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Abstract 
 

   This work examines the kinetic behavior of Dodonaea viscosa during microwave-assisted pyrolysis as a means of addressing the 

limited insight regarding how biomass degradation pathways are affected by non-conventional heating. Thermogravimetric data were 

analyzed using both model-fitting (Coats–Redfern) and model-free (Friedman and Kissinger–Akahira–Sunose) methods to provide a 

thorough analysis. Results indicated that a third-order kinetic model appropriately described the general trend of decomposition; in 

contrast, iso-conversional analyses verified a multi-stage sequence with the activation energy declining during volatile yields and 

increasing at elevated conversion levels as a result of carbonaceous residue decomposition. These complementary understandings 

demonstrate that microwave-assisted heating ensures the development of characteristic reaction dynamics rather than those derived 

from traditional pyrolysis and thus supply mechanistic support for increased energy efficiency. The results not only unify 

methodology gaps between model-fitting and iso-conversional methodology but also provide useful direction for the optimization of 

microwave pyrolysis parameters, thus enhancing the sustainable production of lignocellulosic biomass-derived bioenergy. 
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1- Introduction 
 

   The growing need for sustainable and renewable 

sources of energy prompted interest in biomass 

thermochemical conversion, in particular pyrolysis, for 

the production of biochar, bio-oil, and syngas due to 

lowered environmental impacts relative to fossil fuels [1]. 

The products thereof involve biochar, which is 

highlighted for porosity, extensive surface area, and 

active surface chemistry, facilitating a vast range of 

applications from soil amendment and heavy metal 

immobilization to wastewater treatment and catalysis [2, 

3]. The nature of the biochar, however, depends mainly 

on the feedstock as well as the conversion technology. 

Typical pyrolysis systems involving external heat supply 

usually experience slow and tortuous heat transfer from 

the surface of particles to the core, which restricts energy 

efficiency [5, 6-8].  

   As a promising substitution strategy, microwave-

assisted pyrolysis (MAP) takes advantage of the 

volumetric coupling of microwaves with polar molecules, 

leading to the acceleration of decomposition rates, the 

establishment of more even temperature profiles, and 

increased energy efficiency [9, 10]. Current research has 

indicated MAP increases the product yields, minimizes 

the pretreatment requirements, and optimizes the quality 

of the resultant biochar, verifying the potential for large-

scale applications for bio energies and the environment 

[11-15]. By a great margin, many of the researches 

carried out so far have been based on agricultural residues 

and woody biomass, without tapping into many idle 

sources of feeds. Dodonaea viscosa, a robust shrub 

indigenous to deserts and dry savanna environments, is a 

promising but untapped lignocellulosic biomass. The 

widespread growth, fast growth rates, and water resilience 

of this species render it a strong contender for biomass 

valorization for dryland ecosystems like Iraq [16, 17]. 

Nevertheless, the pyrolytic character of the biomass—

most especially with microwave irradiation—has been 

comparatively unexplored.  

   Decomposition kinetics studies of the biomass would 

play a significant role in process parameterization, reactor 

development, as well as assessing the biomass as a 

renewable energy resource. Kinetic modeling offers 

valuable information on the multistage character of 

biomass decay [18-20]. Model-fitting techniques like the 

Coats–Redfern procedure provide reduced mechanistic 

explanations, whereas model-free (iso-conversional) 

techniques like Friedman and Kissinger–Akahira–Sunose 

(KAS) indicate activation energy distributions over 

conversion intervals, describing more intricate 
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degradative pathways [20-25]. A combination of the two 

ensures more accurate assessment of energy-dependent 

decay stages. Whereas the large body of studies on 

microwave-assisted pyrolysis since then focused on 

various agricultural wastes or wood-based biomass via 

model-based analysis as well as iso-conversional analysis 

alone [7, 12].  

   This article aims to not only target an insufficiently 

studied feedstock type in arid regions, Dodonaea viscosa, 

a type of desert shrub, but also combines dual-model 

analysis techniques (Coats-Redfern analysis model 

combined with Friedman/KAS analysis model) in a 

microwave-assisted environment. The two-approach 

strategy overcomes activation energy trends and 

mechanistic ambiguity, filling the research lacuna by 

employing overlooked desert biomass. Converting 

Dodonaea viscosa into valuable biochar, this study 

contributes to waste valorization plans and enriches the 

portfolio of the sustainable lignocellulosic feedstocks for 

the production of bioenergy and catalysts. 

 

2- Methodology 

 

2.1. Feedstock preparation 

 

   Dodonaea viscosa biomass was collected from Tikrit 

University College of Engineering. The raw biomass was 

cleaned well by washing using deionized water for the 

removal of dust and impurities, followed by drying at 60 

°C for 24 h using an oven until a constant weight was 

achieved. The dried biomass was also ground and sieved 

for the generation of a consistent size particle of 2.0–2.5 

mm, a value selected for the avoidance of intraparticle 

heat transfer limitations during the pyrolysis process. The 

preparation steps are presented schematically as shown in 

Fig. 1 [16, 17]. 

 

 
Fig. 1. The preparation steps of Dodonaea viscosa 

 

2.2. Microwave-assisted pyrolysis system 

 

   Microwave pyrolytic experiments were carried out 

using a bench-scale microwave reactor (2.45 GHz, 

maximum power 1300 W; WBFY-205/ ZZKD / China). 

The reactor contained a quartz reactor tube and an 

infrared thermometer for real-time measurement of the 

temperature profiles. Prior to each experiment, the reactor 

was purged by high-grade nitrogen (99.99%) at a flow of 

100 mL/min for the maintenance of an inert atmosphere 

and the prevention of the formation of secondary 

oxidation reactions. For each run, 10 g of the Dodonaea 

viscosa biomass was fed into the reactor. The microwave 

power remained at 130 W, as obtained from the 

preliminary optimum experiments. The growth of the 

temperature over time was monitored continuously, and 

the process ran for a time duration until the required 

termination condition had been reached. Solid, liquid, and 

gaseous   products   were   distinctly   collected   for   later  

physicochemical characterization. A schematic diagram 

of the microwave pyrolysis system is shown in Fig. 2 [16, 

17]. 

 

2.3. Thermogravimetric analysis 

 

   Thermal decomposition studies were carried out using a 

microwave reactor with a temperature sensor under a 

nitrogen atmosphere. Approximately 10 mg of sample 

was placed in a quartz reactor at 130 W for 25 min. [16]. 

The data, including weight loss (Wt) as a function of 

temperature and time, were used to calculate the degree of 

conversion (α) according to Eq. 1: 

 

α =  
𝑊𝑖−𝑊𝑡

𝑊𝑖−𝑊𝑓
                                                                                            (1)                                                
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   Where:  𝑊𝑖  is the initial weight of the sample (g), 𝑊𝑡  is 

the weight of the sample at a given time (g) and 𝑊𝑓is the 

final mass of the sample (g). 

 

 
Fig. 2. Schematic diagram of microwave pyrolysis process 

 

2.4. Kinetic modeling approaches 

 

Kinetic parameters were determined with model-fitting 

and model-free processes: Solid-state kinetics may be 

investigated with thermal methods with the help of 

following the property of the sample during heat 

treatment or holding isothermally. Reaction kinetics was 

utilized during the present study with non-isothermal 

thermal data of a constant rate of heating [26, 27]. The 

pyrolytic reaction of the solid material might be described 

as follows: 

 

Raw material (Dodonaea)                  Char +   Volatiles    

                                     

   The rate equation for the solid decomposition under 

isothermal conditions is as follows: 

 
𝑑α

𝑑𝑡
= 𝑘 𝑓(α)                                                                                     (2)   

                                                                                              

   Where k is the rate constant of the reaction, 𝑓(𝜎) is the 

function of 𝜎 and 𝜎 is the conversion or weight loss rate 

that can be calculated with the following equation. 

   The temperature dependent reaction constant k can be 

described with the Arrhenius law as given. 

 

𝑘 = 𝐴 𝑒(− 𝐸 𝑅𝑇⁄ )                                                                       (3)                                                                                      

 

Where T is the absolute temperature (K), R is the gas 

constant (8.3145 J mol/1K.1), E is the activation energy 

(kJ/mol), and A is the pre-exponential or frequency factor 

(min-1).  The equation obtained from plugging Eq. 3 into 

Eq. 1 is as follows. 

 
𝑑α

𝑑𝑡
= 𝐴 𝑒(− 𝐸 𝑅𝑇⁄ ) 𝑓(α)                                                               (4) 

                                                                                         

𝑓(α) can be proposed in the following form. 

 

 

𝑓(α) = (1 − α)𝑛                                                                              (5)                                                                          
 

   The following formula represents the heating rate as a 

function of time in non-isothermal experiments: 
 
𝑑α

𝑑𝑇
=

𝑑α

𝑑𝑡
 ×

𝑑𝑡

𝑑𝑇
                                                                       (6)   

                                                              

   The linear heating rate, ß (K/min), for non-isothermal 

measurements can be expressed as follows:  
 

ß =  
𝑑𝑇

𝑑𝑡
                                                                               (7)  

                                  

   Lastly, applying the linear heating rate Eq. 7 to Eq. 4 

results in. 
 
𝑑α

𝑑𝑡
=

𝐴

ß
 𝑒(− 𝐸 𝑅𝑇⁄ ) 𝑓(α)        

 

or       
 

 
𝑑α

𝑑𝑡
= ß ×

𝑑α

𝑑𝑇
 =   𝐴 𝑒(− 𝐸 𝑅𝑇⁄ ) 𝑓(α)                                            (8) 

 

   This equation is called the general equation of the rate 

of heating during non-isothermal experiments. The 

integrated reaction model or the so-called "integral 

function" or "temperature integral" is given by G(α), 

which is extracted from an integration and rearrangement 

of Eq. 8. 
  
𝐺(α) =  ∫  

𝑑α

𝑓(α)
=

𝐴

ß
 ∫  𝑒(− 𝐸 𝑅𝑇⁄ ) 

𝑇

0

α

0
𝑑𝑇                                        (9)  

                                
   Many integral functions were suggested in the literature. 

The most common functions are summarized in Table 1. 

As per reports, accurate analytical solutions of the 

temperature integral are achieved through the use of 

nonlinear heating programs, like hyperbolic, parabolic, or 

non-Arrhenius temperature functions of the rate constant. 

This approach has never been utilized very commonly. 

This equation is known as the general equation of non-

isothermal experiments, heating rate. Integration and 

recombination of Eq. 8 give. 
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Table 1. Various integral functions suggested in the literature 
Mechanisms of the Reaction  g(α) 

Models of Chemical Reaction   

1st order −ln(1 − α) 
Reaction order (n = 0.25, 1.5, 2, 3) [(1 − α)(1−n) − 1]/(n − 1) 

Models of Diffusion Controlled   

1D transport – plane α² 

2D transport α + (1 − α)ln(1 − α) 
3D transport – spherical (Jander) [1 − (1 − α) (1/3)]² 

3D transport – (Anti-Jander) [(1 + α) (1/3) − 1]² 

Models of Phase Boundary Reaction   

2D, shrinking cylinder 1 − (1 − α) (1/2) 
3D, contraction of a sphere 1 − (1 − α)(1/3) 

Models of Nucleation Reaction   

n = 1, 1.5, 2, 3 (Avrami–Erofeev) [−ln(1 − α)] (1/n) 

Power law Α 
Power law α(1/2) 

Power law α(1/3) 

 

   The integration variable is then written in terms of the 

substitution of X in place of E/RT so as to present the 

above (4.9) integral in a more general expression, and the 

integration limit is then altered as: 

 

𝐺(α) =
𝐴𝐸

ßR
∫

𝑒(− 𝑥)

𝑋2

∞

𝑥
  𝑑𝑥 =  

𝐴𝐸

ßR
 𝑃(𝑥)                                         (10) 

                                                   

   In this case, the integral function has also been given the 

symbol p(x). There are a few alternative methods that can 

be applied to get the solution from this point. The next 

few sections clarify these methods. Table 2 also indicates 

each method and its main assumptions with the plotting 

methods. 

 

2.4.1. Model-fitting method (Coats–Redfern) 

 

   This method was applied to determine the most suitable 

reaction order (n) and corresponding kinetic parameters 

(E, A). The integral form of the rate equation was 

linearized, and the best-fitting reaction order was 

identified based on correlation coefficient (R²) values 

[24]. 

 

𝐺(α) =  
𝐴𝐸

ßR
 𝑃(𝑥) ≅  

𝐴𝐸

ßR
[ 

𝑒−𝑥

𝑥2
  (1 −

2!

𝑥
+

3!

𝑥2
−

4!

𝑥3
+ ⋯ )] 

 

≅   
𝐴𝐸

ßR
[ 

𝑒−𝑥

𝑥2
  (1 −

2

𝑥
)] = 

𝐴𝑅𝑇2

ß𝐸
 (1-

2𝑅𝑇

𝐸
) 𝑒−

𝐸

𝑅𝑇                                 (11)                                                 

 

   The G(α) expression can also now be written for most 

orders of reaction value. 

   When n=1, the function becomes G(α) = -ln (1-α), and 

when n ≠ 1, it has the following expression: 

 

𝐺(α) =  1
𝑛⁄ − 1[(1 − α)1−𝑛 − 1]                                                     (12) 

                                              

   These equations might be obtained by substituting the 

G(α) functions in equation (11) and rearranging them: 

 

n = 1, ln [−
ln(1− α)

𝑇2
] = 𝑙𝑛[

𝐴𝑅

ß𝐸
 ( 1 −  

2𝑅𝑇

𝐸
)  −

𝐸

𝑅𝑇
                            (13)  

                                                             

n ≠ 1, ln [−
ln(1− α)(1−𝑛)

𝑇2 (1−𝑛)
] = 𝑙𝑛[

𝐴𝑅

ß𝐸
 ( 1 − 

2𝑅𝑇

𝐸
)  −

𝐸

𝑅𝑇
                       (14)  

                                         

   For the determination of the reaction order, plotting 

method is generally applied. By linear fitting of the left-

hand side of Eqs. 13 and 14 versus 1/T, the order of the 

reaction can be determined. In addition, for the best fitted 

reaction order, the kinetic parameters A and E can be 

calculated. As a result of plotting, the left-hand side of the 

equations versus 1/T gives straight lines. The highest R2 

values among these straight lines represent the best 

possible reaction order. By using the slope of these 

obtained straight lines (-E/R), the activation energy (E) of 

the process can be figured out. Also, by taking the 

temperature at which Wt = (W0+Wf)/2 in the place of T in 

the intercept term of Eqs. 12 and 13, the pre-exponential 

factor can be calculated [9]. 

 

2.4.2. Model-free methods (iso conversional) 

  

   In this study, two iso conversional (model-free) 

methods—the Friedman (differential) and Kissinger–

Akahira–Sunose (KAS) (integral) approaches—were 

employed to estimate activation energy without assuming 

a specific reaction mechanism. These approaches are 

particularly recommended for biomass systems because 

they effectively capture variations in activation energy (E) 

across different degrees of conversion [9, 10]. While 

model-fitting methods can sometimes satisfactorily 

predict solid-state reaction kinetics, they often 

oversimplify complex processes such as biomass 

decomposition, where multiple reactions occur 

simultaneously [20, 27]. To overcome this limitation, 

model-free methods were developed on an iso 

conversional basis, assuming that the degree of 

conversion remains constant while the reaction rate 

constant (k) depends only on temperature. Among these, 

the Friedman method, one of the earliest iso conversional 

approaches [10], is applied by taking the natural 

logarithm of each side of Eq. 8. 

 

ln (
𝑑𝛼

𝑑𝑡
) = ln [ 𝛽 (

𝑑𝛼

𝑑𝑇
)] = ln[𝐴𝑓(𝛼)] −

𝐸

𝑅𝑇
                                  (15) 

                                                  

   Friedman's kinetic model also supposes that the f(α) 

function of conversion does not depend on time and, 

consequently, has an independent value, so the thermal 

degradation process does not depend on the temperature 
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and is described only by the rate of mass loss.The slope of 

the ln [dβ/dt] vs 1/T diagram, giving a straight line, is 

typically applied to define the activation energy [10]. But 

Kissinger and Akita and Sumiyoshi (KAS method) use 

another Doyle's approximation in the interval 20 ≤ x ≤ 50 

and suppose that a has an independent value. It can be 

described in the following way: 

 

log 𝑝(𝑥) ≅  
𝑒𝑥𝑝−𝑥

𝑥2
                                                                (16)  

 

   Substituting Eq. 16 into the temperature integral Eq. 10 

provides the general equation of the KAS method: 
 

ln (
𝛽

𝑇𝑚
2 ) =  − 

𝐸

𝑅
(

1

𝑇𝑚
) − ln [(

𝐸

𝐴𝑅
)∫

𝑑𝛼

𝑓(𝛼)
]

𝛼

0
                                     (17)  

                          

   Where Tm is the temperature at the maximum reaction 

rate. The apparent activation energy can be obtained by 

plotting ln 𝛽, T2
m vs 1/Tm. The slope of the obtained 

straight lines gives the activation energy. Summary of the 

applied model-free, and model-fitting kinetic methods 

was presented in Table 2.   

 

Table 2.  An overview of the kinetics of model fitting and model free methods 
Model-free approaches Forms and Assumptions in General The Plotting procedure 

Friedman Method 

(differential Iso conversional) 

ln
dα

dt
= ln[β  

dα

dT
] = ln[ 𝐴 𝑓(α) − 

E

RT
 

 assuming that f(α) stays constant.  

Degradation solely depends on the rate of mass loss and is not 
affected by temperature. 

ln (
dα

dt
) vs (1/T)  

Slope = −E/R 

Flynn–Wall–Ozawa Method 
(integral iso conversional) 

Based on Doyle's approximation:  

log p(x) ≈ −2.315 − 0.4567x, for 20 ≤ x ≤ 60 

lnβ =  log
AE

Rg(α)
− 2.315 − 0.4567 

E

RT
 

assumes that throughout degradation, the apparent activation energy 

remains constant. 

logβ vs (1/T)  

Slope = −0.4567
E

R
 

Kissinger–Akahira–Sunose 

Method (integral) 

Based on Doyle’s approximation:  

log p(x) ≈ exp(
−x

x2
) for 20 ≤ x ≤ 50 

ln
β

T𝑚
2 =  

−E

R
T𝑚 − ln

E

AR
∫

dα

f(α)

α

0
  

Assumes α is fixed. 

ln
β

T𝑚
2

 𝑣𝑠 
1

T𝑚

  

Slope = E 

Model fitting Approaches n = 1,  

𝑙 𝑛 [−
ln(1 − α)

𝑇2
] = ln[ 

𝐴𝑅

β𝐸
 (1 − 

2𝑅𝑇

𝐸
)] − 

𝐸

𝑅𝑇
 

n≠1,  

𝑙 𝑛 [−
ln(1 − α)(1−𝑛)

𝑇2 (1 − 𝑛)
] = ln[ 

𝐴𝑅

β𝐸
 (1 − 

2𝑅𝑇

𝐸
)] − 

𝐸

𝑅𝑇
 

 

makes assumptions about the value of the reaction order and applies 

Taylor series expansion. 

ln 𝑔(α)vs 
1

𝑇
 

Slope =- 
𝐸

𝑅
 

Intercept= ln[ 
𝐴𝑅

β𝐸
] 

Coats-Redfern (integral based 
non isothermal method) 

 

2.5. Rationale and limitations of kinetic models 

 

   This particular investigation uses model fitting (Coats-

Redfern equation) as well as iso-conversional (Friedman, 

Kissinger-Akahira-Sunose-KAS) analysis techniques to 

quantify the Dodonaea viscosa pyrolysis reaction under 

microwave-assisted environments. This particular model 

is used as a rudimentary form of analysis that enables 

determination of a reaction order as well as a reaction 

activation enthalpy, attempting a first-order estimation of 

a broad decay process. This particular equation contains 

certain drawbacks in that a reaction model is considered 

as one process with a fixed reaction activation enthalpy 

over the entire process, neglecting possibly intricate 

multistage decay processes of a particular type of 

substrate such as lignocellulosic material in a microwave 

field [12]. 

   To address this, iso-conversional techniques (Friedman 

and KAS) are used in this study, as they can generate 

values of the activation energy that vary with conversion 

independent of a fixed reaction model. Iso-conversional 

techniques evaluate well the dynamic changes in the 

values of activation energy linked to the stepwise 

decomposition of hemicelluloses, celluloses, and lignin in 

the process of biomass pyrolysis [7]. However, iso-

conversional techniques also possess certain drawbacks, 

as they only describe apparent pathways in terms of 

generation of values of activation energy independent of 

fixed reaction mechanisms in a process that could possess 

slightly negative values of E in differential techniques 

such as Friedman. 

   By employing a combination of both methods, the 

results benefit from the strengths of both, as the Coats-

Redfern analysis yields a concise qualitative description 

of reaction order and kinetics, whereas the Friedman and 

KAS analyses describe conversion-dependent dynamics, 

thereby collectively providing a more holistic description 

of Dodonaea viscosa pyrolysis under microwave 

irradiation than either model alone. Moreover, employing 

dual modeling makes sure that overall tendencies as well 

as process-stage-specific details are both taken into 

account. 
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3- Discussion 

 

3.1. The thermogravimetric studies (TGA) of Dodonaea 

viscosa 

 

   A significant variation in the range of decomposition 

temperatures as well as weight loss with increased 

microwave power (from 130 W to 650 W) is a significant 

sign that microwaves induce a notable variation in the 

thermal properties of Dodonaea viscosa. As shown in Fig. 

3 t a less intensive power (from 130 W to 260 W), the 

initial weight loss (approximately 7-22 g) in the range of 

~100-250°C is mostly contributed to by the elimination of 

moisture in addition to the initial decomposition of 

hemicelluloses. At more intensive power (390 W in the 

range of ~150-300°C, 520 W in the range of ~350-500°C, 

as well as in the range of ~450-850°C at the highest 

intensity of power (650 W)), a higher weight loss (about 

10-29 g) is observed. 

   This conclusion is consistent with the observed 

phenomenon of microwave-assisted pyrolysis (MAP), 

suggesting that higher volume heating rates as well as 

elevated internal temperature rise result in earlier 

devolatilization processes as well as increased 

carbonization of chars produced [11, 12]. For example, 

results obtained by Fernández et al. suggest that 

microwave power influences the start of devolatilization 

as well as the production of char in the MAP pyrolysis of 

forest biomass. Again, Liu et al. suggest that higher 

microwave power is effective in improving the 

devolatilization process [11, 12].  

   This effect is observed in the presented data, as the 

"active" window of decomposition is shifted towards 

higher temperatures due to higher microwave power, 

thereby confirming that microwave power is effective in 

enhancing the pyrolysis process [12]. It is also important 

to highlight that this wider temperature range of 650 W 

(450-850°C) is a pointer that microwave pyrolysis is well 

into the lignin/char decomposition process, especially 

given that higher power intensities of microwaves trigger 

higher activation energies in the lignin-rich composition 

[7]. This significant variation in temperature range, as 

well as the substantial material loss, is a pointer that 

microwave pyrolysis not only accelerates the pyrolysis 

process, as highlighted in various previous discussions, 

but in fact allows a new reaction regime in the biomass 

sample. 

 

3.2. Kinetic study by the Coats–Redfern 

 

   The Coats–Redfern analysis was presented in Fig. 4 and 

the calculated kinetic parameters are given in Table 3.  it 

indicates the reaction order that best describes the overall 

decomposition process is approximately 3(R² ≈ 0.94), in 

which the activation energy (E) is a function of the 

reaction order (from approximately 12.7 kJ mol⁻¹ to 91.6 

kJ mol⁻¹ as n increases from 0 to 3). This implies that the 

Dodonaea viscosa decay process in MAP is not a simple 

first- or second-order reaction since a higher reaction 

order suggests a multiple-step process of decay (e.g., 

moisture/volatiles → cellulose → lignin/residue). 

 

 
Fig. 3. The TGA of the microwave pyrolysis of Dodonaea 

viscosa for 25 min 

 

   At a comparable level of studying biomass under MAP, 

model-fitting approaches require a higher reaction order 

or a combination of reactions in fitting the multi-

component characteristics of lignocellulosic materials 

[12]. With increasing values of reaction order in the given 

experiment, the dominating factor becomes evident, 

implying that the sample had a higher concentration of a 

compound that is less sensitive to higher temperatures, as 

evident under Lignocellulosic Materials [7]. Nevertheless, 

the drawback of the Coats–Redfern equation is that it 

enforces a fixed reaction mechanism (through the 

modelled reaction order). Moreover, this equation fails to 

account for the varying mechanisms that evolve during 

MAP pyrolysis as a result of differences in heat/mass 

transfer rates in MW rather than conventional heating. As 

already stated, MAP is expected to result in faster internal 

heating rates, thereby suggesting that modelling this 

process as a first-order reaction is a simplification [18, 

28]. 

 

3.3. Iso-conversional (Model-Free) kinetic analysis 

 

   To overcome the limitation of model-fitting analysis, 

iso-conversional methods, i.e., Kissinger-Akahira-Sunose 

(KAS) and Friedman, were utilized to span a wide 

conversion range (α = 0.34–0.91). Table 4 displays the 

calculated kinetic parameters and the corresponding 

fitting equations, while Fig. 5 and Fig. 6 display the 

corresponding plots. Both methods produced excellent 

correlations (R² = 0.93–0.99), and Friedman consistently 

produced higher values, justifying the adequacy of the 

study. Activation energies (Eₐ) had a strong dependence 

upon conversion, as one would expect for the multistep 

and complicated Dodonaea viscosa pyrolysis. Fig. 5 

shows that at limited conversion (α = 0.34), quite elevated 

apparent activation energies were revealed (61.7 kJ/mol 



S. W. Shakir and A. M. Al-Yaqoobi / Iraqi Journal of Chemical and Petroleum Engineering 26, 4 (2025) 193 - 205 

 

 

199 
 

using Friedman and 54.7 kJ/mol using KAS). As negative 

values are uncommon, a similar anomaly for biomass 

pyrolysis research by Kumar et al. and Yao et al. exists 

[22, 23].  

 

 
Fig. 4. The Coats-Redfern model for the pyrolysis of Dodonaea viscosa 

 
Table 3. Calculated E (J/mol) and A (min-1) values obtained from Coats-Redfern model for the pyrolysis of Dodonaea 

viscosa 
 Reaction 130 W 

n R² E (J/mol) A (min⁻¹) 

0 0.407 12691 326.47 

0.5 0.618 19904.54 3072.72 
1 0.76 29568.7 8791.87 

1.5 0.849 41867.6 4021411.8 

2 0.8987 56617 15987.018 
2.5 0.925 73370.7 10.9 E+9 

3 0.94 91611.96 3.22 E+12 

 
   The need to overcome strong cellulose–lignin bonds 

may explain the atypical results. With increasing 

conversion (α = 0.70–0.84), activation energies lowered 

significantly (36.8 to 29.5 kJ/mol), suggesting the 

increasing favorability of decomposition due to the 

volatilization of hemicellulose and cellulose-derived 

volatiles. Similarly, reports indicated decreasing E value 

trends for agricultural byproducts like rice husk and corn 

stover [21, 23], where cellulose depolymerization 

dominates the mid-stage decomposition. When 

conversion became larger (α = 0.91), activation energies 

rose once more, which agrees with the slow pace of 

lignin-rich elements and char-forming components. This 

agrees with reports which emphasized lignin as the 

biomass element most thermally stable [20, 26]. In 

general, the activation energy values confirm Dodonaea 

viscosa pyrolysis proceeds through several stages, each 

governed by the relative reactivity of the biopolymers. 

The iso-conversional information confirms the pattern 

observed from other lignocellulosic biomass sources, 

thereby affirming the multistage mode of the degradation 

pathway and the suitability of Dodonaea viscosa as a 

model energy resource for thermochemical conversion. 

 

Table 4. Calculated kinetic parameters, R2 values and fitted equations from Friedman and KAS models (E, kJ/mol) 
𝜶 Friedman KAS 

 Fitted equation  R2 E Fitted equation  R2 E 

0.34 y= -7418.6x +19.4 0.944 61678.2 Y= -6584.2+5.339 0.929 54741 
0.7 y= -4429.9x+11.58 0.99 36830.18 Y= - 3544.8+2.6 0.986 29471.5 

0.84 y= -8176.6x+ 18.98 0.959 67980.25 Y= - 7236.6 +4.68  0.948 60165.1 

0.91 y= -6590.3x+14.929 0.978 54791.75 Y = - 5602.7 + 0.524 0.969 46580.8 
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Fig. 5. Plots for Friedman kinetic models 

 

   On the other hand, Fig. 6 shows the Kissinger–Akahira–

Sunose (KAS) model plots of ln (B/T²) versus 1/T at 

different conversion levels (α = 0.34, 0.70, 0.84, and 

0.91), where each dataset forms a linear relationship, 

confirming the validity of the KAS iso conversional 

method for determining activation energy without 

assuming a reaction mechanism. The slopes of the straight 

lines correspond to -E/R, and their variation with 

conversion highlights the dependence of activation energy 

on the extent of decomposition.  

   At low conversion (α=0.34), the steeper slope indicates 

a higher activation energy, suggesting that the initial 

bond-breaking stage requires more energy. With 

increasing conversion (α=0.70 and 0.84), the slopes 

decrease, reflecting lower activation energies likely 

associated with the breakdown of less stable intermediates 

and the release of volatiles. At high conversion (α=0.91), 

the slope becomes steeper again, pointing to the 

decomposition of more stable, carbonaceous residues that 

demand higher energy   input. Overall, the   KAS   plots 

demonstrate that the thermal degradation is a multi-step 

process with variable activation energy   across   different 

reaction stages, consistent with complex decomposition 

pathways. 

 

3.4. Comparison between Friedman and KAS results 

 

   Fig. 7 shows a comparison of the activation energy (Eₐ) 

obtained from Friedman analysis and Kissinger-Akahira-

Sunose (KAS) iso-conversional analysis of Dodonaea 

viscosa pyrolysis. In both analyses, a converging trend in 

activation energy was observed that gradually diminished 

with a rise in conversion until mid-conversion (α ≈ 0.5–

0.8), followed by a sharp increase at higher conversions. 

This trend is in accordance with the sequential thermal 

decomposition of hemicellulose, cellulose, and lignin 

components of the sample, as expected in the 

multicomponent composition of lignocellulosic biomass 

[21-24]. A depletion in Eₐ values in the mid-conversion 

region can be ascribed to the facile depolymerization of 

cellulose as well as hemicellulose components, while the 

sharp increase in values at higher conversions is ascribed 

to the higher thermal stability of the lignin-based chars 

[22]. 

   A slightly negative or varying Ea pattern observed in the 

Friedman results at lower conversions can be ascribed to 

the differential nature of the Friedman analysis and 

greater sensitivity to experimental error, observed earlier 

by Yao et al. in other microwave-assisted systems 

involving biomass [23]. However, a high degree of 

conformity between the iso-conversional results attests to 

the validity of the kinetic results. A combination of model 

fitting analysis (Coats-Redfern method) and model-free 

analyses (Friedman & KAS methods) produces a 

compounded analysis that is beneficial in understanding 

the reaction in a composite way in terms of reaction order 

[7, 12]. 

   Collectively, these results verify that the sequential 

process of Dodonaea viscosa pyrolysis is governed by the 

steps of moisture evaporation, hemicellulose 

volatilization, cellulose depolymerization, and lignin 

carbonization. Therefore, this dual-model strategy allows 

for a holistic analysis of the kinetics of microwave-

assisted biomass pyrolysis, as supported by recent 

analyses that resulted in a multistage model of biomass 

pyrolysis [23-25]. 

 

3.5. Integration of kinetic models and TGA behavior: 

Implications for MAP of Dodonaea viscosa 

 

   A clear pattern emerges of the TGA data with the 

results obtained from kinetic analysis: Dodonaea viscosa 

decomposition under microwave irradiation is accelerated 

in higher temperature regions as power levels escalate; 

kinetic analysis shows the process follows a third-order 

reaction in a general sense, with iso-conversional analysis 

indicating that reaction mechanisms change with 

conversion. Initial regions promote the release of low-
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energy volatiles, intermediate regions promote cellulose 

decomposition (lower E), and the latter regions require 

greater external power input to induce lignin/char 

decomposition.  

   This pattern is in agreement with accelerated heating as 

well as greater internal temperature uniformity achievable 

in MAP [11,12]. Practically, such an arrangement means 

that in process optimization of MAP in Dodonaea viscosa, 

one needs to be aware of the differences in operating—

lower microwave power can be sufficient in the volatile 

extracts phase and primary fractionation, while higher 

power is required in secondary (char/graphitic residues) 

decomposition. Furthermore, the increase in the 

temperature of decomposition with higher microwave 

power indicates that microwave power level is a key 

factor that defines product output (biochar vs. volatiles), 

as already indicated by various reports in the literature 

[7]. 

 

 
Fig. 6. Plots for KAS kinetic models 

 

 
Fig. 7. Comparison of kinetic parameters derived from model-free methods 

 

3.6. Comparison with conventional pyrolysis and 

contributions to literature 

 

   Compared to conventional external heating pyrolysis, 

microwave-assisted pyrolysis has distinct heating 

dynamics in terms of faster internal heating, enhanced 

heat transfer, and possibly increased heating rates, 

resulting in differences in decomposition kinetics and 

yields [11, 12]. The results will provide new specific data 

in support of Dodonaea viscosa, a drought-tolerant desert 
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shrub, thereby increasing the range of MAP studies to 

new kinds of commercial wastes in addition to 

agricultural wastes. As indicated in the Introduction, most 

studies on MAP concern either forest biomass or 

agricultural wastes [6, 11]. This study fills a gap in 

existing literature by providing kinetic characteristics and 

TGA data on Dodonaea viscosa at various microwave 

power levels. 

 

4- Conclusions 

 

   This article offers a holistic analysis of the kinetics of 

Dodonaea viscosa during microwave pyrolysis 

procedures, making use of TGA analysis techniques such 

as model-based analysis (Coats-Redfern equation 

analysis), as well as iso-conversional methods (Friedman 

and KAS methods). It has been revealed from TGA 

analysis that with increased intensity of microwave 

power, the decomposition of Dodonaea viscosa becomes 

faster, implying that microwave power is effective in 

degrading biomass. Also, the kinetics revealed that the 

overall reaction is of the third-order reaction type, 

whereas the iso-conversional analysis revealed that the 

process is a multistage reaction where the values of 

activation energy reduce during the liberation of volatile 

components of Dodonaea viscosa, as well as increase 

during the decomposition of the lignin part. These 

outcomes verify that microwave-assisted pyrolysis 

catalyzes a group of reaction dynamics that vary from 

those of conventional pyrolysis, offering a reaction 

model-based description of microwave-assisted thermal 

conversion of desert-suitable bioresources. Through the 

combination of model fitting techniques with iso-

conversional techniques, this study offers a universal 

strategy towards microwave pyrolysis optimization that 

illustrates the efficiency of Dodonaea viscosa as a 

sustainable source of lignocellulosic material. Future 

studies could include reactor-scale experiments, as well as 

online analysis of the composition of the gases emitted 

during microwave pyrolysis and microwave 

absorber/bioresource pretreatments. 
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Nomenclature 

 

Parameter 

notation 

Parameter definition 

A  is known as the pre-exponential or 

frequency factor (min_1) 

E  is the activation energy (kJ/mol) 

K is the rate constant of the reaction (depend 

on the reaction order) 

N Order of the reaction 

R  is the universal gas constant (8.3145 J 

mol/1K.1) 

T  is the absolute temperature (K) 

T Time (min.) 

Tm  is the temperature at maximum reaction 

rate (K) 

𝑓(α) is the function of α and α is the 

conversion or weight loss rate 

ß (K/min) non-isothermal measurements linear 

heating rate 

𝐺(α) is known the integrated reaction model, so 

called as the ‘‘integral function” or 

‘‘temperature integral” 

p(x) also represents the integral function 

𝑊𝑖  is the initial weight of the sample (g) 

𝑊𝑡 is the weight of the sample at a given time 

(g) 

𝑊𝑓 is the final mass of the sample (g) 

Dodonaea 

viscosa  

Dodonaea viscosa 

KAS Kissinger–Akahira–Sunose 

R² Square root 
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يقة: تحت التحلل الحراري بالموجات الدق Dodonaea viscosa النمذجة الحركية لتحلل 

–يزومنهج تكاملي يجمع بين النمذجة المعتمدة على المطابقة الإحصائية والطريقة الإ
 كونفيرشينال

 
 2 اثير محمد غالب، * ،2 ،١ صفا وليد شاكر

 
 العراق ،.34001، ية، كلية الهندسة، جامعة تكريتو قسم الهندسة الكيميا ١
 العراق ،.10070، ية، كلية الهندسة، جامعة بغدادو قسم الهندسة الكيميا 2

 
  الخلاصة

 
التحلل الحراري بالموجات الدقيقة،  أثناء Dodonaea viscosa تتناول هذه الدراسة السلوك الحركي لنبات   

وذلك لمعالجة محدودية الفهم المتعلق بكيفية تأثر مسارات تحلل الكتلة الحيوية بوسائل التسخين غير التقليدية. 

–Coats) جرى تحليل بيانات التحليل الوزني الحراري باستخدام طريقتين: النمذجة المعتمدة على المطابقة

Redfern)   المعتمدة على نموذج محددوالطريقة غير (Friedman وKissinger–Akahira–Sunose) ،

 .بهدف تقديم تقييم شامل

 في حين أكدت أظهرت النتائج أن نموذج التفاعل من الرتبة الثالثة يصف بشكل ملائم الاتجاه العام للتحلل،

شيط أثناء ينخفض طاقة التن ونفيرشينال أن العملية تسير وفق آلية متعددة المراحل، حيثك–التحليلات الإيزو

 .إطلاق المتطايرات، ثم ترتفع عند مستويات التحول الأعلى نتيجة تحلل البقايا الكربونية

التحلل بارنة توضح هذه النتائج التكاملية أن التسخين بالموجات الدقيقة يحقق ديناميكيات تفاعل مميزة مق

ً لرفع  ً ميكانيكيا ين لمنهجية بالفجوة اكفاءة الطاقة. كما أن النتائج لا تسد الحراري التقليدي، مما يوفر دعما

ً لتحسين ظروف تشغيل المفاعلات العاملة بالت ً عمليا ً توجيها لحراري حلل االطريقتين فحسب، بل تقدم أيضا

 .يةيلوزاللجنوسل حيويةبالموجات الدقيقة، وبالتالي تعزيز الإنتاج المستدام للطاقة الحيوية المشتقة من الكتلة ال

 

 ،الحركية النمذجة ،(TGA) التحليل الوزني الحراري  ،Dodonaea viscosa، التحلل الحراري بالموجات الدقيقة الكلمات الدالة:
 .طاقة التنشيط ،كونفيرشينال–الطرق الإيزو

 

 

 

 


