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ABSTRACT: Effects of alkali ceramics, Na2ZrO3 (NZ) and Li4SiO4 (LS), were quantified in the 

catalytic pyrolysis of sawdust, using thermogravimetric analysis and kinetic modeling. Results 

indicated that the alkali ceramics were able to initiate thermal decomposition at lower 
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temperatures and enhanced H2 yield. The mean activation energies estimated by Kissinger-

Akahira-Sunose (KAS) and Flynn-Wall-Ozawa (FWO) methods were within the range of 164-

166, 114-116, 112-117 kJ mol−1 for sawdust (SD), sawdust mixed with Li4SiO4 (SD-LS) and 

sawdust mixed with Na2ZrO3 (SD-NZ), respectively. The theoretical and experimental master 

plots constructed for SD closely match with theoretical master plot corresponding to three-

dimensional diffusion (Ginstling-Brounshtein equation) (D4) reaction model. The SD-LS and 

SD-NZ samples followed first order (F1) reaction model at lower conversions and shifted from 

F1 to three-dimensional diffusion (D4) reaction model at higher conversions.  

Graphical abstract 

 

SYNOPSIS. Knowledge of thermal and kinetic behavior of biomass is essential is developing 

sustainable energy conversion processes. 

 Introduction 

Increase in energy demand, depleting fossil fuel reserves and climate change have spurred 

energy experts and researchers to search for clean alternative energy resources. In comparison to 

fossil fuels, certain types of biomass, such as agricultural and forest wastes, can be considered as 

sustainable and eco-friendly energy resources in terms of reduction in pollution and global 

warming.1 Lignocellulosic biomass, in particular, is considered as an ideal feedstock for 

Alkali Materials Thermal Analyser TG-MS and kinetic 

analysis 

Saw dust 
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thermochemical processes to produce energy-related products.2 It is estimated that China 

produces around 728–750 and 200–220 Mt yr-1 of agricultural residues and forest biomass, 

respectively.3  

Pyrolysis is one of the most widely applied method used to convert biomass into high-energy 

content fuels, which can later be used for internal combustion engines and gas turbines after an 

intermediate process.4 When compared to gasification and combustion, pyrolysis possesses the 

following advantages: (i) it does not require high temperatures, as liquid production can be 

maximized with low vapour residence time (up to 5 s) and vapour temperature less than 400 °C 

(ii) anaerobic conditions, which produce biochar that can be used as soil additive and (iii) 

generation of high quality of oil,2 which contain 200 types of organic compounds that can serve 

as a source of pure chemicals such as organic acids, aldehydes, etc. However, several different 

types of oxygenated compounds are generated during biomass pyrolysis because of complex 

structure of biomass and various reaction pathways. These oxygenated compounds make bio-oil 

incompatible with petroleum based infrastructure. Catalytic pyrolysis has been investigated as a 

method to optimize the distribution of desired products by selectively enhancing a specific 

reaction.5 Alkali metals, such as sodium (Na) and potassium (K), are widely reported to show 

notable catalytic effect on biomass pyrolysis.6, 7 The addition of potassium salts improved the 

product distribution and promoted the fragmentation and depolymerization of biomass 

components during pyrolysis.6, 8  

Thermal decomposition is a complicated process and involves hundreds of consecutive and/or 

parallel reactions. The biomass decomposition usually ensues in three regions representing water 

evaporation, active pyrolysis and passive pyrolysis.9 The decompositions of cellulose and 

hemicellulose occur during the active pyrolysis in temperature range of 523 to 653 K and 473 to 
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653 K respectively. Lignin decomposition takes place in both active and passive pyrolysis in 

temperature range 453 to 1173 K.10 It is to be noted that the solid residue left at the end of the 

pyrolysis (char and mineral matter) largely depends on the source biomass. Moreover, the 

process of thermal decomposition is influenced by operational parameters such as temperature, 

heating rate, size and shape of biomass etc. 

The iso-conversional methods are highly recommended by International Confederation for 

Thermal Analysis and Calorimetry (ICTAC) to evaluate the ‘kinetic triplet’ that includes 

apparent activation energy, pre-exponential factor and reaction mechanism.11 The list of 

differential expressions f(Į) and integral expressions g(Į) of mechanism functions tested in the 

present study are presented in Table 1. It should be noted that most of models specified in Table 

1 are relevant to solid-state reactions. It is always important to confirm if a solid substance would 

react in solid state upon heating. It is to be understood that once heating has begun, before the 

reaction starts any solid substance may melt and the reaction may take place in liquid phase. It is 

advisable to use a reaction model that is appropriate to the process being studied. However, all 

the reaction models that are available can be reduced into three major types: accelerating (e.g., 

power-law models), decelerating (e.g., reaction-order and diffusion models), and sigmoidal (e.g., 

Avrami-Erofeev models) types.12  The present study investigates the thermal decomposition 

characteristics of sawdust, with and without alkali ceramic bifunctional materials, at multiple 

heating rates. The studied samples include sawdust (SD), sawdust mixed with lithium silicate 

(SD-LS) and sawdust mixed with sodium zirconate (SD-NZ). The evolution trends of various 

pyrolysis gases were analyzed and reported. The kinetic parameters, apparent activation energy 

was identified by using Kissinger-Akhira-Sunose (KAS)13 and Flynn-Wall-Ozawa (FWO)14, 15 
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methods. The pyrolysis reaction mechanism function f(Į) was identified by using generalized 

master plots method16.  

Table 1. Most common reaction mechanisms in solid stare reactions.17, 18 

Mechanism – Solid state process Differential form f(Į) Integral form g(Į) 

A2 – Nucleation and growth (Avrami Eqn. 1) 1/2Į)[-ln(1-Į)2 ](1-  
1/2[-ln(1-Į)]  

A3 – Nucleation and growth (Avrami Eqn. 2) 3/2Į)[-ln(1-Į)3 ](1-  
1/3[-ln(1-Į)]  

A4 – Nucleation and growth (Avrami Eqn. 3) 3/4Į)[-ln(1-Į)4 ](1-  
1/4[-ln(1-Į)]  

R2 – Phase boundary controlled reaction 
(contracting area) 

1/2Į2 )(1-  
1/2[1-(1-Į)]  

R3 – Phase boundary controlled reaction 
(contracting volume) 

2/3Į3 )(1-  
1/3[1-(1-Į)]  

D1 – One-dimensional diffusion (1/2)Į  2Į  

D2 – Two-dimensional diffusion (Valensi 
equation) 

1[-ln(1-Į)]  (1-Į) ln (1-Į)+Į  

D3 – Three-dimensional diffusion (Jander 
equation) 

1/3 -1 2/3(3/2)[1 Į) ] (1-( Į)- 1-  
1/3 2[1-(1-Į) ]  

D4 – Three-dimensional diffusion (Ginstling-
Brounshtein equation) 

1/3 -1(3/2)[1-(1 Į) ]-  
2/3[1-(2/3)Į)]-(1-Į)  

F1 – Random nucleation with one nucleus on 
the individual particle 

1-Į  -ln(1-Į)  

F2 – Random nucleation with two nuclei on 
the individual particle 

2(1-Į)  1/(1-Į)  

F3 – Random nucleation with three nuclei on 
the individual particle 

3(1/2)( -Į)1  
21/(1-Į)  

P1– Mampel power law  1(n = )2  1/22Į  
1/2Į  

P2 – Mampel power law 1(n = )3  2/33Į  
1/3Į  

P3 – Mampel power law 1(n = )4  3/44Į  
1/4Į  

 EXPERIMENTAL SECTION 
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Biomass Characterization. Sawdust (SD) was selected as waste biomass for pyrolysis 

experiments. The biomass samples were processed in a grinder and then were sieved to a 

diameter less than 0.2 ȝm. Ultimate and proximate analyses were performed to characterize the 

biomass. To detect carbon, hydrogen, oxygen, and nitrogen fractions in the biomass, a 

EuroEA3000 Elemental Analyser was used, while, 5E-AS3200B Automatic Coulomb Sulfur 

Analyzer identified the sulfur fraction. The values obtained from proximate, ultimate and 

structural components analysis of sawdust are presented in Table 2. 

Table 2. Characterization of sawdust samples. 

Proximate Analysis (wt. %) Ultimate analysis (dry wt. %) 
Structural component 

analysis (wt. %) 

Moisture content  9.85 C  45.93 Lignin 21.5 

Volatile matter  72.92 H 6.26 Cellulose 50.03 

Ash  0.27 O  44.54 Hemicellulose 24.8 

Fixed Carbon  16.97 N  0.12 Others 3.4 

 
S  0.04   

The bifunctional materials Na2ZrO3 (NZ) and Li4SiO4 (LS) were synthesized according to 

methods previously investigated by our group and a detailed explanation of the synthesis 

methods and characterization can be found in the literature.19, 20 

TG-DTG-MS Analysis. The thermogravimetric (TG) and derivative thermogravimetric 

(DTG) analyses were performed in a thermal analyzer (Q600). The experiments were divided in 

two sets. The first set of experiments was run at a constant heating rate of 35 °C min-1 for the 

selected waste biomass samples and biomass samples mixed with the two alkali ceramics. Each 

sample weighing 3 mg was heated from ambient temperature to 600 °C. The second set of 

experiments was run at multiple heating rates, 40 and 45 °C min-1, from ambient temperature to 
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600 °C for both plain and blended samples. The biomass and bifunctional materials were 

mechanically mixed at 1:1 ratio (w/w) for the experiments run at three heating rates. Argon (Ar) 

gas, with a flow rate of 500 mL min-1, was used to maintain the inert gas atmosphere within the 

system. All the experiments were conducted in triplicate and the results reported were the 

average of the obtained data.  

The mass spectrometer (MS) ionizes the gas molecules collected by heated capillary and 

differentiates the resulting positive ions on the basis of their mass to charge ratio (m/z). The ions 

set to be scanned and their corresponding evolved gas species are given in Table 3.  

Table 3. Key ion fragments and representative evolved gas species. 

m/z Ion fragments Representative Species 

2 H2
+ Hydrogen 

15 CH3
+ Methane 

28 CO+ Carbon monoxide 

40 Ar+ Argon 

44 CO2
+ Carbon dioxide 

 The raw signals received obtained from MS were normalized relative to constant Ar purge and 

weight of biomass (Eqn. 1) 

Normalized signal for key molecule fragments ‘i’ = (ICi*500)/(ICAr*wt.sample) (1) 

In the Eqn. (1), ICi stands for molecular m/z signals for molecular ion fragments ‘i’ (arbitrary 

unit), ICAr is the m/z signals for Ar, and wt.sample is the weight of sample (g). The normalized ion 

current signals from MS were expressed as instant volume concentrations of gas products 

contained in carrier gas (Ar, 500 mL min-1, and 25 °C, 1 atm). The total gas product (mL mg-1) 

was obtained by integrating the normalized curves obtained from the plot generation rate (mL 
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min-1 g-1) vs. reaction temperature. The temperature region in which maximum gas yield 

occurred was chosen for integration and it should be noted that all the volume related units are 

presented at normal conditions (25 oC, 1 atm). The gas yields obtained in mL min-1 g-1 where 

then converted into mmol g-1 and then where reported.  

Kinetic Analyses. Pyrolysis of biomass varies because of variations in the chemical 

composition of compounds in the biomass material. However, the overall path of biomass 

pyrolysis can be defined as; Biomass Char Volatiles Gases.    According to the Arrhenius 

equation, the rate constant k(T) is expressed as follows: 

( )
(T)

E

RTk Ae


        (2) 

where A (s-1) is the pre-exponential (or “frequency”) factor, EĮ (J mole-1) is the activation 

energy of the reaction, R is the universal gas constant (8.314 J mol-1 K-1), and T (°K) is the 

absolute temperature. When applied to an overall reaction mechanism, the activation energy for 

the ensemble of reactions is termed “apparent”. 

According to Mishra et al. (2014), the kinetics of heterogeneous solid-state thermal 

degradation can be defined as 21: 

( )
)(T) ( )(

E

RT
d

k f Ae f
dt


 



     (3) 

where Į is the fractional conversion (or conversion degree) of the main reactant at time t, f (Į) 

represents a reaction function depending on the conversion rate in relation to reaction model at 

the conversion degree Į and t  stands for time.  

Taking the logarithm of Eq. (3) and lumping A(Į)f(Į) to give Friedman’s method,22 

  a( )d
ln ln ( ) ( )

d

E
A f

t RT


     

 
   (4) 

The conversion degree Į reflects the thermal decomposition and is defined as  
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0

0

tm m

m m








     (5) 

where m0, mt, m∞ are initial, instantaneous and final masses during thermal degradation, 

respectively. 

Taking into consideration that the temperature is a function of time and is increasing with a 

constant heating rate ȕ, then ȕ can be expressed as 

dT dT d

dt d dt





        (6) 

Rearranging Eqns. (3) and (6)  

( )
)(

E

RT
d A

e f
dT








      (7) 

The integrated form of f (Į) is generally stated as: 

 
0

( )

0
(

(
)

)

aE
T RT

T

d A
g e dT

f

 


 



      (8) 

The above integral equation has no exact solution. Thus, Eqn. (8) can be solved by 

approximations or numerical methods. Considering the good adaptability and validity for their 

model-free approaches, the iso-conversional methods are known to provide a feasible approach 

to estimate the activation energy and pre-exponential factor. Thus, three iso-conversional 

methods: Kissinger-Akahira-Sunose (KAS), Flynn-Wall-Ozawa (FWO) and Friedman method 

(FM), are used for the determination of kinetic parameters.  

The FWO method can be expressed as follows: 

E E
ln( ) ln[ ] 5.331 1.0516

R ( ) RT

A

g
 


     (9) 

The KAS method can be expressed as follows: 
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2

ER
ln( ) ln[ ]

T E ( ) RT

A

g







     (10) 

At constant conversion rate Į, the plots ln(ȕ/T2) vs. 1/T (KAS method), ln (ȕ) vs. 1/T (FWO 

method) and ln(dĮ/dt) vs. 1/T (Friedman method) obtained from TG plots (100×(1-m/m0) vs. T) 

at several heating rates result in straight lines, for which the slopes and intercepts help determine 

the apparent activation energy and pre-exponential factor. In order to identify the most probable 

mechanism function g (Į), integral master plots methods was adopted. Although, master plots are 

theoretical curves that depend on kinetic model, they are independent of kinetic parameters such 

as activation energy and pre-exponential factor. Theoretical master plots, listed in Table 1, were 

considered as a reference for determining the best fit kinetic model for a solid-state reaction. 

Experimental master plots were constructed and then compared to theoretical master plots. The 

most probable kinetic model can be determined  by the integral master-plot method proposed by 

Gotor23. The concept underlying the generalized master plots method is the generalized time (ș), 

at infinite temperature, required to achieve a given conversion (Į)24, 25 and obeys the equation 

below 

RT

0

E
t
e dt

 
 
          (11) 

Using the integral kinetic equation at infinite temperature in integral form, Eqn. (8), by 

considering Į = 0.5 as a reference point we can obtain the following equation. 

0.5 0.5

( )

( )

g

g








      (12) 

where ș0.5 is the generalized time at Į = 0.5.   

Under non-isothermal conditions with linear heating rate, ȕ, from Eqn. (11), the value of ș, at 

any given Į can be obtained from the following equation. 
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 
RT

20

1
( )

E x
T

x

E e E
e dT dx P x

R x R


  
 

   
     (13) 

where x =  E/RT. The function P(x) in Eqn. (13) does not have analytical solution and can be 

expressed by an approximation. In this study, secondary rational approximation of Senum and 

Yang26 is used. Therefore, for a linear heating rate ș/ș 0.5 values can be obtained from the 

following equation. 

0.50.5

( )

( )

P x

P x




      (14) 

From Eqns. (12) and (14), considering Į = 0.5 as a reference point we can relate the 

appropriate kinetic model to reduced generalized rate of reaction as given below  

0.5 0.50.5

( ) ( )

( ) ( )

g P x

g P x





 


    (15) 

Therefore, by plotting the generalized reaction rate from (15), and the fraction g(Į)/g(Į0.5) 

listed in Table 1 against conversion (Į), an appropriate kinetic model can be inferred on 

comparison.   

The pre-exponential factor (A) and other thermodynamic parameters such as, enthalpy (ǻH), 

free Gibbs energy (ǻG), and changes in entropy (ǻS) were expressed using Eqs. (16) to (19)27, 28: 

 mR 2T· · · m

E

A ReE T
 

 
 

      (16) 

E RTH         (17) 

T
E RT ·ln B m

m

k
G

h A

 
    

 
    (18) 

Tm

H G
S

  
       (19) 
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where, kB is the Boltzmann constant (1.381 × 10-23 J K-1); Tm is the DTG peak temperature; h is 

the Plank constant (6.626 × 10-34 J s). 

 RESULTS AND DISCUSSION 

Pyrolysis Behavior of Sawdust under Catalytic and Non-catalytic Conditions. The TG 

(mass % loss vs. T) and DTG (dm/dt vs. T) curves of the pyrolysis process for samples, which 

include SD, SD-NZ and SD-LS at heating rate 35 °C min-1 are presented in Fig. 1. Pyrolysis 

decomposes the organic components of a material into different vapor phases and gas 

compounds leaving char as residue. The main pyrolysis of the plain sample, SD, took place 

between 200 and 500 °C and is in good agreement with other studies, with feedstock of similar 

category, reported in the literature.29-31 During pyrolysis, the mass loss in samples is because of 

vapor and gas evolution. The pyrolysis of samples, with and without alkali materials, can be 

divided in to three stages. The first stage corresponds to dehydration (< 200 °C), where moisture 

gets extracted from the samples. A small quantity of hemicellulose, as it acts as a link between 

cellulose and lignin, starts decomposing in this stage.29 The second stage of the pyrolysis is 

considered as the main decomposition stage and a dramatic change can be noticed in the DTG 

curve during the second stage of decomposition. It can be noticed from Fig. 1 that a little 

devolatilization occurred at around 250 °C and proceeded rapidly with increasing temperature. 

The peak temperature for SD, where maximum mass loss occurred, was noticed at 388 °C, after 

which, the mass loss decreased gradually.  

The impact of catalytic activity of alkali materials was evident in the mass loss pattern during 

pyrolysis. The maxima of mass loss for samples SD-NZ and SD-LS were lower than those 

registered for plain sample. This suggests the possibility of alkali metals (Li and Na) initiating 

the pyrolysis process at lower temperatures. The peak temperatures for SD-NZ and SD-LS were 
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359 and 361 °C respectively. Na2ZrO3 and Li4SiO4 have been shown in previous studies to 

exhibit catalytic activity in devolatilization. The results match the previous works with cellulose 

and Na2ZrO3, where the catalyst was able to lower the activation energy.7 Further, the presence 

of third peak of mass loss was noticed at around 550 °C for all the samples and the reason can be 

attributed to a continuous period of catalytic breakdown of lignin. 

 
Figure 1. TG and DTG curves of plain and alkali metal mixed samples (a) SD and (b) SD-LS 

and (c) SD- NZ at heating rate 35 °C min-1. 

Analysis of Evolved Gas Species. Gas evolution from pyrolysis of samples SD, SD-LS and 

SD-NZ are shown in Fig. 2a, 2b and 2c respectively. From the samples, syngas primarily 

evolved during the pyrolysis and, at temperatures above 500 °C a second peak of H2 generation 

was observed. The emerging H2 peak over 500 °C could be from multiple tar cracking and tar 

reforming reactions. CO and CO2 were dominant species released during primary pyrolysis of 
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SD, and a small peak of CH4 was also observed. The presence of alkali metals resulted in a 

dramatic effect on the release of H2 after the primary pyrolysis phase. CH4 and CO yield trends 

from SD-NZ and SD-LS samples are similar to SD samples, but H2 and CO2 trends appear to be 

suppressed in the presence of alkali metals.  

The second H2 peak for SD-NZ and SD-LS is due to the participation of Na2ZrO3 and Li4SiO4 

in sorption enhanced reforming (SER) reactions as CO2 sorbents. SER reactions depend on CO2 

removal to overcome thermodynamic limitations set on high-temperature endothermic steam 

reforming (SR) reactions, shown here with CH4 as the feed in (Eqn. 20) and low-temperature 

exothermic water-gas shift (WGS) reaction (Eqn. 21).  

CH4 + H2O  3H2 + CO     (20) 

CO + H2O  H2 + CO2     (21) 

Na2ZrO3, a more active CO2 sorbent, captured CO2 earlier, which resulted in H2 peak from SD-

NZ samples at temperatures around 450 °C, while Li4SiO4 participated in SESR at around 500 

°C. The results are enhanced H2 production. A similar results has been reported by Memon, et 

al.7, where Na2ZrO3 enhanced H2 production in similar manner during cellulose pyrolysis.   
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Fig. 2. Gas formation rates (H2, CH4, CO, CO2) of (a) SD, (b) SD-LS and (c) SD- NZ 

Kinetic Analysis. Thermogravimetric data was used to characterize the selected biomass 

samples as well as to study the reaction kinetics that result from thermal degradation. Chemical 

kinetics together with description of transport phenomena can be considered as useful 

information for the design and optimization of thermochemical systems.32, 33 The linear 

correlations of pyrolysis for SD, SD-LS and SD-NZ were calculated by iso-conversional 

methods KAS and FWO at 35, 40 and 45 °C min-1 and are presented in Fig. 3. According to 

Eqns. (7) and (8) the apparent activation energies were calculated within a selected range of 

conversion 0.1 – 0.8 with a step of 0.1 and are listed in Table 4. 
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Fig. 3. Linear correlation of pyrolysis at 35, 40, 45 °C min-1 by (a) KAS (b) FWO (c) FM for SD, 

(d) KAS, (e) FWO (f) FM for SD-LS and (g) KAS, (h) FWO (i) FM for SD-NZ respectively.  

 Activation energy can be defined as the minimum energy necessary to initiate a reaction, 

which means that for a given pre-exponential factor, the higher the activation energy, the slower 

the reaction.34 From the results shown in Table 4 it should be noted that the apparent activation 

energy (EĮ) is highly dependent on the conversion, indicating the complexity of the biomass 

pyrolysis with many reactions occurring simultaneously at the same stage.35 It can be noticed, 

from Table 4, that the EĮ calculated from KAS and FWO methods remained stable with the 

conversion progressing in the range 0.2-0.5 for SD and a similar behavior was noticed for 
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samples mixed with alkali materials. It can also be noted that the EĮ value is low at low 

conversion (Į =0.1) when compared to the other stages of conversion, could possibly be 

influenced by the higher reaction rate. The rapid increase in the activation energy for SD samples 

from Į = 0.2 indicate the initiation of main component pyrolysis.36 During the estimation of EĮ 

for a chemical reaction involving the physical transformation of biomass, it should be noted that 

the value of EĮ correlates to the chemical stability of the compound. Therefore, to ensure the 

decomposition of stable compounds, it is necessary to supply more energy.  

Table 4. Results of apparent activation energy (EĮ) (kJ mol-1) with KAS, FWO and Friedman 

methods 

Method/ Conversion (Į)/ 
Parameters/ 

KAS 
 

FWO 
 

Friedman Method 

Material EĮ R2 EĮ R2 EĮ R2 

SD 0.1 155.1 0.972 156.7 0.975 158.2 0.994 

0.2 171.5 0.999 172.6 1.000 170.0 1.000 

0.3 179.5 0.992 180.5 0.992 175.3 0.999 

0.4 170.9 0.998 172.5 0.998 168.1 1.000 

0.5 170.7 0.992 172.5 0.993 166.2 0.987 

0.6 159.7 0.987 162.2 0.989 156.0 0.998 

0.7 149.4 0.993 152.5 0.993 149.9 0.998 

0.8 155.6 0.993 158.5 0.994 155.7 0.998 

 Average 164.0 
 

166.0 
 

162.4  

SD-LS 0.1 90.3 0.984 95.1 0.989 89.4 0.990 

0.2 104.2 0.999 108.6 1.000 103.2 0.993 

0.3 114.2 0.997 118.4 0.999 115.9 0.999 

0.4 114.1 0.987 119.1 0.993 118.2 0.986 
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0.5 113.8 0.996 118.4 0.999 112.7 0.995 

0.6 117.1 0.996 121.7 1.000 120.0 0.996 

0.7 122.9 0.980 127.7 0.990 126.5 0.997 

0.8 123.3 0.982 125.4 0.997 123.3 1.000 

Average 112.6 
 

116.8 
 

113.7  

SD-NZ 0.1 109.3 0.993 113.1 0.994 110.8 0.998 

0.2 110.6 0.998 114.6 0.998 114.3 1.000 

0.3 105.0 0.997 109.5 0.997 111.7 1.000 

0.4 103.8 0.996 108.6 0.997 109.6 0.993 

0.5 106.2 1.000 111.0 1.000 113.9 0.999 

0.6 114.0 1.000 122.0 1.000 116.5 1.000 

0.7 115.9 1.000 120.4 0.998 124.4 0.999 

0.8 135.3 1.000 139.2 1.000 132.7 0.997 

Average 112.5 
 

117.3 
 

116.7  

It can be witnessed from the results that the EĮ value for all the samples is found to decrease at 

higher conversions. This may be attributed to the fact that during the decomposition of stable 

compounds at high temperature, less stable compounds that are easier to decompose are formed 

resulting in the lowering the heat supply. Additionally, at higher temperatures, easily 

decomposable molecules formed art higher temperatures resulting in the decrease in activation 

energy at higher conversions.33 The second stage of pyrolysis (major mass loss stage in the 

temperature range 200-600 °C) was considered for kinetic analysis, as it should be noted that the 

thermal degradation of major components of biomass, which include cellulose, hemicellulose 

and lignin, happens in the range of 200-600 °C.37 According to Burhenne et al., higher values of 

activation energy are needed for the decomposition of biomass with high lignin content.10 The EĮ 

values varied from 149.4 to 179.5 kJ mole-1 for SD, whereas for samples mixed with alkali 
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materials, EĮ were found to be low. The values varied from 90.3 to 136.2 kJ mole-1 and 103.8 to 

135.3 kJ mole-1 for SD-LS and SD-NZ samples respectively. The reaction with higher EĮ value 

needs longer retention time or elevated temperatures, which allows the reaction to gain sufficient 

energy. Thus the value of apparent activation energy could be used to differentiate the stages of 

reaction during thermal decomposition.30 Furthermore, the average EĮ values for all the samples 

considered in this study were lower than the average EĮ values reported for rice husk (221–229 

kJ mol−1), elephant grass (218–227 kJ mol−1),38 cellulose (191 kJ mol−1),16 algae (154 -261 kJ 

mol−1)39 and camel grass (168 -169 kJ mol−1)40. This indicates the suitability of SD for co-firing 

with other types of biomass.  

The generalized master plots do not depend on heating rates used during experiments and 

strictly depend on the kinetic model used to fit the reaction. Therefore, in principle, the master 

plots generated experimentally under different heating rates should take similar shapes. The right 

hand side of Eqn. (13) vs. conversion, Į, were used to construct master plots for every 

experimental curves by using the activation energy obtained from iso-conversional methods 

previously. Similarly, the theoretical master plots corresponding to different kinetic models 

mentioned in Table 1 are built by constructing the left hand side of Eqn. (13) vs. conversion, Į. 

Fig. 4 shows the comparison between theoretical and experimental master plots for SD (Fig. 4a), 

SD-LS (Fig. 4b) and SD-NZ (Fig. 4c). The integral master plots constructed for SD closely 

match with theoretical master plot corresponding to three-dimensional diffusion (Ginstling-

Brounshtein equation) (D4) reaction model. For SD-LS and SD-NZ, the experimental master-

plots were closely in accordance with random nucleation with one nucleus on the individual 

particle (F1) reaction model in the conversion range 0.1 – 0.6. At higher conversion rates, the 

reaction model shifted from F1 to three-dimensional diffusion (Ginstling-Brounshtein equation) 
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(D4) reaction model. It can be inferred that the synergistic effect of alkali metals on the biomass 

has similar influence on the degradation mechanisms. The degradation mechanism of SD-LS and 

SD-NZ were similar to each other and differed significantly from that of the plain sample SD. 

The little divergence of experimental master plot curves at few conversions, for all the samples 

considered in the study, could be attributed to the deviations of ideal conditions assumed in 

kinetic models with real conditions.  
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Figure 4. Comparison between theoretical master plots generated from kinetic models in Table 1 

and the generalized master plots generated from experimental curves (a) for SD, (b) SD-LS and 

(C) SD-NZ, recorded under heating rate 40 °C min-1.  
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The pre-exponential factor (A) and other thermal decomposition parameters such as activation 

enthalpy (∆H), activation entropy (∆S) and activation Gibbs energy (∆G) were calculated and the 

results are presented in Table 5. The mean value of A obtained were 6.9 ×1013, 7.88 ×1013 and 

8.87 ×1013 for SD at heating rates 35, 40 and 45 °C respectively. For SD-LS the mean A values 

obtained at heating rates 35, 40 and 45 °C were 1.40 ×1010, 1.56 ×1010, and 1.75×1010 

respectively. For SD-NZ the mean A values obtained at heating rates 35, 40 and 45 °C were 6.9 

×1010, 7.89 ×1010, and 8.87×1010 s-1 respectively. The A values ≥ 109 s-1 indicate a complex 

reaction, while the values ≤ 109 s-1 indicate a surface reaction.32 The values of A in between 1010 

and 1012 s-1 indicate that the activated complex was restricted in rotation when compared to 

initial reagent.41 The values of A varied with conversion but with a very narrow range, indicating 

the reliability of the EĮ values. The activation enthalpy can be defined as the amount of energy 

exchanged during a chemical reaction. From Table 5 it can be observed that the changes in the 

activation enthalpies explaining the energy difference between the activated complex and reagent 

agreed with the activation energies. When the EĮ values are compared against the ∆H values for 

all the samples considered for pyrolysis, a small energy barrier (~5 kJ mol-1) indicate the 

possibility of the reaction happening under chosen conditions, as the literature point out that the 

lower difference in EĮ and ∆H indicate the favorable conditions for the formation of activated 

complex.40 As the enthalpy is the amount of energy utilized all through the thermal conversion of 

biomass material into resultant products, the closeness of ∆H and EĮ indicates the additional 

energy required to achieve the product formation, in this case, ~ 5 kJ mol-1. The activation 

entropy (∆S) is associated with the formation of complex activated species and is a measure of 

disorder. The low activation entropy indicates that the material has reached a state near its 

chemical equilibrium after undergoing some kind of physical or chemical aging process. On the 
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other side, high activation entropy indicates that the material is far from its own thermodynamic 

equilibrium. In the former case, the reactivity of the material is low and demands more time to 

form the activated complexes, while in the latter case, the material is highly reactive and produce 

activated complex in shorter retention times.42 The positive and negative values of activation 

entropy can reflect the degree of arrangement of carbon layers in biomass samples.41 All the 

values for ∆S reported in Table 5 were negative for SD mixed with alkali metals, which 

illustrated that the activated complexes formed where more organized structure when compared 

to initial material. The change in Gibbs free energy indicates the increase in the total energy of 

the system during the formation of activated complex.33 It can be noticed from Table 5 that the 

change in Gibbs free energy was lower for samples mixed with alkali metals, indicating the 

effect of catalysts on the pyrolysis process.  
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Table 5. Kinetic and thermodynamic parameters of thermal degradation of SD, SD-LS and SD-NZ under the heating rate (ȕ) of 35, 40 

and 45 °C min-1 for conversions () in the 0.1-0.8 range. 

Sample   

EĮ (kJ 
mol-1) 

Pre-exponential factor,   Enthalpy, °∆H Gibbs free energy, °∆G  Entropy, °∆S 

A (min-1) (kJ mol-1) (kJ mol-1) (J mol-1) 

ȕ, (°C min-1) ȕ, (°C min-1) ȕ, (°C min-1) ȕ, (°C min-1) 

   35  40  45  35  40  45  35  40  45  35  40  45  

SD 0.1 156.7 3.6×1012 4.1×1012 4.6×1012 151.9 151.8 151.8 164.0 163.3 162.6 -18.4 -17.3 -16.4 

0.2 172.6 7.2×1013 8.3×1013 9.3×1013 167.6 167.6 167.6 163.5 162.7 162.1 6.2 7.3 8.3 

0.3 180.5 3.2×1014 3.6×1014 4.1×1014 175.3 175.3 175.3 163.2 162.5 161.9 18.3 19.4 20.3 

0.4 172.5 7.1×1013 8.1×1013 9.1×1013 167.3 167.3 167.2 163.5 162.8 162.1 5.7 6.8 7.8 

0.5 172.5 7.1×1013 8.1×1013 9.1×1013 167.1 167.1 167.1 163.5 162.8 162.1 5.5 6.6 7.6 

0.6 162.2 1.0×1013 1.2×1013 1.3×1013 156.8 156.7 156.7 163.8 163.1 162.4 -10.7 -9.6 -8.7 

0.7 152.5 1.7×1012 1.9×1012 2.1×1012 147.0 147.0 147.0 164.2 163.4 162.8 -25.9 -24.9 -23.9 

0.8 158.5 5.1×1012 5.9×1012 6.6×1012 153.0 152.9 152.9 164.0 163.2 162.6 -16.6 -15.5 -14.6 

SD-LS 0.1 95.1 6.9× 107 7.8×107 8.8×107 90.4 90.3 90.3 159.3 158.6 158.0 -108.7 -107.7 -106.7 

0.2 108.6 1.0× 109 1.1×109 1.3×109 103.6 103.6 103.6 158.6 157.9 157.3 -86.7 -85.6 -84.7 

0.3 118.4 7.1× 109 8.1×109 9.1×109 113.4 113.3 113.3 158.1 157.4 156.8 -70.6 -69.5 -68.6 

0.4 119.1 8.0× 109 9.2×109 1.0×1010 113.9 113.9 113.9 158.1 157.4 156.8 -69.7 -68.6 -67.7 

0.5 118.4 7.1×109 8.1×109 9.0×109 113.2 113.2 113.1 158.1 157.4 156.8 -70.9 -69.8 -68.9 
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0.6 121.7 1.3×1010 1.5×1010 1.7×1010 116.4 116.3 116.3 158.0 157.3 156.7 -65.6 -64.6 -63.6 

0.7 127.7 4.4×1010 5.0×1010 5.6×1010 122.3 122.2 122.2 157.7 157.0 156.4 -55.9 -54.9 -53.9 

0.8 125.4 2.8×1010 3.2×1010 3.6×1010 119.9 119.9 119.9 157.8 157.1 156.5 -59.8 -58.7 -57.8 

SD-NZ 0.1 113.08 2.8×109 3.2×109 3.6×109 108.3 108.2 108.2 157.3 156.6 156.0 -77.3 -76.2 -75.3 

0.2 114.62 3.9×109 4.4×109 5.0×109 109.6 109.6 109.6 157.2 156.5 155.9 -75.0 -73.9 -73.0 

0.3 109.54 1.4×109 1.6×109 1.8×109 104.5 104.4 104.4 157.5 156.8 156.1 -83.6 -82.5 -81.6 

0.4 108.57 1.2×109 1.3×109 1.5×109 103.4 103.4 103.3 157.5 156.8 156.2 -85.3 -84.3 -83.3 

0.5 111.02 1.9×109 2.1×109 2.4×109 105.8 105.7 105.7 157.4 156.7 156.1 -81.4 -80.3 -79.4 

0.6 122.02 1.7×1010 1.9×1010 2.2×1010 116.7 116.7 116.6 156.9 156.2 155.6 -63.4 -62.3 -61.4 

0.7 120.41 1.2×1010 1.4×1010 1.6×1010 115.0 115.0 114.9 157.0 156.3 155.6 -66.2 -65.1 -64.2 

0.8 139.2 5.1×1011 5.8×1011 6.6×1011 133.6 133.6 133.6 156.2 155.5 154.9 -35.6 -34.5 -33.6 
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The validation of a given kinetic triplet may be done by plotting and comparing the curve of 

conversion (Į) vs temperature (T) obtained from its model simulation with that derived from the 

experimental results. A numerical procedure was used here to build up simulated Į vs. T curve in 

Excel and is described as follows. A column of temperatures (in °K) was set up with an 

incremental step dT (≤ 5 °K). Corresponding guesstimates of Į were then set up for each T, here 

a single ‘guesstimate’ Į of 1×10-9 was chosen for all values of T. The column dĮ/ dT was then 

built (LHS of Eqn (6)), and another with (A/ȕ)exp(-EĮ/(RT))×f(Į), i.e. RHS of Eqn. (6). A final 

column with 108 ×|LHS-RHS| was set up, ensuring non zero initial values of LHS-RHS even at 

low Į. Finally, a macro ran the function goal seek in a loop over all the data rows for each T to 

achieve convergence of (108 ×|LHS-RHS|) towards zero by adjusting the value of Į. 

Fig. 5 depicts the simulated and experimental Į vs T curves obtained for SD, SD-LS and SD-

NZ. Overall the simulated curves were in good agreement with the experimental results, which 

infers that the identified kinetic parameters were accurate. Matching between simulated and 

experimental values was very good in the low to mid conversion range, where the conversion 

rate better conformed to conditions of kinetic control, and in particular the modelled Į vs T curve 

for SD-LS at 35 °K min-1 superimposed the experimental curve for all conversions below 0.8. 

Greatest discrepancies were found for the SD 35 °K min-1 data, where the conversion error 

remained at worse below 0.1, and the temperature error was maximum below 10 °K for a given 

conversion. With the validation step carried out, the aim of generating meaningful modelling 

tools for the future design of conversion plants featuring the devolatilisation of saw dust and saw 

dust - catalyst mixtures was achieved.  
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Figure 5. Simulation of (a) SD, (b) SD-LS and (c) SD-NZ pyrolysis using kinetic data obtained 

from FWO method and reaction mechanism obtained from master plots. 

A = 1.2 × 1010 min-1 

E = 120.41 kJ mol-1 

ȕ = 35 °C min-1 

Model used: D4 

A = 6.9 × 107 min-1 

E = 95.15 kJ mol-1 

ȕ = 35 °C min-1 

Model used: F1 

A = 1.7 × 1012 min-1 

E = 152.51 kJ mol-1 

ȕ = 35 °C min-1 

Model used: D4 
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 Conclusions 

The thermal behavior of sawdust during the catalytic and non-catalytic pyrolysis was 

quantitatively evaluated. The presence of alkali metals leads to an early appearance of major 

peak of mass loss, signifying that the alkali metals appeared to catalyze reaction in the 

temperature range 400 – 550 °C. Furthermore, the alkali metals were effective in lowering the 

activation energy of sawdust pyrolysis. If heat flow and disorder change are comprehensively 

evaluated, the higher activation ∆G values indicated favorability for the reaction to happen. 

Results also showed that presence of Na2ZrO3 and Li4SiO4 increased H2 yield during pyrolysis. 

Alkali metals were able to capture CO2 released during pyrolysis and removal of CO2 pushed the 

equilibrium of WGS reaction towards H2 production.  
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