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ABSTRACT: Biomass has played an increasingly important role in the consumption of energy worldwide because of its
renewability and carbon-neutral property. In this work, the pyrolysis mechanism of wheat straw is explored using reactive force field
molecular dynamics simulations. A large-scale wheat straw model composed of cellulose, hemicellulose, and lignin is built. After
model validation, the temporal evolutions of the main pyrolysis products under different temperatures are analyzed. As the
temperature rises, the gas production increases and the tar yield can decrease after peaking. Relatively high temperatures accelerate
the generation rates of the main gas and tar species. CO and CO2 molecules mainly come from the cleavage of CHO2 radicals, and
numerous H2O molecules are generated on account of dehydration. Moreover, the evolution of six functional groups and pyran and
phenyl rings as well as three types of bonds is also presented. It is observed that the phenyl rings reflect improved thermostability.
Finally, the pyrolytic kinetics analysis is conducted, and the estimated activation energy of wheat straw pyrolysis is found to be 56.19
kJ/mol. All these observations can help deeply understand the pyrolytic mechanism of wheat straw biomass.

1. INTRODUCTION

Biomass, as a renewable and carbon-neutral energy source, has
drawn widespread attention in recent years.1 The utilization of
biomass can not only alleviate energy shortages but also reduce
environmental pollution owing to its low sulfur content.2

Among different biomass types, lignocellulosic biomass is one of
the most abundant resources, and its components include
cellulose, hemicellulose, lignin, and a small amount of
extractives.3 The main thermochemical transformation pro-
cesses of biomass are pyrolysis, gasification, combustion, and
liquefaction.4−6 Among these processes, pyrolysis is a promising
method, during which biomass can be converted into biochar,
bio-oil, biogas, or other high-quality products.7

To comprehend the pyrolytic behavior of biomass, numerous
experimental measurements have been carried out under
different conditions. Greenhalf et al.8 and Zuo et al.9 investigated
the impact of biomass type on pyrolysis behavior. Qu et al.10

studied the fast pyrolysis of hemicellulose, cellulose, and lignin
and explored the relationship between biomass composition and
pyrolytic product distribution. It was found that carbohydrates

in bio-oil mainly came from cellulose, phenols were the vital part
of bio-oil in lignin, and the constituents in hemicellulose bio-oil
were complex. Chen et al.11 found that the cellulose crystallinity
had a positive effect on the activation energy. Ding et al.12

compared the differences in pyrolysis behavior between
hardwood and softwood and found that softwood had greater
activation energy than hardwood during pyrolysis. Temperature
is also a crucial factor influencing biomass pyrolysis. Xiao and
Yang13 examined the pyrolysis of rice straw in a tubular reactor.
They revealed that different temperatures would affect the
organic structure of semi-char and tar. Pham et al.14 explored the
phenolic compounds and aromatic hydrocarbons during
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biomass pyrolysis and claimed that their yields were affected by
pyrolysis temperature. Furthermore, biochar characteristics
(e.g., yield, carbon fraction, and physicochemical properties)
were also susceptible to pyrolysis temperature.15−18 Mishra and
Mohanty19 estimated the kinetic parameters of three biomass
species during pyrolysis. They found that the heating rate
affected the activation energy and pre-exponential factor.
Besides the pyrolysis under an inert gas atmosphere, biomass
oxidative pyrolysis might run without the need for an external
heating system.20,21 Sellin et al.22 analyzed the product
distribution during oxidative fast pyrolysis of banana leaves in
a fluidized-bed reactor. All these experiments promoted the
understanding of the biomass pyrolysis process and the effects of
operating parameters such as temperature and biomass
composition. However, because biomass pyrolysis is a complex
process and the degradation reaction usually occurs in a short
period, it still remains a huge challenge to capture all the reaction
details and illuminate the pyrolysis mechanism clearly.
Due to advances in computer hardware and software,

computational simulations have become an effective and
powerful tool for studying the biomass pyrolysis process and
exploring the fundamental reaction mechanism. Among various
numerical methods, molecular dynamics (MD) using reactive
force field (ReaxFF) proposed by van Duin et al.23 has a great
advantage because of its high spatiotemporal resolution, thus
allowing researchers to gain insight into the complex reaction at
the atomic/molecular level. Moreover, compared with the
quantum mechanics (QM) methods and traditional MD
methods, ReaxFF MD can simulate complex chemical reactions
without predefining reaction pathways in a large molecular
system. To date, ReaxFF MD has been successfully used in
diverse complex systems.24−26 For example, Beste27 studied the
oxidative process of softwood lignin and revealed the formation
mechanism of formaldehyde. Zhang et al.28,29 selected four types
of lignin models to explore the reaction mechanisms of lignin
pyrolysis. They found that the differences of the linkage and
oxygen-containing functional groups affected the evolution of
various lignin models. Li et al.30 simulated the lignin gasification
in supercritical water and uncovered the generation paths of
three main gas products. Zheng et al.31 analyzed the initial
reaction mechanisms of cellulose pyrolysis and demonstrated
the effectiveness of the method. Si et al.32 investigated the effects
of temperature, heating rate, and Ca/C mass ratio on cellulose
pyrolysis. Chen et al.33 constructed a simplified biomass model
and simulated its pyrolysis and combustion process in oxidative
and humidity environments. It was observed that more H2
molecules were produced in a humidity atmosphere and that
higher temperatures contributed to the formation of CO.
However, most of these works focused on the reaction
mechanism of one specific biomass component and the ReaxFF
MD simulations of a real biomass species are still quite limited.
In the present work, the pyrolysis mechanism of wheat straw is

probed by ReaxFF MD simulations. Specifically, a large-scale
wheat straw model composed of cellulose, hemicellulose, and
lignin is first built based on the ultimate analysis and
components of the biomass feedstock. Afterward, the validity
of the utilized method is verified by comparing the simulation
results with the experimental data. Then, the temporal
evolutions of the main pyrolysis products under different
temperatures are analyzed. Moreover, the evolutions of six
functional groups and pyran and phenyl rings as well as three
types of bonds are also presented. Finally, the pyrolytic kinetics
analysis is carried out and the estimated activation energy and

pre-exponential factor are reported. All these results are
beneficial for understanding the pyrolytic mechanism of wheat
straw biomass in depth.

2. NUMERICAL METHOD
2.1. Biomass Model Construction. Excluding a small

quantity of extractives, the main components of wheat straw
include cellulose, hemicellulose, and lignin. The cellulose is
made up of six linear chains, each of which contains 100 1,4-β-D-
glucopyranose monomers.34 The hemicellulose is highly
branched and assumed to be composed of the combination of
two types of arabinoxylans.35 The lignin has the linkages of a
certain number of C9 units, which represent three types of
phenylpropane skeletons mainly comprising p-hydroxyphenyl,
guaiacyl, and syringyl units.36−38 Here, the lignin applied
consists of 11 lignin molecules, each of which has 25 C9 units
linked together.37

The construction of the wheat straw model is performed by
usingMaterials Studio software. First, eachmolecule of the three
main components is optimized by the Forcite module with the
universal force field. Afterward, these molecules are packed in a
cubic box with periodic boundary conditions by using the
Amorphous cell module. Considering the overlap of the atoms,
the initial system density is set to 0.1 g/cm3. Second, in order to
obtain an appropriate density and good geometry, the
constructed model undergoes five annealing cycles of 300−
700 K with the NVT ensemble. Then, the model is compressed
and decompressed at pressures of 0.01 GPa and 0.1 MPa for 50
ps with the NPT ensemble, respectively. Finally, an optimized
three-dimensional (3D) wheat straw model (i .e . ,
C9883H14578O6725) is obtained with a density of 0.899 g/cm3,
which is shown in Figure 1.

In Table 1, the ultimate analyses and mass fractions of the
wheat straw components used in this work are compared with
the experimental results reported in the literature.39−42 Except
for the slightly higher C content and a little lower O content, the
H content and three main components derived from the present
model are comparable to the corresponding reported data.

Figure 1. Optimized 3D structure of the wheat straw model (C: gray,
H: white, and O: red).
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These results demonstrate that the constructed wheat straw
model is reasonable for conducting pyrolysis simulations.
2.2. ReaxFF MD Simulation Details. ReaxFF MD is the

combination of the classical MD and the ReaxFF proposed by
van Duin et al.,23 which has become a powerful tool for
simulating complex molecular systems and exploring the
chemical reaction mechanisms with a high accuracy.43,44

Different from the QM methods which normally process a
small system with hundreds of atoms, ReaxFF MD can resolve
the chemical reactions in large-scale molecular systems with tens
of thousands of atoms. Moreover, the reaction pathways need
not to be predefined because ReaxFFMD is capable of handling
the chemical reactions based on the atomic distance. Similar to
the classical MD, the total potential energy of a system in
ReaxFF MD is calculated by eq 1.30

E E E E E E E

E E E

system bond over under val pen tors

conj vdWaals Coulomb

= + + + + +

+ + + (1)

where the energy terms on the right-hand side of eq 1 are the
bond energy term, over- and under-coordination terms, valence
angle term, penalty term, torsion angle term, conjugation term,
and nonbonded van der Waals and Coulomb interaction terms,
respectively.
The pyrolysis simulations are carried out using the large-scale

atomic/molecular massively parallel simulator (LAMMPS).43,45

The ReaxFF parameters employed are consistent with those of
Chenoweth et al.,46 and these parameters have been proven to
be applicable to many organic systems.31,34,47−49 To economize
the computational resources, a high pyrolysis temperature range
of 1200−2000 K is utilized. In the reaction system, the
temperature rises from the original temperature of 300 K to
the target pyrolysis temperature at a heating rate of 20 K/ps. A
similar choice was frequently made in the ReaxFF MD
simulations.31,50,51 The temperature is controlled by employing
the Berendsen thermostat with a damping constant of 0.1 ps.47

Moreover, the time step is 0.25 fs and a bond cutoff of 0.3 is used
to identify the thermal decomposition species. A python script is
developed to analyze the pyrolysis products and track the
reaction events by collecting the temporal evolution of the
bonds.

3. RESULTS AND DISCUSSION
3.1. Validation and Analysis of Tar and Gas Yields. To

verify the numerical model, the ReaxFF MD simulation results
are compared with published experimental data.39,42 Figure 2
shows the comparison of the gas and tar mass fractions between
our simulation results and the experimental data reported by Di
Blasi et al.39 Note that to accelerate the reaction and reduce the
computational cost, relatively high temperatures are usually

adopted in ReaxFF MD simulations.49,50,52,53 The pyrolysis
products are divided into four categories based on the number of
carbon atoms, that is, gas (C0−C4), light tar (C5−C13), heavy tar
(C14−C40), and char (C40+).

54−56 However, several species, for
example, formaldehyde (CH2O), methanol (CH3OH), glyoxal
(C2H2O2), acetaldehyde (CH3CHO), and glycolaldehyde
(C2H4O2) are considered as light tar rather than gas.57 As the
temperature rises, the gas mass fraction monotonically increases,
while the tar concentration first increases and then decreases.
Such evolving trends are well captured by themodel. In addition,
Figure 3 further compares the mole fractions of four major light

gases between our simulation results and the experimental data
of Burhenne et al.42 The temperatures set for the MD
simulations and experiments are 2000 and 773 K, respectively.
Obviously, a good agreement is obtained, indicating the strong
predictive ability of the model.

3.2. Analysis of the Main Products. 3.2.1. Gas and Tar
Yields. Figure 4 presents the temporal evolution of the mass
fractions of gas, light tar, and heavy tar at 2000 K. Note that in
contrast from Figure 2, the tar is further divided into light and
heavy tars in Figure 4. The yields of heavy and light tars increase
rapidly at the initial stage, and heavy tar is first to be generated
from thermal degradation of biomass. After reaching the peak,
the productions of heavy and light tars begin to decline, although
such a decrease starts earlier for the heavy tar than for the light

Table 1. Ultimate Analysis and Components of Wheat Straw
Used in This Work and Other Reported Worksa

ultimate analysis (wt %) biomass components (wt %)

carbon hydrogen oxygen cellulose hemicellulose lignin sources

46.32 6.59 47.09 38.45 38.45 23.10 39
49.65 6.19 44.16 35.52 41.86 22.62 40
47.58 6.09 46.33 48.71 32.61 18.68 41
45.29 6.52 48.19 39.58 37.50 22.92 42
49.26 6.05 44.69 40.37 37.32 22.31 this

work
aNote that the O content is obtained by difference.

Figure 2. Comparison of the gas and tar mass fractions between the
ReaxFF MD simulation and the experiment.

Figure 3. Comparison of the mole fractions of the major light gases
between the ReaxFF simulation and the experiment.
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tar. Eventually, the yields of both heavy and light tars level off. In
addition, the gas production continuously increases throughout
the entire pyrolysis process. These observations reflect that the
decomposition of biomass leads to the fast increase of tar and gas
at the initial stage. Later, the cracking of heavy tar promotes the
growth of light tar and gas. Moreover, the light tar can further
decompose and also contribute to the gas yield. The above
analysis demonstrates that high-carbon compounds are

converted into low-carbon compounds during the pyrolysis of
wheat straw.

3.2.2. Evolution of the Gas Products. Gas species with low
molecular weights account for a considerable portion of the
pyrolysis products. It is thus important to understand their
generating mechanism and evolving behavior. Figure 5 displays
the temporal evolution of the main gas products during wheat
straw pyrolysis under different temperatures. The numbers of
CO, CO2, CH4, and H2O molecules increase gradually during
pyrolysis. Increasing the temperature promotes the production
of these four kinds of gas species. By analyzing the bond
information, it can be found that most COmolecules form from
the cleavage of some CHO2 fragments that usually result from
the ring-opening reactions of pyran rings. The CHO2 fragments
can also generate CO2 molecules through dehydrogenation.
Meanwhile, some C2H3O2 fragments can break into CO2 and

methyl groups during the initial stage of pyrolysis (0−100 ps).
The methyl groups can further combine with hydrogen in
organics to formCH4. In addition, numerousH2Omolecules are
generated on account of dehydration which probably occurs in
the cellulose with many hydroxyl groups. Besides, the cellulose
and hemicellulose are the primary sources to produce CO and
CO2, although slightly more CO2 molecules come from
hemicellulose owing to the potential existence of carboxyl and
carbonyl groups. CH4 is predominantly from the cellulose and
lignin, although the lignin can generate more CH4 at the same
mass, probably due to plentiful methoxy groups existing in

Figure 4. Temporal evolution of the mass fractions of gas, light tar, and
heavy tar at 2000 K.

Figure 5.Temporal evolution of the main gas products during wheat straw pyrolysis under different temperatures: (a) CO, (b) CO2, (c) CH4, and (d)
H2O.
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lignin. Quantitatively, Table 2 provides the percentage of each
gas species resulting from the three components during the
whole pyrolysis process at a temperature of 2000 K.

3.2.3. Evolution of the Tar Products. There are different
kinds of tar species generated during wheat straw pyrolysis.
Figure 6 presents the temporal evolution of five representative
light tar products under different temperatures. It can be
observed that the amount of CH2O, CH3OH, and CH3CHO
keeps increasing with the pyrolysis time, although the growth
rate seems to diminish gradually. Moreover, increasing the
temperature promotes the generation of these three kinds of tar
species. When the temperature is below 2000 K, the evolving
trends of C2H4O2 and C2H2O2 are similar to those of CH2O,
CH3OH, and CH3CHO. However, at 2000 K, peaks appear in
the C2H4O2 and C2H2O2 curves. After reaching the peaks, the
amount of C2H4O2 and C2H2O2 begins to decline.
In addition, Table 3 summarizes the percentage of each light

tar species resulting from the three components during the
whole pyrolysis process at a temperature of 2000 K. A close
analysis of the bond information reveals that the cellulose and
lignin decompose into many CH2O molecules because of the
isomerization of keto alcohol,
which further breaks down into small-molecular weight

fragments at high temperatures. Due to the high oxygen
content, the cellulose and hemicellulose are the main sources of
C2H2O2 and CH3CHO. Most C2H4O2 molecules are from the
degeneration of the cellulose. In addition, CH3OH mostly
comes from the cellulose owing to the cleavage of pyran rings
with rich hydroxy groups. The separation of −OCH3 radicals in
the lignin also supplies the precursors for the generation of
CH3OH.
3.3. Evolution of the Functional Groups and Rings.

Functional groups play an important role in the pyrolysis
process, which determine the chemical properties of organic
compounds. Cellulose, hemicellulose, and lignin in wheat straw
have different kinds and quantities of functional groups that
result in their dissimilar characteristics. In addition, phenyl rings
in lignin and pyran rings in cellulose and hemicellulose also have
a potential effect on the thermostability of organics. Thus, the
research on their evolving behaviors is beneficial to understand
the mechanism of wheat straw pyrolysis.
3.3.1. Functional Groups. For the convenience of discussion

here, the functional groups are classified into six primary
categories: ether groups (R−O−R), hydroxyl groups (R−OH),
aldehyde groups (R−CHO), ester groups (R−COO−R),
carboxyl groups (R−COOH), and carbonyl groups (R−CO−
R). Table 4 lists the initial numbers of these functional groups in
the wheat strawmodel and the three components. The ether and
hydroxy groups are the most abundant, while the numbers of the
other four functional groups are all less than 50. The hydroxyl
groups are concentrated in the cellulose and hemicellulose in the
form of alcoholic hydroxyl groups.34 The ether groups mainly

come from the pyran rings and glycosidic bonds in the cellulose
and hemicellulose as well as the methoxy or other carbon
structures connected to the phenyl rings in the lignin.37 The
aldehyde and carbonyl groups are concentrated in the lignin,
whereas the hemicellulose provides carboxyl groups. In addition,
the ester groups are distributed in the hemicellulose and lignin.
Figure 7 shows the temporal evolution of the six functional

groups during wheat straw pyrolysis under different temper-
atures. Increasing temperature usually leads to further rupture of
functional groups because the unstable functional groups can
break down into light gases.13 The number of ether groups
decreases as the pyrolysis progresses and higher temperatures
accelerate this decrease owing to the breaking of glycosidic
bonds and pyran rings.58 A similar evolving trend is also
observed for the hydroxyl groups, although a tiny increase in the
number appears during the initial stage, which might be related
to the breakage of the carboxyl groups. The number of the
aldehyde groups continues to increase with time at low
temperatures (1200−1600 K), which probably results from
the fragmentation of hydroxymethyl groups and keto−enol
tautomerization.20,58 However, at high temperatures (1800−
2000 K), this number begins to decrease after reaching a
maximum value because the aldehydes can be further broken
down. The numbers of the ester and carboxyl groups generally
decrease with the pyrolysis time and temperature, although
obvious fluctuations can also be discerned in the curves.
For the carbonyl groups, when the temperature is in the range

of 1200−1400 K, the number variation with the time and
temperature is insignificant. However, when the temperature is
above 1400 K, the curves first exhibit an increase and then a
decrease over time. Such a trend is more obvious at higher
temperatures (e.g., 1800 and 2000 K). The appearance of the
increase is because of the dehydration of hydroxyl groups in
pyran rings and keto−enol tautomerization.58,59

3.3.2. Pyran and Phenyl Rings. There are two major kinds of
rings present in the wheat straw model, that is, pyran and phenyl
rings. Specifically, the cellulose and hemicellulose have pyran
rings, while the lignin contains phenyl rings. Figure 8 depicts the
temporal evolution of the pyran and phenyl rings during wheat
straw pyrolysis under different temperatures. Both types of rings
decrease with the pyrolysis time, and a higher temperature
accelerates such reduction. The pyran rings are totally
decomposed in 500 ps when the temperature is above 1600 K.
Its rupture arises from the breaking of C−O in glucopyranose
rings.60 Compared to the pyran rings, it is harder to open the
phenyl rings because of the conjugated pi bonds. Even at the
highest temperature (i.e., 2000 K), the number of the broken
phenyl rings is small (see Figure 8b), indicating that the phenyl
rings have good thermal stability. This also reflects that the lignin
is more difficult to break down than the cellulose and
hemicellulose under the same processing conditions.61

3.4. Bond Evolution and Pyrolytic Kinetics. 3.4.1. Evo-
lution of Bonds. Figure 9 shows the temporal evolution of the
C−C, C−H, and C−O bonds during wheat straw pyrolysis
under different temperatures. Note that double bonds are
statistically treated as single bonds for convenience and the
bonds in benzenes are also calculated as the C−C bonds. As the
pyrolysis time goes by, the numbers of all three types of bonds
decrease and the decreasing rate also decreases. Moreover,
higher temperatures provide more energy to accelerate the bond
breaking. It can also be seen that the cleavage of the C−C and
C−O bonds is concentrated in the initial stage compared to the
C−H bonds.

Table 2. Percentage (%) of Each Gas Species Resulting from
the Three Components During the Whole Pyrolysis Process
at 2000 K

gas cellulose hemicellulose lignin

CO 48.29 44.39 7.32
CO2 47.04 48.28 4.68
CH4 53.33 6.67 40.00
H2O 83.96 10.74 5.30
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3.4.2. Pyrolytic Kinetics. Biomass pyrolytic kinetics is
routinely considered to be based on a single reaction.7,62 Here,
the time-dependent number of the C−C bonds is used to
represent the degree of thermal decomposition due to its
importance in organic matters.33 Biomass decomposition is
assumed to follow a first-order reaction which has been widely
applied in previous works.33,57,63−66 The rate constant can be
described for each temperature by the following equation

ktln(1 )α− = − (2)

Figure 6.Temporal evolution of the tar products during wheat straw pyrolysis under different temperatures: (a) CH2O, (b) CH3OH, (c) C2H2O2, (d)
CH3CHO, and (e) C2H4O2.

Table 3. Percentage (%) of Each Light Tar Species Resulting
from the Three Components During the Whole Pyrolysis
Process at 2000 K

light tar cellulose hemicellulose lignin

CH2O 44.42 27.31 28.27
CH3OH 67.55 10.60 21.85
C2H2O2 68.19 30.34 1.47
CH3CHO 68.71 23.01 8.28
C2H4O2 86.47 9.11 4.42
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where k is the rate constant. α represents the degree of the
reaction at any time t and can be defined as the fraction of the
cleavage of C−C bonds. The term α can be obtained as follows

N N
N N

0 t

0 f
α =

−
− (3)

Table 4. Number of Functional Groups (−) in the Wheat Straw Model and Its Components

types of functional groups

components ether groups hydroxyl groups aldehyde groups ester groups carboxyl groups carbonyl groups

cellulose 1194 1806
hemicellulose 1308 1274 34 26
lignin 638 275 44 11 44
total 3140 3355 44 45 26 44

Figure 7. Temporal evolution of the functional groups during wheat straw pyrolysis under different temperatures: (a) ether, (b) hydroxyl, (c)
aldehyde, (d) ester, (e) carboxyl, and (f) carbonyl groups.
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where N0, Nt, and Nf are the initial, instantaneous, and final
numbers of the C−Cbonds, respectively. The relevant data for α
between 0.1 and 0.6 are utilized to calculate k in the temperature
range of 1200−2000 K. The Arrhenius equation is given by

k A
E

RT
exp ai

k
jjj

y
{
zzz= −

(4)

where A is the pre-exponential factor, Ea is the activation energy,
and R is the universal gas constant. The values of A and Ea can be
obtained by applying linear fitting to the Arrhenius equation on a
logarithmic scale.

Figure 10 presents the relationship between the logarithm of
the k and the inverse of the temperature during wheat straw
pyrolysis. It is observed that the first-order kinetics data fit well
with the Arrhenius equation, thus demonstrating the validity of
the methodology. The predicted Ea value is 56.19 kJ/mol, which
lies within the range of 31.51−74.10 kJ/mol reported in the
previous experimental works.67,68

4. CONCLUSIONS
The pyrolysis mechanism of wheat straw is explored herein
through ReaxFF MD simulations. A large-scale wheat straw
model composed of cellulose, hemicellulose, and lignin is first

Figure 8. Temporal evolution of the (a) pyran and (b) phenyl rings during wheat straw pyrolysis under different temperatures.

Figure 9. Temporal evolution of the (a) C−C, (b) C−H, and (c) C−O bonds during wheat straw pyrolysis under different temperatures.
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built. After model validation, the temporal evolutions of the
main pyrolysis products within the temperature range of 1200−
2000 K are analyzed.
The maximum tar mass fraction occurs at 1400 K, while the

gas yield continuously grows with the temperature; relatively
high temperatures accelerate the growth rates. The generation of
CO2 is mainly from the cracking of CHO2 radicals, and CO is
also generated from the cleavage of a small number of CHO2
radicals. CH4 is dominantly sourced from the combination of
CH3 radicals and hydrogen atoms. Increasing the temperature
improves the generation rates of representative tar species, but
high temperatures will lead to decreased C2H2O2 and C2H4O2
contents following their peaks. Furthermore, the ether, ester,
and carboxyl groups eventually decline during pyrolysis, while
the hydroxyl and carbonyl groups first climb up and then decline.
The aldehyde groups continue to increase at low temperatures
and decrease at high temperatures after reaching peaks. In
addition, the pyrolytic kinetics analysis is conducted, and the
estimated activation energy and pre-exponential factor of wheat
straw pyrolysis are reported. All these observations can help us
understand the pyrolytic mechanism of wheat straw biomass in
depth.
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