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Abstract 
Using the methods of differential mass-spectrometric thermal analysis and thermogravimetry, the 
kinetics and the composition of the pyrolysis products of the pine needles and of char oxidation 
have been studied. Based on the comparison of the rate constants obtained for different conditions 
and by different methods, the rate constants best matching the data obtained were identified. The 
data obtained in the study may be used in developing a ground fire spread model. 
 
1. Introduction 
Physical and chemical processes are the key processes underlying combustion of forest fuels (FF) 
and emergence and spread of forest fires. An important aspect of development of a computer model 
of the emergence and spread of forest fires is understanding the mechanism and the knowledge of 
the numerical characteristics of the physical and chemical processes proceeding during ignition and 
combustion of FF, such as the kinetics and the mechanism of FF pyrolysis, the composition of 
pyrolysis products, the oxidation kinetics and the mechanism of char and of volatile pyrolysis 
products in flame. Pine needles are one of the most combustible components of forest fuels (FF).  
Objective of this study was to conduct detailed investigations of the kinetics and the mechanism of 
Siberian boreal forests (SBF) pine needles pyrolysis, of the composition of the pyrolysis products in 
inert media and in air, so as to be further able to use the data obtained for developing a ground fire 
spread model. 
 
2. Experimental 
2.1. Materials 
 The materials were the pine needles from  SBF. The pine needles litter was sampled from 
under trees in a pine forest, then leaves and twigs were removed from it, with only litter needles 
left. The needles thus obtained were dried at the temperature of 60 °С during 24 hours in a drying 
cabinet. Weight loss after drying was 7.8-9.4 %.  The average length of a pine needle was 5 mm, it 
was 1 mm wide and 0.6 mm thick. In preparing char samples for the TGA studies, pine needle 
samples were exposed to helium at 500 оС during 10 minutes. Specific surface areas were 
determined using the BET method. For the pine needle sample, they were 0.18 m2/g, while for the 
pine needle char sample, they constituted 0.87 m2/g.  
2.2. Thermo-gravimetric Analysis 
          Thermal decomposition of the pine needles was conducted by the thermo-gravimetric 
analysis (TGA) in a TG/DSC analyzer STA 409 PC (Netzsch) at various heating rates (10, 20, 30, 
40 and 50 оС/min) in inert (helium) and oxidative (helium/21% oxygen) media. The sample weight 
was 4 mg. Thermal decomposition of the pine needles in the air under isothermal conditions at the 
temperatures of 237, 252, 268, 287 °С was carried out in a TGA-951 thermal analysis module as 



follows: the furnace was heated to the temperature required and  a pan with the sample was placed 
into the heated furnace for 2- 3 seconds.  
2.3. Differential Mass-spectrometric Thermal Analysis 

      Thermal decomposition of the pine needle samples was conducted at a high heating rate at a 
setup with molecular beam sampling, interfaced with a flow reactor (Fig. 1), by the differential 
mass-spectrometric thermal analysis method (DMSTA) [1], previously used to study the kinetics 
and the mechanism of thermal decomposition of condensed systems (CS) [2-5]. A tantalum 
sandwich with the sample inside heated by electric current at a rate of 100-200 K/s was placed in a 
flow reactor, interfaced with a molecular beam inlet system of a time-of-flight mass spectrometer 
(TFMS). The measured intensities of the mass peaks were proportional to the rates of evolution of 
the respective decomposition products. Mass spectra were used to identify the pyrolysis products, 
with their respective rates of evolution measured. The kinetic parameters of the stage 1 pyrolysis 
reaction for the pine needles were determined by the mass peak with m/e = 31 (ethanol), both in air 
and in inert medium (argon).  

  
3. Results and discussion   

Thermal decomposition of dried forest fuels in air generally proceeds in the following 3 stages 
[6]: 

dry wood →  νcharchar + νtpthermal pyrolysate                                                ( 1a) 
dry wood +  ν O2dwO2 → νcharchar + νopoxidative pyrolysate                            ( 1b) 
char + νO2charO2 →  νashash + νcopchar oxidation products                               ( 2 ) 

    As a first approximation, we combined stages ( 1a)  and ( 1b) into one, referring to it as stage 1 
and characterizing it as featuring an effective pyrolysis rate constant in air  К1, which is a sum of 
two constants K1a  K1b, where K1a  is the constant of the pyrolysis rate in inert medium, K1b – is the 
rate constant at stage (1b). We referred to the char oxidation stage as stage two. The first stage was 
studied in inert medium and in air with the TGA method in non-isothermal conditions and at a 
thermal scale in isothermal conditions. The DMSTA method was used in non-isothermal conditions 
at the heating rate of about 200 K/s to study the kinetics of pine needles pyrolysis in argon and in 
air. Based on the mass peaks 18, 31, 44, 58, 60, 68 and 73 (Fig. 2), H2O, CO2, ethanol, butanol, 
levoglucosan, furan, and acetone were identified in the pyrolysis products. The composition of the 
main products was the following: H2O (0.27), CO (0.13), CO2 (0.16), C2H6O (0.17), C3H6O (0.14) 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  

 

Fig. 1. The schematic and photo of a flow reactor for FF pyrolysis study at a high heating 
rate by MBMS thermal analysis with time-of-flight mass spectrometer: 1- quartz probe; 2 
– tantalum heater; 3 – specimen; 4 – thermocouple; 5 – quartz tube; 6 – thermocouple 
holder; 7 -  current feedthrough heater; 8  -  current feedthrough from thermocouple to 
measurement system; 9 - flow of carrier gas. 

	  



and C4H10O (0.13). During pyrolysis in air, the fraction of H2O in the pyrolysis products was found 
to increase, while the fraction of the volatile products – ethanol, butanol, levoglucosan, furan, and 
acetone – was found to decrease. 

 The kinetic parameters were 
determined by the data for the most intense 
peak I31 (ethanol and butanol).  
 The rate constant of the second stage 
was found by processing the TGA data in air 
in non-isothermal conditions and in 
isothermal conditions. The data of calculating 
the rate constants of pine needles pyrolysis in 
air and in inert medium are shown in Table 1  
and in Fig. 3 in Arrhenius plot.  Shown there 
are also the data of the experiments 
conducted in isothermal conditions in air by 
the TGA method, for pine needles char 
samples, previously obtained by pyrolysis of 
the samples in helium ( shown as char 1×). To 
calculate the kinetic parameters, methods 
were used indicated in Table 2, such as the 
“iteration method”, the Friedman method [8] 
(method F). The TGA Kinetics Analysis code 
(the ASTM E 1641 standard) was used (the 
ASTM method). Curve 4 in Fig. 1 was 
obtained using the least squares method 
(LSM) for the data represented by curves 3 
and 5. The rate constants for the data 
obtained under isothermal conditions were 
calculated for small transformation degrees. 
In addition, the MMC4 method was 
employed, used by Orfao et al. in [9] to study 
decomposition of multicomponent systems, 
in which the process of the mass loss is 
simulated in four parallel reactions, 
corresponding to decomposition of three 
main components of the biomass 
(hemicellulose, cellulose and lignin) and char 
oxidation. Table 2 shows the results of 
calculating the rate constants of four 
reactions. The results of simulating the rate of 
the mass loss of pine needles with the rate 
constants of four parallel reactions are 
compared to the experimental data in Fig. 4. 
The same figure demonstrates the 
contribution of each reaction to the calculated 
curve. 

To model a fire, the use of the kinetic mechanism consisting of four reactions is less convenient 
than the use of a mechanism consisting of two reactions. So effective constants of the oxidative 
pyrolysis of pine needles were obtained also from  the results of analyzing the experimental data in 
supposition of two reactions (the MMC2 method).  
 

 

time, s
20 21 22 23 24

pe
ak

 in
te

ns
iti

es
, a

r. 
un

. 
te

m
pe

ra
tu

re
 0
С

   

0

150

300

450

600

750

900

T

1

2
3

4
5

67

Fig. 2 Typical dependences of temperature and 
mass peak intensities on time, obtained by the 
DMSTA method during pine needles pyrolysis in 
argon 
 1- I18 (H2O), 2 – I44 (CO2), 3- I31(ethanol, 
butanol), 4, 6 – I60, I73 (levoglucosan), 5 -  I68 
(furan), 7 – I58 (acetone).  
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Fig. 3.  Arrhenius plot of the rate constants of 
pine needles pyrolysis in air and in inert 
medium 



Table 1.  The rate constants of pine needles pyrolysis in air and in inert medium 

Curve (Stage) Method, conditions lgk0, k0 (1/s) E, kJ/mol 

1 (1) MMC2, TGA  8.05 118.41 

2 (1) “Iteration method”,  TGA 6.1 96.7 

3 (1) F method, DMSTA 6.2 79.4 

4 (1) LSM, DMSTA and  TGA 10.7 144.6 

5 (1) F method, Не,  TGA   1.82 52.5 

6 (1) K1b= K1 –  K1а 10.7 151.7 

7 (1) Thermal scale, isothermal 6.3 68.3 

8 (1) ASTM method,  TGA  9.3 132.3 

9 (2) MMC2,  TGA   6.8 126.32 

10 (2) “Iteration method”,  TGA 7.9 140.65 

11 (2) MMC4,  TGA 13.7 219.24 

12 (2)  Char 1×, isothermal, TGA, Не+О2   3.7 93.34 
13 (2) [7],  N2+О2   6.5 124 

 

Comparison of the experimental data obtained 
by the TGA method and of the results of modeling the mass loss rate for pine needles in air with the 
constants found by the method MMC2 is shown in  Fig. 5.  The data obtained showed the pyrolysis 
rate to be practically non-dependent on the oxygen concentration in the range of 5-20 %. This is in 
agreement with the results of [7]. Analysis of the results obtained has shown the kinetic data for the 
first stage to be well described by the constant (curve 4 in Fig. 3) obtained by averaging of the 

	  

Fig. 4. Comparison of experimental data 
and of modeling results of the pine needles 

mass loss rate with constants of a four-
stage reaction mechanism fitted with 

method MMC4  
	  

	  

Fig. 5. Comparison of experimental data and 
of modeling results of the pine needles mass 

loss rate with constants of a two-stage 
reaction mechanism fitted with method 

MMC2	  



DMSTA and TGA data (curves 3 and 5 in Fig. 3). Kinetic data for the second stage are well 
described by the constants shown in Fig.3 in curves 9 and 10. These data are in satisfactory 
agreement with the data of [7].  
   

Table 2. Results of calculating the rate constants of four stages 
 
 

Reaction Stage 
share 

lgk0, k0 
(1/min) 

E, 
kJ/mol 

1  0.35 15.65 184.22 
2  0.097 8.97 99.79 
3  0.27 5.40 74.04 
4 0.23 15.50 219.24 

1 – cellulose; 2 – hemicellulose; 3 – lignin; 4 – char; 
Deviation - 2.25 % 

 
Conclusions 
The data obtained in the study may be used in developing a ground fire spread model. 
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