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Investigating the Pyrolysis Kinetics of Pinus sylvestris
Using Thermogravimetric Analysis

Langui Xu,? Jiawei Zhou,? Jiong Ni,? Yanru Li,” Yan Long, and Ruyi Huang &¢9*

Thermogravimetric analyses of Pinus sylvestris from Xinxiang were
performed to investigate its kinetic characteristics, which could provide
information for industrial applications. Thermal degradation experiments
were conducted at various heating rates of 10 °C/min, 20 °C/min, and
60 °C/min using a thermogravimetric analysis-differential scanning
calorimetry (TG-DSC) analyzer with an inert environment. The peak
pyrolysis temperatures of the three major components (hemicellulose,
cellulose, and lignin) were predicted by the Kissinger-Kai method, and
activation energy values (E«) were calculated. The Eq of Pinus sylvestris
was also estimated by two model-free methods. The decomposition
reactions of hemicellulose, cellulose, and lignin at different temperatures
were the main reason for fluctuations in Eq. The time for heat transfer was
less sufficient at a high heating rate compared with that at a low heating
rate, which caused the temperature gradients in the samples. Therefore,
the temperature of maximum exothermic peaks was higher than the
maximum pyrolysis temperature. This kinetic study could be useful for
providing guidance for optimizing the biomass pyrolysis process.
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INTRODUCTION

The world’s energy demand continues to grow with economic development and
population growth, although energy efficiency is on the rise. The consumption of fossil
fuels induces global climate change, and sources of fossil fuel energy are dwindling (Huang
et al. 2019). Renewable energy has been beneficial for solving the energy shortage of
countries. Biomass energy, which can be converted into solid, liquid, and gaseous fuels, is
a unique renewable energy and renewable carbon source (Nurek et al. 2019). Biomass
energy, such as that derived from agricultural and forestry residues, is abundant and
considered to be the fourth largest energy resource (Cai et al. 2019; Rodriguez-Jiménez et
al. 2019).

Biomass fuels can be roughly divided into three categories: wood and forestry
processing residues, herbs, and agricultural processing residues. With its high forest
coverage, China is considered an agricultural country. Thus, the annual production of
agricultural and forest residues is vast. Agricultural and forest residues are collectively
referred to as lignocellulosic biomass and are effective in generating heat and power via
thermochemical processes (Ding et al. 2016). Forest biomass contains fewer harmful
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elements, and there is little slagging and exhaust emission after combustion, which is the
main superior quality of bioenergy (Wu et al. 2019; Ding et al. 2020). Pinus sylvestris,
which can release more heat than other wood, is a typical and flammable plant with a large
amount of turpentine. This plant burns completely and is environmentally friendly. Due to
its physical properties, Pinus sylvestris is one of the most popular biomass energy sources.

Characterization of biomass determines its fuel potential. The best energy input
utilization can be obtained by studying the thermal characteristics and fundamental
chemistry of biomass. Pyrolysis processes are the first step in gasification and combustion,
which is the thermal conversion reaction in which biomass transforms into chars, gases,
and liquids of oxygenated organic compounds (Wang et al. 2017). Many researchers have
studied the biomass pyrolysis characteristics of Lentinus edodes (Zou et al. 2019), cattle
manure (Zhang et al. 2019), incense sticks (Wen et al. 2019), sorghum straw (Dhyani et al.
2017), coffee ground residues (Fermoso and Masek 2018), corn stalk (Cai et al. 2018), and
so on. However, the properties of biomass can vary in different environments and climates.

The northern part of Xinxiang, Henan Province of China, with its rich forest
resources, is located in the hilly land of the Taihang Mountains. Pinus sylvestris is planted
in large areas. This paper studied the thermochemical processes of Pinus sylvestris from
Xinxiang. The results could provide guidance for optimizing equipment. The
Pinus sylvestris samples were subjected to thermogravimetric analysis with different
heating rates (10 °C/min, 20 °C/min, and 60 °C/min) to determine its characteristics. The
nonisothermal kinetic methods of Kissenger-Akahira-Sunose (KAS) and Flynn-Wall-
Ozawa (FWO) were used to determine pyrolysis Kinetics to preferentially describe the
thermal decomposition process. These methods were efficient in calculating activation
energy values (E.) because there was no reaction model assumption (Vyazovkin et al. 2011,
Shi et al. 2017). Using experimental data, the peak pyrolysis temperatures of the three
major components (hemicellulose, cellulose, and lignin) were predicted by the Kissinger-
Kai method, and E,, values were also calculated in this paper.

EXPERIMENTAL

Materials

Pinus sylvestris used in this study was sampled from the countryside of Xinxiang,
China. The samples were dried at ambient atmosphere for 3 d to remove their moisture,
and then they were crushed and sieved through an 80-mesh screen to obtain a uniform size,
which could lower temperature gradient within particles. The samples were then placed in
plastic bags to prevent moisture absorption.

Methods
Proximate and ultimate analyses

An automatic proximate analyzer (5E-MAC/GIII; Changsha Kaiyuan Instruments
Co., Ltd., Changsha, China) was used to perform proximate analysis to determine volatile
matter (VM), moisture (M), and ash (A) contents. Fixed carbon (FC) was determined by
the equation: FC = 100 - (M + A + VM). An ultimate analyzer with a Vario EL cube
(Elementar, Langenselbold, Germany) was used to estimate the contents of hydrogen (H),
carbon (C), sulfur (S), nitrogen (N), and oxygen (O calculated by difference). All results
are presented in Table 1.
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Table 1. Proximate and Ultimate Analyses of Pinus sylvestris

Ultimate Analysis Proximate Analysis
(Wt%) (Wt%)
Cad 50.81 Mad 8.0
Had 6.45 Vad 80.86
Oad 42.52 Aad 0.665
Nad 0.23 FCad 11.275
Sad 0
ad, air-dried basis; Oad (%) = 100% - Cad - Had - Nad - Sad

Pyrolysis tests

Thermogravimetric (TG) analysis was performed with a TG analyzer (SDT Q600;
TA Instruments, New Castle, DE, USA) in N2 atmosphere. Samples with weights lower
than 8 mg were placed in alumina crucibles and then heated from room temperature to
900 °C at heating rates of 10 °C/min, 20 °C/min, and 60 °C/min under a nitrogen gas flow
rate at 100.0 mL/min. Each experiment was repeated twice to ensure repeatability.

Mathematical Model Development

The TG supplied a quality atmosphere and an alterable heating rate, which reduced
the effect of thermal gradients and heat transport during pyrogenic decomposition of small
samples (Jiang et al. 2015). A mathematical model was developed to analyze the TGA-
differential scanning calorimetry (DSC) data. The rate of material decomposition with the
iso-conversional method is given as Eq. 1,

da
- = k
- = k(@) )
where & is the conversion rate, which is defined in Eq. 2,
m, —m
=t @
mo - moc

where mg is the initial mass (mg), m¢ is the actual mass (mg) at t moment, and m is the
final residual mass (mg).

The reaction model is represented by f(a), which is a function of the conversion rate
as shown in Eq. 3,

f(a)=0-a) (3)

where n is the reaction order and K is the constant of the reaction rate, which is dependent
on the temperature expressed by the Arrhenius equation, which is shown in Eq. 4,

k = Aexp(- E, /RT) (4)

where E, is activation energy value (kJ/mol), T is absolute pyrolysis temperature (K), R is
the universal gas constant (8.31 J/(K-mol)), and 4 is the pre-exponential factor (s).
Introducing the heating rate, & (K/min), shown in Eqg. 5,

T'=Tp + 5t 5)
and combining Eq. 1 and Eq. 4 with Eq. 5 results in Eq. 6 below:
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3_$ =(A/B)1-a)" exp(E, /RT) (6)

Equation 6 was integrated after rearrangement with the conversion rate from zero,
so the total conversion can be given as follows in Eq. 7,

)= [} = o = G L e st

where x=E, /RT, p(x) is the temperature integral without the analytical solution and

g(a) is the conversion quantity from the start of the experiment to the moment t. The
methods used to evaluate kinetic parameters from TGA data are based on Egs. 6 and 7.

Kinetic Analysis

The kinetic parameters of nonisothermal thermal experiments were estimated to
optimize the process of biomass thermal degradation. The KAS and FWO methods were
used to calculate kinetic and thermodynamic parameters of the samples without model
assumption.

KAS method
The KAS method, which is expanded from Kissinger (1957) and Akahira and
Sunose (1971), is a model-free method that is expressed as follows in Eq. 8:

AE E
In ﬁz =1In ==
T Rg(a)) RT
For a given conversion rate, the line of In (5/7%) against 1/T was plotted, and the E

could be calculated by the slope expression Ea/R. If g(a) could be determined, the pre-
exponential factor A (s) was also calculated by the intercept from Eq. 8.

(8)

FWO method

The FWO method derived from the Doyle approximation is another model-free
model that is often used to estimate kinetic parameters. The FWO method can be expressed
as shown in Eq. 9,

AE 1.0516E
. -533-———+

/g =In Rg(a) RT

9

where g(a) is expressed as in Eq. 7. Because In[(AEa)/(Rg(«))] did not relate to f, the Ea
was determined using the slope expression (-1.0516 Ea / R). There was no assumption
concerning the reaction mechanism for the Ea calculation. The pre-exponential factor A
could be obtained from the intercept expression In[(AEa)/(Rg(«))] when g(a) was
determined.

Kissinger-Kai method

The Kissinger-Kai method, based on the Kissinger method (Kissinger 1956), was
developed by Li et al. (2014). Hemicellulose, cellulose, and lignin are the main components
of lignocellulosic biomass, and each component should decompose at different peak
temperatures. The corresponding activation energies can be computed when peak values
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are presented. The absolute second derivative of TG ([DDTG]|) can determine the peak
locations corresponding to the main components, as shown in Eq. 10,

q dm,
a7

IDDTG| = >0 (10)

:‘ZN f dzmti
= g7

where f, =—% is the initial mass fraction of every part i, and ZL f., =1. When one
m, -

component reached the maximum decomposition rate at the peak temperature,
da, /dT| > max at T =T, its second derivative (|DDTG|) would decrease rapidly to a

local minimum (Channiwala and Parikh 2002). The peak temperature of main components
(Tp,i) could be confirmed by the minimum value if there were no other major peaks nearby.
Then, E, was confirmed by the Kissinger method for different peaks, as shown in Eq. 11,

In££] = In(ﬁJ __E (11)
T? E RTp’i

p.i a

where i denotes the peak temperature (°C) of different components, and E, can be
calculated by the slope expressions, In[ﬁ/(T;i)] against (1/Tp,i ).

RESULTS AND DISCUSSION

Physicochemical Properties of Pinus sylvestris

Moisture content of the samples reached 8.0% as shown in the proximate analysis
results in Table 1. The samples were considered quality fuels because moisture content was
less than 10%, which would be suitable for combustion (Font et al. 2005). Volatile matter
increased to 80.1%, and ash content decreased to 0.665%. Because of low ash content,
Pinus sylvestris samples were not easy to slag when burned (Chen et al. 2019). The samples
contained no sulfur and little nitrogen, which caused few emissions of toxic gases during
pyrolysis and combustion. High heating values (HHV, MJ/kg) of the samples, which is the
total energy released when subjected to combustion, can be calculated with Eq. 12
(Nhuchhen and Abdul Salam 2012),

HHV =19.288—O.2135\M—1.9584A—Sh+O.0234E (12)
FC VM

Ash
where VM is volatile matter (%) and FC is fixed carbon (%), and the HHV of
Pinus sylvestris was calculated as 18.16 MJ/kg.

Influence of Heating Rate on TG and DTG Analyses

Thermogravimetry ((D)TG) analyses were used to study thermal conversion of the
samples. Weight of residual mass of the samples varied with pyrolysis temperature. Water
evaporation, hemicellulose, cellulose, and lignin gradually decomposed with the increase
in temperature. Total biomass decomposition could be considered as the superposition of
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these main components (Ahmad et al. 2017). The TG experiment was conducted at heating
rates of 10 °C/min, 20 °C/min, and 60 °C/min from ambient temperature to 900 °C at a N
flow rate of 100 mL/min. Figure 1 shows the effect of heating rate on Pinus sylvestris mass
loss rate. With the increase in heating rate (5), TG and DTG curves moved to higher
temperature regions. However, the thermal decomposition trend was not affected. The
temperature transformation showed the thermal hysteresis. Therefore, with the increase in
heating rate, atmosphere temperature in the TG analyzer increased during the time interval
when heat transferred to the sample center.. As the heating rate decreased, the mass losses
increased as the reaction became more sufficient. Similar conclusions were also reported
in other studies (Ding ef al. 2016; Ahmad et al. 2017).
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Fig. 1. TG (a) and DTG (b) curves of Pinus sylvestris as a function of temperature in a N2
atmosphere
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Fig. 2. TG/DTG curves of Pinus sylvestris at a heating rate of 10 °C/min

The three-main components of lignocellulosic biomass have different structure.
Hemicellulose has an amorphous structure with little strength which is easy to pyrolyze at
low temperatures. Cellulose is crystalline and has strong resistance to hydrolysis with a
high pyrolysis temperature range. Lignin is heavily interconnected, filling the three-
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dimensional space of biomass with a wide pyrolysis temperature range. Therefore, there
were four different mass loss stages in Fig. 2. For the heating rate of 10 °C/min, the
moisture was free water in the sample (surface moisture and inherent moisture) that
evaporated from room temperature to 105 °C in the first stage, and the total mass loss
was approximately 5%. At the second stage, mass loss was mainly because hemicellulose
decomposed. Total mass loss was approximately 48% from 105 °C to 330 °C. At the third
stage, a maximum mass loss occurred because cellulose decomposed, and total mass loss
reached 76% between 320 °C and 397 °C. The total mass loss percent could reach
approximately 84% from 397 °C to 900 °C, which was attributed to lignin degradation
(Lahijani et al. 2019). There was a rapid decrease in mass loss rate until 397 °C. Then,
there was a slow decrease in mass loss rate, and mass change was small after 550 °C.

DSC and Heat Flow Measurement

Variation in heat flow (mW/mg) of the samples with change in temperature was
studied, and the DSC graphs in Fig. 3 show heating flow variations at different heating
rates.
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Fig. 3. DSC curves of Pinus sylvestris at different heating rates
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The heat flow had a nonlinear nature, as shown in Fig. 3. The endothermic peak in
all heating rates was approximately 100 °C because moisture was removed from the
samples. Exothermic reactions began during pyrolysis. A rapid increase in heat flux was
observed as temperature increased from 200 °C to 400 °C. At approximately 400 °C, a
second endothermic peak appeared in each of the three heating rates because the crystal
water was separated. At this point, pyrolysis was still an exothermic reaction. Maximum
heat flow increased with the increase in heating rate, which could reach 405 °C, 455 °C,
and 830 °C with heating rates of 10 °C/min, 20 °C/min, and 60 °C/min, respectively.
Maximum heat flow was obtained at a higher temperature than the max pyrolysis
temperature in DTG, which was 364 °C at 10 °C/min, 378 °C at 20 °C/min, and 399 °C at
60 °C/min, as shown in Fig. 2. This result indicated that the hysteresis effect existed
between inner and outer parts of the sample, which hindered the release of heat flow
(Huang et al. 2018).

After heat flux temperatures reached a maximum, heat flow decreased because the
reaction became weak, as shown in Fig. 2. The heat flow decreased with the decrease in
mass change until completion of the reaction.

KINETIC PARAMETERS ANALYSES

Activation Energies of Hemicellulose, Cellulose, and Lignin

The order of thermal degradation of the three main substances from easiest to most
difficult was hemicellulose > cellulose > lignin (Grenli et al. 2002). Hemicellulose
pyrolysis should be located in the shoulder region of the DTG curve, and cellulose
pyrolysis was responsible for the maximum mass loss rate. Then, there was a rapid decline
and a long tail, which corresponded to lignin decomposition.

-8.6
-8.8

L = 10 °C-min™
[ e 20°C-min’
90 4 e0°C:mint' .
92f

94
-9.6
-9.8
-10.0
-10.2 |

L

In(B/(T,,+273.15)?)

-10.6 F

a08fF S

1.4x1031.5x1031.5x1031.5x1031.6x1031.6x10"
1/(T,, +273.15)

—
=
=

Fig. 4. K-S plots at different heating rates
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With the Kissinger-Kai method, three peak temperatures were established with
the second derivative of TG curves, which corresponded to hemicellulose, cellulose, and

lignin at different heating rates. With the peak temperature of each component, In(ﬂ/sz’i)
was plotted and fit against 1/T,; as shown in Fig. 4. Additionally, E. could be obtained

with Eqg. 11, which was 156.5 kJ/mol for hemicellulose, 193.8 kJ/mol for cellulose, and
159.7 kJ/mol for lignin. Table 2 shows the comparison between the calculated results and
the values reported in the literature (Branca et al. 2005; Zhang et al. 2014). Hemicellulose
and lignin started to decompose at almost the same time. The decomposition temperature
range of lignin was from beginning to end of decomposition, but the maximum
decomposition rate occurred in the higher temperature region. The decomposition
temperature range of cellulose was narrow, and decomposition rate was high (Chen et al.
2018).

Table 2. Calculation Results of Kinetic Parameters for Hemicellulose, Cellulose,
and Lignin

Activation Energy Value (Eq) (kJ/mol)
Component Kissinger-Kai
Method Branca et al. (2005) Zhang et al. (2014)
Hemicellulose 156.53 147.00 179.85
Cellulose 193.84 193.00 240.23
Lignin 159.74 181.00 165.61

The results are generally consistent with the existing models (Branca et al. 2005;
Zhang et al. 2014), indicating that the mathematical assumptions used in the Kissinger-Kai
method are feasible. The pyrolysis reaction of lignocellulosic biomass is usually three-
component parallel reaction. Therefore, pyrolysis temperature range and peak temperatures
of the three components of different lignocellulosic biomass are basically the same, and
the total activation energy of lignocellulosic biomass will be different due to the different
content of each component. The calculation results and calculation methods can be
extended to lignocellulosic biomass with different chemical compositions.
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With the Kissinger-Kai method, peak temperatures of different components are
shown in Fig. 5. The pyrolysis temperature range of different components with a heating
rate of 10 °C could be estimated as follows: from 225 °C to 325 °C for hemicellulose and
from 325 °C to 375 °C for cellulose, while lignin was pyrolyzed during the whole
decomposition process from 250 °C to 500 °C, which agrees with Ding et al. (2019).

Activation Energies of Pinus sylvestris

The TG records were used to calculate Pinus sylvestris chemical reaction kinetic
parameters with KAS and FWO methods, as described earlier. Table 3 shows the reaction
temperatures of different heating rates as well as the conversion rate.

Table 3. Reaction Temperature of Different Heating Rates and Conversion Rate

Reaction Temperature
Conversion Rate (°C)
10 °C/min 20 °C/min 60 °C/min
0.1 259 255 260
0.2 299 307 322
0.3 321 331 347
0.4 338 349 366
0.5 352 364 382
0.6 364 376 395
0.7 376 388 407
0.8 474 452 439

There was little or no correlation when conversion values were below 0.1 and above
0.8 (Musellim et al. 2018). Therefore, the conversion value was chosen between 0.1 and
0.8 for the three heating rates (10 °C/min, 20 °C/min, and 60 °C/min). Using Eq. 8 and Eq.
9, In(ﬁ/Tz) was plotted and fitted against (1/T) with the KAS method, and Ing was
plotted and fitted against (1/T) with the FWO method, as shown in Figs. 6 and 7,
respectively.
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Fig. 6. KAS plots for different conversion rates
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Fig. 7. FWO plots for different conversion rates

The straight-line slopes (E«/R from KAS and 1.052 E&/R from FWO) were used to
calculate E, at different conversion rates (Damartzis et al. 2011; Arenas et al. 2019). The
mean values of Es were 206.29 kJ/mol and 205.85 kJ/mol with the KAS and FWO methods,
respectively, as shown in Table 4. The difference in E, calculated by KAS and FWO
models was less than 2% deviation. The difference approximation of the two methods
resulted in the deviation.

Table 4. Calculation Results of Kinetic Parameters and Correlation Factors (R?)
for Different Conversion Values by KAS and FWO Models

Conversion KAS FWO
Rate E4 (kJ/mol) R? Es (kJ/mol) R2
0.1 222.26 0.94 221.85 0.91
0.2 209.61 0.99 208.37 0.99
0.3 201.24 0.99 200.80 0.99
0.4 197.86 0.99 197.87 0.99
0.5 193.30 0.99 193.78 0.99
0.6 194.03 0.99 194.67 0.99
0.7 201.43 0.99 201.89 0.99
0.8 230.58 0.94 227.55 0.93

Mean value 206.29 205.85

Overall, fluctuation in E, with the increase in conversion rate showed that complex
chemical reactions took place in the pyrolysis of Pinus sylvestris. The E, represents the
minimum energy required for a chemical reaction. As E, increased, the reaction rate
decreased, and it became more difficult for the reaction to occur. After water evaporation,
the pyrolysis process products of Pinus sylvestris were mainly composed of hemicellulose,
cellulose, and lignin. According to the difference in thermal stability for these three
components, the distribution of E, was divided into three stages: the hemicellulose
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pyrolysis stage when 0.1 < a < 0.3, the cellulose pyrolysis stage when 0.3 < a< 0.7, and
the lignin pyrolysis stage when 0.7 < a < 0.8.

In the first stage of 0.1 < a< 0.3, E, ranged from 222.3 kJ/mol to 201.2 kJ/mol. The
E, started at a higher value and then decreased. This stage mainly included degradation of
hemicellulose. Di Blasi and Lanzetta (1997) demonstrated that there are two stages of
hemicellulose pyrolysis. The first stage is the break of the branch chain at low temperature,
which results in volatile products and intermediate products. The degree of polymerization
is decreased. Then, main chains of intermediate products undergo depolymerization
reactions to produce various small molecular compounds, such as acetone, formic acid, and
propanal, while the temperature increases. Therefore, E, required for the initial reaction
was high, while E, required for the pyrolysis reaction was low after formation of
intermediate products.

The second stage was 0.3 < a< 0.7, and E, ranged from 197.9 to 194.0 kJ/mol. The
E. value slowly decreased. This stage mainly included degradation of cellulose. Bradbury
et al. (1979) noted that cellulose pyrolysis first produces active cellulose as an intermediate
product, with a reduced degree of polymerization and molecular chain length. The active
cellulose began to degrade with the increase in temperature. However, as degree of
polymerization decreased, thermal degradation became more likely to occur; thus, E,
decreased compared with the initial stage.

The third stage was when 0.7 < o. < 0.8, and E, ranged from 201.4 kJ/mol to 230.6
kJ/mol. The E, increased rapidly, and this stage had a higher E,. This stage mainly included
degradation of lignin because lignin was mainly composed of three phenylpropane
structures, which were closely bound together. The thermal degradation was more difficult,
and the required activation energy was high. When the conversion rate reached 0.8, E,
rapidly increased, which might have been because coke content of the solid pyrolysis
product on the lignin surface increased. Reactivity of carbon was low, but with the increase
in temperature, thermal degradation mainly depended on the diffusion reaction zone
diffusion rate. With the decrease in degradable substances (volatiles), reaction rate
decreased sharply, which resulted in the rapid increase in E, (Chen et al. 2013; Ma et al.
2015).

CONCLUSIONS

1. The thermogravimetric—differential scanning calorimetry (TG-DSC) curves confirmed
that the degradation peak shifted towards a higher region without damaging the
decomposition behavior with increasing heating rate. The peak pyrolysis temperatures
of the three major components (hemicellulose, cellulose, and lignin) were predicted by
the Kissinger-Kai method, and E, values were calculated to be 156.5, 193.8, and 159.7
kJ/mol, respectively.

2. The E, values of Pinus sylvestris were estimated by two model-free methods at
different conversion rates, which were from 193.3 kJ/mol to 222.3 kJ/mol by the KAS
method and from 193.8 to 227.6 kJ/mol by the FWO method. The variation in Ea
showed that there were multistep kinetics during the degradation process. The
decomposition reaction of hemicellulose, cellulose, and lignin at different temperatures
was the main reason for fluctuation in activation energy.
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3. At higher heating rates, there was not sufficient time for heat transfer compared to the
amount of time at lower heating rates. Therefore, there were temperature gradients in
the samples, and maximum exothermic peaks switched to a temperature higher than the
maximum pyrolysis temperature (DTG).
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