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ABSTRACT: Knowledge of reliable chemical kinetics of char always plays significant roles in the modelling, design 
and optimization of processes during biofuel thermochemical conversions.The determination of reaction kinetics of 
char in the high-temperature range still highly depends on the extrapolation of results from kinetic data determined at 
lower temperatures due to mass and heat transfer limitations. In this work an aerosol-based method was used to 
investigate the reactivity of singly-distributed char particles with aerodynamic diameters between 0.5-10 μm. The 
conversion of char particles in the reactor at varying temperatures and residence time was determined by comparing 
the particle size distributions before and after passing the reactor, using an aerodynamic particle sizer (APS) 
spectrometer. The results of char particles reacted with air, CO2 and steam indicate that the aerosol-based method can 
be used to determine reaction kinetics of char particles in the high temperature range where reaction is controlled by 
diffusion limitation if using conventional thermogravimetric analysis (TGA). By combining the aerosol-based method 
and conventional TGA, the oxidation and gasification kinetic parameters of biomass char can be derived in the 
temperature range of 350-800ºC, and 800-1200ºC respectively. The aerosol-based method shows the potential of on-
line measuring the char reactivity. 
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1 INTRODUCTION 
 

The producer gas from biomass gasification can be 
upgraded into synthesis gas for the production of the 
various liquid fuels and organic chemicals. One big 
challenge in the upgrading of the raw gas is to remove 
undesired solid and gaseous components in the hot gas 
that may be detrimental to downstream systems. The 
solid components include particulate matter such as ash, 
bed material, char and soot as well as alkali and heavy 
metals [1]. Especially in fluidized bed, a substantial 
fraction of the char formed during devolatilization of 
biomass fuel, will be comminuted by secondary 
fragmentation and attrition, and subsequently suspended 
into the producer gas [2]. Due to the short residence time 
and the reducing properties of the gas environment inside 
the gasifier, the char particles may not be fully gasified in 
the reactor and may consequently deposit on downstream 
equipment such as catalysts used for the upgrading to 
synthesis gas [3]. If systems for removal of solids such as 
ceramic filters are used, filtering properties and pressure 
drops will be affected by deposition char particles and 
their reaction kinetics [4]. 

The purpose of this work was to generate fine char 
particles (0.5-10μm) and investigate their reactivity in 
different gas agents (air, CO2 and steam) under the 
conditions which are relevant with the situation in a 
gasifier. No similar literature was found within our 
limited knowledge dealing with such fine char particles. 
An on-line method will be established for experimentally 
measuring the high temperature kinetics. Meanwhile, it 
will offer some useful information for improving the 
practical design and operation of both the gasifier and hot 
gas filter.  

 
 

2 EXPERIMENTAL 
 
2.1 Char preparation 

The raw materials used for char preparation were 
wood and miscanthus pellets (Table I). The pellets were 
pyrolyzed in the tubular oven heated by electricity in 

nitrogen atmosphere at 800-900°C. The chars were 
produced by placing the pellets in a container that was 
pushed from the cooling section into the pyrolysis section 
inside the oven which was already heated up to the 
desired pyrolysis temperature. When the chosen pyrolysis 
retention time (PRT) was reached, the container was 
pulled back into the cooling section. The char was 
retained in nitrogen atmosphere until the char had cooled 
down to below 100°C. 

 
Table I: Properties of tested biomass pellets 
 Wood Miscanthus 
Elemental composition of biomass pellets (wt%) 
C 46.40 45.2 
H 6.05 5.86 
O 45.7 43.5 
N 0.20 0.67 
S 0.02 0.11 
Moisture (wt%) 8.10 6.8 
*Ash content (wt%) 0.34 3.29 
**TGA ash content (wt %) 3.20 13.4 
Main elements of ashes* (wt %) 
Ca 26.6 4.2 
K 7.0 19.6 
Mg 3.2 2.5 
Si 3.4 16.2 
Cl 0.048 3.95 
* Ashes were prepared in a muffle furnace under air 
atmosphere at 550°C for 24h. 
**Ashes were measured with TGA after oxidized in air 
at 600°C for 10 minutes. 

 
2.2 TGA oxidation 

The pulverized chars were oxidized and gasified by 
thermo gravimetric analysis (TGA, Hi-Res TGA 2950) in 
the atmosphere of air, CO2 and steam (10 vol%)-N2 
admixture respectively. The sample was heated in the 
inert atmosphere of pure nitrogen from ambient 
temperature to the required oxidation temperature at a 
constant heating rate of 50°C/min. The atmosphere was 



then switched into the expected reactive agent and the 
char was reacted under isothermal conditions until the 
reaction was finished. The flows of nitrogen as well as of 
reactive agent gases were set to 200 ml/min using mass 
flow controllers. About 1 mg of pulverized char was 
installed for reaction in each run. 

 
2.3 Aerosol-based method 

An aerosol reaction system shown in Fig. 1 was built 
up in the laboratory to generate and oxidize singly 
distributed char particles. Char samples were fragmented 
by a shaking device and then suspended into an agent 
gas. After the filter a fraction of suspended particles with 
aerodynamic diameter between 0.5-10μm were fed into 
an aerosol reactor that was heated by an electric oven. 
The reactivities of char particles in the aerosol reactor at 
different temperatures were investigated by measuring 
the particle size distribution before and after passing the 
reactor, using an aerodynamic particle sizer (APS) 
spectrometer (TSI inc. Model 3321). 

 

 
1-agent gas; 2-char samples; 3-shaking device; 4-filter; 
5-switch valves; 6-reference bypass; 7-electric oven; 
8-aerosol reactor; 9-aerodynamic particle sizer (APS);  
10-computer; 11-temperature controller. 
 
Figure 1: Scheme for aerosol reaction system 
 

The temperature profile in the aerosol reactor was 
measured by the thermocouple, and an isothermal area 
was defined shown in Fig. 2. The residence time for 
particle reaction was approximately determined by the 
following equation:  
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where: 
τ- the residence time during which particles pass through 
the reaction zone, s; 
r- the diameter of the tubular reactor, m; 
l- the length of reaction zone of the ceramic tube, m; 
Fgas- the mass flow of the agent gas at ambient 
temperature, m3/s; 
T0- the ambient temperature, K; 
T1- the temperature of reactor heating zone, K. 

 
The system losses were experimentally established by 

using inert material- magnesite which has been pre-
treated at the high temperature. The char in the shaking 
device shown in Fig. 1 was replaced by the magnesite 
and the particulate fragments were carried by air passing 
through either the oven or the bypass. The gas flow and 
the oven temperature were set as the same values as used 
for oxidizing the char particles. The difference between 
the bypass and oven-pass for magnesite particles was 
regarded as the system losses. It was expressed as the loss 

percentage for each diameter interval which then could 
be used to correct for losses during char oxidation. 

 

 
 
Figure 2: Temperature profile in the aerosol reactor 
 
 
3 DATA EVALUATION 
 

The over-all rate of char reaction, either oxidation or 
gasification, can be generally described by the following 
equation [5, 6]: 
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Where:  
K is the apparent reaction rate constant (s-1);  
S(X)/S0 represents the correlative change of available 
surface during the reaction; 
Aa is the apparent pre-exponential factor (s-1); 
E is the activation energy (kJ·mol-1);  
Cgas is the oxidizer concentration in the agent gas;  
n is the reaction order with respect to agent gas 
concentration. 
X is the conversion ratio defined as: 
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in which M0 is the initial char mass weight, Mt the mass 
left after a certain reaction time, and a% the ash content. 
The ash content was regarded as the ratio of the mass left 
after complete oxidation to the initial mass of the char 
particles in TGA method. For the aerosol method, the 
total particle mass derived from the measured number 
size distribution, assuming that char particles are 
spherical with a constant density of 1000 kg/m3. The 
initial char mass (M0) can be represented by the estimated 
mass of by-pass particles, and the mass left after a certain 
reaction time (Mt) by the estimated mass of the oven-pass 
particles. Completion of oxidation was considered when 
there was no more change of the particle size 
distributions even if the reaction temperature was 
increased or the residence time extended.   

Random pore model (RPM)[7] has been widely used 
to describe the development of the internal active surface 
during the reaction (S(X)/S0) and well proved for both 
char oxidation[5] and gasification[8]. In this paper the 
RPM is introduced to fit with the results from both TGA 
and aerosol-based method in order to calculate the 
reaction rate constant, K.  Then the over-all reaction rate 



in this paper is expressed as: 
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Here, ψ is related with the pore structure of the char 
sample (when X=0): 2

000 /)1(4 SL επψ −⋅= , where S0, L0 
and ε0 represent the pore surface area, pore length, and 
solid porosity, respectively. The regression procedure 
suggested by Everson and co-workers [9] was used to 
determine the ψ value based on definition of the reduced 
time, tX/t0.9 (see Eq. 8). It is only ψ-dependent given a 
fixed conversion ratio, and completely independent of 
reaction conditions like temperatures and agent gas 
concentrations. For miscanthus char pyrolyzed at 900ºC 
within 2 minutes, the value of ψ is about 1.38 which was 
regressed from low-temperature TGA oxidations. And 
wood char pyrolyzed at 800ºC within 15 minutes has the 
ψ value of about 10 which was estimated from both CO2 
and steam gasification in TGA.  

1)9.01ln(1
1)1ln(1

9.0 −−⋅−

−−⋅−
=

ψ
ψ X

t
tX

   (8) 
 
 
4 RESULTS AND DISCUSSIONS 
 

The char particles analyzed using the aerosol-based 
method had a mass mean diameter around 3μm. 
Compared with packed sample in TGA crucible, all 
particles will be distributed individually through the 
aerosol reactor with excellent contact with oxidizing gas. 
The external mass and heat transfer is enhanced in small 
particles since the boundary layer is thinner. Also intra-
particle diffusion can be disregarded for the very fine 
particles due to the short internal diffusion trajectories 
[10]. In order to evaluate the TGA and aerosol-based 
method and the potential effects of mass and heat transfer 
limitations, char was analyzed using both methods. In the 
TGA the conversion is given as a function of oxidation 
time. In order to obtain similar results from the aerosol 
based method, fragmented particles were oxidized in 
aerosol reactor at varying residence time. 

 
4.1 Oxidation kinetics 

As shown in Fig. 3, the TGA conversion plots are all 
similar for 600 ºC, 700ºC and 800ºC due to the diffusion 
limitation. The comparison with the measurements of 
aerosol-based method at high temperatures clearly 
illustrates the mass transfer limitations that the TGA 
method suffers from at high reaction rates. The random 
pore model (Eq. 7) was used to generate the continuous 
oxidation histories that were fitted with the results 
obtained from the aerosol-based method, using the KRPM 
as fitting parameter. The reaction rate constants obtained 
from TGA analysis at low temperatures achieved a 
satisfactory linear combination with the results from the 
aerosol method at high temperatures in the Arrhenius plot 
(Fig. 4). This indicates that by using the aerosol method, 
char particles in the size range of 1-10 μm can be 
oxidized at high-temperatures with negligible transfer 
limitation.  
 
4.2 Gasification kinetics 
      Similar experiments were carried out to gasify the 
wood char particles using both methods in CO2 and N2-
steam (10 vol%) admixture, respectively. As shown in 
Fig. 5, TGA results revealed that wood char was gasified 

in Regime I where the reaction was kinetically controlled, 
when the temperature was below 9000C in either CO2 or 
steam. Unfortunately, TGA could not be used to 
investigate the char gasification further at higher 
temperature due to the temperature range of the 
instrument (maximum temperature 10000C), as well as 
the potential diffusion limitation occurring at high 
reaction rates. With the favour of RPM, the continuous 
conversion history of wood char particles at high 
temperatures can be established based on the results from 
aerosol-based method by estimating the reaction rate 
constant. The linear fit achieved in Arrhenius plot (Fig. 
6), especially the CO2 gasification, proved again that the 
reaction was kinetically controlled with negligible 
transfer limitation. The high-temperature kinetic 
parameters of both oxidation and gasification can be 
experimentally determined by the aerosol method. Due to 
the ongoing experiments, steam gasification was 
presented by only few points which to some extent 
showed the potential linear tendency. 
 

 
 
Figure 3: Comparison of oxidation histories of 
miscanthus char measured by TGA and aerosol method at 
high temperatures. The model results were obtained by 
estimating KRPM.   
 

 
 
Figure 4: Arrhenius plot of oxidation rate of miscanthus 
char by combining of TGA and aerosol method. 

 
 

As another advantage of this aerosol method, on-line 
measuring the reactivity of char particles becomes 
possible for both combustion and gasification if 
combining the aerosol reaction system with the relevant 
sampling system [1, 11]. Char reactivity is affected by the 



morphological structure which is especially influenced by 
the composition of inorganic matter and the pyrolysis 
conditions [12]. However, the practical operation of the 
gasifier might create variable pyrolysis conditions during 
the running process. Chars are actually difficult to be 
reproduced in the laboratory.  Moreover, the raw hot gas 
with contaminants such as tar, NOx, alkali, etc. can not be 
simply replaced with the model gas from cylinders. In 
order to acknowledge how char formed in the gasifier 
behave in the atmosphere of original hot gas, on-line 
measuring system might be the real solution. The aerosol-
based method can on-line measure the continuous feeding 
of particles, which cannot be handled by the conventional 
TGA.   

 

 
 

 
 
Figure 5: Conversion history of wood char particles 
gasified in CO2 (a) and steam (10%) (b) at different 
temperatures. 

 
 

5 CONCLUSION  
 

In this work an aerosol-based method was developed 
and used in order to investigate the reactivity of char 
particles fragmented from biomass chars during oxidation 
and gasification. The method was demonstrated to 
successfully generate and transport char fragments with 
aerodynamic diameter in the range of 0.5-10μm through 
the reactor, where they were reacted at varying 
temperatures and residence times in air, CO2 and steam, 
respectively. The combination of TGA and aerosol 
method makes it possible to investigate the intrinsic 
kinetics of char particles at both low and high 
temperatures. The application of the aerosol-based 
method can efficiently reduce the transfer limitation to a 
negligible extent by oxidizing the suspended tiny 
particles. This method can be potentially applied to on-

line measure the reactivity of char particles in hot gas 
from the gasifier. 

 

 
 

 
 

Figure 6: Arrhenius plot of gasification rate of wood 
char measured by combining TGA and aerosol method in 
CO2 (a) and steam (10 vol%)-N2 admixture (b). 
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