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Abstract  

This work aims to investigate the decomposition reaction kinetics of the hybrid sugarcane IACSP95-

5000. The thermogravimetric analyses were conducted using heating rates of 5, 10, 15 and 20 ºC/min in 

the nitrogen atmosphere. Four thermal decomposition stages were identified: dehydration (25.1–150 °C), 

extractives (150-240 ºC), pyrolysis (240–420 ºC), and carbonization (420–900 C). The isoconversional 

methods of Friedman, Ozawa-Flynn-Wall, modified Coats-Redfern and Vyazovkin were applied. The 

temperature range considered for pyrolysis was 180-420 ºC. The activation energies obtained varied from 

159.2 to 163.7 kJ/mol. The best-fit reaction model (Master Plots) was the 6th order reaction. The pre-

exponential factor of 1.1 1013 s-1 considering the activation energy of 152.6 kJ/mol was obtained by the 

linearization method (average deviation of 22.6%). Besides that, independent parallel reactions scheme 

for four components (extractives, hemicellulose, cellulose, and lignin) was applied between 150-900 ºC, 

and the mean activation energies were 131.4, 103.7, 174.1 and 64.0 kJ/mol for four heating rates, 

respectively, with an average deviation of 4.6%, showing good agreement with the experimental data. 

Finally, these results can support further energetic availability studies comparative to the others 

lignocellulosic biomasses. 
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Introduction  

One of the world's main concerns in this century is related to the greenhouse effect, global 

warming and the lack of fossil fuels in the future. As an effort to reduce environmental damages, 

countries representatives around the world concealed, during the United Nations Conference on Climate 

Change (COP21) in Paris in December 2015, to create laws in order to maintain the global temperature 

increase until 2 °C by the end of the 21st century. One of the pillars lies in replacing non-renewable 

energy sources with natural and renewable ones [1]. 

Vegetable biomasses configure as a sustainable option to produce heat, electricity, and energy, 

able to absorb carbon dioxide (main greenhouse gas) during the growing stage and to produce fuels with 

reduced emission of nitrogenous and sulfurous compounds [2,3]. Even with all these advantages, there is 

still a fear of using biomass as a source of energy due to two main aspects. Firstly, its use as an energy 

source competes with food production [4] and secondly, larger technological investments are needed to 

make biofuels economically competitive compared to fossil fuels [5]. These facts keep conventional oil 

fuels as the main sources of energy used in agriculture [1], despite their known environmental concerns as 

non-renewable sources. 

Sugarcane is one of the few biomasses in the world able to produce both food and energy. The 

traditional cane varieties contain high sucrose content for sugar production and the energy canes, with 

high fiber content, for energy production. This scenario is very important to Brazil, which is the largest 

producer of sugarcane in the world [6] and encouraged by the Law 6.961/2009. It provides rural credit 

and technical subsidies for the farmers to produce sugarcane in their properties [7]. All these factors 

reinforce the need for further studies involving sugarcane as a source of biomass in Brazil.  

Sugarcane can be used in different ways for energy production: (1) sugarcane bagasse can produce 

electricity for the sugarcane plant itself or for other industrial plants [8]; (2) It can also be used to produce 

second-generation ethanol, charcoal, and bio-oil. Residues such as sugarcane straw or sugarcane bagasse 

can also be used for thermal processes [9,10]. 

Different species of sugarcane and residues have already been characterized [7,11,12,13], each one 

differs in terms of structural aspects, which gives it more or less potential to produce energy. The hybrid 
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varieties, however, created in genetic programs may have a potential for both uses, considering the 

species used as their parents [8]. 

The hybrid IACSP-955000 was launched in 2013 by the Agronomic Institute of Campinas 

composed by the traditional cane Saccharum officinarum and the energy cane Saccharum spontaneum. 

This specie, which presents higher sugar production, showed better water independence, and higher 

biomass productivity in drier areas in Brazil. Nevertheless, there are no studies in the literature with this 

variety to verify if this hybrid can also be used for energy production, maximizing its residues recovery, 

increasing farmer’s profit, and facilitating waste management. The main path to verify energetic potential 

with this biomass is to investigate the kinetic parameters (e.g., activation energy, pre-exponential factor, 

and reaction mechanism) of that hybrid and compare it with other energy canes and sugarcane residues 

reported in the literature.  

Then, this study aims to evaluate the thermal decomposition kinetics of the hybrid sugarcane 

(IACSP95-5000) in the inert atmosphere applying the isoconversional methods (single-step reaction 

model) and independent-parallel reactions scheme (multiple reactions model). This study may be the first 

step to maximize the residues recovery of that hybrid (using it for both sugar and energy production) and 

serve as a guide for design and optimization for pyrolysis with this variety in industrial scale.  

 

Materials and methods 
 

Materials 

 

The biomass used in this work (sugarcane IACSP95-5000) was grown in the Department of 

Biology of UNICAMP, Brazil, for a period of 18 months. The samples were cut into pieces of 5 cm in 

length, containing a knot in each piece, and they were cut neglecting the first four knots, due to their 

higher concentration of phenolic substances [7], which could compromise the kinetic analysis. Due to the 

high moisture content, the biomass sample was after placed in a drying oven (Quimis, model Q314M-

242, Brazil) for 24 hours at 103ºC. After that, the samples were ground and sieved in a RONE knife mill 

NFA 1533 No. year 44699 coupled with a 6 mm sieve. Granulometric separation was performed in a set 

of sieves (Produtest, Model T, Brazil) selecting particle diameters between 210-297 μm in order to avoid 

mass and heat transfer limitation during thermal analysis.  

The chemical and thermal properties of the IACSP500 were presented in detail by Lima [14]. In 

summary the chemical composition (m/m dry basis) was of extractive (67.18%) hemicellulose (13.03%), 

cellulose (13.70%) and lignin contents (2.82%). The ultimate analysis achieved 42.55 % of carbon, 6.42 

% of hydrogen, 0.35 % of nitrogen, and 49.29 % of oxygen (by difference without ash content). The 

proximate analysis was performed according to standards testing obtaining 78.40 % of volatile matter 

content, 1.41 % of ash content, and 20.11 % of fixed carbon. The higher heating value, HHV (17.01 ± 

0.05 MJ/kg) and the lower heating value, LHV (15.42 MJ/kg) were obtained. 

 

Thermogravimetric Analysis 

 

The thermogravimetric analysis was performed using a thermogravimetric analyzer (Shimadzu 

Corporation, TGA-50, Japan). The equipment has controlled temperature programming and records the 

mass variation as a function of time and temperature with measurements uncertainty of 0.001 mg.  

The IACSP95-5000 samples were applied in high purity nitrogen (inert) atmosphere (N2 = 

99.996%, 4.6 FID, White Martins, Brazil) with a flow rate of 50 mL/min [7,15]. Four heating rates were 

used (5, 10, 15 and 20 °C/min) with temperature range (25 ºC - 900 °C). These choices followed the 

suggestions of ICTAC standards, which proposed to work with 3-5 heating rates lower than 20 ºC/min 

[16,17]. Higher heating rates interfere with the thermal conversion curves and kinetic parameters, due to 

limitations in the heat and mass transfer phenomena.  

The sample mass applied in the kinetic tests was 10.17 ± 0.23 mg for all heating rates using an 

alumina crucible with 5 mm of diameter and 4.5 mm of height for all runs. This crucible has a high 

thermal conductivity, but also chemical stability up to 1750 ºC [17]. The baseline analyses were also 

performed for the four heating rates to decrease systematic errors and variations in scale measurement due 

to buoyancy effects with increasing temperature [16].  

 

Data analysis  

The baseline and sample data analyses were performed using software Microsoft® Excel 2016 

(version 16.0.4266.1001). The mass sample of biomass was firstly subtracted in relation to the baseline, 

using the PROC function available in the Excel formula package, which searches by the baseline 

temperature closest to the sample. This procedure was repeated for the entire temperature range for the 
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four heating rates. Baseline data were obtained under the same conditions to the sample in order to 

eliminate systematic errors as recommended by Vyazovkin et al. [17]. The mean difference (𝜉𝑇̅) between 

the baseline (𝑇𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒𝑖,𝛽𝑝𝑟𝑜𝑐
) and the sample (𝑇𝑠𝑎𝑚𝑝𝑙𝑒𝑖,𝛽

) temperatures were calculated according to 

Equation 1, in which T represent the temperatures data i at each time t, and N represents the numbers of 

data for each heating rate.  

 

𝜉𝑇̅ =
1

𝑁
∗ ∑  |𝑇𝑠𝑎𝑚𝑝𝑙𝑒𝑖,𝛽

− 𝑇𝑏𝑎𝑠𝑒𝑙𝑖𝑛𝑒𝑖,𝛽𝑝𝑟𝑜𝑐
|

𝑁

𝑖=1

   
(

(1) 

 

The 𝜉𝑇̅s were lower than 0.7 °C for all heating rates, indicating that both sample and baseline 

analysis were performed at nearby temperatures, conducting the reliability of the final experimental 

results for kinetic parameters. A difference greater than 1 °C would implicate in an error of approximately 

5% in the estimation of the activation energy and the pre-exponential factor in the pyrolysis region [16].  

After this procedure, the DTG (dm/dt) was calculated in mg/s using Origin 8.1® (version V8.1 

SR2) for four heating rates. Thereafter, the noise smoothing of dm/dt curve was performed as 

recommended by Vyazovkin et al. [16] applying the Fast Fourier Transform Filter for 6 points. According 

to Vyazovkin et al. [17], the noises may be due to an unsatisfactory removal of the products formed in the 

decomposition of the biomass by the generated gases during the reaction in the TGA. These products are 

not taken out and accumulate inside the analyzer, which cause noise during the analysis. A noisy analysis 

of thermogravimetry may affect the application of the isoconversional methods, although it is preferable 

to use the integral methods in comparison to the differential methods for this type of analysis [16]. 

After data smoothing, the normalized mass, W, and the normalized mass rate, dW/dt, were 

calculated according to Equations 2 and 3, respectively, in which mo  and m are the mass at the beginning 

of the analysis and at the temperature T and time t, respectively, for each heating rate. 

 

𝑊 =
𝑚

𝑚𝑜

 (2) 

𝑑𝑊

𝑑𝑡 𝑎𝑓𝑡𝑒𝑟 𝑠𝑚𝑜𝑜𝑡ℎ𝑖𝑛𝑔
=

1

𝑚0

∗
𝑑𝑚

𝑑𝑡 𝑠𝑚𝑜𝑜𝑡ℎ𝑒𝑑
 (3) 

  

Using the profiles of W and dW/dt as a function of T after smoothing, an appropriate temperature 

range was evaluated to represent the pyrolysis reaction, which satisfactorily represented the entire mass 

decay. The biomass conversion (α), between 0 and 1, and its conversion rate (dα/dt) are described by 

Equation 4 and 5, respectively, in which, Wo, W, and Wf represent the normalized masses at the beginning, 

at time t and temperature T and at the end of the pyrolysis range, respectively. 

 

𝛼 =
𝑊𝑜 − 𝑊 (𝑡, 𝑇)

𝑊𝑜 − 𝑊𝑓

 (4) 

𝑑𝛼

𝑑𝑡
=

1

(𝑊0 − 𝑊𝑓)

𝑑𝑊

𝑑𝑡 𝑎𝑓𝑡𝑒𝑟 𝑠𝑚𝑜𝑜𝑡ℎ𝑖𝑛𝑔
 (5) 

 

Kinetic modeling 

 

The biomass decomposition kinetic analysis was performed considering two models: a) single-step 

and b) multi-step reaction. Considering the first model, the following isoconversional methods were used 

to estimate the activation energy: the Friedman differential method [18], the Ozawa [19]-Flynn-Wall [20] 

and the modified Coats-Redfern [21] integral methods, as well as the advanced method of Vyazovkin 

[22], considering α = 0.05 to 0.95, with a step of 0.05 equidistant from each other. All the methods 

previously mentioned were applied to the temperature range chosen to represent the pyrolysis reaction.  

The Friedman method was performed by the linearization of the natural logarithm of conversion 

rate, d/dt for each conversion in all heating rates as a function of 1/T in 1/K (Equation 6). With all the 

linear functions obtained, the activation energies were calculated by the angular coefficient, considering R 

as the universal gas constant in J/mol.K.  
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𝑙𝑛 (
𝑑𝛼

𝑑𝑡
)

𝛼,𝛽
= 𝑙𝑛  𝐴 + 𝑙𝑛 𝑓(𝛼) −

𝐸𝑎

𝑅𝑇𝛼,𝛽

 (6) 

 

The Ozawa-Flynn-Wall method was applied using the linearization of logarithm base 10 of heating 

rate, β (°C/min), as a function of 1/T in 1/K (Equation 7). The activation energies in all conversions were 

obtained by the angular coefficient (-0.4567*E/R), where R is the universal gas constant in J/mol.K. 

  

log 𝛽 = 𝑙𝑜𝑔 (
𝐴𝐸𝑎

𝑅 𝑔(𝛼)
) − 2.315 − 0.4567

𝐸𝑎

𝑅𝑇
 (7) 

 

The modified Coats-Redfern method was applied using the natural logarithm of heating rate (β) in 

°C/min divided by the square temperature, T2, as a function of 1/T in K (Equation 8). After the 

linearization in all conversions, the activation energies were obtained by the angular coefficient (-E/R), in 

which R is the universal gas constant in J/mol.K  

 

ln (
𝛽

𝑇2
) = ln (

𝐴𝑅

𝐸𝑎𝑔(𝛼)
) − 𝐸𝑎/𝑅𝑇 (8) 

 

The Vyazovkin advanced method is based on the direct numerical integration considering the 

minimization of the objective function, Ω, described by Equation 9. The solution of this equation was 

carried out for each conversion level (0.05–0.95) by the minimization function applying optimization tool 

(SOLVER) with Generalized Reduced Gradient method of MS Excel (version 16.0.4266.1001). Since the 

integral approximation is given by I(Eα,Tα,i)=(Eα/R) p(x), the solution of p(x) was the 8th degree rational 

approximation, Equation 10, in which x = E/RT [23].  

 

Ω = 𝑚𝑖𝑛 ∑  
𝐼(𝐸𝐴,𝛼,𝑇𝛼,5)𝛽10

𝐼(𝐸𝐴,𝛼,𝑇𝛼,10)𝛽5

0,95

𝛼=0,05

+ 
𝐼(𝐸𝐴,𝛼,𝑇𝛼,5)𝛽15

𝐼(𝐸𝐴,𝛼,𝑇𝛼,15)𝛽5

+
𝐼(𝐸𝐴,𝛼,𝑇𝛼,5)𝛽20

𝐼(𝐸𝐴,𝛼,𝑇𝛼,20)𝛽5

+
𝐼(𝐸𝐴,𝛼,𝑇𝛼,10)𝛽5

𝐼(𝐸𝐴,𝛼,𝑇𝛼,5)𝛽10

+
𝐼(𝐸𝐴,𝛼,𝑇𝛼,10)𝛽15

𝐼(𝐸𝐴,𝛼,𝑇𝛼,15)𝛽10

+
𝐼(𝐸𝐴,𝛼,𝑇𝛼,10)𝛽20

𝐼(𝐸𝐴,𝛼,𝑇𝛼,20)𝛽10

+
𝐼(𝐸𝐴,𝛼,𝑇𝛼,15)𝛽5

𝐼(𝐸𝐴,𝛼,𝑇𝛼,5)𝛽15

+
𝐼(𝐸𝐴,𝛼,𝑇𝛼,15)𝛽10

𝐼(𝐸𝐴,𝛼,𝑇𝛼,10)𝛽15

+
𝐼(𝐸𝐴,𝛼,𝑇𝛼,15)𝛽20

𝐼(𝐸𝐴,𝛼,𝑇𝛼,20)𝛽15

+
𝐼(𝐸𝐴,𝛼,𝑇𝛼,20)𝛽5

𝐼(𝐸𝐴,𝛼,𝑇𝛼,5)𝛽20

+
𝐼(𝐸𝐴,𝛼,𝑇𝛼,20)𝛽10

𝐼(𝐸𝐴,𝛼,𝑇𝛼,10)𝛽20

+
𝐼(𝐸𝐴,𝛼,𝑇𝛼,20)𝛽15

𝐼(𝐸𝐴,𝛼,𝑇𝛼,15)𝛽20

   

(

(9) 

 

𝑝(𝑥) = (
𝑒𝑥𝑝(−𝑥)

𝑥
) ∗ (

𝑥7 + 70𝑥6 + 1886𝑥5 + 24920𝑥4 + 170136𝑥3 +

𝑥8 + 72𝑥7 + 2024𝑥6 + 28560𝑥5 + 216720𝑥4 + 880320𝑥3 +
 

577584𝑥2 + 844560𝑥 + 357120

1794240𝑥2 + 1572480𝑥 + 403200
) 

(10) 

 

Master Plots method  

 

The differential f() and integral g(α) conversion functions with the respective phenomena 

functions were applied based in Mishra et al. [25] work (Table 2).  

The Master Plots method was used for obtaining the best reaction mechanism represented by the 

conversion function in its integral form, g(α), as recommended by the ICTAC [16,24]. The mean 

activation energy between α = 0.05 and 0.95 obtained by the Vyazovkin Advanced Method (1997) was 

used for the application of the Master Plots method, due to greater intrinsic accuracy.  

The functions of p(x) and g(α) were normalized by the α-mean, in which represents the mean point 

conversion into the range chosen, according to Equations 11 and 12, in which p(x), represents the 

experimental master plots calculated for each conversion point in the four heating rates,  𝑝(𝑥)α=0,5  refers 

to the mean conversion point, 𝑔(α) 𝛼  represents the theoretical master plots as a function of conversion 

applied for each conversion point and 𝑔(α)𝛼=0,5 is related to the mean conversion point.  

 

 

𝑝(𝑥)𝑛𝑜𝑟𝑚 =
𝑝(𝑥) 𝛼,𝛽

𝑝(𝑥)α,0,5

 (11) 

𝑔(𝛼)𝑛𝑜𝑟𝑚 =
𝑔(𝛼)𝛼 

𝑔(α)𝛼,0,5 
 (12) 
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The best reaction mechanism as well as the final temperature range to represent the pyrolysis were 

chosen by the analysis of the mean relative error of the Master Plots models (𝐸𝑅𝑀𝑚𝑝). Then, it was 

chosen the scenario which represented the smallest 𝐸𝑅𝑀𝑚𝑝, where N is the number of conversions (N=18 

points, one for each conversion). The 𝐸𝑅𝑀𝑚𝑝 was calculated according to Equation 13: 

  

𝐸𝑅𝑀𝑚𝑝(%) =
100

𝑁
 ∑  |

𝑝(𝑥)𝑛𝑜𝑟𝑚𝛽𝑖
− 𝑔(𝛼)𝑛𝑜𝑟𝑚

(𝑝(𝑥)𝑛𝑜𝑟𝑚𝛽𝑖

|

𝑁

𝑖=1

 (13) 

 

Table 2 Differential, f(α), and integral, g(α), conversion functions with the respective phenomena. 

adapted from Mishra et al. [25]. 

Model Formula Differential form f(α) Integral form g(α) 

Model 1: Nucleation  

Power-law P2 (2/3)𝛼−1/2 𝛼3/2 

Power-law P3 2𝛼1/2 𝛼1/2 

Power-law P4 3𝛼2/3 𝛼1/3  

Model 2: Sigmoidal Rates 

Avrami-Erofeev A1 (3/2)(1 − 𝛼)[− ln(1 − 𝛼)]1/3 [− ln(1 − 𝛼)]2/3 

Avrami-Erofeev A2 2(1 − 𝛼)[− 𝑙𝑛(1 − 𝛼)]1/2 [− 𝑙𝑛(1 − 𝛼)]1/2 

Avrami-Erofeev A3 3(1 − 𝛼)[− 𝑙𝑛(1 − 𝛼)]2/3 [− 𝑙𝑛(1 − 𝛼)]1/3 

Area Contraction R2 2(1 − 𝛼)1/2 1 − (1 − 𝛼)1/2 

Volume Contraction R3 3(1 − 𝛼)2/3 1 − (1 − 𝛼)1/3 

Random Nucleation (2) R5  (1/2) ( 1 − 𝛼 )3 1/( 1 − 𝛼 )2 

Model 3: Chemical Reactions 

First Order F1 (1 − 𝛼) −𝑙𝑛(1 − 𝛼) 

nth Order Fn (1 − 𝛼)𝑛 [(1 − 𝛼)1−𝑛 − 1]/(𝑛 − 1) 

Model 4: Diffusion 

Bidimensional D2 [− 𝑙𝑛(1 − 𝛼)]−1 𝛼 + (1 − 𝛼)𝑙𝑛 (1 − 𝛼) 

Tridimensional D3 (3/2)(1 − 𝛼)2/3 [1 − (1 − 𝛼)1/3]−1 [1 − (1 − 𝛼)1/3]2 

Tridimensional D4 (3/2)[(1 − 𝛼)−1/3 − 1] (1 − 2𝛼/3) − (1 − 𝛼)2/3 

Zhuravlev ZH (2/3)(1 − 𝛼)5/3 [1 − (1 − 𝛼)1/3]−1 [1 − (1 − 𝛼)−1/3]2 

Linearization method  

 

The pre-exponential factor (A) was obtained by Equation 14 using the best differential conversion 

function f(α) (Table 2) selected by the Master Plots method, in which dα/dt is the conversion rate in s-1 

and A is the pre-exponential factor in s-1. The parameter A was determined by the linear coefficient (lnA) 

and activation energy (Ea) through the angular coefficient. That one should not diverge more than 10% 

from the Ea obtained by the isoconversional methods, in order to validate the parameters in this method 

[12,26]. 

 

ln [
1

𝑓(𝛼)
(
𝑑𝛼

𝑑𝑡
)] = ln𝐴 − 𝐸𝑎/𝑅𝑇 (14) 

 

Independent parallel reactions scheme, IPRS 

 
Considering a more complex biomass decomposition kinetics, such as multiple reactions model, 

this study applied the independent-parallel reactions scheme (IPRS) for 150-900 ºC, since that the 

difference between the highest and lowest activation energy (Eα) as a function of conversion (α) has 

diverged more than 30% from isoconversional methods [7,12,27,28]. The biomass decomposition 
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between 25-150 ºC was neglected due to the dehydration stage. The activation energies obtained by the 

isoconversional methods was used as a first guess (for each conversion range) in order to accelerate the 

process of convergence [13] and to improve fitting data applying multiple steps model [16]. 

The IPRS considers that the biomass pyrolysis occurs in multiple steps, decomposing 

simultaneously and separately the extractives, hemicellulose, cellulose, and lignin. In this case, the 

conversion rate is represented for each component as shown in Equation 15, in which Ai is the pre-

exponential factor for each component in s-1 and (𝑑𝛼 𝑑𝑡⁄ )𝑖  is the conversion rate for each component 

decomposed. This method uses reaction mechanism f(α) obtained previously by master plots. 

 

(
𝑑𝛼𝑖

𝑑𝑡
) = 𝐴𝑖𝑓(𝛼) exp (−

𝐸a𝑖

𝑅𝑇
) (15) 

 

The total conversion rate is the sum of each component calculated previously, according to 

Equation 16, in which 𝑑𝛼 𝑑𝑡𝑡ℎ𝑒𝑜⁄   represents the theoretical conversion rate, n is the number of reactions 

analyzed (i = 1, 2, 3,…, n), and (dα/dt)i (Equation 15) is the individual conversion rate of each 

components reaction, and Fi is the volatilized fraction for each components reaction, where the subtitles 

represent: E, extractives; HC, hemicellulose; C, cellulose, and L, lignin. Since each component is 

decomposed generating gases (condensable and non-condensable) and solid products. For the application 

of Equation 16, it was previously necessary to assume a reaction model of Fn for all the components  

 

𝑑𝛼

𝑑𝑡 𝑡ℎ𝑒𝑜
= ∑𝐹𝑖

𝑛

𝑖=1

(
𝑑𝛼𝑖

𝑑𝑡
)  =  𝐹𝐸 (

𝑑𝛼𝐸

𝑑𝑡
) 𝐹𝐻𝐶 (

𝑑𝛼𝐻𝐶

𝑑𝑡
) + 𝐹𝐶 (

𝑑𝛼𝐶

𝑑𝑡
) + 𝐹𝐿 (

𝑑𝛼𝐿

𝑑𝑡
) (16) 

 

Validation of the single-step model and independent-parallel reaction scheme (IPRS) 

 

To validate the single-step model, the theoretical conversion rate, (d/dt)theo, was calculated during 

the pyrolysis using all the kinetic parameters obtained by the linearization method: activation energy, pre-

exponential factor, and reaction model (Master Plots). The fourth order Runge-Kutta was used for 

simulation applying an integration step of 5 s for the temperature range chosen for the application of the 

isoconversional methods. 

For the multi-steps model, it was considered that the pyrolysis decomposition reaction occurred in 

four steps considering the main components: Extractives, Hemicellulose, Cellulose, and Lignin. The 

following kinetic parameters were varied simultaneously: activation energy, pre-exponential factor, nth 

reaction order, and volatilized fraction for each reaction for fitting adjustment between the experimental 

and theoretical conversion rate [13,28,29]. The later one parameter was determined by application of the 

fourth order Runge-Kutta method considering the integration step of 5 s for the temperature range of 150-

900 ºC.  

Theoretical data were fitted to the experimental data with least squares method (RSS) [28], 

Equation 17, in which (dα/dt)i,exp, (Equation 5), and (dα/dt)i,theo (Equation 16) correspond to the 

experimental and theoretical conversion rates, respectively. The number of data applied for the IPRS 

method for 5, 10, 15 and 20 ºC/min was 1791, 897, 596 and 448 points, respectively, which is lower than 

the total experimental data concerning to 25-900 ºC (2103, 1061, 712 and 536 points, respectively), due 

to the elimination of the dehydration region (25-150 ºC) for the application of the IPRS method. 

 

𝑅𝑆𝑆 = ∑ [(
𝑑𝛼

𝑑𝑡
)

𝑖,𝑒𝑥𝑝
− (

𝑑𝛼

𝑑𝑡
)

𝑖,𝑡ℎ𝑒𝑜
]

2𝑁

𝑖=0

 (17) 

 

The quality of fit (Equation 18) was determined with the average deviation (AD) [28] in which 

(dα/dt)e,max is the maximum experimental conversion rate, and N is the data points considered. 

 

𝐴𝐷(%) =

[
 
 
 √𝑅𝑆𝑆

𝑁

(
𝑑𝛼
𝑑𝑡

)
𝑒,𝑚𝑎𝑥]

 
 
 

100 (1b8) 
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The AD was minimized for the IPRS method using the optimization tool (SOLVER) in the Excel 

package. After a first guess of these kinetic parameters, the attempts were repeated until obtaining AD 

values lower than 5% [13,28,29]. 

 

Results and discussion 
 

Figure 1 shows the biomass decomposition through the profiles of the normalized mass (W) and 

the normalized mass rate (dW/dt) for all heating rates as a function of temperature. It shows the three 

main events:  

(a) The dehydration stage below 150 ºC with normalized mass decay less than 10% (6.37±1.52%); 

(b) In the pyrolysis stage, between 180 - 420 ºC, the decomposition of extractives, hemicellulose, 

and cellulose is more pronounced with mean mass decay of 61.81 ± 0.86%; 

(c) In the carbonization stage, from 420 ºC to 900 ºC, there is the formation of carbonaceous 

residues and stabilization of the mass decay with an average of 11.55 ± 0.85 %. 

These events are slightly similar to the reported elsewhere by Carvalho and Tannous [7] and 

Guimarães [13]. 

 

Fig. 1 Normalized mass, W and DTG, dW/dt as a 

function of temperature 

Fig. 2 Apparent activation energies as a  

function of conversion at 180-420 ºC 

 
 

 

It is also observed (Figure 1) the presence of the three peaks from dW/dt related to the 

decomposition of extractives, hemicellulose, and cellulose, respectively, for the heating rates of 5, 10, 15 

and 20 ºC/min:  

(a) the first peak, referring to the decomposition of the extractives occurs at the temperatures of 

225.8, 236.1, 244.3 and 255.9 ºC (240.5 ± 12.7 ºC);  

(b) the second peak refers to the decomposition of hemicellulose at temperatures of 294.2, 297.7, 

318.7 and 314.2 ºC (306.2 ± 12.1 ºC), and  

(c) the third peak, relative to cellulose decomposition, occurs at temperatures of 352.6, 353.8, 

361.1 and 379.4 ºC (361.7 ± 12.4 ºC), respectively.  

The lignin decomposition region is not observed in this figure. According to Carvalho and 

Tannous [7], it is characterized by a low reaction rate and comprehends all the temperature range.  

The activation energy profiles as a function of conversion are showed in Figure 2 obtained with all 

the isoconversional methods applied. The best temperature range for pyrolysis characterization was 180-

420 ºC, which satisfactory comprehends the major mass decay region for all the components with nearly 

60% of mass decay, The number of data considered to apply the isoconversional methods in that 

temperature range chosen was 572, 287, 191 and 144 points for 5, 10, 15 and 20 ºC/min, respectively. 

The integral methods showed similar activation energy profiles in all conversions compared to the 

differential Friedman method. For the application of the Vyazovkin Advanced Method was the activation 

energies for each conversion obtained from Friedman. These profiles can represent the four main 

components in different conversion ranges such as:  

(a) for low conversions (0.05-0.02), the activation energies were between 92.5 and 125 kJ/mol, 

which the extractives govern the decomposition;  

(b) after that, there is an increase in the activation energy, reaching peaks closely to 225 kJ/mol 

between α=0.2 and 0.65, representing the region which hemicellulose governs the decomposition;  



8 
 

(c) at high conversions (α = 0.7 to 0.90), there is a reduction of activation energy profile, 

indicating the decomposition of cellulose (216.9-.196.0 kJ/mol) This stabilization in high conversions is 

due to the fact that the biomass was almost decomposed into a carbonaceous residue [12].  

The last conversion (α=0.95) varied considerably, especially applying Friedman differential 

method, reaching higher activation energies (e.g. lignin), due to be very sensitive to noise. Generally, high 

activation energies are obtained, with variations during conversion [24].   

The mean apparent activation energies obtained was of 163.7, 160.3, 159.2 and 159.9 kJ/mol, for 

FD, OFW, CRM, and VZ methods, respectively, considering the average between them of 160.9 ± 2.4 

kJ/mol for 0.05-0.90 of biomass conversion. The last value is slightly lower than the energy canes 

reported elsewhere, such as Saccharum spontaneum, 164-178 kJ/mol [13], Saccharum robustum, 170-173 

kJ/mol [7]. For the residues from sugarcane, bagasse (165-180 kJ/mol) [11] and straw (154-178 kJ/mol) 

[12], the values were similar in the same range. 

The variation between the lowest and highest activation energies (Figure 2) for 0.05-0.90 was 

119.3 ± 17.2 % (Figure 2). This variation is much higher than 30% in all the isoconversional methods, 

thus it is preferable to use multi-steps models [7,12,27,28]. 

Considering the one-step reaction, only the Fn reaction model was representative for the biomass 

pyrolysis applying the Master Plots method, as can be seen in Figure 3. The 7th order reaction was the 

best mechanism (until α=0.60) due to its minor mean relative error 𝐸𝑅𝑀𝑚𝑝 of 42.59% and at higher 

conversions: 6th order, at α=0.60-0.70 (𝐸𝑅𝑀𝑚𝑝=12.04%), 5th order at α=0.70-0.80 (𝐸𝑅𝑀𝑚𝑝 =14.84%), 

and 4th order at α=0.80-0.90 (𝐸𝑅𝑀𝑚𝑝 =12.16%). 

 

Fig. 3 Master Plots (theoretical) and experimental data considering nth order reaction as a function of 

conversion 

 
 

Table 4 and Figure 4 show the results considering the single-step reaction model. Table 4 shows 

all the parameters obtained by the linearization method (R2=0.9017). The kinetic parameters were: A=1.1 

1013 s-1 (log A=13.03), Ea=152,6 kJ/mol, and n= F6 at 0.15-0.80 of biomass conversion. In comparison to 

the activation energy obtained by Vyazovkin method (161.1 kJ/mol), the difference between them was of 

5.3%, validating the parameters obtained by that method. In Figure 4, the dotted curve represents the 

experimental data and the non-continuous curve represents the theoretical data of the conversion rates for 

all heating rates. The average deviation (AD) in this model was 22.6 ± 1.2%. The theoretical data 

represent the biomass decomposition with one maximum peak varying from 240-260 ºC for 5-20 ºC/min 

as long as the experimental data comprehends three peaks. This fact suggests not a good agreement with 

the experimental data for this model. 

Table 4 and Figure 5 show the results applying the IPRS considering multi-step reactions for all 

heating rates. The AD was 4.6 ± 1.2%, lower than the single-step model. These results show good 

agreement with the experimental conversion rates (AD<5%) [28,29]. Figure 5 shows the dotted curve 

which represents the experimental conversion rates from 150-650 ºC for all heating rates (5-20 ºC/min). 

The results showed that up to 900ºC the conversion rates did not vary significantly. Besides that, it shows 

four non-continuous curves considering their respective components and decomposition regions: 

Extractives (180-290 ºC), Hemicellulose (200-370 ºC), Cellulose (260-420 ºC), and Lignin (250-550 ºC).  

The temperature ranges of each component decomposition were quite similar to Rueda-Ordónez et 

al. [29] for straw sugarcane, such as hemicellulose (200-400 ºC), cellulose (300-410 ºC), and lignin (300-

600 ºC). The global conversion rate curve is represented by the theoretical data obtained by Equation 16. 
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Table 4: Parameters obtained through the one-step and multiple reaction models. 

Heating Rate  

(ºC/min) 

Components Log A Ea  

(kJ/mol) 

n-order 

reaction 

xi  

(-) 

ADdα/dt (%) 

5-20 Single-step 

reaction 

13.03 152.57 6 - 22.64± 1.24 

 

5 

Extractives 11.79 133.73 1 0.32  

4.61 Hemicellulose 7.24 103.90 1 0.21 

Cellulose 12.31 174.00 1 0.27 

Lignin 1.85 68.24 1.5 0.20 

 

10 

Extractives 11.25 130.00 1 0.33  

4.41 Hemicellulose 7.29 103.90 1 0.23 

Cellulose 12.23 174.00 1 0.27 

Lignin 1.91 63.00 1.5 0.17 

 

15 

Extractives 11.28 131.00 1 0.32  

4.70 Hemicellulose 7.37 103.90 1 0.23 

Cellulose 12.22 174.10 1 0.27 

Lignin 2.30 63.00 1.5 0.18 

 

20 

Extractives 11.23 131.00 1 0.31  

4.72 Hemicellulose 7.33 102.90 1 0.24 

Cellulose 12.21 174.10 1 0.27 

Lignin 2.31 61.90 1.5 0.18 

Mean ADdα/dt (%) (IPRS) 4.61±0.14 

 

Fig. 4 One-step  for all heating rates 5º C/min (a) 10 ºC/min (b) 15 ºC/min (c) 20 ºC/min (d),  

(o) experimental (----) theoretical 
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The mean activation energies (Table 4) corresponded to Extractives (131.43 1.60 kJ/mol), 

Hemicellulose (103.650.50 kJ/mol), Cellulose (174.050.06 kJ/mol), Lignin (64.032.85 kJ/mol). These 

are almost in agreement with the literature for hemicellulose (100-150 kJ/mol), cellulose (180-250 

kJ/mol) and lignin (40-100 kJ/mol) [29]. The activation energy for the extractive, however, was higher 

than the range proposed in the literature (90-110 kJ/mol) [13], but this difference can be justified 

considering that the extractives content is much more expressive in the hybrid sugarcane compared to 

other sugarcane residues and energy cane species.  

The pre-exponential factors for all heating rates (Log A- Table 4) diverged slightly to Carvalho 

and Tannous [7], Guimarães [13] and Rueda-Ordóñez et al. [29]. This deviation can be justified as 

reported by Rueda-Ordóñez et al. [29], because the pre-exponential factor serves as an adjustment 

parameter and has no phenomenological meaning.  

The nth order reaction for all the components was also in agreement with the literature [12,13], 

considering order 1 for extractives, hemicellulose, and cellulose. The lignin order most diverged from 

Carvalho and Tannous [7] and Guimarães [13] considering reaction order of 3 for energy cane, however 

Rueda-Ordóñez et al. [12] established reaction order of 1 for sugarcane straw. Nevertheless, the reaction 

order of 1.5 for the lignin led to better fit adjustment than order 3.  

The decomposition fraction obtained for each component also promoted better conversion rates 

fitting for this hybrid, considering the extractives as the main pyrolyzable fraction, which corresponds to 

the nature of that biomass. This simulation also includes cellulose, hemicellulose and lignin as being the 

second, third and fourth the greatest fractions, respectively, which agrees with the magnitude of the global 

and for each conversion rate (Figure 5). 

 

Fig. 5 IPRS results for all heating rates 5º C/min (a) 10 ºC/min (b) 15 ºC/min (c) 20 ºC/min (d)  

(o) experimental data; (.....) extractives; (---) hemicellulose, (- - -) cellulose,  (-.-) lignin, (—) theoretical 

 

 

Conclusions 
 

The knowledge of biomass thermal decomposition and kinetic parameters is essential for the 

design and optimization of the pyrolysis process. The thermogravimetric analysis showed the presence of 

the main components represented by extractives, pyrolysis, and carbonization. The integral 

isoconversional methods (Ozawa-Flynn-Wall and Coats-Redfern Modified) as well as Vyazovkin 

Advanced Method, showed similar behavior in all conversion range concerning the activation energy. 
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Differently from Friedman, it showed more oscillatory behavior than the others. The one-step reaction 

model could not be validated due to the high value of the average deviation considering 6th order reaction 

and temperature range of 180-420 ºC. The kinetic results were better described theoretically applying the 

IPRS models for four reactions. The activation energies obtained is quite similar for other cane varieties 

(Saccharum spontaneum and Saccharum robustum) and residues (straw and bagasse sugarcane) 

considering the hemicellulose, cellulose, and lignin. The activation energy obtained for the extractives 

diverges slightly from energy canes due to the higher amount of sugar in the hybrid. The reaction orders 

were in agreement with the literature, although for the residues was closer to the hybrid than the energy 

cane. The theoretical conversion rates agree with the experimental data and the kinetic parameters 

obtained could be used to predict different reactions involving pyrolysis. This study can be a support for 

future studies concerning energy production as well for biofuel production in order to maximize residues 

recovery and to contribute with sustainability. 
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