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ABSTRACT: Experimental measurements were performed using a cyclonic TGA device to study the effects of 

organic acid leaching of biomass on the flash pyrolysis kinetics. The cyclonic TGA can mimic the flash pyrolysis 

process by virtue of its extremely high heating rates for small particles. Further, biomass leached under varying 

leaching process conditions such as temperature, residence time and acid concentrations were investigated for the 

kinetic study. The biomass was sieved to particle sizes of 300-500 µm prior to leaching and the same samples were 

then used to perform cyclonic TGA experiments at pyrolysis temperatures between 475-550°C. The results showed 

that the leached samples have a lower reaction rate and a higher activation energy compared to the raw biomass. This 

findings were generally in line with the hypothesis that removal of inorganic matter from biomass reduces the rate of 

volatile release. This means longer reaction times or higher operating temperatures are required in large scale flash 

pyrolysis reactors.  
Keywords: Organic Acid Leaching, Flash Pyrolysis, Kinetics, Biomass, Pre Treatment, Thermogravimetric analysis 
(TGA) 

 

 

1 INTRODUCTION 

 

Flash pyrolysis is a process via which biomass is 

heated up in an oxygen-free environment in a few 

seconds to around 500°C. During this time, the biomass 

decomposes to char, combustible gases and pyrolysis oil 

vapours. These vapours are quickly quenched to prevent 

secondary cracking to chars and gases, thereby 

maximising the yield of pyrolysis oil up to 75% in mass. 

However, the direct use of produced pyrolytic oil as a 

feed in the existing petroleum-based refineries or as 

transportation fuels is limited due to its complex mixture 

of compounds resulting in an acidic, corrosive, viscous 

and unstable oil with a relatively low-energy density 

compared to that of fossil fuels.  

     It is known that biomass contains inorganic matter 

which are present as minerals (e.g. SiO2), ionically 

bound in the biomass structure (metal ions, mainly the 

alkali and alkaline earth metals (AAEM`s)), and 

covalently bound in the biomass structure (phosphorus 

and sulphur). AAEM`s are known to act like intrinsic 

catalysts initiating secondary cracking reactions and 

dehydration reactions leading to decreased oil yield and 

altered composition [1, 2]. Piskorz et al., [3] claimed that 

the presence of AAEMs suppresses the formation of 

anhydrosugars and promotes formation of lower 

molecular weight compounds (e.g. carboxylic acids, 

aldehydes) during fast pyrolysis of cellulose. Besides 

their influence on the composition of bio-oil, inorganics 

(ash forming elements) contribute to process related 

issues such as catalyst poisoning [4], equipment wear in 

industrial processes due to corrosion and reduced heat 

transfer rates [5]. Therefore, reducing the inorganic 

content in biomass prior to pyrolysis may suppress these 

issues. Pretreatment of biomass by acid leaching is one of 

the methods to mitigate the effects of these AAEMs [6]. 

In this context, inorganic acids such as HCl, HNO3, 

H2SO4, have been used as leaching agents. However, 

leaching with inorganic acids may lead to environmental 

and downstream process issues. For example, traces of Cl 

and S are known to cause catalyst poisoning. Research 

has indicated that leaching via the organic acid rich 

aqueous fraction gained from the flash pyrolysis process 

is an attractive option [7].  

In general, it has been found that the utilisation of 

concentrated acidic leaching solutions and elevated 

temperatures can lead to high leaching rates but such 

process conditions can also reduce the volatile matter in 

biomass by dissolution of hemicellulose through 

acidolysis [8]. This might not arise when using 

mild/moderate acidic leaching solutions at lower 

temperatures. Persson et al., [9] studied the effect of this 

mild leaching parameters on the influence of pyrolysis oil 

yield and composition. However, there is a need to study 

the differences regarding the decomposition behaviour of 

raw biomass and biomass leached at mild/moderate 

conditions. The decomposition behavior will allow to 

extract kinetic data which will be useful to design, 

operate and optimize full scale flash pyrolysis reactors 

for acid leached biomass.  

Therefore the purpose of this work is to compare the 

flash pyrolysis kinetics between the raw biomass and 

leached biomass. Furthermore, flash pyrolysis kinetics of 

biomass leached under varying leaching process 

conditions were investigated. Temperatures (30 and 90 
0C), residence times  (30 mins. and 120 mins.) and acetic  

acid concentrations were varied to 1%, 5% and 10%. The 

biomass to leaching solution remained 10:1 (on a mass 

basis) for all the cases. In this study, 300C and 30 mins 

are considered as mild conditions and 900C and 120 mins 

are considered as moderate conditions. Pyrolysis 

experiments with these materials were performed in a 

novel cyclonic TGA which is characterized by extremely 

fast heating rates of fine particles 

 

 

2 EXPERIMENTAL 

 

2.1 Reaction Model 

      The decomposition of biomass during flash pyrolysis 

is a highly complex process involving many reactions in 

parallel or in series, and a large spectrum of components 

are involved. Practically the decomposition of a biomass 

particle can be represented by a single first order reaction 

under the assumption that the reaction rate is kinetically 

controlled (no mass and heat transfer limitations) [10]. 

Fig. 1 shows a scheme of the three products which are 

formed in this reaction: gas, oil, and char. Furthermore, at 
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higher temperatures or higher residence times the 

condensable vapours (bio-oil) can be further cracked in a 

gas phase resulting in a higher gas yield and some 

additional char production. For short residence times (< 1 

second) secondary cracking of the vapours can be 

neglected. Hence all primary cracking reactions, as given 

in the reaction scheme of Fig. 1 can be assumed to be 

first order and we can write the kinetic constant k1 as 

summation of each individual primary cracking rate 

constant ko, kc and kg. A more comprehensive scheme 

can be found in Di Blasi [10] and as mentioned in Bramer 

and Brem [11]. 

 

 

 

 

 
 
 
Figure 1: Biomass flash pyrolysis decomposition 
pathway 
 

2.2 The cyclonic TGA  
To assess the thermal decomposition behavior and to 

extract fast pyrolysis kinetic data of leached biomass 
particles and to compare these results to those of virgin 
biomass, experiments were conducted with a cyclonic 
TGA (Thermogravimetric Analyser) developed at the 
University of Twente [11]. The cyclonic TGA device 
facilitates the assessment of flash pyrolysis kinetics of 
various wood streams for a number of variables (such as 
temperature, particle size and leaching conditions) in 
high throughput experimentation: an elaborate 
experimental program can be conducted in a short 
timeframe compared to other TGA devices. 

In this setup, shown in Fig. 2, flash pyrolysis 
conditions can be achieved through extremely high heat 
transfer to fine particles (in the range of 500-1000 
W/m2·K [12]). These high heating rates are accomplished 
by introducing biomass particles into a pre-heated inert 
carrier gas stream that is tangentially injected into a 
heated cyclonic reactor in which the particles swirl 
around in contact with the hot reactor wall. The particles 
stay inside the reactor until they are completely 
converted, making their residence time virtually infinite. 
In this way, the cyclonic TGA can mimic the flash 
pyrolysis process and the kinetics of pyrolysis of the 
particles can be measured by recording the weight loss of 
the particles during conversion with a fast electronic 
balance. 

 

 
 

 

 

 
 

 

 

 
 

Figure 2: Schematic of the cyclonic TGA device 

 

2.3 Materials 

 The biomass used for the experiments consisted of 

wood fibers commercially available with trade name 

Lignocel by J. Rettenmaier & Söhne GmbH. Its particle 

size was in the range of 0.15 to 0.5 mm. The biomass was 

sieved to obtain a particle size range of 0.3 to 0.5 mm. 

The same samples were then leached in a batch process at 

BIOS BIOENERGIESYSTEME GmbH, Graz Austria 

under different framework conditions regarding 

temperature, residence time and acidity of the leaching 

liquid consisting of solution of acidic acid in water. 
Table I shows a condensed ultimate and proximate 

analysis of the oven dried raw beech wood and leached 
beech wood. Data presented here for the leached beech 
wood is at leaching conditions 30 0C, residence time 30 
mins, and acid concentration 5%. The moisture content 
of the leached sample was about 51.3 wt % prior to oven 
drying. The samples were oven dried at 105°C prior to 
TGA experiments and under all the chosen leaching 
conditions there was no loss of organic content of the 
biomass. The AAEM contents of the samples are given 
in Table II. 

 
Table I: Condensed ultimate and proximate analysis of 
material streams.  

 

Ultimate Analysis (wt.% on dry basis)  

 Beech 

wood 

  Leached 

beech wood 

C (wt%) 48.7 48.7 

H (wt%) 6.1 6.2 

N (wt%) 0.1 0.1 

O (wt%) (by diff.) 45.1 45 

Proximate Analysis 

Moisture (wt.% wet 

basis) 

1 1 

Volatiles 84.03      84.38 

Fixed Carbon  14.38     14.45 

Ash  0.59       0.17 

 
Table II: AAEMs content of the samples in mg/Kg 
 

 

2.4 Experimental   
The pyrolysis experiments were conducted at four 

different temperatures: 475°C, 500°C, 525°C and 
550°C, with a tolerance of ±1°C. The sample size used 
was 1 g ± 0.01 g. Four to five experiments were done 
for each sample at each temperature. Fig. 3 shows the 
decomposition of a biomass sample as recorded by 
LabVIEW. The balance is tarred to zero and around t = 
1 the sample is injected. The balance takes a short 
moment to adapt, and then shows the mass loss. The 
experimental data is corrected with respect to the 
reference and start of the impulse. The start of the 
impulse is found when there is a drop of  -0.2 g below 
the initial value of the experiment. The outliers (>1 

Raw biomass Ca Mg K Na 

0% 1790 385 1020 54 

Leached biomass 

(Mild) 

Ca Mg K Na 

5% 739 21 14 1.9 

10% 717 14.9 11.4 <2.0 

Leached biomass 

(Moderate) 

Ca Mg K Na 

1% 987 44 13.9 2.1 

5% 739 16 14.4 2.4 

10% 717 10 11.1 2 

27th European Biomass Conference and Exhibition, 27-30 May 2019, Lisbon, Portugal

1097



standard deviation) were excluded, and the data was 
averaged. Table III summarizes the experimental 
conditions. 

 

Table III: Experimental conditions 

 
 

 

 
Figure 3: Mass decrease of the biomass sample over time 
of one measurement as recorded by LabVIEW 
 

 

3 RESULTS AND DISCUSSIONS 

 
 The first order kinetic constant extracted from the 
mass loss curves for all the samples were then plotted 
based on Arrhenius equation,  

 
                       k = A·exp(-E/RT) 

 

where: 

 

k [1/s] reaction rate 

A [1/s] pre-exponential constant 

E [J/mole] activation energy 

R [J/mole·K] gas constant  
T [K] reaction temperature 

 
 The Arrhenius plots with 1/T on the x-axis, ln(k) on 

the y-axis. The dots indicate the measured data points, 
while the lines are linear fits through these data points. 
The natural logarithm of the Arrhenius equation is given 
as  

ln(k) = ln(A) - E/R · 1/T 

 

      The following section aims to discuss the effect of 

acid leaching on the flash pyrolysis kinetics starting with 

the samples leached at 10% acid concentrated leaching 

solution and then subsequently discuss the cases with 5% 

and 1%. Fig. 4 shows the Arrhenius plot comparing raw 

beech wood and beech wood leached at 10% acid 

concentration under both mild (30 °C, 30 mins) and 

moderate conditions (90 °C, 120 mins). It can be seen 

from the plot that the slopes are steeper for the leached 

biomass. This means the activation energy requirement is 

higher over the given temperature range and 

consequently the rate constant is comparatively sensitive 

to changes in temperature in this range. This is also 

indicated in Table IV.  

  

Figure 4: Arrhenius plot for raw and leached biomass at 

10% acid concentration at mild and moderate leaching 

conditions 

 
Figure 5: Arrhenius plot for raw and leached biomass at 
5% acid concentration at mild and moderate leaching 
condition 
 

 

     However, from Fig. 5 a clear distinction can be made 

between the kinetic data gained from experiments with 

the biomass prepared under mild and moderate leaching 

conditions in the 5% acetic acid case. At mild conditions 

the slope of the leached biomass is slightly flatter than 

that of the raw biomass. It can also be seen from Table IV 

that the kinetic constant does not fluctuate much with the 

temperature changes. At moderate conditions the slope of 

the plot is steeper and thus the activation energy was 

higher. It can also be seen from the activation energy 

listed in Table VI. Further it can be seen from table III 

that AAEM contents of the leached samples were about 

the same level and consequently there is no influence of 

the AAEMs on these trends. 

 

 

Biomass type LIGNOCEL  

Temperature 475-550 ± 1°C 

Sample size 0.5 ± 0.01 g 

Particle sizes 300-500 µm 
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Figure 6: Arrhenius plot for raw and leached biomass at 

1% acid concentration and at moderate leaching 

conditions 

 

 Furthermore, the activation energy of biomass 

leached with 1% acetic acid in water at moderate 

conditions was almost equal to activation energies 

calculated for the 5 % and 10% moderate condition cases 

(Table V). It can be concluded that the moderate 

conditions clearly effect the kinetics irrespective of the 

acid concentration used for leaching here. On the other 

hand, the kinetics of biomass leached under mild 

conditions were dependent on the acid concentration of 

the leaching solution. The activation energy increased as 

acid concentration increased. This statement holds even 

though the sample at mild conditions leached with 1% 

solution was not assessed.  

      In general, with the exception of 5% acid leached 

biomass at mild conditions the activation energy 

requirement was higher for all leached biomass samples. 

This means the kinetic constant is comparatively 

sensitive over the measured temperature range for the 

leached samples irrespective of the leaching conditions 

used in this study. This implies that the rate of reaction 

will be lowered. This is also in line with the average 

98% conversion times measured for all the leached 

samples (Fig 7.). It can be seen that for all the cases of 

leached biomass the conversion time is higher than for 

the raw biomass. The possible explanation for this is that 

the leaching process facilitated in removing the AAEMs 

which could have otherwise catalyzed the release of 

volatiles much faster. Similar conclusion was drawn in a 

study where fast pyrolysis kinetics of water leached 

perennial energy crops was carried out [14]. It was also 

the case when pyrolysis rates obtained via dynamic 

thermogravimetric analysis for leached switchgrass and 

straw [15].  
 
 
 
 
 
 
 
 
 
 
 
 
 

Table IV: Average Kinetic rate constant in 1/s 

 

 

Table V: Activation energies and pre-exponential   

factors 
 
 

 

Figure 7. Average Conversion time in seconds until 98% 

conversion 

 

 

 

 

 

 

 

 

 

Raw biomass 475  

°C 

500 

°C 

525 

°C 

550 

°C 
0% 0.30 0.48 0.54 0.69 

Leached 

biomass (Mild) 

475°

C 

500°

C 

525°

C 

550°

C 
5% 0.20 0.43 0.39 0.45 

10% 0.17 0.45 0.58 0.97 

Leached 

biomass 

(Moderate) 

475°

C 

500°

C 

525°

C 

550°

C 

1% 0.18 0.33 0.47 0.78 

5% 0.22 0.39 0.70 0.79 

10% 0.19 0.52 0.41 1.08 

 Activatio

n Energy 

(KJ/kg) 

Pre-

Exponent

ial 

constant 

(1/s) 

Raw Biomass   
0% 52.89 1.60 E3 

L.biomass (Mild)   
5% 49.1 6.5 E2 
10% 112.5 1.4 E7 

L.biomass (Moderate)   
1% 98.1 1.3 E6 
5% 88.9 3.9 E5 
10% 102.2 2.9 E6 
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4 CONCLUSION 

 

The experimental study has shown that the flash 

pyrolysis of organic acid leached biomass will proceed 

at a relative lower reaction rate than the raw biomass. 

These results also corroborate the hypothesis that the 

removal of inorganic matter and especially the AAEM`s 

from the biomass during the leaching process has an 

effect in lowering the reaction rate. This means that for 

large-scale flash pyrolysis reactors to obtain the same 

pyrolysis degree as raw biomass, the residence time 

should be extended or the pyrolysis temperature should 

be increased. 

However, effect of individual species of organic 

matter on the flash pyrolysis kinetics is unknown and 

therefore further quantitative research is needed. Further 

the role of particle sizes both on leaching and 

subsequent effect on kinetics should also be 

investigated. It is also required to assess the same for 

different biomass streams, especially the ones with 

higher contents of alkaline and alkaline earth metals .  
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