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Abstract 
The reaction kinetics of Iroko and Mahogany were studied using TGA. The pyrolysis process 
was achieved using six different heating rates of 2,5,8,12,15 and 20˚C. A 15˚C/min heating 
rate was used for gasification in steam at different temperatures while varying the 
concentrations of nitrogen and steam in the process. 

The kinetic parameters, activation energy and pre exponential factor, were obtained by 
implementing two chosen kinetic models. These models are: Friedman’s Iso-conversional 
Method, Flynn-Wall-Ozawa Method (FWO). 

There were substantial differences in the values of the kinetic triplets found from the 
experiments. Due to the substantial differences in the values, it was not the best way to 
perform this kind of analysis (which is the traditional way) but instead to use pure regression 
analysis; but using it for the whole data set (that means for all heating rates) and minimize the 
difference with experimental data. 
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Nomenclature 
A Frequency factor or Pre-exponential factor (min-1)  

β  Heating rate (˚C/min) 

Ea  Activation energy (kJ/mol) 

k Temperature dependent rate constant  

mt  Weight of the sample at present time 

m0  Initial weight of the sample 

mf  Final weight of the sample 

n  Reaction order  

α  Extent of conversion 

T Absolute temperature in Kelvin  

R  Universal gas constant  

TG  Thermo gravimetry 

DTG  Differential Thermo gravimetry  

DSC Differential Scanning Calorimetry  
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1. Introduction  

Energy is quite vital in a society to keep it going. Humans, plants and other animals need 
energy of some form in order to function properly. In the past centuries, the main source of 
energy for the human society has been fossil fuels. However, for a number of reasons among 
which are pollution and skyrocketing prices, there has been recent need for alternative energy 
sources that are renewable. At the moment, biomass is one of the main renewable sources of 
energy. 

Biomass is basically agricultural residues, crops and wood. It is a renewable that is affordable 
and quite easy to store for later use. Besides, biomass forms the third largest energy source 
after coal and oil, is considered carbon neutral when combusted and can therefore be used as 
an alternative to fossil fuels(Saidur et al., 2011). However, burning of wood locally, as has 
been done in Nigeria and other developing countries, poses serious health problems 
(Murdock, 2012) if not properly conducted. This therefore means that proper techniques of 
burning wood need to be employed. Generally, biomass comprises mainly of cellulose, lignin, 
hemicellulose, with small amounts of oils, resins, fatty acids, moisture and mineral matter, 
which makes it combustible. Biomass is therefore considered a highly effective fuel source. 
Cellulose constitutes the largest part of biomass, 50wt% of dry biomass. Lignin has the 
greatest fraction in its shared 25wt% of dry biomass with the small components while 
hemicellulose constitutes the remainder 25wt% of dry biomass (White et al., 2011). It can be 
agreed that the potentials of biomass have not been fully exploited owing to the fact that 
information on modern and proper technologies are not widely spread (Basu, 2010) as is the 
case with Nigeria and other developing countries. The potential use of tropical biomass for 
energy recovery can be made from the outcome of this study. That notwithstanding, there has 
been an elegant shift in history into modern day applications for the efficient use of biomass 
as a renewable fuel especially with the gasification technique. Besides, the availability of 
biomass and its low cost make it a preferred renewable fuel when compared with other 
renewable energy sources. Nigeria itself has about 460 different species of trees with natural 
forest mean annual increase (MAI) = 3-5 m3 /ha/yr. and plantation MAI = 20-25 m3 

/ha/yr.(Akindele, 2013). Biomass conversion however, requires specific techniques which 
definitely yield different outputs.  

The basic techniques for the chemical transformation of biomass into bio-energy include bio-
chemical, physico-chemical and thermo-chemical processes. The latter is the focus point for 
this thesis. In the thermo-chemical technique, the syngas from biomass conversion is used as 
fuel or further synthesized to other desired products. In thermo-chemical conversion, there 
exists a variety of pathways for converting the biomass: 

• Combustion which uses excess air (oxygen) in the atmosphere 

• Gasification in an oxygen deficient atmosphere 

• Pyrolysis in the absence of oxygen 

• Liquefaction, the decomposition of solid feedstock into liquid (Basu, 2010). 

Gasification is a technique that has been used since the 18th century and has undergone 
substantial development in the past years that has resulted in the improvement of the 
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technique. It is now considered the most effective thermo-chemical conversion techniques for 
biomass (Basu, 2010). 

When a substance is heated at high temperatures, it undergoes thermal cracking (thermal 
decomposition) wherein the bonds of larger molecules are broken to form smaller ones. If the 
temperature is in the range of 300oC -350oC, the decomposition is termed pyrolysis yielding 
products known as pyrolysates (Moldoveanu, 2009). The study of pyrolysis kinetics is useful 
in the designing and scaling of biomass conversion on an industrial scale. Pyrolysis of solid 
state biomass entails disparate chemical reactions, thus making their chemical kinetics 
complex. Regardless, the reactions can be classified into two main groups, gas-solid reactions 
and gas-phase reactions. 

In the gas-solid reactions, char conversion, the char from pyrolysis is brought into contact 
with gasifying agents like carbon-dioxide, oxygen and water vapour. The chemical equations 
below show the outcome of such reactions with their respective reaction enthalpies: 

Carbon-oxygen reaction: C + ½O2 → CO [∆HR = -110.5MJ/kmol] 

Boudouard reaction: C + CO2 ↔ 2CO [∆HR = 174.2MJ/kmol] 

Carbon-water reaction: C + H2O ↔ CO + H2 [∆HR = 131.3MJ/kmol] 

Hydrogenation reaction: C + 2H2 ↔ CH4 [∆HR = -74.8MJ/kmol] 

Theoretically, at equilibrium, all of the carbon present in the char is expected to be converted 
into gaseous products. However, in practice, this is not true as the yield is usually about 90% 
owing to the limited contact time between the reactants in the vessel (Stevens and Brown, 
2011). 

If high temperature is maintained, the volatile pyrolates undergo gas-phase reactions. Two 
important reactions can be described in this zone. 

Methanation: CO + 3H2 ↔CH4 + H2O [∆HR = -206.1MJ/kmol] 

Water-gas shift reaction: CO + H2O ↔ CO2 + H2 [∆HR = -41.1MJ/kmol] 

From the above two chemical equations, notice the release of hydrogen and methane; the 
reactions can thus be said to play a vital role in the production of hydrogen and methane in the 
syngas. 

The conversion rate of char determines the overall rate of the reaction in both char conversion 
and pyrolysis. However, the char reactivity can be related to the virgin raw materials used in 
the conversion (White et al., 2011). This now calls for the understanding of the chemical 
kinetics of the reaction and reactants. 

Chemical reaction kinetics is the rate of change of concentrations of reactants and products 
and the factors that affect the rate in a chemical reaction. Three main parameters are used to 
study and describe reaction kinetics: 

• Activation Energy 

• Pre-exponential factor and 
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• Order of the reaction (Huang et al., 2011).  

The rate of a reaction can be altered and is dependent on certain factors. These factors 
include: 

• Nature of the reactants 
• Particle size of reactants 
• Concentration of reactants 
• Pressure of gaseous reactants 
• Temperature 
• Catalysts  
• Radiation effect. 

 
The rate of a chemical reaction could be defined simply as the change of concentration of 
reactants or products with time and is given by the equation below: 
 
 
 
In the above equation, “A” and “P” are the concentrations in moles of the reactants and 
products respectively. “k” is the reaction rate constant and is temperature dependent. Collision 
is a prerequisite for reactions to occur and leads to an intermediate state, Activated Complex. 
By definition, the activation energy is the minimum energy required to overcome the 
activated complex by raising the temperature of the molecules. Based on the fact that the 
reaction rate depends on the frequency of collisions, Arrhenius derived a rate equation and is 
written as: 
 

                                                                               
 
where,  
 
K is the rate constant 
 
Ea is the activation energy 
 
R is the universal gas constant 
 
T is the temperature in Kelvin 
 
A is the frequency factor and depends on number of collisions (Schwaab and Pinto, 2007). 
 
Generally speaking, three key steps are likely to affect the chemical kinetics of heterogeneous 
reactions: 

• Breakage and redistribution of chemical bonds 
• Reaction geometry change 
• Interfacial diffusion between reactants and products. 

 
The kinetic parameters of gasification reactions are somewhat dependent on experimental 
factors like mass sample, sample shape, heating rate, just to name a few. Different 
mathematical methods can be used to evaluate the experimental data, giving rise to different 
models that can be used to derive the required kinetic parameters. The three types of 

=  ; =k  
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mathematical approaches for determining these kinetic parameters are: differential, integral 
and maximum reaction rate methods(Huang et al., 2011). Good knowledge of kinetic 
parameters can influence the design of a reactor. 
 
Thermogravimetry is an analysis technique in a temperature and pressure controlled system, a 
measured mass of a substance is continuously monitored as a function of time and/or 
temperature. A thermal curve is used to display the results where the weight or its percentage 
is plotted against time or temperature. Thermogravimetric analysis (TGA) can be used for 
material characterization in two different ways. On the one hand, it could be used to 
determine the oxidative stability of a substance in a heat controlled system and the analysis 
called Thermal Testing. On the other hand, Compositional Analysis is the term used for the 
application in which a measure of the mass loss of a material is obtained in the specified 
temperature region of the thermogravimetric curve. Furthermore, the Compositional Analysis 
is subdivided into two types. One of which measures the absolute weight loss observed over a 
specific temperature range, reported as the analytical value of the corresponding thermal 
event. In the other type, the measured weight loss is multiplied by a gravimetric factor from 
which the percentage of the component in the original sample can be assigned for the thermal 
event. A thermobalance is the instrument used for such measurements as it is capable of 
simultaneously heating and weighing (Kanagasabapathi, 2012). 

1.1 Purpose  

The main purpose of this thesis is to investigate the pyrolysis and gasification behaviour of 
two wood biomass samples, Iroko and Mahogany. A comparison shall be made with literature 
values to see if the thermochemical technique revealed results similar to those from previous 
studies. 

1.2 Delimitation 

The analysis of the data in this thesis would be limited to a first order reaction for pyrolysis 
for both samples. Due to time constraints and other uncontrollable factors, the gasification 
conclusions have been made mainly from data got from experiments mostly from Mahogany. 
However, this gives room for further research on steam gasification of Iroko in order to make 
conclusions. 
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2. Literature Review 

Pyrolysis is a fundamental thermochemical process, but understanding and modelling of 
pyrolysis process wood is even more complex. There are a number of reasons that can be put 
forward to explain the complexity as described by Kanagasabapathi, 2012: 

• Composition complexities which include molecular structure and moisture as well as 
characteristic decomposition reactions. 

• Structural effects like wood porosity and the effects such as extent of cracking during 
pyrolysis 

• Heating rate effects which affects pyrolysis rate 

• Residence time effects, giving rise to auto-catalysis of secondary reactions. 

However, predictive models that are practical have been developed and made available for 
various kinds of wood samples. 

TGA is a technique that has been used in analyses of thermal degradation studies of biomass 
materials. Previously, other techniques were developed, such as Differential Thermal 
Analysis (DTA), Derivative ThermoGravimetry (DTG) as well as Differential Scanning 
Calorimetry (DSC). However, in order to make conclusions and generalizations more than 
one of these techniques has to be applied. 

Previously, a combination of model free and model fitting methods were used on coconut and 
cashew nut shells, as tropical biomass, in the determination of global pyrolysis kinetic 
parameters, which gave satisfactory results (Tsamber et al., 2008). In the model-fitting 
methods, a reaction mechanism is assumed to represent the rate of decomposition. Model free 
methods on the other hand, does not necessitate the knowledge of a reaction 
model(Vyazovkin and Wight, 1999). A combination of DTG and DSC on seaweed and other 
biomass residues to study their kinetic properties (Kok and Özgür, 2013). Kok and Özgür, 
concluded from their results that the reactivity of biomass fuels is due to the combustion of 
light compounds and energy release is due to combustion of fixed carbon. Using CO2 
gasification on coconut shell, Tangsathitkulchai et al., (2012) concluded that the reactivity 
index of char decreased with increasing carbonization temperature, with the char at 250⁰C 
giving the highest reactivity. It is worth mentioning that biomass occurs naturally in nature 
and has quite high energy potentials. 

In char-diffusion analysis, experiments have shown that char reactivity plays a vital role in the 
overall gasification reaction. The study of heat and mass transfer restrictions operated at high 
temperature when it comes to general solid-gas phase reactions has proven to be of utmost 
importance(Gómez-Barea et al., 2007). The diffusion of the gasifying agent into the solid char 
prior to the reaction is one of the most influencing factors in char reactivity. This diffusion 
occurs sequentially as follows: 

• External mass transfer; gas molecule transfer from bulk gas to external surface layer 
of char bed 

• Diffusion of gas molecules through bed of char particles from external char surface 
(internal mass transfer) 
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• Gas molecules diffusion into interior of char particles (pore diffusion of gases through 
porous particles) 

• Counter diffusion of product gas molecules from the inner pores of solid char to the 
bulk gas region (a combination of pore, internal and external diffusion)(Ollero et al., 
2002) 

For better comprehension, two regimes have been used to explain char reactivity. On the one 
hand, the overall reaction is diffusion controlled. In this regime, there is the consumption of 
all of the reactant gas molecules transported from the bulk gas region to external surface of 
solid char particles on the external surface itself. Hence, restricting the entry of the gas 
molecules into the pores and reaction only occurs at the surface. On the other hand, the kinetic 
regime, if the transport rate of reactant molecules dominates the kinetic reaction rate, 
sufficient amount of gas enters into the pores to react on their surface walls, forming gas 
molecular products.(Gómez-Barea et al., 2006). In the experiments conducted by Gómez-
Barea et al., (2006) it was deduced that the possibilities of eliminating the external diffusion 
limitation through increasing reactant gas concentrations, though beyond a certain limit has 
no influence on the char reaction rate. 

In 2014, pyrolysis and gasification experiments of tropical wood biomass, Teak and Obobo 
were carried out using the TGA. Assuming a 3rd order reaction and 1-D of diffusional model, 
teak gave activation energy values of 137kJ/mol and 143kJ/mol respectively. Obobo, on the 
other hand gave activation energies of 150kJ/mol for both 3rd reaction and 1-D diffusional 
model (Richards et al., 2014). From these experiments on Teak and Obobo, gasification 
values of the kinetic rate constants were determined using gas-solid reaction models namely, 
Volumetric Reaction Model (VRM) and Shrinking Core Model (SCM). The VRM revealed 
values of 0.18 ± 0.01 and 0.23 ± 0.01 min-1 respectively for Teak and Obobo. The SCM on 
the other hand gave values of 0.13 ± 0.02 and 0.17 ± 0.03 min-1 for teak and Obobo 
respectively. 

Experiments carried on woody biomass, coconut and cashew nut shells revealed activation 
energies in the ranges of 180 - 216 kJ/mol and 130 – 174 kJ/mol respectively (Tsamba et al., 
2006). In the study of the kinetic behavior of Poplar wood, the Kissinger method gave an 
activation energy value of approximately 153.92 kJ/mol and the FWO and KAS methods gave 
approximate values of 158.58 kJ/mol and 157.27 kJ/mol respectively (Slopiecka et al., 2012). 

In accordance with a multistep kinetics from isoconversional plots, Mishra et al, found out the 
complex nature of pine wood. It was found that pine wood decomposition mechanism is 
governed by a diffusion mechanism up conversion values of 0.7 and a 1½ order reaction. 
Three Ea values were deduced for different isoconversional plots, 134.32, 146.89, 155.76 
kJ/mol (Mishra et al., 2015). 

In 2014, TranVan et al., carried out thermogravimetric analysis under atmospheric pressure 
and a temperatures of up to 973K on balsa wood in the investigation of the thermal 
degradation of dry balsa specimen and a hygroscopically aged specimen of balsa. The 
activation energy values obtained were 130 kJ/mol for the dry sample and 104 kJ/mol for the 
wet sample (TranVan et al., 2014). 
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3. Methods  

This chapter describes the experimental procedure; the materials and equipment used as well 
as the models for handling the experimental data. 

3.1 Equipment 

3.1.1 TGA 
The thermogravimetric analyser (TGA), Dytherm HP, was the main apparatus used in 
conducting this study. It comprises basically of a Magnetic Suspension Balance and an 
Automated Gas Dosing System, both run by a software called MessPro. 

This piece of equipment can be operated at varying conditions of temperature and pressure, 
with a maximum of 1100⁰C and 40bar of temperature and pressure respectively. The crucible 
which carries the sample to be tested suspends from a thermocouple which regulates the 
temperature of the entire experiment. The thermostat and cooling water jacket aid in the 
circulation of the cooling water around the oven. On one side, the gas dosing system is 
connected to the magnetic suspension balance and on the other side to the gas cylinders. The 
presence of the vacuum pump is to take out the gases formed during pyrolysis and 
gasification. 

3.2 Materials 

By applying proper conversion techniques on biomass wastes, these residues can be used as a 
potential form of energy. The energy content however depends on the chemical composition 
(specifically Carbon, Oxygen and Hydrogen ratios) of the materials(Vassilev et al., 2010). 
Generally speaking, materials with a higher H:C ratio show higher energy content than those 
with higher O: C ratio (Wilson et al., 2011). Nonetheless, the presence of inorganic elements 
and moisture has a negative effect on the energy content as mentioned in Wilson et al. (2011). 

The two samples used in this study were taken from sawmills in Nigeria. An estimated 
30,064,320 m3 of wood wastes is being generated annually from different sawmills and 
lumbering activities in Nigeria (Babayemi et al., 2010). The figures from the wood waste and 
the high MAI value mentioned in the first chapter show a rich source of fuel for power 
production. Presently, Nigeria is suffering from power problems and at the moment such a 
study is quite important as the results would help in the designing of equipment for sawdust 
gasification for power production. As afore mentioned, there is a lot of wood and naturally 
occurring forests that could be used for electricity production. The government is planning to 
remedy the situation through creation of gas power plants in the coming years (Daly, 2013). 

Iroko (Milicia excelsa) and African Mahogany (Khaya anthotheca) are the two samples used in this 
study which constitute the figures of the waste and that of the MAI. These wood species have 
specific characteristics and composition which determine its potential as a fuel. The table 
below shows the ultimate and proximate analysis of the two samples as carried out by 
BELAB AB in Sweden. Figure1 represents snapshots of both samples used in this study; 
Iroko and Mahogany respectively. 
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 (a)       (b) 

Figure 1: Photos of samples; (a) representing Iroko and (b) representing Mahogany 

The samples look similar to the human eye, but they sure have differences which can easily 
be seen from an ultimate analysis of the samples. 

Table 1: Ultimate Analysis of Iroko and African Mahogany 

Local 
Name 

Botanic 
Name 

Moisture%  
(105⁰C) 

Ash % 
ts 
(550⁰C) 

C % 
(dry) 

H % ts 
(dry) 

N % ts 
(dry) 

S % ts 
(dry) 

Iroko Milicia 
excelsa 

6.0 3.0 50.3 5.9 0.25 <0.012 

African 
Mahogany 

Khaya 
anthotheca 

8.8 1.2 49.0 6.0 0.14 0.022 

Abbreviation: ts= total solid;C=Carbon; H=Hydrogen; N=Nitrogen; S=Sulphur 

The higher heating values (HHV) of the samples were predetermined by the C 200 bomb 
calorimeter according to the ASTM D 240 and ASTM D5865 standards. The readings 
obtained were 18,7kJ/g and 18,2kJ/g respectively for Mahogany and Iroko. Notice the slight 
differences in the properties of these samples. 

3.3 Experimental Procedure 

3.3.1 Pyrolysis 
• 0.11g of finely ground sample was placed in the crucible and weighed directly using 

the magnetic suspension balance of the TGA. 

• The sample was dried for 30 minutes at a temperature 105⁰C to remove moisture. 

• The dried sample was then subjected to pyrolysis at a temperature of 900⁰C. 
100ml/min of Nitrogen and 100ml/min of Argon were pumped in to create an inert 
atmosphere and as a purge to remove volatiles respectively. 
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• The pyrolysis temperature of 900⁰C was maintained for 90 minutes to ensure complete 
pyrolysis. The procedure was repeated for the two samples at different ramps (2, 5, 8, 
12, 15, 20⁰C/min). 

3.3.2 Gasification 
• The char from pyrolysis was subjected to steam gasification at a ramp of 15⁰C/min. 

The gasifying agent used was steam with the concentration being varied with that of 
nitrogen while maintaining a total concentration of 100ml/min for the sum of the 
gases. The same concentration of Argon was used as in the case of pyrolysis. 

• Both char samples were tested with different gas concentrations so as to analyze the 
external gas diffusion. In this regard, 70, 80, and 90ml/min of nitrogen with 0.0225; 
0.015 and 0.0075ml/min of steam respectively for the gasification of mahogany char. 
The procedure was repeated for the same sample at different temperatures (700, 900 
and 1000⁰C). One set of experiments was done for iroko wherein the same 
temperatures (700, 900 and 1000⁰C) were used but with 80ml/min nitrogen and 
0.015ml/min steam. A minimum of 150 minutes was used for the gasification to 
ensure complete conversion. 

3.4 Models 

Chemical kinetics is a study of rates of chemical reactions. Chemical kinetics deals basically 
with the rates of chemical reactions, the factors that influence the reaction rates and the 
reaction mechanisms(Elliott et al., 2004). A mathematical relationship between time, 
temperature and conversion is established during such studies(Pantoleontos et al., 2009). 
There are some factors such as temperature, pressure, concentration of reactants and products, 
reaction medium and catalysts. It is possible to interpret the values of reaction rates with 
knowledge of the above mentioned factors by using empirical laws in terms of reaction 
mechanisms. 

3.4.1 Arrehnius Equation 
The Arrehnius equation is foundation on which many of the kinetic models are built written in 
the form of a rate equation: 

k = Aexp (-Ea/RT), where 
 
k is the rate constant 
 
Ea is the activation energy 
 
R is the universal gas constant 
 
T is the temperature in Kelvin 
 
A is the frequency factor and depends on number of collisions 

It is obvious that the above equation is temperature dependent as seen from the exponential 
term. In the Arrhenius equation, the activation energy can be described as the minimum 
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energy that the reactant molecules must surpass to form products, as outlined in Pantoleontos 
et al., (2009).  The rate at which the molecules collide irrespective of their energy levels is 
given by the frequency factor (White et al., 2011). The universal gas constant (R) is 8.314 
J/molK. 

3.4.2 Kinetic Models 
In thermal analysis, the kinetic models are derived to determine a proper reaction mechanism 
for a given reaction and deriving the activation energy and pre-exponential factors. In the 
same way, the kinetic models are used for developing suitable models for the evaluation of a 
reaction at different reaction conditions (Vyazovkin et al., 2011). 

The simplest isothermal reaction can be expressed in a differential form of two independent 
functions as: 

 (1) 

 K(T) is the rate constant and is often estimated by the Arrhenius equation. 

ƒ(α) is a conversion function representing the reaction model used and controls the reaction 
mechanism(White et al., 2011).dα/dt represents the rate of conversion as a function of 
reactant concentration loss at constant temperature (Tangsathitkulchai et al., 2012). In White 
et al., (2011), “α” is defined as the extent of the reaction or as the amount of decomposed 
material in mass fraction. 

  (2) 

Where, 

“mo” is the initial mass of the material 

“mt” is the mass of material at time “t” 

“mf” final mass of material 

Substituting the Arrhenius equation into equation (1), it becomes 

                  (3) 

However, in many non-isothermal experiments, the temperature of sample is increased at a 
chosen ramp and constant heating rate (Ebrahimi-Kahrizsangi and Abbasi, 2008). The heating 
rate can be represented by β. The reaction rate can be rewritten as: 

                                                                                   (4) 

 

But  (5) 

= *  
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By substituting (4) and (5) into (3) a new form of the rate equation for non-isothermal 
experiments can be obtained: 

                                                     (6) 

3.4.3 Pyrolysis Kinetics 
Using mathematical modelling as a basis, the kinetic models have been divided into “Model 
Fitting” and “Model Free” methods (Janković et al., 2007). If a single model is used for data 
analyses the term “Analysis” is used to describe the treatment of the data. Whereas 
“Synthesis” is the term used if more models are used for data treatment(Brown, 2001). In this 
research, a Synthesis has been adopted for data analyses. Two model free methods have been 
used in the analyses namely, the Friedman’s Iso-conversional Method and the Flynn-Wall-
Ozawa Method (FWO). The choice of method here is as a result of ease of use and the fact 
that they yield acceptable results when used in previous experiments. 

Friedman’s Iso-conversional Method 

The non-isothermal rate equation can be transformed by applying the natural logarithm on 
both sides into: 

                                    (7) 

Where, ƒ(α) = (1-α)n. 

By substituting ƒ(α) into equation 7, it can be rewritten as:  

                                                                                                                            (8) 

 

Equation (8) has the form of a linear equation and a plot of ln(dα/dt) versus 1/ Tα  can be 
made with the slope being Ea/R from where the activation energy can be calculated. 

Flynn-Wall-Ozawa Method (FWO) 

An assumption made here is that the apparent activation energy is constant throughout the 
reaction (White et al., 2011). Performing an integral over (7) with respect to α and T yields: 

 

                                                                                                                            (9) 

By applying the Doyle’s approximation to equation (9), equation (10) is formed. 

                                                   (10) 

= dT 

= lnA + nln  -  
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From the plot of logβ versus 1/Tα a straight is obtained whose slope is -0.4567 Ea/R and logA 
value can be calculated from the intercept by assuming different reaction models for g(α), as 
outlined in White et al., (2011). 

3.4.4 Gasification Kinetics 
Gasification is always slower than pyrolysis and is thus considered as the rate limiting step of 
the overall biomass conversion. The gasification rate plays a more important role on the size 
of the gasifier than its pyrolysis rate(Basu, 2010). It is for this reason that an in-depth study of 
char gasification of a substance is useful.  

There are many different kinetic models available to represent the gasification particles; the 
Shrinking Core Model (SCM) and Volumetric Reaction Model (VRM), the Random Pore 
Model (RPM) and the modified Volumetric Reaction Model (mVRM) have been extensively 
used. In the data analyses of this research, the SCM and the VRM have been used because 
they gave satisfactory results in previous experiments and their ease of use as well.  

Shrinking Core Model (SCM) 

This model assumes the commencement of the reaction on the outer char surface and gradual 
movement towards the inside. There exists a shrinking core of non-reacted solid at the 
intermediate conversion of the solid (Seo et al., 2010). The reaction is described by the 
equation below: 
 
  

 

From the integral of the above equation, a plot of 1-(1-α)1/3 vs t can be made whose gradient is 
KSCM. 
 
Volumetric Reaction Model (VRM) 
In Seo et al., (2010) it is seen that this model assumes homogeneity in the reaction throughout 
the char particle and hence the rate constant is given by: 

 
 

In a similar manner, a plot of -ln(1-α) vs t from the integral of the above equation can be 
drawn with its slope being KVRM. 

3.5 Statistical Analysis 

Due to the presence of multiple reactions of cellulose and hemicellulose in the wood samples, 
it was hard to get a specific value of activation energy and pre-exponential factor. By using 
pure statistical regression on excel, with the experimental values, it was possible to simulate 
values of Ea and A. These values were later on used to calculate values of α which where 
compared with the experimental α-values to see how closely they agreed. 

 = (
 

= (1 - )  
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4. Results and Discussion 

4.1 TG and DTG Analysis 

There are several different graphical methods that can be used to represent data from TG 
experiments. The weight loss curve is one of those methods, wherein, a plot of Total Weight 
loss versus Temperature or in some cases time is made. DTG curves, otherwise known as 
derivative plots are used as well. In the DTG curves, the rate of weight loss is plotted against 
time or temperature and can be used to resolve overlapping processes and kinetic evaluation 
as mentioned in Brown (2001). 

The TG provides limited information on the process; general information about the 
decomposition in the chemical process can be deduced but not specific information on the 
decomposition. It does not provide the temperature where you have the highest reaction rate. 
Figures 2 and 3 below show the thermal decomposition for Iroko and Mahogany at different 
ramps. 

 

Figure 2: Weight loss versus temperature graph for Iroko 

 

Figure 3: Weight loss versus temperature graph for Mahogany 
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In the above representation, notice that the decomposition occurs mainly between 150 ˚C and 
500˚C after which the process becomes slower since most of the material has been 
decomposed. The table below shows the temperature ranges where you have the active 
pyrolysis (high decomposition rate between 10% and 90% conversion) of both samples. 

Table 2: Temperature range of decomposition for Iroko and Mahogany 

Heating rate (⁰C/min) Iroko temperature 
range (⁰C/min) 

Mahogany temperature 
range (⁰C/min) 

2 205-380 213-368 

5 207-392 212-337 

8 209-398 213-347 

12 207-380 218-360 

15 220-385 224-367 

20 220-411 231-403 

 

The limitations of the TG saw the need of a method which gives more detail, the DTG. With 
the DTG, there is the possibility of determining the peak temperature, where the rate of 
reaction is highest. The figure below is a DTG for Iroko at different ramps, revealing the peak 
temperatures and the corresponding reaction rates.  

 

Figure 4: Conversion rate versus temperature for Iroko 

Tables 3 and 4 below show the peak temperature and reaction rates of Iroko and Mahogany 
for the specific ramps used. 
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Figure 5: Conversion rate versus temperature for Mahogany 

Table 3: Maximum reaction rate and peak temperature at specific ramps for Iroko 

Heating 
rate(˚C/min) 

2 5 8 12 15 20 

Peak 
Temperature 
(˚C) 

250 245 245 248 255 250 

Reaction 
rate (g/min) 

0.125 0.075 0.124 0.223 0.217 0.214 

 

Table 4: Maximum reaction rate and peak temperature at specific ramps for Mahogany 

Heating 
rate(˚C/min) 

2 5 8 12 15 20 

Peak 
Temperature 
(˚C) 

280 280 280 280 280 280 

Reaction 
rate (g/min) 

0.025 0.094 0.139 0.120 0.204 0.247 

 

In tables 3 and 4, notice that the peak temperatures are fairly the same but the reaction rates 
tend to increase at with increasing in ramp.  
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4.2 Kinetic Parameters 

By making plots of the Friedman and FWO models, the kinetic triplets are obtained. These 
triplets are the Activation Energy, Pre-exponential Factor and the Rate dependent Constant. 
Generally speaking, from the slopes and intercepts of these plots the triplets were obtained. 

Table 5: Summary of kinetic parameter calculations 

Kinetic Model Plot Slope Intercept 

Friedman  versus     

FWO log β versus   -  
 

 

By using the Friedman method, the activation energy and pre-exponential factor were 
determined from the slope and intercept respectively as shown in equation (8) and table 5 
above. With the activation energy and pre-exponential factor determined the K value can be 
got by substitution. In the case of FWO method, (1-α)n is often used and for the fact that the 
actual reaction mechanism is not a necessity in making the assumption. Notice that “n” can 
take integer values of 1, 2, or 3 to represent respectively first order, second order and third 
order reactions. In this thesis however, the order of the reaction was assumed to be first order. 
So the results and conclusions are for a first order reaction. 

 

Figure 6: Graph for Iroko using Friedman model 
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Figure 7: Graph for Mahogany using Friedman model 

 

 

Figure 8: Graph for Iroko using FWO model 

From figures 6,7,8 and 9 there is a noticeable drop in gradient at 90% conversion. This can be 
explained by the simple fact that the reaction is almost complete, most of the carbon has been 
converted, and the reaction tends to be slow.  
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Figure 9: Graph for Mahogany using FWO model 

Table 6 below shows values of activation energy and pre-exponential factor at the different 
conversions for both models used. 

Table 6:  Activation energy, pre-exponential factor and coefficient of determination for Iroko 

Activation Energy (kJ/mol) R2 Pre-exponential factor A(min-1) 

α Friedman FWO Friedman FWO Friedman  FWO  

0.1 189 180 0.59 0.60 1.09E+19  1.12E+19  

0.2 223 222 0.55 0.56 1.67E+22  2.07E+23  

0.3 222 249 0.47 0.56 7.44E+21  6.21E+25  

0.4 222 210 0.59 0.54 4.63E+21  3.13E+21  

0.5 257 225 0.64 0.56 1.09E+25  7.78E+22  

0.6 276 260 0.58 0.60 6.22E+26  2.05E+26  

0.7 339 233 0.69 0.64 6.76E+31  1.74E+23  

0.8 253 234 0.40 0.46 5.18E+21  7.59E+21  

Average 247.6 226.6 0.50 0.53 8.45E+30  3.35E+25  

 

On table 6, a dependence of activation energy on the extent of conversion can be seen; 
activation energy increasing with extent of conversion. By using statistical regression on 
excel, values of the activation energy from data obtained using FWO and that using Friedman 
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method were obtained for all the ramps to show how they vary for each ramp used. The 
essence of this was to compare experimental results with calculated results to check the 
degree of deviation.  

In figure 10 and figure 11 are plots showing how activation energy changes with the 
conversion throughout the process for the selected methods, for the respective samples used. 
Mahogany was found to show greater variation between the methods used. 

 

Figure 10: Activation energy versus conversion for Iroko 

 

Figure 11: Activation energy versus conversion for Mahogany 

The values obtained for the kinetic triplets from the experiments were somewhat different 
from those obtained in previous studies. In the same way, there was substantial difference in 
the values from the different models, giving rise to the need of a statistical regression in order 
to minimise such differences. 
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4.2.1 Calculated Data Simulation vs Experimental Data 
A comparison between calculated data and experimental data is of importance as it helps 
reveal the uncertainty of calculated results(Reichert, 2014). Besides, it is equally of 
importance in kinetic model evaluation and reaction mechanism selection. By using sum of 
squares, the deviation can be evaluated from conversion versus temperature plots. 

                                                                                            

                                                                                                                          (11) 

N – number of data points considered. 
i – discrete values of reaction rate. 
exp –  experimental 
mod –  model or simulated value. 

Table 7: Statistical regression results for Iroko 

Variables Ramp 2 Ramp 5 Ramp 8 Ramp 12 Ramp 15 Ramp 20 All 
Ramps 

Ea 253.79 179.06 188.39 187.30 166.11 161.20 292.18 

A 3.23E+24 2.72E+16 5.41E+17 8.28E+17 1.30E+15 7.67E+14 6.4E+28 

n 8.08 5.95 6.48 6.37 5.01 5.65 9.19 

Sum 2.74 0.26  6.22 

 

4.19 12.12 

 

0.11 

 

25.65 

 

Table 8: Statistical regression results for Mahogany 

Variables Ramp 2 Ramp 5 Ramp 8 Ramp 12 Ramp 15 Ramp 20 All 
Ramps 

Ea 154.07 94.00 98.88 141.73 149.06 158.53 338.79 

A 7.89E+12 5.53E+06 3.44E+07 2.14E+12 9.64E+12 1.14E+14 4.25E+32 

n 4.48 2.35 2.69 3.93 3.99 4.82 8.66 

Sum 7.16 0.82  0.18 

 

0.12 0.69 

 

0.08 

 

8.43 

 

In figures 12 and 13 you see how the simulated data differ from the experimental data for the 
different heating rates for Iroko and Mahogany. In both cases, at a very low ramp of 2°C/min, 
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the reaction takes long to commence and much time for a noticeable change to occur. It is for 
these reasons that you find the 2 ramp curve standing away from the group. 

 

Figure 12: A comparison of simulated conversion values and experimental values with respect 
to temperature for Iroko 
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Figure 13: A comparison of simulated conversion values and experimental values with respect 
to temperature for Mahogany 

4.3 Gasification 

4.3.1 Rate Constants Calculation (k) 
There is a variety of kinetic models that can be used in the calculation of rate constants for 
char reactivity. As aforementioned in chapter two, the VRM and the SCM are common 
methods used to calculate the “k” values. The figures below represent the fitting of the kinetic 
models, VRM and SCM, to find the respective rate constants kVRM and kSCM. 

Table 9: Calculated gasification rate constants using VRM and SCM at different 
temperatures. Nitrogen and steam concentrations maintained at 80% and 20% respectively. 

Temperature(°C) K values from 

VRM 

R2 K values from  

SCM 

R2 

700 0.0140 0.98 0.0590 0.95 

900 0.0298 0.87 0.1210 0.78 

1000 0.0493 0.87 0.2160 0.73 

 

 

Figure 14: Plots of VRM for Itoko at different temperatures with 80% nitrogen and 20% 
steam. 

Gasification experiments were carried out in this thesis at different temperatures, using 
different nitrogen concentrations. Table 8 below shows results obtained from the experiments. 
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Figure 15: Plots of SCM for Iroko at different temperatures with 80% nitrogen and 20% 
steam. 

From the above two plots, notice clearly that the reaction is much faster at higher 
temperatures, fastest at 1000°C and slowest at 700°C for Iroko ar the given concentrations of 
nitrogen and steam.  

Table 10: Calculated gasification rate constants (using SCM) at different temperatures and 
concentrations of steam for Mahogany. 

Temperature(°C) V1 (0.0075) R2 V2 (0.015) R2 V3 (0.0225) R2 

700 0.0219 0.91 0.0246 0.91 0.0223 0.91 

900 0.1298 0.99 0.1545 0.76 0.2345 0.94 

1000 0.1031 0.78 0.1192 0.58 0.3038 0.99 

From table 10, it can be deduced that at a particular gasification temperature, the gasification 
constant increases with increase in concentration of steam. The gasification constant is higher 
at higher temperatures. 

Table 11: Calculated gasification rate constants (using VRM) at different temperatures and 
concentrations of steam for Mahogany. 

Temperature(°C) V1 (0.0075) R2 V2 (0.015) R2 V3 (0.0225) R2 

700 0.0052 0.95 0. 0059 0.95 0. 0053 0.96 

900 0.0296 0.99 0. 0352 0.88 0. 0620 0.97 

1000 0.0245 0.83 0. 0287 0.64 0. 0692 0.99 

Similarly, from table 11, at a particular gasification temperature, the gasification constant 
increases with increase in concentration of steam. The gasification constant is higher at higher 
temperatures. The two gas-solid reaction models reveal a dependency of gasification constant 
on temperature. 
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5. Conclusion 

Thermogravimetric analysis was used to investigate the reaction kinetics, pyrolysis and 
gasification, of tropical wood biomass. Owing to the fact that the composition of wood is 
mainly cellulose and lignin a range of parameters were found rather than just fixed values. 

• From the two model free methods used, the “Ea” and “A” values were in the range of 
215-225 kJ/mol and 2.98E+25-7.51E+30 min-1 respectively for Iroko. Whereas for 
Mahogany, the “Ea” and “A” values were in the range of 210-377kJ/mol and 
3.24E+30-1.83E+58 min-1. Due to the substantial differences in the values, it was not 
the best way to perform this kind of analysis (which is the traditional way) but instead 
to use pure regression analysis; but using it for the whole data set (that means for all 
heating rates) and minimize the difference with experimental data. 

• Mahogany was found to have a higher reactivity than Iroko. 

• Gasification rate constant values for Mahogany determined using SCM and VRM 
models were found to increase as the steam concentration was increased at a given 
gasification temperature. 

• The kSCM values were generally higher than the kVRM values for Mahogany. 
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