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Abstract The aim of this study was to determine the

Arrhenius parameters and degradation mechanism for

each component of biomass, including extractives,

water, hemicellulose, cellulose and lignin. A statistical

tool (F-test) was used as well as simulations of the

effects of each component and the respective chars

formed during thermal degradation. Experimental and

theoretical curves for each component were simulta-

neously fitted, and the influence on the final thermal

degradation curve was evaluated. Simulation of the

TG curve was based on recently published models, for

which one, two and three-stepmechanisms were tested

to complete the statistical evaluation. The activation

energy showed a dependence on the cellulose and the

reaction order on the hemicellulose polymer

structures. On the other hand, lignin is the most

complex material in biomass and thus a broader range

of degradation mechanisms is associated with its char

and this plays a significant role in the final ‘‘tail’’ of the

TG curve. In the case of cellulose and hemicellulose,

autocatalysis is the most probable degradation mech-

anism while for the respective chars it is diffusion. The

char formation significantly increases the activation

energy. The results of this study provide an insight into

the chemistry involved in the pyrolysis of multicom-

ponent biomass, which will facilitate the building of a

prediction model.

Keywords Modeling and simulation �
Lignocellulosic � Thermal decomposition � Pyrolysis �
Model-fitting

Introduction

Lignocellulosic biomass pyrolysis has been exten-

sively studied and it is well-known that hemicellulose

primarily contributes to the thermal stability, cellulose

to the Arrhenius parameters and lignin to the final

‘‘tail’’ of the TG curve (Yao et al. 2008; Cabeza et al.

2015; Ornaghi et al. 2019b). Hence, the thermal

degradation of plant fibers is mainly dependent on the

chemical composition, which is directly influenced by

other factors, such as the climatic conditions. In this

regard, an in-depth knowledge of the thermal behavior
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of lignocellulosic biomass during pyrolysis, consider-

ing each component, is of extreme importance for the

development of new and more robust model-fitting

methods. Also, a good understanding of the individual

and combined behavior of the different components is

relevant to their use in value-added industrial appli-

cations (Li et al. 2017; Chen et al. 2016).

A knowledge of the Arrhenius parameters (activa-

tion energy and pre-exponential factor) and degrada-

tion mechanism(s) is essential for scientific studies on

biomass. The use of statistical tools for determining

the most probable degradation mechanism was inves-

tigated by Erceg et al. (2018). These authors evaluated

the thermal degradation kinetics of poly(ethylene

oxide) using a statistical tool (F-test) and found that

the most probable degradation mechanism, based on

Avrami-Erofeev (type-A), was a single-step process.

On the other hand, Ourique et al. (2019) studied the

thermo-oxidative degradation kinetics of renewable

polyurethane-urea obtained from air-oxidized soybean

extractives, and the main results indicated that a three-

step degradation mechanism was more physically

plausible than those proposed in the literature based on

other methods. Ornaghi et al. (2019a) studied the

thermal degradation kinetics of fluoroelastomers rein-

forced with carbon nanofibers. The results suggested

an autocatalytic single-step degradation mechanism

induced by impurities of the residual metals from the

production of the carbon nanofibers, which accelerate

the degradation. This was corroborated by lower Ea

values being obtained for neat fluoroelastomers. Also,

thermal predictions were made using different isother-

mal temperatures, based on the Arrhenius parameters,

and the degradation mechanism from 150 to 350 �C
over 105 min was investigated. The residual mass loss

is easily estimated for all samples for different

isotherms. Neves et al. (2019) studied the influence

of silane surface modification on the characteristics of

microcrystalline cellulose and, based on the degrada-

tion model proposed, the kinetics seems to follow

A ? B ? C, regardless of the silane content. This

type of study is essential because it allows model-free

procedures to be developed for the reliable prediction

of thermal degradation curves based on robust and

reliable analysis and the verification of the consistency

of the models, such as those developed by Cabeza et al.

(2015) and Ali et al. (2017).

Cabeza et al. (2015) developed free spreadsheet

software in which the TG curves can be estimated

from initial chemical composition data. The char

formation of cellulose, hemicellulose and lignin was

also evaluated as a function of temperature. Based on

the software and using different heating rates, each

component (water, extractives, cellulose, cellulose

char, hemicellulose, hemicellulose char, lignin, and

lignin char) can be individually studied without the

‘‘interference’’ of the others. This approach is essential

because the components that have greater resistance to

degradation can be used as a thermal barrier in certain

polymeric materials with more thermally-labile bonds,

giving more aggregated value to the final product.

Ornaghi et al. (2019b) applied the F-test tool to study

the degradation mechanism associated with three

different lignocellulosic fibers (ramie, jute and kenaf)

and the results indicated an autocatalytic reaction as

the most probable degradation mechanism. The same

degradationmechanismwas identified by Cabeza et al.

(2015) using different procedures. Ali et al. (2017)

studied the application of model-free and model-

fitting methods (differential and integral) to coconut

shell waste in independent parallel reactions, and the

results indicated that order-based nucleation and

growth mechanisms control the solid-state pyrolysis.

The integral method was found to be more suitable for

the fitting of the experimental data at higher temper-

atures in comparison to the differential method. In all

cases, the effect of each component is hard to separate

from the others because there is an overlap in the

specific temperature domain. Even for independent

parallel reactions, in which each component is indi-

vidually separated, the effects of the respective chars

are not considered. For example, the degradation of

cellulose encompasses cellulose plus cellulose char.

Thus, a significant contribution to the field of study

reported herein is that the Arrhenius parameters of

each component present in lignocellulosic fiber (in-

cluding water, extractives and the respective chars for

cellulose, hemicellulose and lignin) are estimated

using a specific degradation model (Waterloo’s reac-

tion pathway) and the degradation step(s) are deter-

mined. Also, simulations of the degradation

mechanisms of the individual components and of the

TG curve were carried out. The procedure involved

simultaneously fitting the experimental data and

identifying the most common theoretical degradation

mechanisms for solid-state reactions using a statistical

tool (F-test). TG curves were simulated and the results

discussed separately for each component. The best fit
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for the total TG curve presented three degradation

mechanisms which can be associated with cellulose,

hemicellulose, and lignin. The char formed in the

degradation plays an important role because it showed

higher activation energies than the respective compo-

nents. Figure 1 shows a schematic representation of

the procedure.

A novel aspect of this study is the use of a statistical

tool (F-test) for the determination of Arrhenius

parameters and degradation mechanism for each

component of the biomass fiber. The final TG curve

is simulated, and the effect of each component is

discussed. This robust tool offers the advantages of

simultaneously fitting multiple experimental data

using the selected degradation mechanisms and pro-

ducing rapid results. Further details on the software are

provided in the following section ‘‘Theoretical Back-

ground’’. Also, the results of this study will facilitate

the building of a fitting model for biomass compo-

nents, by providing insights into physicochemical

processes involved in the pyrolysis of the components

and highlighting the degradation mechanisms associ-

ated with each component. The model developed can

be used to predict the final material properties from the

initial reactions for various biomass samples with

different compositions.

Theoretical Background

According to Vyazovkin et al. (2011), the purpose of

kinetic calculations is to obtain the so-called kinetic

triplet, namely: (activation energy—associated with

the energy barrier), (pre-exponential factor—with the

frequency of vibrations of the activated complex or a

‘‘composite’’ effect (Ornaghi et al. 2019b)) and f(a)
(kinetic function—reaction mechanism). These con-

cepts were initially developed for homogeneous

kinetics (e.g., metals) and later applied to materials

with heterogeneous kinetic behavior, such as polymers

and biomass (Galwey 1997, 2003; Boris 2001). To

determine the kinetics behavior, initially, the conver-

sion degree (a) needs to be determined. The funda-

mental differential equation for any kinetic study is

described by Eq. (1).

da
dt

¼ k Tð Þ � f að Þ ð1Þ

In a solid-state reaction, a, in a non-isothermal

(dynamic) experiment, can be given by Eq. (2).

Fig. 1 Schematic representation of the procedure used to estimate the Arrhenius parameters and the most probable degradation

mechanism
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a ¼ m0 � mT

m0 � m1
ð2Þ

As TG is a dynamic test, some adjustments have

been made over years (Poletto et al. 2015) and,

consequently, Eq. (3) is now used as the basis of the

calculations.

da
dT

¼ A

b
� e �Ea

RTð Þ � f að Þ ð3Þ

where m0 is the initial weight of the sample, m? is the

final weight of the sample and mT is the weight of the

sample at time (t), da
dT

is the degradation rate, a is the

conversion degree, T is the absolute temperature, A is

the frequency factor, b is the heating rate, Ea is the

activation energy, R is the gas constant, k(T) is the rate

constant and f(a) is a function of the conversion

(Vyazovkin et al. 2011; Poletto et al. 2015).

There are several methods to obtain the and A

values and these can be found in the literature

(Vyazovkin et al. 2011; Erceg et al. 2018; Friedman

1964). The Friedman (FRI) and Kissinger–Akahira–

Sunose (KAS) methods were used to estimate the

Arrhenius parameters. The Friedman method is a

linear differential method in which, through direct

relationships, [ln(da/dt]) vs. 1/T results in a slope value
for �EaFR=Rð Þ and the intercept for A (Friedman

1964). FRI method is described by Eq. (4).

ln
da
dt

� �
¼ ln Af að Þð Þ � EaFR

RT
ð4Þ

Conversely, the Kissinger–Akahira–Sunose

method (KAS) is an integral linear differential, in

which, by linear regression, b/T2 vs. 1/T results in a

slope value that provides values for the activation

energy (Vyazovkin et al. 2011). The KAS method is

described by Eq. (5).

ln
b
T2

� �
¼ ln

AR

g að ÞEaKAS

� �
� EaKAS

RT
ð5Þ

Lastly, from the and A values it is possible to obtain

the most probable degradation mechanism. This last

part of the kinetic triplet was selected based on F-

statistic tests by simultaneously fitting all experimen-

tal and theoretical curves. The theoretical models can

be selected from a variety of numerical and graphical

methods from Netzsch software (Ali et al. 2017; Erceg

et al. 2018). This software can analyze a dataset

containing the relevant dynamic and/or isothermal

measurements. It is also possible to usemodel-free and

model-based approaches. The model-free methods are

widely used but they only find activation energy of a

process without any parallel or competitive steps, and

then make predictions. However, they can not provide

information on the number of steps, their contribution

to the total effect of reaction or the reaction order for

each step. Model-based analysis is based on assump-

tions regarding the kinetic model of the process, uses

powerful mathematics to solve the system of differ-

ential equations and makes a statistical comparison of

the models used and therefore can answer all of these

questions. Model-free analysis involves the evaluation

methods described in ASTM e698, Friedman analysis,

KAS and FWO analysis. Model-based kinetic analysis

can be used based on models that include processes of

up to six-steps and in which the individual steps are

independent, parallel, competing and so on. All

unknown parameters (activation energy, pre-exponen-

tial factor, reaction order, autocatalysis order (for

autocatalytic reactions)) will be found from the fitting

of measured data with the simulated curves for the

given reaction types. Statistical comparison of the fits

for different models allows the appropriate model,

with the corresponding set of parameters, to be

selected. Poletto et al. (2015) schematically repre-

sented the most common degradation mechanisms

found in the literature. They are well described in the

literature and the most common are type-A (nucleation

and nuclei growth models), type-R (geometrical

contraction models), type-D (diffusion models),

type-F (order-based models) and types-B and C

(autocatalytic models). The type-A (Avrami–Ero-

feyev) model considers that: i) ingestion (elimination

of a potential nucleation site and growth of an existing

nucleus), and ii) coalescence (loss of reactant/product

interface when reaction zones of two or more growing

nuclei merge) are both responsible for the restrictions

imposed on nuclei growth. These restrictions play a

significant role in the solid-state decomposition.

Autocatalytic models (types-B and -C) occur if the

growth of nuclei promotes continued reaction due to

the formation of imperfections (e.g., when the reac-

tants are regenerated during a reaction, catalyzing the

reaction). The termination of the reaction occurs when

the reaction begins to spread into the material that has

decomposed. In the case of geometrical contraction

(type-R) models, it is assumed that nucleation occurs

rapidly on the surface of the crystal and the rate of
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degradation is controlled by the resulting reaction

interface progressing toward the center of the crystal.

Depending on the crystal shape, different mathemat-

ical models can be derived, such as contracting

cylinder (contracting area) or contracting sphere/cube

(contracting volume). Diffusion (type-D) models

assume that a solid-state reaction occurs between

crystal lattices or with molecules that permeate the

lattice defects. Order-based models (type-F) assume

that the reaction rate is proportional to the concentra-

tion, amount or fraction remaining of reactant raised to

a particular power (integral or fractional), which is the

reaction order (Khawam and Flanagan 2006).

Materials and methods

The study was divided into two distinct parts:

i. Theoretical study based on the Cabeza spread-

sheet in an Excel file (Cabeza et al. 2015). We

used the raw data from TG curves (for kenaf

fiber) and simulated them with the following

heating rates: 5, 10, 15, 20, 25, 30, 35, and

40 �C min-1. The degradation curves were then

separated from the main chemical components

presented: water, extractives, hemicellulose,

cellulose, lignin, and their respective chars.

The program developed (Biomass Modelling—

Thermal degradation) is available free of charge

on the web: http://hpp.uva.es/software/.

ii. The aforementioned chemical components were

separately simulated applying the following

heating rates: 20, 25, 30, 35 and 40 �C min-1.

The Ea and A values were then obtained using

the Friedman and KAS methods (described in

the previous section). Lastly, the degradation

model and the most probable degradation

mechanism(s) were statistically evaluated based

on the dependence of the activation energy on

the conversion degree. The statistical analysis

was carried out using the F-statistic tool in the

Netzsch software.

Results and discussion

Previous studies (Cabeza et al. 2015; Ornaghi et al.

2019b) have shown that both diffusion and

autocatalysis are the most probable degradation

mechanisms governing the thermal degradation of

lignocellulosic materials. Cellulose is principally

responsible for the Arrhenius parameters (activation

energy and pre-exponential factor) while hemicellu-

lose is associated with the reaction order (Sunphorka

et al. 2017). The major contribution of lignin is the

‘‘tail’’ in the last main degradation step. In biomass,

lignin does not influence the kinetic parameters. A

fiber with an initial composition (g/g) of 22.9%

cellulose (C), 18.8% hemicellulose (HC), 41.6%

lignin (L), 4.7% water (W) and 12.0% extractives

(E) was simulated at different heating rates in order to

calculate the following kinetic parameters: activation

energy (Ea), pre-exponential factor (A) and the most

probable degradation mechanism(s). The dT/dt ini-

tially established by Cabeza et al. (2015) was used.

Figure 2a shows the thermogravimetric curves at

different heating rates. At heating rates lower than

20 �C min-1 the curve did not extend to 1000 �C, so
these results were not used in the subsequent calcu-

lations. Figure 2b shows the representative curve for

35 �C min-1, in which the TG curve for each com-

ponent is shown. Also, the char formation with

temperature is presented for lignin (LC), hemicellu-

lose (HCC) and cellulose (CC). Each thermal degra-

dation curve of the components (L, H, HC, LC, HCC,

CC) was obtained at different heating rates. Similar

curves were noted for all curves at different heating

rates, but the main events showed a shift with the

heating rate (heat transfer effect).

Cabeza’s approach is very attractive and has made

an immense contribution to the scientific field because

it allows the effect of each component to be observed

on the TG curve. Also, the evolution of char with

temperature shows that the degradation involves

multiple degradation steps, which makes the modeling

very complex. Waterloo’s degradation model, in

which all solids decompose into volatiles and char,

seems to be the most suitable model to describe the

degradation behavior of lignocellulosic fibers. The

autocatalytic degradation mechanism proposed by

Cabeza et al. (2015) is based on the cleavage of

cellulosic materials, leading to the production of

oligomers, which further accelerate the depolymer-

ization. Based on this model, Ornaghi et al. (2019b)

simulated the thermal behavior of different types of

biomass applying the F-test method and using the

models most commonly found in the literature. The
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theoretical data was simultaneously compared with

experimental curves obtained at different heating

rates. The degradation mechanism observed by the

authors was autocatalysis.

Thermal degradation has been extensively

described. At ca. 100 �C there is the elimination of

water, which is corroborated by the water curve

(dotted black line). The amount of water present in

lignocellulosic fiber is dependent on the humidity, and

it should be noted that the mass loss is due to water

evaporation or, in some cases, sublimation of compo-

nents of low molecular weight (Yao et al. 2008;

Ornaghi et al. 2016). Water loss represents ca. 5 wt %

of the total mass loss and can accelerate the degrada-

tion leading to decreased thermal stability. The

calculation of the TG curves was considered from

100 �C (hence, it did not account for water evapora-

tion) to ensure that the main degradation range was

consistent with those reported in the literature (Yao

et al. 2008; Ali et al. 2017). According to reports in the

literature, hemicellulose is mainly responsible for the

thermal stability and reaction order (Sunphorka et al.

2017; Ornaghi et al. 2019b), cellulose for the degra-

dation and for the Arrhenius parameters (Sunphorka

et al. 2017; Ornaghi et al. 2019b), and lignin for the

final ‘‘tail’’ of TG curve (Yao et al. 2008; Poletto et al.

2015).

Figure 3 shows the TG curves for the cellulose,

hemicellulose and lignin components along with

respective chemical structures. This figure allows a

comparison of the effect of each component on the

degradation. The effect of the three major contributors

is highlighted. In the biomass structure, cellulose

microfibers are connected by hemicellulose in the 3D

structure of the lignin that surrounds and protects

them. Lignin can be described as a complex, cross-

linked, three-dimensional aromatic polymer com-

prised of phenylpropane units, and its degradation

occurs at a higher temperature compared to the other

components. Hemicellulose and cellulose are made up

of monomeric sugars. The difference between them is

that cellulose is a linear polymer made up of

anhydroglucopyranose (hexose) units linked by ether

bonds, while hemicellulose is a branched and amor-

phous polymer formed of both pentoses and hexoses

(Faruk et al. 2012; Azwa et al. 2013).

There are conflicting reports in the literature in

relation to the possibility that interactions between the

cellulose, hemicellulose, and lignin products formed

during pyrolysis lead to different final chemical

Fig. 2 a Simulated total curves using heating rates from 5 to

40 �C in steps of 5 �C and b) representative curve simulated

with a heating rate of 35 �C min-1. At heating rates from 5 to

15 �C, the total curve simulated did not have sufficient data

points—using the initial parameters established by Cabeza et al.

(2015)

Fig. 3 Thermogravimetric curves showing the individual

components lignin, cellulose and hemicellulose with their

respective chemical structures
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distributions. Some authors propose negligible inter-

actions among the components during pyrolysis, while

other researchers have reported their importance. The

influence of inorganic salts on the primary pyrolysis

products of cellulose was studied by Patwardhan

(2010). These authors stated that inorganic salts and

ash act (with temperature) as a catalyst via competitive

reactions, accelerating the reaction and leading to the

formation of low molecular weight species from

cellulose. The cited authors determined the distribu-

tion of low molecular weight species (formic acid,

glucoaldehyde and acetol), furan ring derivatives (2-

furaldehyde and 5-hydroxymethyl furfural), and anhy-

dro sugars (levoglucosan). Patwardhan et al. 2011

studied the distribution of the products from the rapid

pyrolysis of hemicellulose and observed that the

behavior differed considerably from that of cellulose,

which was attributed to glycosidic bond cleavage. In

another study (Patwardhan et al. 2011b), 24 primary

products from corn stover lignin pyrolysis were

reported, most of them resulting in the formation of

monomeric phenolic compounds as the major prod-

ucts. All of the aforementioned studies led to the

proposal of a specific reaction scheme/mechanism.

Zhang et al. (2015) studied the binary interactions

of cellulose-hemicellulose and cellulose-lignin for

woody (industrial wood chips, sawdust, waste wood)

and herbaceous (straw, cereals, grasses) biomass. The

hemicellulose-lignin binary system was not included

in their study due to the difficulty in obtaining it. In the

case of a cellulose-lignin mixture, the herbaceous

biomass exhibited an apparent interaction, represented

by a decrease in the amount of levoglucosan and an

increase in the amount of low molecular weight

compounds and furans. This interaction was not

observed for woody biomass. The authors speculated

that there may be different amounts of covalent

linkages in this biomass. Figure 4 shows a represen-

tation of the physical structure, as well as the chemical

bonds between the biomass components. By observing

the complexity of the biomass composition, it seems

plausible that the pyrolytic behavior cannot be easily

captured by the simple addition of the individual

components. The reactive species that may be released

during the rapid pyrolysis of individual biopolymers

can interact differently. Thus, the product distribution

would not be the same as a simple overlap of the

pyrolysis products of the individual components.

Figures 5 a-h show the simulations for the individ-

ual components carried out to determine the degrada-

tion mechanisms and Arrhenius parameters (given in

Table 1). Water was considered to have a degradation

mechanism in this case for comparison (it evaporates

with temperature but has a specific activation energy).

Fig. 4 Representation of the physical structure of biomass showing the respective chemical bonds [figure taken from Santiago et al.

2013)]

123

Cellulose (2020) 27:4949–4961 4955



All degradation models followed A ? B, i.e., a one-

step degradation mechanism. All R2 values were

above 0.99. Table 1 shows the ten best fits for all

components. The one-step mechanism does not

necessarily represent a single reaction; it could be

the sum of parallel/consecutive reactions as well as a

single dependence of Ea on the conversion degree

(Moukhina, 2012; Ornaghi et al. 2019a; Ourique et al.

Fig. 5 Experimental and simulated data for a water, b extractives, c cellulose, d cellulose char, e hemicellulose, f hemicellulose char,

g lignin and h) lignin char
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2019; Zanchet et al. 2019). This is more likely in

composite systems, such as biomass plant fibers, and

has been reported in the literature (Yao et al. 2008).

Therefore, it will be considered that parallel/consec-

utive reactions are not occurring for each component.

The experimental values of the F-test obtained for

each component were: water Ftest 1.27, extractives Ftest
1.45, hemicellulose Ftest 1.34, hemicellulose char Ftest
1.43, cellulose Ftest 1.45, cellulose char Ftest 1.46,

lignin Ftest 1.32 and lignin char Ftest 1.43. The values

below are considered statistically significant, indicat-

ing the most probable degradation mechanisms.

The most extensive temperature range of thermal

degradation was observed for the aromatic compo-

nents of lignin. Lignin is expected to have a lower

activation energy as it is an amorphous component.

Cellulose is crystalline and the crystals act as a thermal

barrier that inhibits the heat transfer. Thus, a greater

amount of energy is required for the molecular motion,

increasing the activation energy, which is higher for

cellulose than hemicellulose. For lignin, the formation

of char also extends across a wider temperature range

when compared to the cellulosic components.

The TG curve from 100 to 550 �C was simulated

(Fig. 6) and the degradation mechanism was calcu-

lated, thus the Arrhenius parameters and degradation

mechanisms were found for each individual compo-

nent. The total curve was simulated based on the best

recently published degradation models (Yao et al.

2008). The best fit for all of the different steps is shown

in Fig. 6. One, two and three steps were considered to

perform a complete statistical evaluation. The results

Fig. 6 Simulated and theoretical TG curves for different

heating rates
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showed that the activation energy is dependent on

cellulose, while hemicellulose plays a significant role

in the reaction order. These results corroborate the

findings of previous studies conducted using statistical

and integral methods and artificial neural networks

(Sunphorka et al. 2017; Ornaghi et al. 2019b).

Table 2 shows all of the conditions tested. The

activation energies are lower for hemicellulose and

cellulose and higher for lignin compared to data

published in the literature. Yao et al. 2008 reported

values of 105–111 kJ mol-1 for hemicellulose,

195–213 kJ mol-1 for cellulose and 36–65 kJ mol-1

for lignin. These differences could be because in all of

the studies reported in the literature the chars formed

in each degradation were not separated. Chars have

higher Ea values than the respective components.

Water, extractives, cellulose, hemicellulose and lignin

presented, in general, autocatalysis as the most

probable degradation mechanism (Cn or Bn). Cellulose

and hemicellulose chars presented a diffusion-type (D-

type) mechanism while lignin shows a more complex

mechanism, presenting random nucleation (F-type),

geometrical contraction (R-type), autocatalysis (Bn-

type) and diffusion (D-type). Lignin is the most

complex material in biomass and it seems plausible

that its char has a wide range of degradation mech-

anisms. This highlights the challenge associated with

modelling in the final degradation stage, i.e., the

degradation of all the main components and their chars

needs to be considered, and some of them have

different degradation mechanisms. The autocatalytic

mechanisms presented for most of the materials also

seem physically plausible, since the chain cleavage

produces oligomers that accelerate further depolymer-

ization. Lignin (79.1–226.5 kJ mol-1) and cellulose

(106.4 kJ mol-1) had values similar to those obtained

by Ali et al. (2017) using a different model-fitting

procedure. The same procedure provided higher

hemicellulose values (108.6 kJ mol-1).

Table 2 The most probable degradation mechanisms for the TG curve

Sample Mechanism f(a) Ea(kJ mol-1) Log A (s-1) Fexp R2

Total curve D4 96.39 4.99 1.00

Cn 111.00 5.96 0.9997

Cn 111.00 11.00

D3 104.99 5.80 1.17

Cn 111.00 5.79 0.9997

Cn 111.00 11.00

Cn 74.88 4.12 2.01

Cn 100.00 11.00 0.9996

Cn 24.44 3.13

Cn 74.47 4.22 3.36

Cn 100.00 11.00 0.9993

Cn 26.45 3.31

Cn 57.88 2.38 5.44 0.9989

Cn 100.00 11.00

Cn 62.30 3.05 5.62 0.9987

Fn 69.31 3.80 6.33 0.9986

D3 93.26 4.59 6.40

Cn 111.00 4.75 0.9984

Cn 111.00 11.00

D2 55.18 1.86 8.27

Cn 111.00 8.10 0.9983

Cn 111.00 11.00

F2
test ¼ 1:32
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The most probable degradation mechanism found

was diffusion, followed by autocatalysis. This result

suggests that hemicellulose char and cellulose char

could be responsible for the diffusion mechanism in

the first thermal degradation step. The results obtained

by Ornaghi (2019b) for kenaf, jute, and ramie showed

three autocatalytic mechanisms as the most probable

degradation mechanism. But diffusion followed by

two consecutive autocatalytic processes was the

second most probable degradation mechanism. These

differences can be attributed to the chemical compo-

sition. Higher hemicellulose and cellulose contents

lead to a greater amount of char being produced and

this can play an important role in the diffusion

mechanism of the first step.

The individual Arrhenius values found cannot be

attributed to the main components (i.e., the first to

hemicellulose, the second to cellulose and the third to

lignin). Thermal degradation is very complex and thus

it is expected that the Arrhenius values will not always

be the same for the individual components. The char

formation also contributes significantly to the degra-

dation. Thus, the three degradation mechanisms seem

to refer to the three main components, while the

Arrhenius values obtained for the process do not.

Conclusions

This study focused on the degradation mechanism of

each component of lignocellulose biomass fiber (wa-

ter, extractives, cellulose, hemicellulose, lignin, cel-

lulose char, hemicellulose char and lignin char),

applying the F-test tool and simulating each compo-

nent separately. One, two and three steps were

considered to complete the statistical evaluation

during the simulation. The results for the activation

energy showed a dependence on cellulose and the

reaction order was associated with hemicellulose.

Since lignin is the most complexmaterial in biomass, a

wide range of degradation mechanisms are associated

with the respective char. This study demonstrates the

implementation of more robust integral fitting models,

considering the effect of each component. The models

indicated that the degradation mechanism that most

occurred in the biomass was diffusion, followed by

autocatalysis. Higher levels of cellulose and hemicel-

lulose lead to a great amount of their chars, which play

a significant role in the first step of the thermal

diffusion mechanism. The results reported herein

could be used for the development of new fitting

models with well-defined reaction steps. Water pre-

sented a lower Ea (35 kJ mol-1) in comparison to

hemicellulose (50 kJ mol-1), cellulose

(118 kJ mol-1) and lignin (75 kJ mol-1). The char

of the main lignocellulosic components showed higher

activation energies (cellulose: 157 kJ mol-1, hemi-

cellulose 110 kJ mol-1, and lignin 80 kJ mol-1)

compared to the respective components. However,

the TG curve showed an average of 111 kJ mol-1,

separated into three distinct degradation steps.
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