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1. Introduction 

In the view of the shortage of fossil fuels and with the increasing concerns regarding human impacts on 
the environment, renewable energy sources and waste materials play an important role as a viable alternative to 
fossil fuels for both production of chemicals and energy generations [1-3]. Waste and particularly agricultural 
biomass such as wood biomass seems to be a realistic alternative power generation leading to technical, 
economical and environmental benefits [4]. In the international front, several studies and works [5-8] have shown 
interesting results in the use of wood waste to generate products with higher sell and market valuation. There are 
examples in the field of composite materials (cellulose nanofibers), biofuels (bio-fuels, char and gaseous 
products), fertilizers and composting, and among others [9, 10].  

There are several alternative and disposal methods used to investigate the minimization of the wastes and 
various lignocellulosic biomasses [11]. Among these methods, we have thermochemical conversion process 
which presents several environmental advantages such as the reduction in mass and volume of disposed solids, 
the reduction in pollutants and the potential for energy recovery [12-14]. Thermochemical conversion such as 
pyrolysis could be a viable option for environmentally acceptable way to manage waste wood biomass such as 
sawdust wood (SW) waste, and to manage agricultural biomasse wastes in general [1, 15]. Three products are 
obtained from pyrolysis; bio-oil (condensable volatiles), bio-char (carbonaceous residue) and bio-gas products 
(non-condensable) [2, 16]. The first product (bio-oil) can be modified to an alternative energy source, or it may 
be utilized as raw material for petrochemical production. The second product (bio-char) has potential to be applied 
into the soil for improving N fertilizer use efficiency or can be used as an adsorbent, while for the third product 
(bio-gas), it could be used as an alternative energy source or to supply heat for driving the pyrolysis process [4, 
17-19].       
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In this study, the thermal behavior of sawdust wood (SW) wastes samples was examined at 
different heating rates (β) ranging from 2 to 15 °C/min in inert atmosphere using the 
technique of thermogravimetric analysis (TGA). As the increment of heating rates, the 
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apparent activation energy (Ex), reaction order (n) and the appropriate conversion model 
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apparent activation energy for Sawdust wood waste were 168 KJ/mol, 153 KJ/mol and 164 
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158 KJ/mol and 156 KJ/mol. With varied temperature (300-700 °C), the corresponding 
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To carry out a correct design of the systems for thermochemical treatment and control them properly, it’s 
important to know the different states and complex transitions that take place in the waste wood biomass as the 
temperature varies [20]. The knowledge of the reactivity and the pyrolysis kinetics of the waste biomass give 
valuable information for the pyrolysis system of the biomass [21]. TGA, named thermogravimetric analysis is one 
of the main and common method and techniques used for the study of the thermal behavior of lignocellulosic 
biomass (contain; cellulose, hemicellulose, and lignin) and the kinetics of the thermal decomposition reactions of 
different solid fuels [22].  

Thermogravimetric analysis (TGA) provides a measurement of the mass loss of the sample waste as a 
function of temperature and time [8-23]. Thermogravimetric is normally performed in either a non-isothermal or 
isothermal mode. Evaluating the reaction kinetics by a non-isothermal is advantageous in that considerably fewer 
experimental data are required than in the isothermal method, and the kinetics can be probed over the entire 
temperature range in a continuous manner [24-26].  

In this work, advanced thermochemical conversion technologies are used to study the thermal degradation 
of waste wood such as sawdust waste wood sample. TG has been used to evaluate the thermal behavior in inert 
atmosphere of sawdust wood (SW) waste. The calculation of apparent activation energies Ea, order (n), and 
function of degradation f(x) were based on the application of the isoconversional and model-free methods of 
Friedman, Vyazovkin, Kissinger-Akahira-Sunos, Flynn-Wall-Ozawa, Starink, Avrami theory, Coats-Redfern and 
Criado methods. This research has been conducted as a contribution to the development of advanced 
thermochemical processes such as pyrolysis.        

2. Experimental  
2.1. Materials and samples preparation  

The sawdust wood wastes samples were obtained from Beni-Mellal area (central zone) which located 
about 304 Km of Rabat and 192 Km of Marrakech (Morocco). These samples were obtained from the carpentry 
of construction in the middle of the city. The samples were air-dried and ground to obtain a uniform material of 
average particle size (0.1-0.15 mm). The chemical compositions and the main characteristics of sawdust wood 
samples are depicted in Table 1.  

Table1:Main characteristic of sawdust wood waste (SW) 

 
 
2.2. Experimental techniques  

SW wastes samples were subjected to TG in an inert atmosphere of nitrogen. Rheometrix Scientific STA 
1500 TGA analyzer was used to measure and record the sample mass change with temperature over the course of 
the pyrolysis reaction. Thermogravimetric curves were obtained at four different heating rates (2, 5, 10 and 15 
°C/min) between 20 and 950 °C. Nitrogen gas was used as an inert purge gas to displace air in the pyrolysis zone, 
thus avoiding unwanted oxidation of the sample. A flow rate of around 60 mL.min-1 was fed to the system from a 
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point below the sample and a purge time of 60 min (to be sure the air was eliminated from the system and the 
atmosphere is inert). The balance can hold a maximum of 45 mg, therefore, all samples amounts used in this study 
averaged approximately 20 mg. The reproducibility of the experiments is acceptable, and the experimental data 
presented in this paper corresponding to the different operating conditions are the mean values of run carried out 
three times. 
 
2.3. Kinetic modelling  

Kinetic analysis techniques have been classified as either modelfitting (i.e. the identification of a kinetic 
reaction model) or isoconversional (i.e. model-free) [27]. The latter is preferred by researches for two reasons; (a) 
model-free kinetics are sufficiently flexible to allow for a change in mechanism during a reaction, and (b) mass 
loss transfer limitations are reduced by the use of multiple heating rates. In contrast, modelfitting kinetic methods 
generally involve a single heating rate, which is disadvantageous because the activation energy varies with the 
heating rate due to mass/energy transfer effects [28]. The conversion of biomass can be calculated as:  

∞−
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Where mt is the mass of the sample at a given time t and m0 and m∞ refer to values at the beginning and the end of 
the mass loss event of interest.  

The rate of heterogeneous solid-state reactions can be generally described by: 
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K(T) is a temperature dependent constant and f(x) is reaction model, which describes the dependence of the 
reaction rate on the extent of reaction.  

The mathematical description of the data for a single-step solid-state decomposition is usually defined in terms of 
a kinetic triplet [29]: the activation energy, E; the Arrhenius parameter, A; and an algebraic expression of the 
kinetic model as a function of the fractional conversion x, f(x).These terms can be related to experimental data as 
follows:  
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2.3.1.Friedman method (FR) [30] 
This method is a differential isoconversional method,and it directly based on Eq. (3) whose logarithm is: 
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For this equation, it’s easy to obtain values for E over a wide range of conversion by plotting ln(dx/dt) against 1/T 
for a constant x value.   

2.3.2. Flynn-Wall-Ozawa method (OFW) [31-34] 
The above rate expression can be transformed into non-isothermal rate expressions describing reaction rates as a 
function of temperature at a constant β (β=dT/dt):  
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Where g(x) is the integral kinetic function or integral reaction model when its form is mathematically defined.  
One of the methods to obtain the E form dynamic data may be the one used by Flynn, Wall and Ozawa using the 
Doyle’s approximation of p(x), which involves measuring the temperatures corresponding to fixed values of x 
from experiments at different heating rates. This is one of the integral methods that can determine the E which 
does not require the knowledge of reaction order.   
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Thus, for x= const., the plot ln β verus 1/T, obtained from curves recorded at several heating rates, should be a 
straight line whose slope can be used to evaluate the activation energy.  

2.3.3. Vyazovkin method (VYA) [35] 
Another isoconversional method is the one developed by Vyazovkin and Lesnikovick that allows both simple and 
complex reactions to be evaluated. 

In Eq. (6), since E/2RT>>1, the temperature integral can be approximated by:  
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Substituting the temperature integral and taking the logarithm, we have that: 
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For each conversion value (x), ln(β/T2) plotted versus 1/T gives a straight line with slope -E/R, thus, E is obtained 
as a function of the conversion.  

2.3.4. Kissinger-Akahira-Sunose method (KAS) [36, 37] 
The standard Eq. (5) can be written, as follows:  

)().exp(. xf
RT
EA

dT
dx

m

x −
=
β

)10(  

Which is integrated with the initial condition of x=0 and T=T0 to obtain the following expression:  
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Essentially the technique assumes that the A, f(x) and E are independent of T while A, f(x) and E are independent 
of x, then Eq. (11) may be integrated to give the following equation in logarithmic form:  
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The KAS method is based on the Coats-Redfern approximation according to which:  
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From relationships (11) and (13) it follows that:  
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2.3.5. Starink method (ST) [38, 39] 

According to the Starink method, the approximate expression of OFW method and KAS method can be 
transformed into the same general formula as:  
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Where for FWO method; s=0, B=0.4567; for the KAS method; s=2, B=1. After a further exact analysis by Starink, 
the parameters of s and B has been adjusted to s=1.8, B=1.0033, respectively. Besides, it has been verified by 
Starink that the precision of apparent activation energy calculated by this method is higher than those of FWO 
and KAS methods. Hence the Starink method can be described as:  
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For a given conversion degree x, the points of ln(β/T1.8) versus 1/T at different temperature heating rates can be 
fitted to a straight line, and the slope of the line corresponds to-1.0037Ex/R. Hence the apparent activation energy 
Ex can be calculated from the slope of the straight line.   
 
2.3.6. Avrami theory (AT) [40, 41] 

Reaction order is also a significant parameter to investigate the pyrolysis characteristic of biomass, besides 
apparent activation energy. In order to calculate the reaction order. Avrami theory was used in this study, and it 
can be described as:  
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Where, n represents the reaction order. Taking the double logarithm and transporting. Eq. (17) is transformed into 
the following equation:  

βlnln))1ln(ln( n
RT
E

Ax
x

x
x −−=−− )18(  

For a given temperature, T, the points of ln(-ln(1-x)) versus lnβ at different heating rates can be fitted to a straight 
line, and the slope of the line corresponds to –n. Thus, the reaction order can be deduced from the slope of the 
straight line.  
   
2.3.7. Coats-Redfern method (CR) [42, 43] 

Coats-Redfern method is also an integral method, and it involves the thermal degradation mechanism. Using an 
asymptomatic approximation for resolution of Eq. (11), (2RT/E<<1) the following equation can be obtained:  
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2.3.8. Criado method (Cri) [44] 

If the value of the activation energy is known, the kinetic model of the process can be determined by this 
method. Combining the Eq. (10) with Eq. (19), the following equation is obtained:  
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Where 0.5 refers to the conversion in x=0.5 

The left side of Eq. (20); f(x).g(x)/f(0.5).g(0.5) is a reduced theoretical curve, which is characteristic of each 
reaction mechanism, whereas the right side of the equation associated with the reduced rate can be obtained from 
experimental data. A comparison of both sides of Eq. (20) tells us which kinetic model describes an experimental 
reactive process. Table 2, indicates the algebraic expressions of f(x) and g(x) for kinetic models used.   
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Table2: Algebraic expression of functions of the most common reaction mechanisms 

 

3. Results and discussion 
3.1. Thermal degradation of Sawdust wood waste 

Pyrolysis profiles under inert atmosphere (mass loss TG and derivative mass loss DTG) of sawdust wood 
wastes samples are reported in Figs. 1 and 2. It’s seen that TG and DTG profiles of SW wastes are similar to those 
described in the literature [2, 4-7]. In general, thermal decomposition of sawdust wood waste was achieved in 
three different temperature regimes: drying (step I), main devolatilization (step II) and continuous slight 
devolatilization (step III) (Fig. 2). Between 120 and 130 °C, the moisture in the sample was evaporated, resulting 
in mass loss. The mass loss in the first step is approximately 6.42 % for samples wastes. After drying (step I), 
pyrolytic thermal decomposition reaction took place in the temperature range of about 200-400 °C producing 
condensable and non-condensable volatile gases (step II). The main devolatilization of the wastes samples starts 
and finishes at 150 °C and 410 °C, respectively. The mass loss of the main pyrolysis is 59.7 %.  

 

Figure 1:DTG, TG and Conversion curves of Sawdust wood (SW) waste 
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On the DTG curves, the temperatures at which maximum rate of mass loss occurred are described by the position 
of the peaks in the curve (Table 3). This step is associated with thermal volatilization of the compounds related to 
hemicelluloses and cellulose present in the samples wastes. In the case of lignocelluloses material the temperature 
of degradation and the thermal degradation rate of hemicelluloses and lignin are lower than the values that can be 
found on the cellulose. After the main pyrolytic process, there is a slow and continuous degradation between 398 
°C and 669 °C attributed to lignin degradation (step III). A slight mass loss between 650 °C and 850 °C can be 
assigned to the decomposition of inorganic material. Residual mass at 850 °C is 22.8 % of the initial mass for 
Sawdust wood sample. With regard to the literature [3, 23] and our study, one can say that the characterization of 
decomposition of sawdust wood waste sample is in coincidence with the degradation and decomposition rate of 
other types of wastes and biomasses. But it’s differs from point of view, composition, decomposition values, 
residual masse and temperature of degradation. This due to the composition of samples wastes.  

Table 3:Different temperature values of sawdust wood waste 

 

Heating rate is one of the most important parameters influencing the pyrolysis characteristics (Figs. 1, 2 and Table 
3). It was clear that the heating rate affects significantly the maximum decomposition rate, with maximum 
decomposition rate tending to increase and occur at higher temperatures when pyrolyzed at higher heating rates 
(from 2 °C/min to 15 °C/min). The phenomenon related to this important change in the maximum pyrolysis rate 
can be interpreted by the fact that wood waste such as biomass, has a heterogeneous structure and possesses a 
number of constituents. These constituents give their characteristic individual decomposition peaks in definite 
temperature ranges in the pyrolysis process. 

 

Figure 2:DTG and TG curves of sawdust wood waste at 10 °C/min 

When heating rate was sufficiently low during pyrolysis, most of these peaks can be seen as small broken lines or 
vibrations. However, at high heating rates, separate peaks did not arise because some of them were decomposed 
simultaneously, and several adjacent peaks were united to form overlapped broader and higher peaks [5,45]. This 
fact can be a consequence of heat and mass transfer limitations. With an increase in heating rate, the temperature 
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in the furnace space can be a little higher as the temperature of a particle and the rate of decomposition are higher 
than the release of volatilities. Because of the heat transfer limitation, temperature gradients may exist in the 
particle. Temperature in the core of a particle can be a bit lower than temperature on its surface, and different 
decomposition processes or releasing rates can occur. This is the reason why it is necessary to have a small particle, 
homogenous sample and the heat transfer surface between the sample and the crucible as large as possible [10,15]. 

3.2. Variation of apparent activation energy of SW   
To evaluate the variation of the activation energy on the conversion degree during the major pyrolysis 

process, thirteen levels of conversion degree x varying from 20 to 80 % with an increment of 5 % employed at 
different heating rates 2, 5, 10 and 15 °C/min. The change of the conversion x depending on the temperature and 
heating rates is shown in Fig. 3. The variation of the activation energy as a function of the degree of conversion 
was studied by the methods using Friedman (FR), Flynn-Wall-Ozawa (FWO), Vyazovkin (VYA), Kissinger-
Akahira-Sunose (KAS) and Starink (ST) equations. Linear regression (Fig. 4) was used to obtain the values of 
activation energies in terms of x in the range of (0.2 - 0.8) or (20 % - 80 %) with an increment of 5 % (Fig. 3). 

 

 
 

Figure 3: TG and Conversion degree curves of sawdust wood waste at 10 °C/min 
 

The apparent activation energies were obtained from the slope from the intercept of regression lines are 
given in Table 4. For all the sets of x values, the linear plots of FR, FWO, VYA, KAS and ST methods result in a 
correlation coefficient (R2) higher than 0.980. The dependence of apparent activation energy (Ex) on the degree of 
conversion (x) for decomposition process of sawdust wood obtained by isoconversional methods is presented in 
Fig. 5. 
It can be seen from Table 4, which the apparent activation energy of SW samples varied greatly with different 
conversion degree. The mean values of activation energy obtained from this study were 168.34 KJ/mol for 
Friedman method, 153.35 KJ/mol for Vyazovkin method, 164.84 KJ/mol for OFW method, 158.55 KJ/mol for 
KAS method, and 156.47 KJ/mol for Starink method. Activation energy is an obstacle that must be overcome 
before a chemical reaction is generated and higher value of activation energy means more difficult of a reaction 
occurs. It determines the reactivity and sensitivity of a reaction rate. So different activation energies at different 
degree conversions illustrate the multistage characteristic of the thermal decomposition process of Sawdust wood 
(SW) waste. It also shows the complexity of this physical and chemical transformation, and it should contain 
different reactions at different reaction stages.   
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Figure 4:Regression lines to apparent activation energy proposed by FR, VYA, OFW, KAS, ST methods and Avrami theory 
 

From Fig. 5, one can notice the same shapes of the curves E versus x corresponding to the considered methods 
(FR, FWO, VYA, KAS and ST). This result indicates that the existence of one-step that occurs in cellulose and 
hemicelluloses decomposition of sawdust wood waste samples. It can be seen that the values of apparent activation 
energy E calculated by KAS and VYA methods are lower than values of E calculated by FR, FWO and ST 
methods. Except FR method, all other methods give similar values of E in x degree. The values achieved by FR 
method were larger than those obtained by FWO, VYA, KAS and ST methods. The difference in calculated E 
values can also be caused due to the error of improper integration in FWO, VYA, KAS and ST equations. FR 
method uses instantaneous rate values and so very sensitive to the experimental noises. 
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Table 4:Activation energy deduced from the FR, VYA, FWO, KAS and Starink methods 

 

 
 

Figure 5:Dependence of activation energy on the conversion degree x for decomposition of sawdust waste 
 

3.3. Variation of reaction order and mechanism of SW 
During the major pyrolysis process, in order to evaluate the dependence of reaction order on temperature, 

nine levels of temperature (from 300 °C to 700 °C) were also employed at four temperature heating rates of 2, 5, 
10 and 15 °C/min. Adopting the Avrami theory, the regression lines of sawdust wood waste are shown in Figure 
4. And the calculated reaction order is listed in Table 5. The corresponding values of R2are presented in Table 5. 
It can be seen from Table that the Avrami theory is suitable for determining the kinetic parameter of reaction 
order, based on the data of R2calculated. The reaction order of sawdust wood differed greatly rather than remained 
constant. With varied temperatures (300 – 700 °C), the reaction order of sawdust was first increased from 0.1072 
to 0.2587 and then decreased to 0.1635.  
A model or kinetic method is a mathematical, theoretical description of what occurs experimentally [42, 45]. In 
solid state reactions, a model can illustrate a particular reaction type and interpret that mathematically into a rate 
equation. Many methods and models have been proposed in solid-state kinetics, and these methods have been 
developed based on certain mechanistic assumptions [42]. Other methods are more empirically based, and their 
mathematics facilities data analysis with little mechanistic meaning. Therefore, different rate expressions are 
produced from these models [43, 46]. 
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Table 5: Slope, reaction order (n) and correlation coefficient (R2) deduced from Avrami theory of SW waste 
 

 
 

In order to find the kinetic model of thermal degradation of SW wastes samples, the Coats-Redfern and Criado 
methods were chosen as they involve the degradation mechanisms. To determine the most probable model, Coats-
Redfern method was used, activation energy for every g(x) function listed in table 2 can be calculated at 10 °C/min, 
from fitting ln(g(x)/T2) versus 1/T plots (Figure 6). The activation energies and coefficient correlations at 10 
°C/min are tabulated in table 6. To obtain the degradation mechanism of sawdust sample, we have compared the 
activation energies obtained by the models above, it could be found that the E values of sawdust wood waste 
corresponding to mechanisms F1 (160 KJ/mol) is in agreement with the mean values obtained by Friedman, Flynn-
wall-ozawa, Vyazovkin, Kissinger and Starink methods (153-168 KJ/mol) (Figure 7).  

 
Figure 6:Plot of ln(g(x)/T2) versus 1/T for F1 model for SW thermal degradation 

 
Fig 6 shows the plot of ln(g(x)/T2) versus 1/T for F1model. With correlation coefficient greater than 0.90 (> 0.9). 
According to Coats-Redfern equation, if a correct model is selected for the reaction, the plot of ln(g(x)/T2) versus 
1/T will be linear as possible with high-correlation coefficient. One can say that the Coats-Redfern method 
reliability is not enough and cannot be used to kinetics assessment of reactions. From this point of view the use 
of the method of Criado is very important, this method gives us more information and can be additional to Coats-
Redfern method. The used models and the expressions of associated functions f(x) and g(x) are shown in table 2. 
The master curve plots Z(X)/Z(0.5) versus x for different mechanisms according to the Criado method for sawdust 
wood waste sample is illustrated in Fig 7. As can be seen, the comparison of the experimental master plots with 
theoretical, ones revealed that the kinetic process for the degradation of sawdust sample was most probably 
described by the reaction order F1 (Fn model). Concerning reaction order, order-based models (Fn) are the simplest 
models as they are similar to those used in homogeneous kinetics. In these models, the reaction rate is proportional 
to concentration, amount or fraction remaining of reactant raised to a particular power which is the reaction order. 
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Figure 7:Masterplots of different kinetic models and experimental data at 10°C/min for SW thermal degradation. 
 

Table 6:Activation energy of SW waste degradation obtained by Coats-Redfern method 
 

 
 

Conclusion 
The present study shows that under non-isothermal conditions, in which the sawdust wood waste sample, 

was heated at four different constant heating rates of 2, 5, 10 and 15 °C/min. With the increase in heating rate, the 
decomposition process is shifted to a higher temperature zone, but not very distinctly. Eight methods were used 
for the determination of kinetic reaction parameters: Friedman (FR), Ozawa– Flynn–Wall (FWO), Vyazovkin 
(VYA), Kissinger-Akahira-Sunose (KAS), Starink (ST), Avrami theory (AT), Coats-Redfern (CR) and Criado 
(Cri) methods. The values of activation energy of the SW wood waste vary in different thermal degradation 
temperature ranges. The results showed that apparent activation energy obtained for the decomposition was given 
as mean values; 168 KJ/mol, 153 KJ/mol and 164 KJ/mol for FR, OFW and VYA methods respectively. While 
for KAS and ST methods were 158 KJ/mol and 156 KJ/mol. The corresponding values of reaction order (n) was 
increased from 0.1072 to 0.2587, along with a decrease to 0.1635, and the pyrolysis reaction models of SW sample 
is described by reaction order Fn, First-order (F1). 
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