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ABSTRACT: The pyrolysis characteristics of land biomass (corn
stalks (Cs), pine sawdust (Ps)) and coastal zone biomass
(Jerusalem artichoke stalks (JAs) and reed (Re)) were investigated
based on thermogravimetric analysis (TGA) and products’ analysis.
The kinetic parameters were obtained by three isoconversional
methods (Friedman, KAS, and FWO) and one model-fitting
method (DAEM). The simultaneous effect of high temperature
(700−900 °C) and high heating rate (1000 °C/s) on the pyrolysis
product simulating the typical conditions of a fluidized bed gasifier
was studied. TGA showed that high heating rates deepen the
thermal cracking process of biomass. Compared with the land
biomass, the initial decomposition temperature (Ti) of the coastal
biomass is reduced significantly owing to its higher proportion of
hemicellulose. These methods agree with the trends shown by the activation energy (Ea) distribution calculated, with fluctuations
between 160 and 350 kJ/mol. The mean value activation energies of Re and JAs were higher than those of Cs and Ps between 10%
and 90% conversion. The DAEM model showed that Cs and JAs have a good linear relationship between ln A and Eα during the
main pyrolysis stage, while Ps and Re are relatively weaker. The kinetic compensation effect was evident for Cs and JAs during the
main thermal cracking stage. Py-GC-MS results confirmed that phenols, hydrocarbons, PAHs, and oxygen heterocycle compounds
were strongly present in the released volatile products. High-temperature fast pyrolysis of JAs produced a larger amount of PAH
compounds than from Cs, Ps, and Re. A larger amount of hydrocarbons and phenols was generated from high-temperature fast
pyrolysis of Ps. Some oxygen-containing volatiles are easily converted into aromatic products with higher stability under high
temperature.

1. INTRODUCTION

The proposal of the “double carbon” goal has accelerated the
development of multienergy integration and promoted the
speed of replacing traditional fossil fuels with clean and green
renewable energy.1,2 Biomass energy, as the only green low-
carbon resource among renewable energy, will play an
important role in the future low-carbon energy structure
because of its great potential in carbon reduction due to its
capacity of carbon capture and storage (BECCS).3 Gas-
ification, as one of the most promising processes of large-scale,
efficient, and clean utilization of biomass energy, can convert
biomass with low energy density from solid state to high-grade
combustible gas.4 The fluidized bed gasifier is currently the
main gasification technology at a large scale. The typical
process conditions are as follows: high temperature (>700 °C),
high heating rate (1000 °C/s), and short particle residence
time (<5 s). The main advantage of this technology is the high
conversion efficiency, and it can convert biomass into high
yields of high-calorific-value gas products and tars with
consistent chemical compositions through controlling factors.

Pyrolysis, as one of the most important stages of the biomass
gasification process, directly determines the quality of gas-
ification products. Pyrolysis is a thermochemical process in
which occurs a series of physical changes and chemical
reactions at 200−900 °C in the absence of air to produce gas,
liquid (tars and condensable gases), and solid (char or coke)
products.5,6 The distribution of biomass pyrolysis products
mainly depends on the properties of the feedstock and the
parameters heating rate, reaction temperature, and residence
time. Pyrolysis is beneficial to reduce pollutant emissions and
utilize energy more efficiently and cleanly compared with
combustion technology. In-depth study of the thermal
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decomposition properties of feedstocks is crucial for advancing
gasification conversion.
Pyrolysis kinetics plays an extremely important role in the

prediction of pyrolysis behavior and the rational design of the
reactor in engineering applications, as kinetic analysis provides
basic information on how materials decompose under different
conditions.7−9 The current thermal analysis methods are
divided into isothermal methods and nonisothermal meth-
ods.10 The isothermal method refers to the variation of the
mass of a substance with time at a specific temperature, while
the nonisothermal method refers to the variation of the
substance under nonisothermal (usually linear heating)
conditions. The isothermal method involves raising the
temperature of the substance to be tested to near its
decomposition temperature rapidly, which requires higher
equipment accuracy and may also cause greater noise.11

Compared with isothermal analysis methods, nonisothermal
methods use temperature programming, which is less time-
consuming and simple and has gradually become the main
means of thermal analysis kinetics. Kinetic methods on
nonisothermal solid-state reactions can be divided into two
approaches: (i) isoconversional methods and (ii) model-fitting
methods.9,12−14 Compared to the model-fitting methods, the
isoconversional methods can directly calculate the activation
energy of the reaction without preassuming the f(α)
mechanism function, which can avoid errors caused by
assuming different mechanism functions.10,15,16 Currently,
there are many calculation models for isoconversional kinetics.
These models can be categorized as differential methods and
integral methods. The most popular isoconversional methods
are the Friedman, Flynn−Wall−Ozawa (FWO) and Kis-
singer−Akahira−Sunose (KAS) methods.7 The distributed
activation energy model (DAEM) is a commonly used model-
fitting method for calculating the kinetic parameters of
pyrolysis reactions, which can describe the entire reaction
process.17 The DAEM assumes that the pyrolysis process of
biomass proceeds through many independent parallel reactions
with different activation energies, and the activation energy
distribution of these reactions can be described by a
continuous function.18 With regard to biomass, this
assumption is appropriate, because biomass is composed of a
series of organic matter with extremely complex chemical
structures and compositions, and these components have their
own thermal decomposition behavior during the pyrolysis
process. Vaŕhegyi et al.19 pointed out that the DAEM is the
best model to describe the biomass devolatilization process.
In addition to the study of the kinetics of the pyrolysis of

biomass, understanding the characteristics of the product is
beneficial to the directional regulation of the pyrolysis process
and obtaining high yields of high-calorific-value gas products
and tars with consistent chemical compositions. The heating
rate and temperature affect the chemical properties of the
primary pyrolysis product by affecting the rate of biomass
devolatilization and then determine the eventual biomass
pyrolysis product.20 At present, a large number of literature
reports pay attention to the fast pyrolysis process of biomass
for the production of liquid fuel at low temperature (400−600
°C).21−24

The coastal zone is a narrow interface zone between marine
and terrestrial areas.25 The coastal zone resource is an
important reserve land resource with dynamic growth. Its
reasonable development is an effective way to alleviate the dual
pressure of population growth and cultivated land reduction in

coastal areas, and it has very important practical significance to
promote the economic development of coastal areas.26

Jerusalem artichoke (Helianthus tuberosus L.) and reed are
two common salt tolerant plants in the coastal zone.27,28 In
China, the annual production of Jerusalem artichoke and reed
in the coastal zone is about 800 million tons.29

Up to now, no satisfactory information has been found in
the literature about the pyrolysis kinetic behavior and a
detailed analysis of the reaction products under the
simultaneous effects of high temperature and high heating
rate for land and coastal biomass. Therefore, this paper aims to
(1) explore the effects of heating rates (50, 80, 100, 300, and
600 °C/min) and feedstock properties on the thermal behavior
and mechanism by thermogravimetric analysis, (2) calculate
the pyrolysis kinetic parameters of coastal waste biomass by
isoconversional (Friedman, FWO, and KAS) methods and the
DAEM, and (3) investigate the simultaneous effects of high
temperature (700−900 °C) and high heating rate (1000 °C/s)
on the pyrolysis product, simulating the typical conditions of a
fluidized bed gasifier.

2. MATERIALS AND METHODS
2.1. Feedstocks. Four biomasses, corn stalks (Cs), pine

sawdust (Ps), Jerusalem artichoke stalks (JAs), and common
reed (Re), were used in this work. Cs were collected from rural
areas in Shandong Province, Ps from a Qingdao wood
processing plant, and Re and JAs from coastal wetlands in
the Yellow River Delta, China. All biomass samples’ powder
(particle size ≤ 180 μm) was used as received and stored in a
desiccator until further analysis. The proximate analysis was
carried out according to the Chinese GB/T 28731-2012
National Standards, and the ultimate analysis was measured by
an Elementar Analysensysteme Gmbh (Vario MACRO cube,
Germany).30 The physicochemical characterizations of Cs, Ps,
JAs, and Re are listed in Table 1. The Ps (87.76%) and Re
(80.86%) have a higher amount than Cs (71.85%) and JAs
(67.40%) in the content of volatile matter. The ash content is

Table 1. Feedstocks’ Properties

(a) Proximate and Ultimate Analysis of Biomass Feedstocks

Parameter Cs Ps Re JAs

Proximate analysisa (wt %, ad. Basis)
Moisture 5.46 7.52 2.15 12.76
Ash 9.81 0.33 3.90 3.96
Volatile matter 69.85 84.76 77.97 77.25
Fix carbonc 14.88 7.39 5.98 6.03
Ultimate analysisb (wt %, daf. Basis)
C 41.65 50.27 49.71 33.6
H 5.66 5.75 5.71 6.36
Oc 36.33 32.10 36.97 42.79
N 0.95 2.52 1.16 0.53
S 0.14 0.00 0.40 0.00
HHV (MJ/kg) 16.61 20.62 19.32 18.28

(b) Chemical Composition Analysis

Feedstock
Cellulose
(wt %)

Hemicellulose
(wt %)

Lignin
(wt %)

Extractives
(wt %)

Cs 65.25 8.65 0.00 26.10
Ps 57.21 13.98 25.45 3.36
JAs 63.63 16.56 7.44 12.37
Re 43.05 30.68 20.34 5.93

aDry-free basis. bDry ash-free basis. cCalculated by difference.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c06363
ACS Omega 2022, 7, 10144−10155

10145

http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c06363?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


very high for Re (12.32%), followed by Cs (11.15%) and less
in JAs (3.34%) and Ps (1.40%). The chemical analysis of
biomass reveals that Cs, Ps, Re, and JAs are rich in cellulose
content (43.05%−65.25%). Hemicellulose varied from 8.65%
to 30.68%, while lignin varied from 0.00% to 25.45%.
2.2. Thermogravimetric Analysis. The pyrolysis meas-

urements for the land and coastal zone species were conducted
in thermal gravimetric analyzer (NETZSCH Instruments, STA
449 F3 Jupiter, Germany) in a continuous atmosphere of inert
nitrogen (99.999 purity) at a flow rate of 100 mL/min to
investigate the mass loss of biomass and the formation of
volatiles. The operation process of TGA was based as per the
reported method.30 Six different heating rates were applied in
this study: 50, 80, 100, 300, and 600 °C/min.
2.3. Kinetic Theory. 2.3.1. Isoconversional Methods.

Three isoconversional models (Friedman,31 Flynn−Wall−
Ozawa (FWO),32,33 and Kissinger−Akahira−Sunose
(KAS))34,35 were selected to explain the kinetics of pyrolysis
conversation. These models are summarized in Table 2.
2.3.2. DAEM. The DAEM f(α) reaction function often

adopts the reaction series model, which can be described by eq
4.

∫ ∫

∫ ∫

α

β

β

− =

− − =

− − − ≠

∞

∞ −

l

m

oooooooooooo

n

oooooooooooo

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ
i
k
jjj

y
{
zzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑ
Ä

Ç

ÅÅÅÅÅÅÅÅÅÅ
i
k
jjj

y
{
zzz

É

Ö

ÑÑÑÑÑÑÑÑÑÑ

A E
RT

T f E E n

n A E
RT

T f E

E

n

1

exp exp d ( )d 1

1 (1 ) exp d ( )d 1

T

T

T

T n

0

0

1/1

0

0

(4)

The calculation methods of kinetic parameters can be
divided into the distribution fitting method and the
distribution-free method. The distribution fitting method
achieves a highly accurate fitting by forcing the simulation of
the TG data to obtain the parameters, but the calculation
process is very complicated. The distribution-free method uses

the equal transformation rate method to determine the
correlation between Ea and α, and the calculation process is
relatively simple. The Miura differential method and the
Miura−Maki integration method36 are common distribution-
free methods, and the formula can be obtained by
mathematical simplification:36
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2.4. Py-GC/MS Analysis. Pyrolysis product distributions of
biomasses derived from land (Cs and Ps) and the coastal zone
(Re and JAs) were carried out in a Py-GC/MS (CDS 5250,
Agilent 7890B/5977A). The heating rate of the method was as
high as 20000 °C/s, which can analyze the pyrolysis oil and gas
online, avoiding the secondary reaction between volatiles and
char in the traditional fast pyrolysis process effectively, which is
closer to the tar composition obtained under the actual
conditions. About 0.3 mg of samples was pyrolyzed at five
different temperatures of 700, 750, 800, 850, and 900 °C for 20
s at 10000 °C/s. For the specific heating program of the Py-
GC/MS, please refer to the literature.21

3. RESULTS AND DISCUSSION
3.1. Thermogravimetric Analysis. Figure 1 shows the

TG/differential-thermogravimetric (DTG) curves of biomass
pyrolysis at a heating rate of 50 °C/min. Table 3 lists the
pyrolysis characteristics parameters (Ti, initial temperature; Tm,
maximum degradation rate temperature; Tf, final temperature;
Rmax, maximum mass loss rate; mf, residue quality). As
expected, the biomass pyrolysis process is mainly divided
into three stages: The first stage is the drying stage (<150 °C).
The precipitation of free water mainly occurs in this stage,
which shows a slight weight loss on the DTG curve. The
second stage is the main pyrolysis stage (150−550 °C). In this
stage, the biomass undergoes obvious thermal decomposition
and volatiles are precipitated. The DTG curve shows an

Table 2. Summary of Isoconversional Models for the Pyrolysis Kinetics in This Study

Model
governing Equation Eq Remarks References
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a (3) ln β/T2 must have a good linear relationship with 1/T with −(Ea/R) as the slope,
which can calculate the activation energy. 34, 35

Figure 1. TG/DTG curve of typical biomass pyrolysis.
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obvious weight loss peak. For different biomasses, the DTG
curves of Cs are relatively smooth, those of Ps and JAs are
slightly curved, and and those of Re have obvious shoulder
peaks. The obvious weight loss peak is mainly caused by the
differences in the cellulose, hemicellulose, and lignin contents
(Table 2). The third stage is the slow decomposition stage of
the residue, in which the yield of the solid residue obtained by
the pyrolysis of the biomass can be obtained.
The Ti values mainly reflect the thermal stabilities of

different biomass samples. It can be seen from Table 3 that the
order of the Ti values of four biomasses from small to large is
JAs < Cs < Re < Ps, indicating that Ps has good thermal
stability. The main component of JAs is inulin (mono-
saccharide). After heating, the thermal decomposition reaction
occurs rapidly due to the low chemical bond energy. The Rm
value of Ps is the largest, followed by Re, Cs, and JAs. The Tm
value corresponds to Rm. The Tm values of Cs and Re are 339.0
and 336.0 °C respectively, while the Tm value of Ps is higher,
387.2 °C, which may be due to the inorganic mineral metal
ions contained in ash as catalysts in the pyrolysis processes of
Cs and Re.37,38

In order to comprehensively evaluate the difficulty of
pyrolysis for various biomasses, an article proposed a
comprehensive pyrolysis index D to reflect the pyrolysis
characteristics of biomass.39 The calculation method is as
follows:

= ΔD R TT T/max i m 1/2 (6)

where D is the volatile emission index in % °C−1 min−1 10−8,
Rmax is the maximum mass loss rate in % min−1, Ti is the
primary pyrolysis temperature in °C, Tm is the temperature
corresponding to the maximum weight loss rate in °C, and ΔT
is the half peak width of the maximum DTG peak in °C.
As shown in the table, the order of the D values from large

to small is Re > PS > JAs > Cs. Therefore, the pyrolysis
performances of Re and Ps are obviously better than those of
Cs and JAs. In addition, it can be concluded that the order of
the residual product yields from more to less is Cs > Re > JAs
> Ps. Lignin is the main contribution component of solid
residues in biomass pyrolysis. The content of the lignin
component in Cs is high, and its ash content is high due to the
influence of the growth environment, resulting in the high
content of pyrolysis residue. The high content of Ps volatiles
leads to less solid residue yield.
3.2. Effect of Heating Rate on Pyrolysis Behavior. The

effect of heating rate (50, 80, 100, 300, and 600 °C/min) on
biomass thermogravimetric characteristics is shown in Figure 2
and Table 4. With the increase of the heating rate, the
decomposition rate of biomass accelerated, the TG/DTG
curves of the samples all shifted to the high-temperature
region, and the Tm value increased significantly. The mass loss

of Cs at 50 °C/min in the main thermal cracking stage started
at 254.9 °C and ended at 377.9 °C, during which 29.3%/min
of the maximum mass loss rate occurred at 338.7 °C. However,
Ti was 289.7 and 291.1 °C, and Tf was 385.7 and 428.0 °C for
Cs at 300 °C/min and 600 °C/min, respectively. The Ti, Tf,
and Rmax corresponding to Tm were all increased as the heating
rate increased. The response time of the temperature required
for the pyrolysis of fuel particles is shortened with the increase
of the heating rate, which promotes the progress of the
pyrolysis process, resulting in an increase in Ti.

40 The increase
in Tm, Tf, and Rmax is mainly due to the thermal hysteresis
effect.41 With higher heating rate and larger temperature
difference between the heater and samples due to the
resistance of heat transfer, the thermal cracking was delayed.40

Morover, the organic matter in the biomass is easily
decomposed at high temperatures, so the values of Rmax and
Di also increase. The Di value increases with the increase of the
heating rate, indicating that with the increase of the heating
rate, the pyrolysis performance of the material is better, and the
high heating rate is more conducive to the progress of the
pyrolysis reaction. Further analysis shows that, taking Cs as an
example, there is a good linear relationship between Rmax and
the heating rate at each heating rate, and the specific
relationship is y = 6.03 − 0.60x (R2 = 0.9985).
The yield of the residue (char) was decreased with the

heating rate increases. From this, we can conclude that higher
heating rates deepen the thermal cracking process of biomass.
In this stage, the hemicellulose in biomass continuously
decomposed into char at a very slow rate from the temperature
of 600 °C onward.42 Moreover, other factors to consider are
structural reordering with prolonged residence time, leading to
a decreased intrinsic reactivity of the biomass.
From Figure 2, it can be seen that excluding the stage of

removal of adsorbed water and low-molecular-weight hydro-
carbons, land biomass has only one reactive stage in the
pyrolysis process, while the coastal biomass presents two
stages. As depicted in Table 1b, Cs has the highest content of
cellulose (65.25 wt %), while Re has the least cellulose content
(43.05 wt %). The hemicellulose content of Re is the highest
(30.68 wt %) followed by JAs (16.56 wt %) and Ps (13.98 wt
%); the least is Cs (8.65 wt %). Additionally, Ps (25.45 wt %)
and Re (20.34 wt %) are abundant in the content of lignin. As
reported in the previous literature, hemicellulose can be
decomposed in the temperature range 220−315 °C.43

Cellulose is a linear structure; it can be cracked in a higher
temperature range (315−550 °C).43 This coincides with the
two reactive stages in Figure 2. Lignin generally degrades above
600 °C as it is full of heavily cross-linked aromatic rings.44

3.3. Kinetic Analysis. 3.3.1. Kinetic Parameters by Using
Isoconversional Methods. The Ea values calculated for all the
isoconversional methods (Friedman, FWO, and KAS) were
obtained by linear regression. Considering the complexity of
four models and four biomass species, Figure S1 only shows
the linear regressions constructed by using three different
heating rates of 50, 80, and 100 °C/min to estimate the
apparent activation energies for the Ps and JAs maxima using
models. The variations of Eα (α is from 0.05 to 0.95) obtained
from three different models for four biomass species are
presented in Tables S1−S3, respectively.
The linear regression curve obtained by the four kinetic

methods has its own characteristics. The linear regression
straight line formed by the three points at different pyrolysis
heating rates using the Friedman method exhibits a parabolic

Table 3. Pyrolysis Characteristic Parameters

Parameters Cs Ps Re JAs

Ti (°C) 252.6 268.9 260.4 187.0
T1 (°C) 301.8
Tm (°C) 339.0 387.2 336.0 362.8
R1 (%/min) −18.9
Rmax (%/min) 29.3 41.4 39.1 27.0
Tf (°C) 528.4 577.9 513.9 538.9
ΔT1/2 (°C) 74.2 72.8 48.8 82.7
D (10−6 % min−1 °C−3) 4.6 5.5 9.2 4.8
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shape with the change of the pyrolysis temperature. The linear
regression curve obtained by the FWO method is parallel to
each other in the horizontal direction, while the curve fitted by
the DAEM is a linear continuation of parallel lines in the tilting
direction. This is mainly due to the difference in the integral
equations of the three kinetic methods. Additionally, the Y-

coordinate values at the same conversion rate under the same

heating rate conditions calculated by the three kinetic methods

also have significant differences, wherein the Friedman and

FWO equations are positive and the latter is higher than the

former.

Figure 2. TG/DTG curves of biomass pyrolysis under different heating rates.
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Figure 3 shows the Eα distribution against α of substances
for the Friedman (FR), FWO, and KAS methods. As observed,
the Eα profiles of both land and coastal biomasses for the KAS
and FWO methods are practically the same, while the Eα

profile calculated by the Friedman method is slightly different.
This is mainly due to the difference in the mathematical
processing methods; the KAS and FWO methods are based on
the integral form, while the FR method is based on the
differential form.7,11

In relation to the variation of Eα obtained for the four
samples, with the increase of α, Eα shows an overall upward
trend, but there are fluctuations locally. This means that the
chemical reactions involved in the pyrolysis process are
complex, including a series of parallel, overlapping, and

sequential reactions. As can be seen in Figure 5, Eα increases
first and then decreases slightly, finally increasing significantly
with the increase of α (0.05 < α < 0.95) for the Cs, Ps, and Re
species. However, for JAs, the Eα versus α relationship curve
presents a W shape. The variation in Eα reflects the change in
the strength of chemical bonds undergoing thermal cracking.45

As the pyrolysis reaction proceeds, the stronger the chemical
bond of the components, the more difficult it is to crack, and
higher temperatures are needed to further pyrolyze the
material. This corresponds to the decomposition of hemi-
cellulose, cellulose, and lignin in section 3.2.46 In the initial
stages, the activation energy increases as the most unstable
bonds are severed first. As the reaction proceeds, more stable
bonds remain; thus, more energy is required to decompose the

Table 4. Pyrolysis Performance Index for Biomass at Different Heating Rates

Parameters Cs Ps Re JAs

50 °C/min Ti (°C) 254.9 304.1 178.2 255.7
T1 (°C) 302.1
Tm (°C) 338.7 385.3 363.8 350.6
R1 (%/min) 18.92
Rmax (%/min) 29.3 38.9 39.0 25.9
Tf (°C) 377.9 420.5 395.6 397.0
ΔT1/2 (°C) 67.2 77.0 49.0 94.0
D (10−6 % min−1 °C−3) 5.0 4.3 12.3 2.9
mf (%) 32.7 19.3 25.1 24.2

80 °C/min Ti (°C) 264.2 375.1 260.4 247.3
T1 (°C) 301.3
Tm (°C) 337.7 392.7 364.8 358.2
R1 (%/min) 32.10
Rmax (%/min) 41.0 84.2 71.8 44.2
Tf (°C) 396.9 421.5 387.6 401.8
ΔT1/2 (°C) 81.6 48.0 40.0 78.0
D (106 % min−1 °C−3) 6.0 11.9 18.9 5.5
mf (%) 30.5 16.7 25.0 23.3

100 °C/min Ti (°C) 275.0 374.2 261.3 248.0
T1 (°C) 174.0
Tm (°C) 344.7 391.9 375.1 362.8
R1 (%/min) 0.43
Rmax (%/min) 52.6 98.4 77.3 54.0
Tf (°C) 395.2 427.0 409.8 409.8
ΔT1/2 (°C) 79.5 62.0 59.0 87.0
D (106 % min−1 °C−3) 7.9 10.8 13.4 5.9
mf (%) 29.9 13.9 21.6 23.3

300 °C/min Ti (°C) 289.7 310.2 278.0 232.1
T1 (°C) 316.6
Tm (°C) 354.9 410.3 386.7 350.3
R1 (%/min) 146.78
Rmax (%/min) 166.7 229.6 170.6 149.3
Tf (°C) 385.7 458.8 432.5 401.9
ΔT1/2 (°C) 79.5 98.0 120.0 110.0
D (106 % min−1 °C−3) 20.30 18.41 13.22 16.69
mf (%) 29.9 13.3 18.6 22.0

600 °C/min Ti (°C) 291.1 278.6 269.0 223.9
T1 (°C)
Tm (°C) 355.9 415.2 378.3 356.5
R1 (%/min)
Rmax (%/min) 291.3 376.0 313.5 269.0
Tf (°C) 428.0 495.2 459.6 428.8
ΔT1/2 (°C) 105.9 122.0 137.0 142.0
D (106 % min−1 °C−3) 30.3 26.6 22.5 23.7
mf (%) 29.6 12.6 18.1 21.2
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biomass structure. Once enough energy is available to sever the
more stable bonds in the biomass structure, radicals are
formed. These radicals require less energy to further
decompose, which is reflected in the decrease in activation
energy. Then finally, as the radical species have decomposed to
light gases and have been depleted, the only bonds left to
cleave are the more stable bonds of the aromatic lignin. This is
supported by the sharp increase in activation energy in the late
stages of the reaction. Therefore, we often take the main
thermal cracking stage (30% < α < 70%) to conduct in-depth

research. It can be seen in Figure 4, in the main thermal
cracking stage, for Cs, that Eα gradually decreases from 377.80
and 338 kJ/mol to 212.67 and 202.71 kJ/mol between 30%
and 65% conversion and then remains around 213 and 203 kJ/
mol in the FWO and KAS methods, respectively. But, if we
applied the Friedman method, Eα gradually decreases from
284.61 to 181.86 kJ/mol between 30% and 50% conversion
and then increases to 236.95 kJ/mol between 50% and 70%
conversion. Ps and JAs also present this trend. However, for
Re, a different trend is observed. All three model methods

Figure 3. Eα versus α relationship estimated for land and coastal biomasses: Cs, corn stalks; Ps, pine sawdust; JAs, Jerusalem artichoke stalks; Re,
reed.

Figure 4. ln A versus Eα relationship estimated for land and coastal biomasses: JAs, Jerusalem artichoke stalks; Re, reed; Cs, corn stalks; Ps, pine
sawdust.
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show a trend of increasing first and then decreasing between
30% and 70% conversion. They are just different in the
dividing point. The dividing points of the conversion rates for
the Friedman, FWO, and KAS models are 0.40, 0.45, and 0.45,
respectively. Additionally, it is also believed that variations in
the activation energy reflect a transformation in the nature of
the rate-controlling step.47

3.3.2. Kinetic Parameters by Using the DAEM. The kinetic
parameters obtained from the DAEM for Cs, Ps, Re, and JAs
are shown in Table 5. It is observed that the plots are nonlinear
and the conversions of different feedstocks show different
behaviors. R2 varies between 0.91 and 0.99 (>0.9) with the
value of α ranging from 0.1 to 0.8, which implies the fitting
effect of the linear fitting curve of the DAEM is better. The
pyrolysis activation energy of Cs is between 167.0 and 239.7
kJ/mol, that of Ps is between 196.3 and 241.3 kJ/mol, that of
Re is between 145.9 and 289.3 kJ/mol, and that of JAs is
between 209.2 and 338.9 kJ/mol. The activation energies of
different feedstocks show different trends with the increase of
conversion, which was the same as the isoconversional
methods. This shows that these biomasses have experienced
a very complex degradation process related to different types of
reactions. The frequency factor (A) calculated from the DEAM
varies from 3.12 × 1013 to 1.08 × 1021 min−1 for Cs, 4.09 ×
1013 to 1.09 × 1021 min−1 for Ps, 2.40 × 1013 to 1.78 × 1026

min−1 for Re, and 1.17 × 1018 to 1.09 × 1035 min−1 for JAs.
The mean values of Eα of the coastal and land biomasses

calculated by the isoconversional method and the DAEM in
the main stage are listed in Table 6. As observed, the mean
values of Eα calculated using the Friedman, FWO, and KAS
models are 214.38, 274.72, and 260.08 kJ/mol for Cs, 212.48,
227.98, and 217.39 kJ/mol for Ps, 242.14, 241.35, and 231.50
kJ/mol for Re, and 276.67, 291.83, and 281.84 for JAs. These
values are close to those reported in the aforementioned
literature.10,48 JAs have the largest Eα value during the pyrolysis
process, followed by Cs, and Ps and Re show similar activation
energies. This indicates that the mean value of the chemical
bond energy in the JAs’ structure is the largest, while the
chemical bond energies of Ps and Re are weaker. Compared

with the other three biomasses, JAs show the highest Ea value
by the DAEM and the isoconversional method. This indicates
that when designing the pyrolysis system, higher energy is
required to process JAs completely. In relation to the activation
energies calculated by the different models, since the Friedman
method considers both the heating rate and the raw data and it
is related to the simple differential form of the kinetic rate law
and does not contain an overly simplified approximation, the
KAS and OFW models and the DAEM are conversional
dependent models; therefore, the Friedman model predicts
comparably accurate kinetic data compared with the DAEM.

3.3.3. Kinetic Compensation Effect. The ln A versus Eα

relationship estimated for land and coastal biomasses in the
main thermal cracking stage are shown in Figure 4. As can be
seen, Cs and JAs have a good linear relationship between ln A
and Eα during the main pyrolysis stage, while PS and Re are
relatively weaker. In the stage of the reaction conversion rate at
30−50%, the ln A and Eα of Cs and JAs have a highly linear
relationship, while the linear relationship of Re is weak, and the
regression coefficient is only 0.92. The linear compensation
relationship between ln A and Eα is called the kinetic
compensation effect.49

The linear compensation relationship between ln A and Eα

does not necessarily indicate the existence of a kinetic
compensation effect due to the influence of systematic error
propagation and mass transfer caused by sample temperature
deviation during the experiment.49 However, biomass samples
are placed on the top of the thermocouple (STA449F3) to
ensure the accuracy of weight loss and recorded temperatures.
Moreover, the mass of the sample is controlled within 5 mg
during the experiment, and the smaller sample quality ensures
the minimization of the mass transfer effect during the
reaction. Therefore, both land and coastal biomasses have
different degrees of kinetic compensation effect in different
pyrolysis processes, and the degree of compensation effect
varies depending on the composition of each biomass sample.
In the pyrolysis of complex multicomponent organic matter
such as biomass, the thermal decomposition reaction becomes
more difficult as the reaction progresses, showing higher Eα

Table 5. Kinetic Parameters Obtained from the Distributed Activation Model (DAEM) for Cs, Ps, Re, and JAsa

Cs Ps Re JAs

α Eα (kJ/mol) A (min−1) R2 Eα A R2 Eα A R2 Eα A R2

0.10 198.4 6.87 × 1018 0.995 196.3 1.27 × 1019 0.996 145.9 2.40 × 1015 0.986 322.5 1.09 × 1035 0.928
0.20 230.5 1.08 × 1021 0.953 225.5 8.38 × 1020 0.967 171.9 2.55 × 1017 0.998 274.8 2.20 × 1027 0.981
0.30 236.0 9.64 × 1020 0.935 233.7 1.09 × 1021 0.948 202.0 5.61 × 1019 0.966 306.6 2.21 × 1029 0.987
0.40 239.7 7.03 × 1020 0.956 236.5 6.23 × 1020 0.951 264.6 8.41 × 1024 0.928 338.9 2.28 × 1031 0.992
0.50 232.3 6.82 × 1019 0.995 241.3 5.93 × 1020 0.976 276.4 1.78 × 1026 0.914 301.4 1.64 × 1027 0.999
0.60 207.5 2.84 × 1017 0.996 223.7 8.89 × 1018 1.000 289.3 9.37 × 1023 0.917 245.4 5.25 × 1021 0.999
0.70 177.3 4.93 × 1014 0.981 188.4 5.52 × 1015 0.992 264.1 1.71 × 1020 0.940 209.2 1.17 × 1018 0.997
0.80 167.0 3.12 × 1013 0.949 165.9 4.09 × 1013 0.974 254.2 3.26 × 1017 0.924 234.4 1.17 × 1019 0.998

aCs, corn stalks; Ps, pine sawdust; JAs, Jerusalem artichoke stalks; Re, reed.

Table 6. Mean Values of Kinetic Parameters for Land and Coastal Biomasses in the Main Thermal Cracking Stagea

Friedman FWO KAS DAEM

Samples Ea R2 Ea R2 Ea R2 Ea A R2

Cs 214.38 0.9957 274.72 0.9755 260.08 0.9934 211.09 3.53 × 1020 0.977
Ps 212.48 09971 227.98 0.9948 217.39 0.9999 213.91 3.96 × 1020 0.975
Re 242.14 0.9929 241.35 0.9915 231.50 0.9946 233.55 2.34 × 1025 0.947
JAs 276.67 0.9976 291.38 0.9803 281.84 0.9928 279.15 1.36 × 1034 0.985

aEα (kJ/mol). A (min−1). Cs, corn stalks; Ps, pine sawdust; JAs, Jerusalem artichoke stalks; Re: reed.
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and A values. It is somewhat unclear as to why the increase in
activation energy is offset by the increase in frequency factor
for Cs and JAs but not for Ps and Re.
3.4. High-Temperature Fast Pyrolysis Product Anal-

ysis. 3.4.1. Effect of Feedstock Properties. Figure 5 depicts

the major class of compounds obtained from fast pyrolysis of
the four different kinds of biomass at 800 °C for 20 s at 10000
°C/s. The compounds were classified into the following
categories: anhydro sugars, furans, hydrocarbons, aldehydes +

ketones, acids, alcohols, polycyclic aromatic hydrocarbons
(PAHs), phenols, aromatics, oxygen heterocycles, nitrogen
compounds, and others. The organics were quantified by their
peak area% values. It can be seen that the fast pyrolysis of
biomass under high temperature resulted in phenols, hydro-
carbons, PAHs, and oxygen heterocycle compounds, followed
by anhydro sugars, aldehydes + ketones, and furans but fewer
acids and aromatics. Comparing the products of four kinds of
biomass, it can be seen that the order of phenols’ yields from
more to less is Ps > Re > JAs > Sp. It can be seen from the
foregoing that the main components of the four biomasses are
cellulose, hemicellulose, and lignin, and each compound of the
pyrolysis product species can be related to the pyrolysis of the
above components. The formation of phenol compounds is
mainly derived from the thermal cracking of lignin. Since Ps
has a higher proportion of lignin components, the selectivity of
phenols in its pyrolysis products is higher. The small amount of
phenols in Cs originates from the cracking of the protein
component.50 Anhydro sugars and aldehyde + ketone
compounds are the major products, respectively, from the
fast pyrolysis of Cs at high temperature. This is mainly due to
its rich cellulose and hemicellulose components. The content
of anhydro sugars, PAHs, and acids in JAs is relatively high,
which is mainly related to its main components. JAs contain a
large amount of inulin, and the inulin molecule consists of
about 31 β-D-fructose moieties and 1−2 linear polysaccharides
formed by the polymerization of inulin residues. Linear
polysaccharides undergo decarboxylation and decarbonylation
reactions at high temperature, and molecular bonds are broken

Figure 5. Product distribution from high-temperature fast pyrolysis of
different biomasses. JAs, Jerusalem artichoke stalks; Re, reed; Cs, corn
stalks; Ps, pine sawdust.

Figure 6. Fast pyrolysis products of different biomasses under different temperature conditions.
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and recombined to generate PAHs with better thermal
stability.40

3.4.2. Effect of Temperature. The selectivity of each group
of biomass fast pyrolysis products at different temperatures is
shown in Figure 6. It can be seen that the pyrolysis
temperature has a great influence on the selectivity of each
group of products. At 700 °C, the selectivities of anhydro
sugars, furans, aldehydes + ketones, phenols, oxygenated
heterocycles, and nitrogen compounds in Re waste are 7.0%,
8.3%, 16.6%, 39.1%, 15.2%, and 7.9%, respectively. As the
temperature increases to 900 °C, the above categories are
reduced to 5.2%, 7.3%, 15.2%, 25.4%, 8.9%, and 7.1%,
respectively. The selectivities of PAHs and aromatic com-
pounds increase from 3.8% and 0.2% to 12.7% and 3.8%,
respectively. The selectivities of hydrocarbons, acids, and
alcohols increased first and then decreased.
Hydrocarbons mainly include hydrocarbons and aromatic

hydrocarbons. At high temperature, light hydrocarbon
products mainly come from the deep cracking reaction of
aldehydes, ketones, acids, and other compounds, while
aromatic hydrocarbon products are mainly generated in two
ways: one is derived from the dehydroxylation and decarbon-
ylation of phenolic compounds; the other is derived from the
polymerization, cyclization, and dehydrogenation of light
hydrocarbon products. With the increase of temperature
from 700 to 900 °C, the selectivity of PAHs increases rapidly.
PAHs are highly toxic carcinogens, mainly from the
polycondensation of tar components. When the temperature
reaches 700 °C, a large number of oxygenated and substituent-
containing aromatic compounds begin to transform, and the
tar component gradually removes the substituents on the
aromatic ring to form a more stable aromatic or five-carbon-
ring-containing phenolic group or methyl group. With the
increase of temperature, the five-carbon ring generates
unsaturated double and triple bonds through addition and
cleavage. The resulting double bond and triple bond products
are gradually cyclized by an acetylene addition reaction, etc.,
and the aromatic hydrocarbons are further dehydrocyclized
and converted into polycyclic aromatic hydrocarbons or
carbon black with a higher degree of polymerization.
The main components of oxygenated compounds in the

rapid pyrolysis products of biomass at high temperature are
phenols, while the selectivities of other oxygenated com-
pounds, including anhydro sugars, furans, acids, aldehydes, and
ketones, decrease with the increase of temperature. This is
mainly attributed to the main chemical bonds of oxygen-
containing compounds being C−O, C−H, and C−C bonds, of
which the C−O bond is weaker, followed by the C−H bond,
and the C−C bond having the strongest bond energy. The
increase of temperature leads to the first fracture of the C−O
bond; decarboxylation, decarbonylation, dehydrogenation, and
aromatization reactions occur respectively, resulting in the
conversion of oxygenated compounds into more stable
phenolic and aromatic compounds at high temperature.

4. CONCLUSIONS
A series of thermogravimetric experiments under the heating
rate from 50 °C/min to 600 °C/min was conducted to
compare the pyrolysis behaviors of typical land (Cs and Ps)
and coastal zone (Re and JAs) biomasses. The Di value
increases with the increase of the heating rate, indicating that
high heating rate is more conducive to the progress of the
pyrolysis reaction. There is a good linear relationship between

Rmax and the heating rate at each heating rate. The initial
decomposition temperature for coastal biomasses (Re and JAs)
was lower compared to land biomasses (Cs and Re). JAs has
the largest Eα value during the pyrolysis process, followed by
Cs. The activation energy values of Ps and Re are relatively
close. The DAEM showed that Cs and JAs have a good linear
relationship between ln A and Eα during the main pyrolysis
stage, while Ps and Re are relatively weaker. The kinetic
compensation effect was evident for Cs and JAs during the
main thermal cracking stage. In addition, the Py-GC/MS
results exhibited that phenols, hydrocarbons, PAHs, and
oxygen heterocycle compounds were strongly present in the
obtained volatile compounds. Also, some oxygen-containing
volatiles are easily converted into aromatic products with
higher stability under high temperature. High-temperature fast
pyrolysis of JAs produced a larger amount of PAHs
compounds whereas larger amounts of hydrocarbons and
phenols were generated from pyrolysis of Ps.
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