure 
Experiments were performed to investigate the char-build up phase in the 
alumina bed and to investigate the benzene conversion in the so formed char 
bed varying the experimental conditions (gasification medium, temperature, 
char concentration and char type). The parameters of which are summarized in 
Table 8. 
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temperature of 𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆, respectively. Therefore, presented benzene conversions 
include neither thermal conversion effects nor catalytic effects of ash particles 
left from previous experiments. The maximum thermal (initial) benzene 
conversion achieved at 900 °C and a flowrate of Q2 was approx. 15 %. 
 

3.4.3 Al2O3 bed setup 
The experimental setup as presented in Figure 16 was divided into three parts: 
1) the char- and gas supply system, 2) the reactor including the packed bed, 
and 3) the gas analysis system.  

 
Figure 16. Schematic of the experimental setup; the red spiral sections upstream from the 
reactor are heated to 120°C, the red spiral sections downstream from the reactor to 250°C. 

Char- and gas-supply system 
The char supply was accomplished by means of a char aerosol generator. 
Within the char aerosol generator, the produced char samples were crushed 
into fine char particles by mechanical abrasion and fragmentation. These char 
particles were transported with the carrier gas (N2) into the reactor. The flow 
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Figure 16. Schematic of the experimental setup; the red spiral sections upstream from the 
reactor are heated to 120°C, the red spiral sections downstream from the reactor to 250°C. 

Char- and gas-supply system 
The char supply was accomplished by means of a char aerosol generator. 
Within the char aerosol generator, the produced char samples were crushed 
into fine char particles by mechanical abrasion and fragmentation. These char 
particles were transported with the carrier gas (N2) into the reactor. The flow 
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𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝐶𝐶6𝐻𝐻6 𝑐𝑐𝑐𝑐𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝐼𝐼𝑐𝑐𝐼𝐼 =  [
(𝐶𝐶Benz,0)600˚C−(𝐶𝐶Benz,0)𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆

(𝐶𝐶Benz,0)600˚C
] ∙ 100                     (15) 

                                    

where 𝑐𝑐(𝐵𝐵𝑒𝑒𝑒𝑒𝑒𝑒,0)600℃ denotes the benzene outlet concentration measured at 
600℃ (no initial conversion).  
 

 

Figure 17. Initial benzene conversion in the ceramic reactor containing the packed bed. 

Subsequently, the char was fed and accumulated in the packed bed until 
reaching steady-state conditions, i.e. the char gasification rate and char feeding 
rate were assumed equal. Steady-state conditions were indicated by stabilized 
H2, CO and CO2 concentrations. The benzene conversion effect from the char 
at steady-state conditions was established according to Eq. 14. Presented 
benzene conversions include neither initial conversion effects nor catalytic 
effects of ash particles left from previous experiments. Benzene conversion 
effects from ashes which accumulated in the packed bed during the 
experiments were considered negligible and were thus not corrected for. The 
changes of the benzene conversion due to additionally released gases from 
char gasification reactions were corrected for. 

Due to experimental limitations not all combinations of the three experimental 
parameters (temperature, char type, gasification agent) could be investigated at 
steady-state conditions, e.g. high char concentrations could not be combined 
with low temperatures since the packed bed would clog before reaching 
steady-state conditions. Even in the case that steady-state conditions were not 
reached the benzene conversion was investigated. In those cases the char 
feeding was stopped and the accumulated char in the packed bed was 
completely gasified to establish the amount of the char left after the char 
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Table 8. Experimental parameters adopted during the tests using the Al203 bed setup. 

Experiment Char build-up  
tests 

Benzene conversion experiments 

  Influence of the 
gasification 
medium 

Influence of the 
temperature  

Influence of the  
weight time and  
char concentration 

Benzene concentration  
[g Nm-3]* 

6.5 5–6.5 5–6.5 6.5 

Steam concentration 
 [vol. %] 

13.5 0, 13.5, 27 13.5 0, 13.5 

CO2 concentration  
[vol. %] 

0 0, 13.5 0 0, 13.5 

Char concentration 
[g Nm-3] 

8 8–40 8 8–50 

Gas residence time bed 
[s]** 

0.06 (950℃)–
0.06 (1050℃) 

0.06 (900℃)– 
0.05 (1100℃) 

0.06 (900℃)– 
0.05 (1100℃) 

0.09 (600˚C) – 
0.06 (1050˚C) 

Gas flow rate [slpm] 4.7 4.7 4.7 4.7 
Gas velocity reactor  
[m s-1] 

0.49 (950℃)–  –
0.53 (1050℃) 

0.47 (900℃) –
0.55 (1100℃) 

0.47 (900℃) –
0.55 (1100℃) 

0.35 (600˚C) – 
0.53 (1050˚C) 

Bed temperature TSet  
[˚C] 

950, 1050 900, 1050, 
1100 

900, 1000, 1050, 
1100 

600, 750, 850, 950, 
1000, 1050 

Char type O-char O-char, AHC O-char O-char, K-char, 
Fe-char 

* g Nm-3 corresponds to the concentration at 25˚C, 1 bar 
** Considering a void fraction of the bed of 0.3. 
 
In the initial tests the char build-up phase in the packed bed during the 
continuous supply of char particles in the presence of steam and benzene was 
investigated. Once a stable feed of steam and benzene was established a 
continuous char feeding was initiated. From this moment on char was 
accumulating in the packed bed until a steady-state char mass was reached. 
The experimentally determined steady-state char masses were validated 
against a theoretical model describing the char mass in the packed bed by 
adjusting the char reactivity. Results are presented in section 4.3.1. 

In the following the experimental procedure for determining the benzene 
conversion is described, the results of which are presented in sections 4.3.2 – 
4.3.4. In section 4.3.2 the influence of the gasification medium, in section 4.3.3 
the influence of the temperature and in section 4.3.4 the influence of the 
weight time and char concentration using the O-char, Fe- as well as K doped 
char on the benzene conversion is examined. Each experiment was started by 
recording a baseline for the benzene conversion measurements, i.e. to correct 
for any initial conversion (Figure 17) in the reactor. This was done by 
measuring the benzene outlet gas concentration (𝑐𝑐Benz,0)𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆 at the tested 
temperature and steam (or CO2) concentration, in the absence of char. The 
initial benzene conversion was calculated as  
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where 𝑐𝑐(𝐵𝐵𝑒𝑒𝑒𝑒𝑒𝑒,0)600℃ denotes the benzene outlet concentration measured at 
600℃ (no initial conversion).  
 

 

Figure 17. Initial benzene conversion in the ceramic reactor containing the packed bed. 

Subsequently, the char was fed and accumulated in the packed bed until 
reaching steady-state conditions, i.e. the char gasification rate and char feeding 
rate were assumed equal. Steady-state conditions were indicated by stabilized 
H2, CO and CO2 concentrations. The benzene conversion effect from the char 
at steady-state conditions was established according to Eq. 14. Presented 
benzene conversions include neither initial conversion effects nor catalytic 
effects of ash particles left from previous experiments. Benzene conversion 
effects from ashes which accumulated in the packed bed during the 
experiments were considered negligible and were thus not corrected for. The 
changes of the benzene conversion due to additionally released gases from 
char gasification reactions were corrected for. 

Due to experimental limitations not all combinations of the three experimental 
parameters (temperature, char type, gasification agent) could be investigated at 
steady-state conditions, e.g. high char concentrations could not be combined 
with low temperatures since the packed bed would clog before reaching 
steady-state conditions. Even in the case that steady-state conditions were not 
reached the benzene conversion was investigated. In those cases the char 
feeding was stopped and the accumulated char in the packed bed was 
completely gasified to establish the amount of the char left after the char 
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Table 8. Experimental parameters adopted during the tests using the Al203 bed setup. 

Experiment Char build-up  
tests 

Benzene conversion experiments 

  Influence of the 
gasification 
medium 

Influence of the 
temperature  

Influence of the  
weight time and  
char concentration 

Benzene concentration  
[g Nm-3]* 

6.5 5–6.5 5–6.5 6.5 

Steam concentration 
 [vol. %] 

13.5 0, 13.5, 27 13.5 0, 13.5 

CO2 concentration  
[vol. %] 

0 0, 13.5 0 0, 13.5 

Char concentration 
[g Nm-3] 

8 8–40 8 8–50 

Gas residence time bed 
[s]** 

0.06 (950℃)–
0.06 (1050℃) 

0.06 (900℃)– 
0.05 (1100℃) 

0.06 (900℃)– 
0.05 (1100℃) 

0.09 (600˚C) – 
0.06 (1050˚C) 

Gas flow rate [slpm] 4.7 4.7 4.7 4.7 
Gas velocity reactor  
[m s-1] 

0.49 (950℃)–  –
0.53 (1050℃) 

0.47 (900℃) –
0.55 (1100℃) 

0.47 (900℃) –
0.55 (1100℃) 

0.35 (600˚C) – 
0.53 (1050˚C) 

Bed temperature TSet  
[˚C] 

950, 1050 900, 1050, 
1100 

900, 1000, 1050, 
1100 

600, 750, 850, 950, 
1000, 1050 

Char type O-char O-char, AHC O-char O-char, K-char, 
Fe-char 

* g Nm-3 corresponds to the concentration at 25˚C, 1 bar 
** Considering a void fraction of the bed of 0.3. 
 
In the initial tests the char build-up phase in the packed bed during the 
continuous supply of char particles in the presence of steam and benzene was 
investigated. Once a stable feed of steam and benzene was established a 
continuous char feeding was initiated. From this moment on char was 
accumulating in the packed bed until a steady-state char mass was reached. 
The experimentally determined steady-state char masses were validated 
against a theoretical model describing the char mass in the packed bed by 
adjusting the char reactivity. Results are presented in section 4.3.1. 

In the following the experimental procedure for determining the benzene 
conversion is described, the results of which are presented in sections 4.3.2 – 
4.3.4. In section 4.3.2 the influence of the gasification medium, in section 4.3.3 
the influence of the temperature and in section 4.3.4 the influence of the 
weight time and char concentration using the O-char, Fe- as well as K doped 
char on the benzene conversion is examined. Each experiment was started by 
recording a baseline for the benzene conversion measurements, i.e. to correct 
for any initial conversion (Figure 17) in the reactor. This was done by 
measuring the benzene outlet gas concentration (𝑐𝑐Benz,0)𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆 at the tested 
temperature and steam (or CO2) concentration, in the absence of char. The 
initial benzene conversion was calculated as  
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where 𝑚𝑚𝐶𝐶ℎ𝑎𝑎𝑎𝑎[𝑘𝑘𝑘𝑘] represents the mass of char in the packed bed, 𝑄𝑄′ [𝑚𝑚3ℎ−1] 
the gas volume flow rate at room temperature, 𝑄𝑄 [𝑚𝑚3ℎ−1] the gas volume flow 
at the bed temperature 𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆 and ∆𝑡𝑡 [ℎ] and 𝑡𝑡𝑔𝑔[ℎ] present the time interval 
between two data points and the time applied for char gasification, 
respectively. τ was determined under steady-state, as well as non steady-state 
conditions.   

Another way to calculate the char mass in the packed bed is to integrate the 
difference of the steady state char concentration (𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖 ) and the char 
gasification rate based on the released CO and CO2 (𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑔𝑔𝑎𝑎𝑔𝑔(𝑡𝑡)) during the 
char build-up phase:  
 

𝑚𝑚𝑐𝑐ℎ𝑎𝑎𝑎𝑎(𝑡𝑡) = ∑ (𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖 − 𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑔𝑔𝑎𝑎𝑔𝑔 (𝑡𝑡))𝑄𝑄∆𝑡𝑡 𝑆𝑆
0                       (18) 

 
The steady-state char mass 𝑚𝑚𝑐𝑐ℎ𝑎𝑎𝑎𝑎

𝑔𝑔𝑆𝑆𝑆𝑆𝑎𝑎𝑠𝑠𝑠𝑠 in the packed bed is reached for 𝑡𝑡 ≥
𝑡𝑡𝑔𝑔𝑆𝑆𝑆𝑆𝑎𝑎𝑠𝑠𝑠𝑠 and calculated as: 
 

𝑚𝑚𝑐𝑐ℎ𝑎𝑎𝑎𝑎
𝑔𝑔𝑆𝑆𝑆𝑆𝑎𝑎𝑠𝑠𝑠𝑠 = ∑ (𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖 − 𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑔𝑔𝑎𝑎𝑔𝑔 (𝑡𝑡))𝑄𝑄∆𝑡𝑡 𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

0                       (19) 

 

where 𝑡𝑡𝑔𝑔𝑆𝑆𝑆𝑆𝑎𝑎𝑠𝑠𝑠𝑠 is the time needed to reach steady-state conditions. 𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑔𝑔𝑎𝑎𝑔𝑔 (𝑡𝑡) 
is calculated in accordance to Eq. 16 but before reaching steady-state 
conditions. 
 
Tar- and char kinetics 

The benzene conversion during the experiments was assumed to follow a 
pseudo first-order reaction with respect to the benzene concentration 
(assuming plug flow conditions and negligible influence of the steam or 
CO2 concentration (high excess)). The reaction rate constant, 
𝑘𝑘 [𝑚𝑚3𝑘𝑘𝑘𝑘−1ℎ−1] was calculated according to Eq. 20 

 

k = −ln (1−𝑋𝑋)
𝜏𝜏                          (20) 

 
where X represents the benzene conversion as calculated in Eq. 14 (without 
thermal conversion). This approach is widely accepted 107, 126, 128 and allows 
comparison of catalyst activities in tar elimination based on the apparent first-
order rate constant k. Rearranging Eq. 20 for the benzene conversion [%] gives  

 

X = [1 − exp (−k ∙ τ)] ∙ 100                       (21) 
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feeding was stopped. This procedure is explained more in detail in the section 
“Weight time (τ) determination”. 
 
Char concentration determination 

Based on the design of the char aerosol generator it was estimated that char 
particles with an aerodynamic diameter < 60 µm were fed to the packed 
Al2O3 bed. The steady state char concentration (𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖(g N𝑚𝑚−3)) supplied 
to the packed bed was determined according to Eq. 16 by measuring the 
main carbon containing gases (CO, CO2) during the simultaneous char-, 
steam- and benzene supply (first term, Eq. 16) and subtracting the carbon 
(CO, CO2) released from the benzene conversion (second term, Eq. 16).  
 

𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖(𝑡𝑡) = 𝑀𝑀𝑐𝑐
𝑥𝑥𝑐𝑐 ∙ 𝑉𝑉𝑚𝑚 ∙ 1000 (𝑦𝑦𝐶𝐶𝐶𝐶(𝑡𝑡) + 𝑦𝑦𝐶𝐶𝐶𝐶2(𝑡𝑡)) − 

((
(𝐶𝐶Benz,0)𝑇𝑇0

∙𝑀𝑀𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵

𝑉𝑉𝑀𝑀
) (1 − (

(𝐶𝐶Benz,1)𝑇𝑇𝑆𝑆𝐵𝐵𝑆𝑆
(𝐶𝐶Benz,0)𝑇𝑇0

))) 6𝑀𝑀𝑐𝑐
𝑀𝑀𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵∙1000∙𝑥𝑥𝑐𝑐

                           (16) 

 

MC (g mol-1) represents the molar mass of carbon, Vm (l mol-1) the molar 
volume of an ideal gas at NTP (20˚C, 1bar), xc the mass fraction of carbon 
in the char, 𝐶𝐶Benz,0𝑇𝑇0

the benzene concentration at NTP, 𝑦𝑦𝐶𝐶𝐶𝐶 and 𝑦𝑦𝐶𝐶𝐶𝐶2 the 
gas concentrations (ppm) of CO and CO2, respectively.  
In the case CO2 was used as gasification agent Eq. 16 could not be used to 
calculate the char concentration. In this case the char concentration was 
assumed to be similar to the one established if the gasification medium was 
switched to steam during the same experiment.  

 
Weight time (τ) determination  
Since the volumetric flow rate was kept constant during the experiments and 
the mass of catalyst (char) was changed the weight time τ (defined here as the 
ratio of the mass of the char in the bed to gas volume flow rate) was used 
instead of the residence time/space velocity. The mass of the char in the bed 
(𝑚𝑚𝑐𝑐ℎ𝑎𝑎𝑎𝑎) was estimated by stopping the char supply at the end of the 
experiment and fully steam gasifiying the deposited material in the bed. In this 
way the total carbon from the char was assumed to be released as CO and CO2. 
The weight time was thus calculated according to Eq. 17.  

 

𝜏𝜏 [𝑘𝑘𝑘𝑘 ℎ 𝑚𝑚−3] = 𝑚𝑚𝑐𝑐ℎ𝑎𝑎𝑎𝑎
𝑄𝑄 = 1

1000 ∑
𝑀𝑀𝐶𝐶∙𝑄𝑄′∙ (𝑦𝑦𝐶𝐶𝐶𝐶(𝑡𝑡)+𝑦𝑦𝐶𝐶𝐶𝐶2(𝑡𝑡))∆𝑡𝑡

𝑥𝑥𝑐𝑐𝑉𝑉𝑚𝑚𝑄𝑄
𝑡𝑡𝑔𝑔
0                        (17) 
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where 𝑚𝑚𝐶𝐶ℎ𝑎𝑎𝑎𝑎[𝑘𝑘𝑘𝑘] represents the mass of char in the packed bed, 𝑄𝑄′ [𝑚𝑚3ℎ−1] 
the gas volume flow rate at room temperature, 𝑄𝑄 [𝑚𝑚3ℎ−1] the gas volume flow 
at the bed temperature 𝑇𝑇𝑆𝑆𝑆𝑆𝑆𝑆 and ∆𝑡𝑡 [ℎ] and 𝑡𝑡𝑔𝑔[ℎ] present the time interval 
between two data points and the time applied for char gasification, 
respectively. τ was determined under steady-state, as well as non steady-state 
conditions.   

Another way to calculate the char mass in the packed bed is to integrate the 
difference of the steady state char concentration (𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖 ) and the char 
gasification rate based on the released CO and CO2 (𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑔𝑔𝑎𝑎𝑔𝑔(𝑡𝑡)) during the 
char build-up phase:  
 

𝑚𝑚𝑐𝑐ℎ𝑎𝑎𝑎𝑎(𝑡𝑡) = ∑ (𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖 − 𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑔𝑔𝑎𝑎𝑔𝑔 (𝑡𝑡))𝑄𝑄∆𝑡𝑡 𝑆𝑆
0                       (18) 

 
The steady-state char mass 𝑚𝑚𝑐𝑐ℎ𝑎𝑎𝑎𝑎

𝑔𝑔𝑆𝑆𝑆𝑆𝑎𝑎𝑠𝑠𝑠𝑠 in the packed bed is reached for 𝑡𝑡 ≥
𝑡𝑡𝑔𝑔𝑆𝑆𝑆𝑆𝑎𝑎𝑠𝑠𝑠𝑠 and calculated as: 
 

𝑚𝑚𝑐𝑐ℎ𝑎𝑎𝑎𝑎
𝑔𝑔𝑆𝑆𝑆𝑆𝑎𝑎𝑠𝑠𝑠𝑠 = ∑ (𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖 − 𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑔𝑔𝑎𝑎𝑔𝑔 (𝑡𝑡))𝑄𝑄∆𝑡𝑡 𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

0                       (19) 

 

where 𝑡𝑡𝑔𝑔𝑆𝑆𝑆𝑆𝑎𝑎𝑠𝑠𝑠𝑠 is the time needed to reach steady-state conditions. 𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑔𝑔𝑎𝑎𝑔𝑔 (𝑡𝑡) 
is calculated in accordance to Eq. 16 but before reaching steady-state 
conditions. 
 
Tar- and char kinetics 

The benzene conversion during the experiments was assumed to follow a 
pseudo first-order reaction with respect to the benzene concentration 
(assuming plug flow conditions and negligible influence of the steam or 
CO2 concentration (high excess)). The reaction rate constant, 
𝑘𝑘 [𝑚𝑚3𝑘𝑘𝑘𝑘−1ℎ−1] was calculated according to Eq. 20 

 

k = −ln (1−𝑋𝑋)
𝜏𝜏                          (20) 

 
where X represents the benzene conversion as calculated in Eq. 14 (without 
thermal conversion). This approach is widely accepted 107, 126, 128 and allows 
comparison of catalyst activities in tar elimination based on the apparent first-
order rate constant k. Rearranging Eq. 20 for the benzene conversion [%] gives  

 

X = [1 − exp (−k ∙ τ)] ∙ 100                       (21) 
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feeding was stopped. This procedure is explained more in detail in the section 
“Weight time (τ) determination”. 
 
Char concentration determination 

Based on the design of the char aerosol generator it was estimated that char 
particles with an aerodynamic diameter < 60 µm were fed to the packed 
Al2O3 bed. The steady state char concentration (𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖(g N𝑚𝑚−3)) supplied 
to the packed bed was determined according to Eq. 16 by measuring the 
main carbon containing gases (CO, CO2) during the simultaneous char-, 
steam- and benzene supply (first term, Eq. 16) and subtracting the carbon 
(CO, CO2) released from the benzene conversion (second term, Eq. 16).  
 

𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖(𝑡𝑡) = 𝑀𝑀𝑐𝑐
𝑥𝑥𝑐𝑐 ∙ 𝑉𝑉𝑚𝑚 ∙ 1000 (𝑦𝑦𝐶𝐶𝐶𝐶(𝑡𝑡) + 𝑦𝑦𝐶𝐶𝐶𝐶2(𝑡𝑡)) − 

((
(𝐶𝐶Benz,0)𝑇𝑇0

∙𝑀𝑀𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵

𝑉𝑉𝑀𝑀
) (1 − (

(𝐶𝐶Benz,1)𝑇𝑇𝑆𝑆𝐵𝐵𝑆𝑆
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4. Results and discussion 

4.1 PM and tar plant measurements (Article I) 
4.1.1 PM characterization 
Particle mass size distribution and -mass concentrations 
The mass size distributions and particle mass concentrations (PMC) in the 
product gas of an indirect steam-fluidized BFB gasifier using the SMPS, APS 
and LPI are presented in Figure 18, Figure 19 and Table 9. All size 
distributions and particle concentrations were dilution corrected and given at 
ambient temperature and pressure conditions (~25°C and 1 bar). No 
corrections were made for particle losses in the measurement system. The 
mass size distributions were established based on the assumption of spherical 
particles and a density of 1 g cm−3 and present the averaged results at the high 
steam-to-fuel ratio (cases 1 and 3–7, Table 4). In all cases, a trimodal mass 
size distributions was produced. For the purpose of discussion, three adjacent 
size ranges (modes) were defined: the first (fine) mode was defined as having 
the range of dae = 15–140 nm, the second (intermediate) mode the range of dae 
= 140–670 nm, and the third (coarse) mode the range of dae > 670 nm. Passing 
the sample through the primary TD (case 3), reduced the PMC of the fine 
mode substantially if compared to the case the primary TD was not used (case 
1). As the sample was directed through the secondary TD (case 4), the fine 
mode shifted towards a smaller particle size already at 200°C, and then shifted 
further at higher temperatures. This suggests that the particles shrank when 
reheated in the secondary TD. The shift and the corresponding loss of mass are 
indicated by the arrow in Figure 18. The intermediate mode was shifted 
towards a smaller particle size when passing through the secondary TD at 
200°C, then further at 700°C. The coarse mode of the sample was not 
substantially affected if passed through the TDs.  
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In order to present the benzene conversion as a function of the char 
concentration  𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖 , Eq. 21 was modified to 

 

X = [1 − exp (−k∙Charin∙t′

1000 )] ∙ 100                                                (22) 
 
where t′[ℎ] represents a characteristic contact time between benzene and char, 
which is expected to be changed by temperature and gasification agent, but not 
by the char concentration.  

 
The char accumulation in the bed was described by a first-order differential 
equation: 

 
𝑑𝑑𝑑𝑑𝑐𝑐ℎ𝑎𝑎𝑎𝑎

𝑑𝑑𝑑𝑑 =  𝐶𝐶𝐶𝐶ℎ𝑎𝑎𝑎𝑎,𝑖𝑖𝑖𝑖 ∙ 𝑄𝑄′ − 𝑎𝑎𝐶𝐶ℎ𝑎𝑎𝑎𝑎 ∙ 𝑚𝑚𝑐𝑐ℎ𝑎𝑎𝑎𝑎                                                          (23) 
 

Solving the differential equation with the condition that 𝑚𝑚𝑐𝑐ℎ𝑎𝑎𝑎𝑎(0) = 0 
gives  
 

𝑚𝑚𝑐𝑐ℎ𝑎𝑎𝑎𝑎(𝑡𝑡) = 𝐶𝐶𝐶𝐶ℎ𝑎𝑎𝑎𝑎,𝑖𝑖𝑖𝑖∙𝑄𝑄′−𝐶𝐶𝐶𝐶ℎ𝑎𝑎𝑎𝑎,𝑖𝑖𝑖𝑖∙𝑄𝑄′∙𝑒𝑒−𝑎𝑎𝐶𝐶ℎ𝑎𝑎𝑎𝑎∙𝑡𝑡∙60
𝑎𝑎𝐶𝐶ℎ𝑎𝑎𝑎𝑎                                                (24) 

 

where 𝑎𝑎𝐶𝐶ℎ𝑎𝑎𝑎𝑎 represent the char reactivity (s-1). 
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Figure 19 presents the SMPS, APS, and LPI results at the high (case 3) and the 
low (case 2) steam-to-fuel ratios bypassing the secondary TD. The 
concentrations in the fine and intermediate modes were slightly higher at the 
low steam-to-fuel ratio, while the reverse held for the coarse mode. 
Table 9 shows the PMCs of the three modes for cases 1–7, based on the mass 
size distributions from Figure 18 and Figure 19 using the SMPS and APS and 
the total PMCs using the LPI and TEOM.  

 
Table 9. PMCs (mg m-3) at the low and high steam-to-fuel ratios for the different 
experimental cases as an assembly of the averaged set of data. 

Mode/ 
(Instrument) 
 
Case                                

Fine/ 
(SMPS) 

  Intermediate/ 
  (SMPS) 

     Coarse/           Total 
      (APS)            (LPI) 

   Total  
  (TEOM)      

    

1 640 38 144 -         - 
2 138 68 46 244      225 
3 70 30 66 177      214 
4 15 14 77 -      139 
5 5 11 66 -      116 
6 1 2 45 -         - 
7 0.5 0.8 41 -         - 

 
The sums of the PMC from SMPS and APS data for cases 2 and 3, 
respectively, are similar to the PMC as determined using the LPI or TEOM, 
respectively. The TEOM was used to directly measure the total PMC of the 
sample. Because of its high resolution of about 1 µg m−3, it was regarded as a 
reference instrument. The merged SMPS/APS mass concentrations agreed 
quite well with the mass concentrations as measured using the TEOM and thus 
confirmed the high accuracy of the SMPS and APS results. 
 
Elementary composition and particle morphology 
The particle morphology and semi-quantitative elemental composition of the 
size segregated samples were obtained using SEM-EDS. During the LPI 
measurements, the primary TD was used whereas the secondary TD was 
bypassed. The EDS analysis indicated that carbon and oxygen were dominant 
elements at all LPI stages (Table 10). The carbon-to-oxygen ratio was higher 
in the fine mode than in the intermediate and coarse modes. Since the 
quantification accuracy for such light elements was low using EDS analysis 
and the grease used to coat the impactor substrates was hydrocarbon based, the 
results should be regarded as approximate.  
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Figure 18. Mass size distributions determined using SMPS and APS systems for different 
experimental cases at a high steam-to-fuel ratio.  

 

 
Figure 19. Mass size distributions determined using LPI and SMPS/APS measured at high 
and low steam-to-fuel ratios. The SMPS/APS (case 3) data from Figure 18 are included as a 
reference. 
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Figure 18. Mass size distributions determined using SMPS and APS systems for different 
experimental cases at a high steam-to-fuel ratio.  

 

 
Figure 19. Mass size distributions determined using LPI and SMPS/APS measured at high 
and low steam-to-fuel ratios. The SMPS/APS (case 3) data from Figure 18 are included as a 
reference. 
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(dae) of that stage and irregular, smaller pieces of a size similar to the 
geometric mean diameter of the impactor stage. 

 
Figure 21. SEM images of PM with a magnification of 1700× collected on different LPI 
stages corresponding to different geometric mean diameter (dae): a) stage 1 (0.04 μm), b) 
stage 5 (0.32 μm),c) stage 9 (2.02 μm). 

Evaluation of the individual modes 
Fine mode 
During gasification of biomass, fine and coarse PM, permanent gases, as well 
as condensable organic and inorganic vapors will be formed and contained in 
the hot product gas. As a sample of hot product gas is extracted and then 
cooled in a dilution probe to approximately 500°C, inorganic vapors such as 
alkali chlorides will condense. The condensed matter could either deposit on 
the inner surface of the probe wall or form PM through nucleation and 
condensation. As the aerosol sample is further cooled, various heavy tar 
components might condense to form additional PM.  
As shown in Figure 18 and Table 9, the PMC of the fine-mode particles were 
substantially reduced by the primary TD, and then further reduced when 
reheated in the secondary TD already at 200°C (case 4). This is a strong 
indication that in cases 1 and 3, the PM was formed mainly from tars that had 
nucleated and condensed in the sampling system.  
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Table 10. Normalized weight percentages of carbon, oxygen, and the main ash-forming 
elements determined by means of EDS analysis for different impactor stages representative 
of fine, intermediate, and coarse modes. 

Normalized weight %     Carbon Oxygen    Ash-forming elements 
Stage 1 (fine mode) 85 14 1 
Stage 5 (intermediate mode) 78 18 4 
Stage 9 (coarse mode) 33 32 35 

 
In Figure 20 a more detailed analysis of the main ash-forming elements is 
presented. Aluminum was excluded since the analysis was influenced by the 
aluminum substrates. The fine mode contained mainly silicon, sulfur, 
potassium, and chlorine. With increasing aerodynamic diameter up to the 
intermediate mode, the potassium content increased whereas the silicon 
content decreased. The coarse mode was dominated by calcium, silicon, 
phosphorus, and magnesium. 
 

 
Figure 20. Normalized mass distribution of major elements on greased LPI substrates at the 
high steam to- fuel ratio bypassing the secondary TD (case 3) as measured using EDS. 

SEM images from stages 1, 5, and 9 corresponding to aerodynamic diameters 
of 0.042, 0.32, and 2.02 μm, respectively, are presented in Figure 21 a–c. Stage 
1 contains PM from the fine mode, stage 5 from the intermediate mode, and 
stage 9 from the coarse mode. The visible structures found on stages 1 and 5 
cannot be considered as deposited aerosol particles since their physical 
dimensions exceeded the corresponding geometric mean diameter (dae) of the 
impactor stage. Instead, these structures were probably formed by impacting 
particles. The structures on stage 5 are generally smaller than those on stage 1 
and seem to contain particles of approximately the size of the corresponding 
aerodynamic diameter of the impactor stage. Stage 9 had two different kinds of 
structures: flaky and smooth pieces larger than the geometric mean diameter 
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From the above discussion, the representative SEM figure of the intermediate 
mode (Figure 21 b) was assumed to be related to the presence of potassium 
chlorides or potassium hydroxides that had nucleated during cooling in the 
dilution probe. 
 
Coarse mode 
Figure 18 and Table 9 show that the PMC were halved if the primary TD was 
used (case 3) compared with when it was bypassed (case 1). That was probably 
a result of inertial losses in the primary TD, which become more severe with 
increasing particle diameter. Otherwise, different temperatures in the 
secondary TD displayed no significant influence on the PMC. Thus, it is 
assumed that the coarse mode does not contain substantial amounts of volatile 
matter, i.e., it represents the original PM from the gasifier. Slightly lower 
PMCs at temperatures exceeding 750°C were related to the oxidation of char 
particles. The EDS results presented in Figure 20 indicate that calcium, silicon, 
phosphorus, and magnesium were the dominant elements in the coarse mode 
(corresponding to impactor stages 7–10). This was expected, since these 
elements represent some of the main ash-forming elements in the wood pellets 
used. Silicon, calcium, and small amounts of phosphorous could, however, 
also have been contained in the bed sand. As minor ash-forming elements iron 
and manganese were found only in small amounts. The oxygen contained in 
that mode, as shown in Table 10, is related to the presence of ashes. The 
carbon could be related to not fully gasified char particles. Thus, the bright 
pieces shown in the SEM figure for stage 9 (Figure 21 c) were probably related 
to ash and bed particles, while the dark flaky ones, as concluded by Gustafsson 
et al.143 were likely char particles. That is because light elements such as 
carbon usually appear darker on SEM images in contrast to heavier elements 
such as silicon or calcium. 
 
In comparison with the fine and intermediate modes, the coarse mode 
displayed a reverse behaviour regarding low and high steam supply. Whereas 
in the fine and intermediate modes, the PMC (Figure 19 and Table 9) were 
lower at the high steam-to-fuel ratio, it is the other way round in the coarse 
mode. An explanation for PM with dae < 670 nm could have been an enhanced 
steam reforming of tar components. Since the fluidization of the bed material 
increased slightly if more steam was introduced, attrition forces could have led 
to an increased output of fly ash, char, and bed material, which would then 
explain the reverse behavior in the coarse mode. This is in agreement with 
Yamazaki et al.32, who also found an increased yield of PM if the superficial 
velocity of the gasifier was increased. 
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A detailed analysis of the particle number concentration at different positions 
in the extraction- and sampling system (Article I)141 revealed that tars and 
inorganic vapors probably formed PM as the gas was cooled in the adsorber 
section of the primary TD. The formed particles acted as condensation nuclei 
and grew through the condensation of heavy tars not captured by the primary 
TD. As the particles were then heated in the secondary TD (cases 4 and 5), the 
tar evaporated, shrinking the particles as indicated by the arrow in Figure 18. 
At higher temperatures of the secondary denuder (cases 6 and 7), the inorganic 
PM formed in the dilution probe eventually also evaporated.  In case no 
primary TD was used to remove tars, the high tar concentration combined with 
the rapid cooling in the ejector diluter probably evoked tar nucleation, forming 
large amounts of new tar particles downstream from the ejector diluter. The 
ash-forming elements presented in Figure 20 made only a minor contribution 
to the fine mode, as shown in Table 10. Potassium either could have formed a 
chemical bond with chlorine and thus was present in the form of potassium 
chloride or, as suggested by Hirohata et al.142, could have combined 
chemically with the OH groups of carboxylic acids and phenols in water-
soluble tar. Because sulfur was only found in substantial amounts together 
with potassium it could have been present in the form of potassium sulfide as it 
was also assumed by Hermansson et al.37. Since silicon, calcium, and iron 
were not expected to volatilize to a great extent at temperatures of 
approximately 800°C, their presence could be related to either contamination 
of the sample or measurement uncertainties of the EDS instrument. An 
alternative explanation is that coarse PM often contains many cavities and thus 
has a smaller aerodynamic diameter in terms of Eq. 2. That is why silicon-, 
calcium-, and iron-rich coarse PM could have been impacted on lower stages, 
as found elsewhere143, 144. However, it was also reported that these elements 
could volatilize to a certain extent even at temperatures as low as 800°C145.  
The above discussion led to the conclusion that the representative SEM figure 
of the fine mode (Figure 21 a) showed tar particles that had probably 
accumulated on the impactor substrates to form larger structures. 
 
Intermediate mode 
The high carbon and oxygen contributions in the intermediate mode shown in 
Table 10 were again assumed to be related to the presence of heavy primary tar 
components. As in the fine mode, such tars were probably evaporated when 
reheated in the secondary TD at 200°C (case 4), which would explain the 
reduced PMC of the intermediate mode as shown in Figure 18 and Table 9. 
The next noticeable change in PMC occurred at a secondary-TD temperature 
of 700°C (case 6), implying the presence of inorganic PM. From Figure 20 it is 
obvious that, in comparison with the fine mode, there was less silicon and 
instead more potassium in the intermediate mode. It was assumed that most of 
the potassium was in the form of potassium chloride or potassium hydroxide. 
The presence of silicon was explained in a similar way as in the fine mode. 
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A detailed analysis of the particle number concentration at different positions 
in the extraction- and sampling system (Article I)141 revealed that tars and 
inorganic vapors probably formed PM as the gas was cooled in the adsorber 
section of the primary TD. The formed particles acted as condensation nuclei 
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tar evaporated, shrinking the particles as indicated by the arrow in Figure 18. 
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Intermediate mode 
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The presence of silicon was explained in a similar way as in the fine mode. 
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shown in Table 9, was in the same order of magnitude as the sum of the 
presumed (marked bold) condensing tars in Table 11, noting that the latter is 
presented on a dry basis and for the low steam-to-fuel ratio which results in 
slightly higher tar concentrations.  

 
Figure 22. Calculated tar dew points based on the equilibrium vapor/liquid model of the 
Energy Research Centre of the Netherlands (ECN)146 and dilution-corrected tar 
concentrations (magnified window) assuming no tar adsorption in the primary TD. The 
concentrations corrected for primary dilution present estimated concentrations near the 
inlet (200°C) and downstream from the primary thermodenuder (30°C). The concentrations 
corrected for the entire dilution present the corresponding estimated concentrations 
downstream from the ejector diluter. 

As discussed in the previous paragraph the fine particle mode is mainly formed 
by heavy tars that had probably formed through homogeneous nucleation and 
condensation on alkali nuclei. By controlling the condensation and nucleation 
of heavy tar vapors present in the extracted aerosol, the fine-mode signal was 
measured using an ELPI with a time resolution of approximately one second. 
Figure 23 presents a sequence of mass concentrations in the fine mode (dae = 
15–140 nm) as the secondary TD was bypassed (case 3) measured using the 
ELPI together with corresponding mass concentrations in the same size range 
as determined using the SMPS. As shown in Figure 23, the results from the 
ELPI were comparable to those obtained using the SMPS.  
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4.1.2 Heavy tar characterization 
Table 11 shows the tar concentrations in the hot product gas for the low steam-
to-fuel ratio as measured using the SPA method. Light aromatics such as 
toluene, xylene, indene and styrene, light PAH compounds such as 
naphthalene, fluorene, acenaphthylene, as well as PAH compounds with a 
comparatively low vapor pressure (heavy tars) such as phenantrene, 
anthracene, pyrene, chrysene, and fluoroanthene were contained in the hot 
product gas. In addition, substantial amounts of unidentified tars were 
quantified using the response factor of toluene. 

 
Table 11. Tar concentrations (dry basis) in the hot product gas for the low steam-to-fuel 
ratio case as measured using SPA. Tars are presented in ascending order in terms of 
boiling points; toluene was used as a response factor for the unidentified tars. 

Component   [g m–3]   Component [g m–3]  
Benzene   0.60   1-Methylnaphtalene 0.50  
Toluene   0.54   Biphenyl 0.43  
m/p-Xylene   0.11   Acenaphtylene 1.34  
o-Xylene   0.05   Acenaphtene 0.10  
Styrene   0.64   Dibenzofuran 0.30  
Methylstyrene 40   0.14   1-Naphtol 0.12  
Methylstyrene 60   0.10   2-Naphtol 0.02  
Phenol   1.98   Fluorene 0.60  
2,3-benzo(b)furan   0.36   Xantene 0.02  
Indene   1.81   Phenantrene 1.27  
o-Cresol   0.06   Anthracene 0.38  
m/p-Cresol   0.26   Fluoranthene 0.36  
1,2-dihydronaphtalene   0.01   Pyrene 0.39  
Naphthalene   5.18   Chrysene/triphenylene 0.23  
2-Methylnaphtalene   0.78   Unidentified 7.59  

 
Figure 22 shows the relationship between the dew point temperatures and 
concentrations of a selection of the tar vapors from Table 11. In the same 
figure (magnified window), the concentrations (enlarged symbols) of 
phenanthrene, anthracene, fluoranthrene, and pyrene are shown after primary 
and entire dilution, respectively, assuming no adsorption in the primary TD. 
As shown in Figure 22, no condensation of these tars could be expected 
upstream from the heating section of the primary TD, since minimum 
temperatures in the probe are not below 200°C. In the adsorber section of the 
primary TD, the aerosol was cooled further to room temperature (around 30°C) 
as it flowed towards the adsorber outlet. Consequently, a stable solid phase of 
unadsorbed heavy tars could have condensed onto the PM, which was enriched 
in the fine mode. If no primary TD was used, the condensation would occur 
downstream from the ejector diluter after the aerosol was further diluted 
(entire dilution), as shown in Figure 22. Actually, the total mass concentration 
of the fine mode as measured using the SMPS in case 1 (640 mg m–3), and 
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available for the gas-phase reactions downstream from the HT filter, which 
shifted the equilibrium towards CO2 at those temperatures.  

 
Figure 24. CO, CO2, and H2 concentrations and char conversions during steam gasification 
of 0.3 g char at gas flow rates of 0.25 slpm (Q2), 0.8 slpm (Q1), and 2 slpm (Q0) at 900°C 
using (a) AC and (b) PC. 

After steam gasifying both chars for 15 min at 900°C, approximately 50% of 
the activated carbon and 90% of the pine char were converted, indicating that 
the pine char was more reactive than the activated carbon. The gasification rate 
of both chars increased with the gas flow rate and decreased with time, i.e. 
increasing char conversion. The decline of the gasification rate for pine char 
was more severe than that for the activated carbon. The difference in 
gasification behavior was assumed to be due to the different morphological 
structures of the two chars, which were reportedly influenced by different 
pyrolysis conditions16, 19, 147 and by the amounts and composition of inorganic 
matter148. 

4.2.2 Tar decomposition using batches of char particles 
This section presents the results of benzene conversion in steam over batches 
of char particles deposited in the HT filter at 750–900°C. Low (6 g Nm–3) and 
high (12 g Nm–3) benzene concentrations were used to investigate the 
performance of the AC and PC. The concentrations of CO, CO2, and H2 as 
well as the benzene conversions at 900°C are presented in Figure 25 as 
functions of time using different gas flow rates and benzene concentrations. 
The data presented in Figure 25 a and b illustrate typical raw data sets, 
repeated for different temperatures and char deposition times to establish the 
influence of the char mass and temperature on the benzene conversion, as 
presented in Figure 26 and Figure 27. 
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Since it is difficult to measure tars heavier than coronene using a standard GC 
instrument the presented PM sampling and conditioning system in 
combination with the SMPS or ELPI could provide an alternative to monitor 
heavy tars semi-online or online, respectively.  
 

 
Figure 23. Mass concentration in the fine mode at the high steam-to-fuel ratio bypassing 
the secondary TD (case 3) as measured using the ELPI and SMPS.  

4.2 Tar conversion in the HT-filter setup (Article II) 
4.2.1 Steam gasification of char particles 
Char gasification and tar reforming are concurrent processes that are 
considered to interact during biomass gasification. Investigating the steam 
gasification characteristics in the absence of tars (i.e., benzene) made it easier 
to interpret the results when char particles and benzene came into contact 
(section 4.2.2 and 4.2.3). Figure 24 shows the concentrations of CO, CO2, and 
H2 as well as the estimated char conversion during the steam gasification of 
approximately 0.3 g of PC or AC at 900 °C. In general, the CO, CO2, and H2 
concentrations decreased at higher gas flow rates. This was explained by 
enhanced dilution of the released gases. The CO:CO2 ratio was generally lower 
at higher gas flow rates which was assumed to be caused by less carbon 
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Figure 23. Mass concentration in the fine mode at the high steam-to-fuel ratio bypassing 
the secondary TD (case 3) as measured using the ELPI and SMPS.  
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enhanced dilution of the released gases. The CO:CO2 ratio was generally lower 
at higher gas flow rates which was assumed to be caused by less carbon 
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naphthalene131 and benzene149 using beds of non-activated or activated spruce 
char and compared those results with those obtained using commercially 
available activated carbon; these authors reported that the commercially 
available activated carbon and activated char catalysts had a higher BET-
surface area and resulted in significantly higher tar conversions than did the 
non-activated char catalysts. For the same reasons, it could be concluded in the 
present study that the activated carbon particles resulted in higher benzene 
conversions than did the non-activated pine char particles. The specific surface 
area of the activated carbon used here was reportedly 950–1200 m2 g–1.150, 151 

 
Figure 26. Average initial (t = 0) benzene conversions at high (HB) and low (LB) benzene 
concentrations at different temperatures using 0.3 g of activated carbon (A.C.) and pine 
char (PC) particles at a gas flow rate of Q2 (0.25 slpm). 

Figure 27 shows the effects of deposited char mass and benzene concentration 
on the benzene conversion. Reducing the char mass from 0.3 to 0.03 g lowered 
the benzene conversion by a factor of approximately two to three for both 
chars. If the mass of the char particles was further reduced to approximately 
0.003 g, no benzene was converted. The decrease in benzene conversion when 
using less char was interpreted as an effect of reduced weight time, τ, defined 
as the ratio between the deposited amount of char and the gas flow rate. A 
reduced char mass will reduce the ratio between the char surface area available 
for coking and the mass flow rate of benzene. At a char mass of 0.03 g, the 
pine char appeared to be slightly more active than was the activated carbon. 
However, small differences in benzene conversion between both char types 
could also have been caused by uncertainty regarding the deposited char mass, 
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Figure 25. CO, CO2, and H2 concentrations and benzene conversions at gas flow rates of 
0.25 slpm (Q2), 0.8 slpm (Q1), and 2 slpm (Q0) and at high (HB) and low (LB) benzene 
concentrations using 0.3 g of (a) AC and (b) PC at 900°C (the dashed and pointed lines 
(vertical) indicate the changes in benzene concentration and gas flow rate, respectively. 

The benzene conversions for both char types dropped as the gas flow rate was 
increased. This was assumed to be due to shorter gas residence times and thus 
shorter contact times between the benzene and char. The faster decrease in 
benzene conversion at 900°C when using the pine char rather than the 
activated carbon particles was probably related to the faster consumption of 
the pine char. 
A change from high to low benzene concentrations at a gas flow rate of Q2 
slightly decreased the H2 concentrations. Decreasing the benzene 
concentration, however, had no apparent influence on the CO and CO2 
concentrations. This behaviour could indicate that benzene might have been 
converted to heavier hydrocarbons not detected by the gas analysis instruments 
or had been decomposed over the char into hydrogen and solid carbon (coke) 
as suggested by Hosokai et al.130 
Figure 25 a and b indicate that the activated carbon and the pine char still 
converted benzene after more than 30 and 20 min, respectively. However, the 
results of the pure steam gasification of both chars (Figure 24 a and b) 
indicated the almost complete conversion of both chars after these lengths of 
time. This would indicate that the simultaneous conversion of benzene slowed 
the gasification reactions due to the deposition of coke on the char surfaces. 
Generally, the reactivity of coke is reportedly lower than that of the original 
char.133  
Figure 26 shows the effect of temperature on the average benzene conversion 
values. The experiments demonstrate that the benzene conversion increased 
with increasing temperature using AC and PC. This was related to an increased 
rate of reaction between benzene and char at higher temperatures. The 
activated carbon particles generally resulted in slightly higher benzene 
conversions than did the pine char particles. This was similar to findings 
reported by others who investigated the catalytic decomposition of 
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the present experiments, the deactivated and gasified chars were continuously 
replaced with fresh char, preventing the benzene conversion from decreasing. 
Stopping the benzene feed (t = 108 min) resulted in a gradual decline in the 
CO, CO2, and H2 concentrations and in the pressure drop. By the end of the 
experiment (t >120 min), steady-state conditions were indicated, implying that 
the potentially formed coke had been gasified. 

 
Figure 28. CO, CO2, H2, and C6H6 concentrations and pressure drop as functions of time 
while continuously feeding A.C. with steam at 1000°C. Benzene inlet gas concentration, 
4300 ppm; gas flow rate, 2 slpm. 

4.3 Tar conversion in the Al2O3-bed setup (Article 
III and IV) 
4.3.1 Char build-up phase 
Figure 29 shows the experimentally determined char mass in the packed 
bed as calculated according to Eq. 18 and the char mass as calculated with 
Eq. 24 when steam was used as the gasification medium. Char reactivities 
from Eq. 24 were fitted to match the experimental char masses and are 
reported in Table 12. 
 
Table 12. Experimentally determined char reactivities rchar (s-1) for the O-char using 13.5 % 
steam as used in Eq. 24.  

Temperature [℃] 950 1050 

r𝑐𝑐ℎ𝑎𝑎𝑎𝑎[𝑠𝑠−1] 
0.0051 0.0143 
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given the extremely small amounts of char used. Generally, the benzene 
conversions for both chars seemed slightly higher at the low benzene 
concentrations, possibly because of a decreased ratio between the benzene 
mass flow rate and the char mass at lower benzene concentrations. 

 
Figure 27. Average benzene conversions at high (HB) and low (LB) benzene concentrations 
and with different amounts of char at 900°C using activated carbon (A.C.) or pine char 
(PC) particles at a gas flow rate of Q2 (0.25 slpm).   

4.2.3 Tar decomposition during continuous char feed  
Activated carbon particles were continuously supplied to the HT filter together 
with steam at a temperature of 1000°C. The concentrations of H2, CO, CO2, 
and benzene as well as the pressure drop are presented in Figure 28. The 
stabilized gas concentrations and pressure drop reached after approximately 58 
min were assumed to indicate steady-state char gasification conditions. The 
benzene supply from 58 to 108 min resulted in a continuous increase in the 
CO, H2, and CO2 concentrations and in the pressure drop until they again 
reached steady-state conditions after approximately 100 min. One explanation 
for the increase in pressure drop might be an increased accumulation of char in 
the HT filter due to a decreased char gasification rate when benzene was fed. 
Coke formation on the char and thus blockage of the HT filter could also partly 
explain the increase in pressure drop. Coll et al.,152 who investigated the 
tendency for coking on commercial nickel catalysts during the steam 
reforming of various aromatic model tar compounds, also correlated the 
increasing pressure drop in the catalytic bed to the formation of solid carbon. 
The increased H2, CO, and CO2 concentrations might thus be related to the 
gasification of the additional formed coke. In general, coke deposition 
reportedly causes micropore loss and thus deactivates the char. However, in 
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Eq. 24 when steam was used as the gasification medium. Char reactivities 
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Table 12. Experimentally determined char reactivities rchar (s-1) for the O-char using 13.5 % 
steam as used in Eq. 24.  

Temperature [℃] 950 1050 

r𝑐𝑐ℎ𝑎𝑎𝑎𝑎[𝑠𝑠−1] 
0.0051 0.0143 
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given the extremely small amounts of char used. Generally, the benzene 
conversions for both chars seemed slightly higher at the low benzene 
concentrations, possibly because of a decreased ratio between the benzene 
mass flow rate and the char mass at lower benzene concentrations. 

 
Figure 27. Average benzene conversions at high (HB) and low (LB) benzene concentrations 
and with different amounts of char at 900°C using activated carbon (A.C.) or pine char 
(PC) particles at a gas flow rate of Q2 (0.25 slpm).   
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the HT filter due to a decreased char gasification rate when benzene was fed. 
Coke formation on the char and thus blockage of the HT filter could also partly 
explain the increase in pressure drop. Coll et al.,152 who investigated the 
tendency for coking on commercial nickel catalysts during the steam 
reforming of various aromatic model tar compounds, also correlated the 
increasing pressure drop in the catalytic bed to the formation of solid carbon. 
The increased H2, CO, and CO2 concentrations might thus be related to the 
gasification of the additional formed coke. In general, coke deposition 
reportedly causes micropore loss and thus deactivates the char. However, in 
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Increasing the steam concentration led to a decrease in the benzene conversion 
at 900°C and 1100°C. At 900°C, the benzene conversion declined from 18% to 
12% as the steam concentration increased from 13.5 vol.% to 27 vol.%. 
Increasing the steam concentration at 1100°C lowered the benzene conversion 
from approximately 55% to 25%. The lower benzene conversions at higher 
steam concentrations were explained by the establishment of a new steady 
state with less char (𝑚𝑚𝑐𝑐ℎ𝑎𝑎𝑎𝑎

𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑠𝑠𝑠𝑠) in the packed bed. In the transient period 
between both steady states, the amount of char in the packed bed was reduced 
by the accelerated gasification reaction, indicated by the blue curve in the 
figure. 

 
Figure 30. Steam, CO, CO2, and H2 concentrations and benzene conversion using O-Char 
at (a) 900°C and (b) 1100°C at low (13.5 vol.%) and high (27 vol.%) steam concentrations. 
The blue curves in the rectangles represent the supplied char concentration (𝐶𝐶𝐶𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖) plus 
the additionally gasified char during the transient conditions between the steady states. 
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The reported char reactivities using steam as reported in this study might be 
lower compared to values found by others since in a previous study char 
reaction rates were reported to be slowed down in presence of benzene.153 The 
calculated as well as experimentally determined steady-state char masses were 
both lower at higher temperatures due to enhanced char reactivities as shown 
in Table 12.  
 

 
Figure 29. Calculated (curves) and experimental (markers) char mass in the packed bed 
supplying 8 g Nm-3 O-char, using 13.5 % steam. 

When CO2 was used as gasification medium it was not possible to determine 
the char gasification rate 𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑔𝑔𝑔𝑔𝑔𝑔(𝑡𝑡) using Eq. 16 and therefore to establish 
the experimental char mass in the packed bed with Eq. 18. In literature CO2 
gasification rates were however reported lower compared to those for 
steam.148, 154 Therefore, in this study the steady-state char mass (𝑚𝑚𝑐𝑐ℎ𝑔𝑔𝑎𝑎

𝑔𝑔𝑠𝑠𝑠𝑠𝑔𝑔𝑠𝑠𝑠𝑠) in 
the packed bed was estimated higher using CO2 compared to steam. 

4.3.2 Influence of the gasification medium 
Figure 30 shows the benzene conversions for the O-char at (a) 900°C and (b) 
1100°C using low (13.5 vol.%) and high (27 vol.%) steam concentrations; the 
results for AHC are not presented because they are similar. Note that Figure 30 
does not cover the initial char build-up phase or the final char gasification 
phase. As obvious from Figure 30, at both temperatures, increasing the steam 
concentration led to a slightly higher CO2 and slightly lower CO concentration, 
related to a more pronounced water–gas-shift reaction. The H2 concentration 
did not change substantially at higher steam concentrations because the H2 
concentration was determined mainly by the steady-state char gasification, 
which did not change in the long term with increasing steam concentrations. 
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Figure 32. CO, CO2, and H2 concentrations and benzene conversion at 900°C using (a) 
AHC or (b) O-char in the absence of steam. The supplied char concentration was 
approximately 10 g Nm–3. 

Since no steady state of the char gasification is expected without steam, data 
are shown from the point of initiating the char feeding. When AHC (Figure 32 
a) was used, the benzene conversion initially increased for approximately 8 
min until it reached 40%, after which it remained constant, even though the 
amount of char in the bed was expected to increase continuously. It has been 
reported126, 149 that coke formed during the conversion of aromatics might 
deactivate the char in the absence of steam. The behavior shown in Figure 32 a 
is probably because the char continuously collecting in the bed gradually 
became deactivated until the deactivated char and the supply of fresh char 
were finally balanced, leading to a constant benzene conversion. In contrast to 
the high conversion when using AHC, almost no benzene conversion (<5%) 
was observed for the O-char (Figure 32 b). This might be because AHC was 
activated before the experiments, whereas the O-char contributes to benzene 
conversion only after being activated by steam, as is the case for the results 
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Figure 31 shows a typical experimental set of data used to evaluate the 
influence of the gasification medium. After stabilizing the CO2 and benzene 
concentration at the respective temperature (here exemplary shown for 
1050°C) char was continuously fed (t=0) and the steady-state benzene 
conversions and corresponding gas concentrations before and after (t=17 min) 
the gasification medium was switched from CO2 to steam were recorded. The 
benzene conversion was lower when steam was used as a gasification medium 
compared to CO2. This was explained by the establishment of a smaller 
steady-state char mass (𝑚𝑚𝑐𝑐ℎ𝑎𝑎𝑎𝑎

𝑠𝑠𝑠𝑠𝑠𝑠𝑎𝑎𝑠𝑠𝑠𝑠) in the presence of steam compared to CO2 as 
explained in the previous section. Changing the gasification medium from 
steam to CO2 (or CO2 to steam) at 950°C also led to a higher (or lower) 
benzene conversion, respectively (results not presented here). The lower 
supplied benzene concentrations using CO2 compared to steam (see Figure 17) 
were not assumed to have a major effect on the benzene conversions as shown 
in a previous study.153 

 

 
Figure 31. Benzene conversion and gas concentrations at 1050℃ supplying approx. 8 g 
Nm-3 O-char, 13.5 vol. % steam or 13.5 vol. % CO2 and benzene. 

It has been reported130 that in the absence of a gasifying medium, char will be 
deactivated due to coke formation. It was therefore of interest to investigate 
whether this would also be the case if fresh char particles were supplied 
continuously. Figure 32 shows the CO, CO2, and H2 concentrations and 
benzene conversions in the absence of steam.  
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temperatures at a certain char concentration are due to the combined effect of 
the accumulated char mass in the packed bed and the rate constant for the 
benzene conversion. Higher temperatures will lower the char mass in the bed 
(Figure 29) but increase the specific benzene conversion rate, and from Figure 
33 it seems that in the 900–1100°C temperature range, the combined effect is 
to lower benzene conversions at higher temperatures. 

4.3.4 Influence of the weight time and char concentration 
In this section results from a large number of experiments are compiled and 
the benzene conversion and corresponding correlation to the weight time (τ) is 
presented. The results include results for the Fe- and K doped chars. Similar to 
the experiments as presented in the previous sections using the O-char (Figure 
31), steady-state benzene conversion tests using iron- and potassium doped 
chars were performed. Additional to the steady-state experiments data from 
non steady-state experiments were included and compiled to establish a 
general model for the benzene conversion in the experimental system used. 
Figure 34 presents the benzene conversions using the O-char, Fe-char and K-
char as a function of the weight time at 600–1050°C using steam or CO2.  

 
Figure 34. Benzene conversion as a function of the weight time using the O-char, K-char 
and Fe-char using (a) CO2 and (b) steam. The graphs represent the fitted benzene 
conversions as calculated in accordance to Eq. 21. 
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shown in Figure 30. This is in line with the findings of Nestler et al.131 who 
reported that CO2-activated char samples had a higher microporous surface 
area and thus showed higher naphthalene decomposition activity than did non-
activated char. 

4.3.3 Influence of the temperature 
Figure 33 a and b show the steady-state benzene conversions and gas 
concentrations including the initial char build-up phase supplying O-char, 
steam and benzene at 950 and 1050°C, respectively.  

 
Figure 33. Steady-state experiments including the char build-up phase at a) 950 ℃ and b) 
1050°C using 13.5 vol. % steam, 6.5 g Nm-3 benzene and approx. 8 g Nm-3 O-char. 

The grey shaded area in Figure 33 a and b could be related to the 
experimentally determined char mass in the packed bed calculated with Eq. 18 
and presented in Figure 29. The time needed to reach steady-state (𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠) at 
950 and 1050°C as shown in Figure 29 corresponds to the time the benzene 
conversion stabilizes as shown in Figure 33 a and b, respectively. This shows 
the correlation between accumulated char mass in the packed bed and benzene 
conversion. The steady-state benzene conversion at 950°C is slightly higher 
compared to 1050°C. The different benzene conversions at different 
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Figure 35 shows the benzene conversions and the corresponding char 
concentrations (𝐶𝐶ℎ𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖) at 950, 1000 and 1050°C  Only the data from steady-
state conditions are included and consequently results for temperatures 
between 600-850℃ were not presented.  

 
Figure 35. Benzene conversion as a function of the char feeding rate at different 
temperatures using a) 13.5 vol. % steam and b) 13.5 vol. % CO2. 

In general all three chars showed slightly higher benzene conversions at 950°C 
compared to 1050°C at similar char concentrations. As discussed in section 
4.3.3, this can be explained by the combined effect of the char reactivity and 
reaction rate of the tar conversion. Using CO2 compared to steam led to 
increased benzene conversions at similar char concentrations. As discussed in 
section 4.3.1 this can be explained partly due to the comparatively slower char 
gasification rate of the char using CO2 and thus higher char mass in the packed 
bed. Furthermore the benzene conversion rate was enhanced in the presence of 
CO2 compared to steam as shown in Table 13. The benzene conversions of the 
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The benzene conversions were generally higher using CO2 as gasification 
medium compared to steam. The relative difference of the benzene 
conversion between CO2 and steam became more obvious at temperatures 
exceeding 850°C. This is in line with findings by Simell et al.155 who 
showed that dry reforming reactions of toluene became thermodynamically 
more favorable than steam reforming reactions at temperatures above 
830°C. 
 
The Fe-char did not show an improved benzene conversion activity compared 
to the O-char at any temperature. A possible explanation might be that the iron 
was inactive, i.e. present as iron oxide. According to Nordgreen et al.156 it 
needed to be reduced to elemental iron generating the actual catalytically 
active metallic iron. Another explanation might be the relatively low iron 
content of the char compared to other studies. The K-char did not show an 
effect on the benzene conversion either. On explanation might be a too low 
potassium concentration of the char to show a pronounced catalytic effect. 
Another explanation might be enhanced char sintering due to the increased 
alkali metal content of the char which might have destroyed the pore structure 
of the char.157 An alternative explanation why Fe as well as K did not improve 
the benzene conversion might be that the benzene is not converted catalytically 
but mainly via coke formation. 

 
As described in section 3.4.3 a first-order kinetic approach (Eq. 21) was 
applied to describe the reaction rate of benzene over the three chars employed. 
In Table 13 the apparent rate constants k are presented for CO2 and steam that 
best fit the experimental data for the benzene conversions. The experimentally 
determined benzene conversions and the benzene conversions as calculated 
with the rate constants reported in Table 13 are plotted in Figure 34 (kin). 
Since the specific benzene conversion of the potassium- and iron doped chars 
was not changed the same rate constant was used in Eq. 21 for all three chars. 
The experimentally determined benzene conversions increased with increasing 
weight time at all investigated temperatures and for all three chars. The fitted 
graph at 850°C using CO2 indicates that at weight times exceeding 4.5 × 10–3 
kg h m–3, more than 95% of the benzene might be converted. Graphs of the 
benzene conversion at 600 and 750°C are not shown here since the 
experimentally determined benzene conversion were too low to allow for such 
kind of estimation.  

 
Table 13. Estimates of the apparent Rate Constant, k, for the O-char, Fe-char and K-char. 

Gasification medium Steam Steam Steam CO2 CO2 CO2 
Temperature [°C] 850 950 1050 850 950 1050 
k [m3 kg–1 h–1] 550 2400 4000 650 3000 6000 
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5. Conclusions 

PM, as well as condensable organic (i.e. tars) and inorganic compounds 
formed as contaminants in an atmospheric indirect BFB gasifier at two 
different steam-to-fuel ratios were characterized using wood pellets as fuel. 
The fine mode (15 < dae < 140 nm) mainly contained heavy tars that had 
probably formed through homogeneous nucleation and condensation on alkali 
nuclei in the adsorption section of the primary TD. The intermediate mode 
(140 < dae < 670 nm) was assumed to be a mixture consisting of original PM 
from the gasifier, condensed potassium chlorides, and tars. The third mode (dae 
> 670 nm) probably represented the original PM from the gasifier, which 
comprised ashes, bed material, and char fragments. At the higher steam-to-fuel 
ratio, tar components seem to be reduced and more coarse-mode particles 
emitted compared to the low steam case. A modified version of the particle 
measurement system used displayed the potential as an online monitoring tool 
for heavy tars.  
 
The tar conversion performance of continuously supplied and finely dispersed 
char particles within an HT filter and an Al2O3 bed were tested experimentally 
using benzene as the model tar. The influence of relevant operational 
parameters (i.e. temperature, gas flow rates, char mass, char and benzene 
concentrations and gasification medium) were tested with respect to their 
influence on the benzene conversion. Increasing the ratio of the char mass and 
gas flow rate (also referred to as char weight time) enhanced the benzene 
conversion. This was accomplished by increasing the supplied char 
concentrations, reducing the gas flow rates or slowing the char gasification 
reactions. The latter was achieved by lowering the steam concentrations or 
changing the gasification medium from steam to CO2. Char-gasification 
reactions were also slowed in the presence of benzene. Increasing the 
temperature of the Al2O3 bed not only raised the char gasification rate and thus 
reduced the char weight time but also led to higher apparent rate constants of 
the benzene conversion. However, in the 900−1100°C temperature range, the 
combined effect was to lower benzene conversions at higher temperatures. The 
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Fe- as well as the K-char were smaller compared to the O-char at similar char 
concentrations. Since iron as well as potassium are known to increase the char 
reactivity17, 158 the reduced benzene conversions of the Fe- and K-char were 
related to their reduced mass in the packed bed. The experimental data were 
used to fit Eq. 22. Values of t' for the O-char using steam and CO2 at 950 and 
1050°C are reported in Table 14. Since the results for 950 and 1000°C are very 
close a common t' was used for both temperatures. The t' value for the K- and 
Fe-char could not be established due to the limited dataset. However, initial 
data indicate lower t' values which is due to the enhanced char gasification 
rates for both chars. Note that the t'-value might change with the type of 
experimental setup. 
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Future work 

If the presented aerosol sampling and characterization system is intended to 
characterize PM from FB gasifiers, the incomplete adsorption of 
heavy/primary tar compounds and thus the formation of PM in the 
measurement system are problematic. High tar concentrations and the 
relatively high polarity of primary tar components might reduce the adsorption 
efficiency of the activated charcoal in the primary TD. 
 

 A more detailed study of the thermodenuder settings (e.g. 
temperature, required residence time, and activated carbon type) 
might improve the tar-adsorption performance. 

 
If the aerosol sampling and characterization system is intended to be used as a 
tool suitable for continuous heavy/primary tar monitoring at an industrial 
scale, the following measures are suggested: 
 

 Losses of particles with a dae < 1 µm in the actually installed PM 
measurement system should be quantified.  

 Laboratory tests using model tar compounds might be used to validate 
the system.  

 
Regarding the tar-conversion experiments using char aerosol particles, the 
following things can be investigated in more detail in future: 
 

 The accuracy of the supplied char concentration and char mass inside 
the packed bed might be improved through the use of a scale 
connected to the char aerosol generator or reactor.  

 
 Since it was found that the char-gasification rate slowed in the 

presence of benzene, more detailed investigation of how tar 
decomposition influences the gasification rates of different woody 
chars in the presence of various tar compounds would be of interest.  

80 

apparent rate constant of the benzene conversion was slightly higher when 
CO2 rather than steam was used as the gasification medium. Increasing the 
benzene concentration slightly reduced the benzene conversion. 
 
The influence of the char type on the benzene conversion was investigated as 
well. Activated carbon pellets displayed higher benzene conversions than did a 
pine wood char, which was related to the higher specific surface area of the 
activated carbon pellets. In contrast to a commercially available barbeque 
charcoal made from broadleaf wood, steam-activated woody charcoal 
converted benzene even in the absence of steam. This was probably due to the 
earlier steam activation of the woody charcoal and thus higher microporous 
surface area than that of the barbeque charcoal. Doping the woody barbeque 
charcoal with approximately 0.7 wt.% iron or 2 wt.% potassium did not 
improve the specific benzene conversion of the char. The doping increased the 
char gasification rate, however, leaving less char in the packed alumina bed 
and, thus leading to overall lower benzene conversions. 
 
The findings highlight the importance of considering the joint effect of the tar-
conversion rate and char-gasification rate on the overall tar conversion if, for 
example, an Al2O3 bed is intended to be used as a tar pre-reformer downstream 
from a biomass gasifier. On one hand it is important to keep the temperature of 
the pre-reformer well above 750°C in the presence of a gasification medium to 
achieve significant benzene conversions and avoid char deactivation. On the 
other hand, however, for the woody chars investigated in this study 
temperatures exceeding 1000°C and steam concentrations higher than 15 
vol.% led to reduced benzene conversions due to enhanced char-gasification 
reactions.    
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 Steady-state benzene conversion in the Al2O3 bed at temperatures < 

900°C and char concentrations > 10 g Nm–3 could not be investigated 
since the bed was blocked before reaching steady-state conditions. 
Fluidization of the bed would overcome this problem and enable 
investigation of potential temperature optima with respect to the tar 
conversion.   

 
 Coke formed from decomposed tars that build up in the bed might 

complicate continuous operation of the experimental system. It would 
therefore be of interest to investigate the tar decomposition in the 
presence of an oxidizing agent (i.e. air or O2) that would oxidize the 
coke.  

 
 Testing the Al2O3 bed downstream from an industrial biomass gasifier 

would be of interest since the more complex tar composition 
(including heavy tars) and different gas compounds (e.g. H2, CO, CH4, 
CxHy, and H2S) of the product gas will change the tar conversions as 
well as the char kinetics. Furthermore the tar decomposition efficiency 
of the char with respect to specific tar compounds could be 
investigated.  
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