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Abstract: To realize the energy recovery of wheat straw, the pyrolysis behavior of wheat straw was studied at
three heating rates (10, 20, and 30 K/min) based on thermogravimetric analysis (TG-DTG). Kinetics and
thermodynamics were analyzed using Flynn-Wall-Ozawa (FWO) and Kissinger—Akahira-Sunose (KAS)
model-free methods, and reaction mechanism was determined using Coats-Redfern (CR) model-fitting
method. The results show that there are three weightlessness stages in the pyrolysis process, of which the
second stage was the main weightlessness stage and two distinct peaks of weightlessness were observed in this
stage. With increasing heating rate, the main pyrolytic weightlessness peaks of DTG curve shifts to higher
temperature. The pyrolysis activation energy calculated by FWO and KAS methods are 165.17-440.02 kJ/mol
and 163.72-452.07 kJ/mol, and the pre-exponential factor vary in the range of 2.58x10'2-7.45x10% s and
1.91x10'2-8.66x10% s, respectively. The thermodynamic parameters indicates that wheat straw has the
favorable conditions for product formation and containes potential energy to be utilized for bioenergy
production, its pyrolysis reaction was non-spontaneous and the energy output is stable. CR method analysis
shows that the Az random nucleation model is the most suitable mechanism to characterize the pyrolysis
process, and random nucleation may be in charge of the main pyrolysis stage. This study can provide a
theoretical basis for the thermochemical conversion and utilization of wheat straw.

Keywords: pyrolysis behavior; thermogravimetric analysis; kinetics and thermodynamics; reaction
mechanism; wheat straw

1. Introduction

With the rapid development of social economy and technology, the excessive use of fossil energy
has brought great disasters to the environment. Global warming, environmental pollution, energy
shortage and other issues have attracted high attention from the scientific community [1]. With the
gradual depletion of fossil fuels, more and more attentions were paid to the renewable energy. The
biomass become the most potential renewable energy sources due to its “carbon neutral” feature [2],
and considered as the most promising alternative with the potential to abate carbon emissions. It can
be converted into biomass gas, biochar, liquid fuels, and high value-added chemical raw materials
through the thermochemical process [3]. The biomass gas can be used as a gaseous biofuel for power
generation, and the liquid fraction can be used as biofuel after upgrading [4,5]. The biochar is mostly
composed of carbon and inorganic materials, which can be applied as soil amendment [6,7]. Biomass
includes agricultural residues and forest residues, as the world’s major agricultural country, the crop
straw output reaches about 910 million tons in China per year, among which the wheat straw
production reaches about 300 million tons. Its enormous output and ready availability make it
extensively used as a fuel in China. However, traditional utilization of wheat straw by simple
combustion techniques often result in low combustion efficiency and high carbon emissions.
Meanwhile, pyrolysis causes less pollution emission, and has a reasonable cost and simple operation,
making it become the most basic thermochemical transformation process. Therefore, the study of
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pyrolysis is helpful to effectively control the thermochemical transformation process, and the insights
into kinetic, thermodynamic parameters, and reaction mechanism are the key to the design of large-
scale pyrolysis reactor [8,9]. Through optimizing the pyrolysis process parameters, it is expected to
maximize the yield of target products.

Thermogravimetric analysis (TGA) is a common method for understanding pyrolysis behavior
and studying pyrolysis kinetics of wheat straw. Based on the thermogravimetric data, the reaction
mechanism function and related kinetic parameters can be obtained. Currently, the study on biomass
pyrolysis process mainly include model-fitting and model-free methods [10-13]. The activation
energy obtained from model-free methods is more reliable since there is no need to assume reaction
mechanism functions. Model-fitting methods can calculate both activation energy and pre-
exponential factor with an assumption of reaction mechanism function. Thus, model-free methods
and model-fitting methods should support with each other to calculate kinetic parameters, and
investigate the reaction mechanism [14].

In order to provide a theoretical basis for the utilization of wheat straw and then provide a
guidance for the development of large-scale pyrolysis reactor. In this work, the wheat straw was
subjected to TGA at different heating rates with an aim to understand the pyrolytic behavior with
reaction mechanism. The kinetic and thermodynamics parameters of different pyrolysis processes
were obtained by the recommended model-free models of Flynn—-Wall-Ozawa (FWO) and Kissinger—
Akahira-Sunose (KAS) [15-17], and the reaction mechanism for the pyrolysis process was
determined by the Coats—Redfern (CR) model-fitting method [18,19].

2. Materials and Methods

2.1. Materials

The wheat straw used in this experiment was ground and sieved to pass through a 150-mesh
screen. The proximate analysis and ultimate analysis of wheat straw were conducted using the
Chinese standard. As shown in Table 1, the content of C and O elements in wheat straw are the
highest and the content of S and N elements are the least. The C and H elements have a great influence
on the calorific value of fuel and lower N and S content result in the lower emission of NOx and SOx
in the atmosphere. The results of proximate analysis show that the volatile content is as high as
67.88%, the fixed carbon content is 15.07%, and the ash content is only 8.33%. Low ash content is
conducive to the improvement of heat transfer efficiency during the pyrolysis process, while high
volatile content and high fixed carbon content are helpful to the improvement of fuel performance.

Table 1. Proximate analysis and ultimate analysis of wheat straw.

Proximate analysis /% Ultimate analysis /%
Moisture Ash  Volatiles  Fixed carbon N C H S ®)
8.72 8.33 67.88 15.07 112 4142 6.06 053 41.78

2.1.1. FTIR analysis

In order to understand the functional groups of wheat straw, the FTIR analysis was carried out.
The spectra were collected within the wavenumber range of 400-4000 cm™ as shown in Figure 1. The
absorption peak at 3405 cm™ is due to —-OH stretching, which ascribed to cellulose and lignin [20],
while the sharp absorption peak at 2919 cm™ and 2852 cm ! are mainly caused by the asymmetric and
symmetric stretching vibration of -CHz. The absorption peak at 1656 cm™ is the stretching vibration
of conjugated carbonyl C=0, and the peak at 1247 cm is attributed to the stretching vibration of C—
O. The absorption peak at 1162 cm is the antisymmetric stretching vibration of the C-O-C
glycosioside bond contained in cellulose and hemicelluellulost [21], and the absorption peak at 1050
cm-lis the stretching vibration of primary alcohol C-O [22].
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Figure 1. FTIR spectrum of wheat straw.

2.1.2. SEM analysis

The scanning electron microscope (SEM) morphology analysis of wheat straw is shown in Figure
2. As can be seen, the wheat straw sample presents an irregular rod-like shape with fibrous flakes on
its surface without no pores. Some nano adsorption particles can be clearly seen on the surface.

Figure 2. Micromorphology of wheat straw.

2.2. Experimental procedure

Thermogravimetric testing was performed using TGA5500 thermogravimetric analyzer. The
mass of each sample weighing about 8 mg was placed in the alumina crucible, and then heated from
room temperature to 1,173 K. The mass, time, temperature, and other signals of sample were recorded
online by computer program. High purity nitrogen with purity of 99.999% was used during the whole
pyrolysis process. The gas flow rate was 60 mL/min, and the heating rates were 10, 20, and 30 K/min,
respectively. The experiment of each heating rate was repeated three times to ensure the accuracy of
the experiment within the error range of +3%. Before the experiment, the samples were placed in a
drying oven of 383 K for 12 h.

2.3. Kinetic method

Pyrolysis of biomass is a complex reaction. The thermal reaction in the pyrolysis process follows
the following reaction: A(solid)—B(solid)+C(gas). For a non-isothermal and heterogeneous reaction,
the conversion rate of biomass pyrolysis can be expressed in the following Equation [23].
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Where a is the conversion rate, ¢ is the pyrolysis time, k(T) is the pyrolysis reaction rate constant, f{«)
is the differential expression of the kinetic mechanism function. The a can be calculated from the data
obtained by thermogravimetric analysis, as shown in Equation (2).

my —myg

azmo—mw (2)

Where mo, my, and m- represent the initial mass of biomass,mass of biomass at time ¢, and final mass
of biomass, respectively.
According to Arrhenius law, k(T) can be represented by the Equation (3).

k(T) = Aexp (— RE_T) (3)

Where T represents the reaction temperature (K), A is the pre-exponential factor (1/s), E is the
activation energy (kJ/mol), and R represents the universal gas constant (8.314 J/mol/K).
When the temperature rises at a given rate (f=dT/dt), the Equation (3) can be obtained as follows:

da A E
ar = g &P (xpf(@ (4)
The integrated form of f(a) is generally expressed as:
¢ da AT _E
| ng(a)zﬁ Toe RT dT )

2.3.1. Model-free methods

In order to analyze the kinetic parameters, two model-free methods of Flynn-Wall-Ozawa
(FWO) and Kissinger—Akahira—Sunose (KAS) were employed in this work.

The FWO method can be expressed as Equation (6) [24], there is a linear relationship between
In(B) and 1/T at different heating rates . The activation energy of pyrolysis can be calculated from
the slope —1.052E/R of the fitting equation .

Ing =1In

E
SR~ 5331 - 105247 (6)
The KAS method can be written as Equation (7) [25], there is a linear relationship between
In(B/T?) and 1/T at different heating rates p. The pyrolysis activation energy can be obtained from the
slope —E/R of the fitting equation.

ﬁ_l AE E
nﬁ_ ng(a)R_ﬁ @

2.3.2. Model-fitting methods

The model-fitting methods took the reaction mechanism function into consideration, which can
help to obtain the fittest reaction mechanism function. In this study, the reaction mechanism was
studied by Coats-Redfern (CR) method [26,27], which is derived from the Arrhenius equation as
follows.

T2 ~ "BE RT ®

The E can be calculated by plotting Ing(cx)/T? versus 1/T in terms of the algebraic expressions for
g(ax). If the average E value acquired by model fitting method (CR method in this study) with a given
kinetic model is consistent with that calculated by model-free methods (FWO and KAS), the
corresponding reaction model may be utilized to describe the thermal decomposition process. The

doi:10.20944/preprints202306.1739.v1
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reaction mechanisms of biomass pyrolysis are broadly classified into five major categories, namely
diffusion, chemical reaction order, random nucleation, diffusional, phase boundary reaction, and
exponential nucleation. In this study, 20 common pyrolysis reaction models were selected in five
categories of reaction mechanisms, which are listed in Table 2 [28-30].

Table 2. Common solid-state thermal reaction mechanisms.

Mechanism symbol f(a) g(@)
Diffusion D Differential form Integral form
One-way transport D1 1/2«a a?
Two-way transport D2 [-In(1—-a)]? a+(1-a)in(1—-a)
Three-way transport Ds [(3/2)(1 — a)?3]/[1 - (1 — @)V/?] [1-(1-a)/3)?
Ginstling-Brounshtein D4 (3/2)[(1 —a)1/3 —1]1 (1-2a/3)— (1 —a)?/3
Zhuravlev,Lesokin, Tempelman Ds [(3/2)(1 — 0()4/3]/[(1 —a)"13 -1 [(1—a) /3 —1]2
Chemical reaction order F Differential form Integral form
First-order F1 1-«a —In(1-a)
Second-order F2 (1-a)? 1-a)t-1
Third-order Fs 1-a) [(1-a)2-1]/2
Random nucleation A Differential form Integral form
Avrami-Erofeyev( n=2) Az 2(1—a)[-In (1 — )]/ [~In (1 — a)]*/?
Avrami-Erofeyev( n=3) As 3(1—a)[-In (1 — a)]?/3 [In (1 — a)]*/3
Avrami-Erofeyev( n=4) As 41 — a)[-In (1 — a)]3/* [<ln (1 — a)]¥/*
Avrami-Erofeyev( n=1/2) Ap 1/2(1 - a)[-In (1 —a)]7* [-In (1 - a)]?
Avrami-Erofeyev( n=1/3) A 1/3(1 — a)[-In (1 — a)] 2 [-In(1-a)]®
Avrami-Erofeyev( n=1/4) A 1/41 - a)[-In (1 —a)]3 [<ln (1-a)]*
Phase boundary reaction R Differential form Integral form
Contracting disk R: 1 a
Contracting cylinder R 2(1 —a)/? 1-(1—-a)/?
Contracting sphere Rs 3(1 - a)?/? 1-(1-a)/?
Exponential nucleation P Differential form Integral form
Power law (n=1/2) Pip 2a1/2 al/?
Power law (n=1/3) Piss 3a?/3 al/?
Power law (n =1 /4) Pia 4a3/% al/t

2.4. Thermodynamic method

According to the activation energy calculated by FWO and KAS methods, the pre-exponential
factor A, thermodynamic parameters such as enthalpy AH, Gibbs free energy AG, and entropy AS at
a given heating rate can be calculated by the following equations [31,32].

BEexp (z7)

- )
4 RTZ
AH = E — RT (10)

KyRT,
AG = E — RT,;In (%) (11)
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_AH-AG

A
S T

(12)
Here, T is the maximum decomposition temperature of DTG peak, Kgrepresents the boltzmann
constant (1.381x102]/K), and & is the Planck’s constant (6.626x1034]/s).

3. Results

3.1. Thermogravimetric analysis

The TG and DTG curves of wheat straw at different heating rates are shown in Figure 3. The
pyrolysis process of wheat straw can be divided into three stages: dehydration, main pyrolysis, and
carbonization. The first stage (room temperature to 453 K) is the initial stage of pyrolysis, which is
mainly the removal of water and some small molecules of volatile substances. When the heating rate
is 10, 20, and 30 K/min, the weight loss is 8.69%, 8.71%, and 8.72%, respectively, which is very close
to the water content in Table 1. The second stage (453 K to 773 K) is the main stage of the pyrolysis
process. Since the biomass is mainly composed of hemicellulose, cellulose, and lignin [33], the
hemicellulose, cellulose, and most lignin are pyrolyzed in this stage, and the shoulder and sharper
peaks can be clearly seen on the DTG curve. The shoulder peak is related to the pyrolysis of
hemicellulose and lignin, and the sharper peak is caused by the pyrolysis of cellulose and lignin of
wheat straw. At the heating rates of 10, 20, and 30 K/min, the maximum pyrolysis rates are 7.92, 17.25,
and 30.72 %/min, respectively. The third stage (773 K to 1,173 K) is the continuous decomposition of
residual lignin, carbon precipitation, and ash formation. At this stage, less volatile components are
released, and a slight weight loss can be seen. At the end of pyrolysis process, the residual masses are
17.65%, 17.58%, and 17.52% at different heating rates, respectively.

100} =, —=— 10 K/min or
9 RN —=—20 K/min 4 |
ol %ﬁ —*—30 K/min <l L
70 - ¥ —:_12 L
S 60t !“ a
S e
< <
50 % 20F
Stage I St: II St III
40 | Stage age Iy age ol
30l —=— 10 K/min
=28 i —e—20 K/min
20 + e 3l —A—30 K/min
0200 200 500 600 700 800 900 1000 1100 1200 300 400 500 600 700 800 900 1000 1100 1200
Temperature/K Temperature/K

Figure 3. TG and DTG curves of pyrolysis process for wheat straw.

The characteristic parameters of the main pyrolysis stage were obtained by TG and DTG curves,
as shown in Table 3. As can be seen from the Table 3, the heating rate has a little difference on the
weight loss in the main pyrolysis stage. With increasing heating rate, the starting pyrolysis
temperature of the main pyrolysis stage and the temperature corresponding to the weight loss peak
gradually increased. This is because that at a higher heating rate, the rate of chemical bond breaking
is fast, which is easy to produce volatile polymer materials, and thus increases the pyrolysis
temperature. Within the same temperature range, the higher the heating rate, the shorter the
residence time of wheat straw, which is not conducive to heat transfer, resulting in a larger
temperature difference between the surface and the interior. Therefore, the overall pyrolysis DTG
curve shifts to higher temperature.
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Table 3. Characteristic parameters of the main pyrolysis stage.

Heating Starting  Temperature of Temperature of Ending Percentage

rates  temperature/ first shoulder  second sharper temperature/ of weight

/(K/min) K peak/K peak/K K loss/%
10 454.6 549.6 597 .4 740.9 63.24
20 460.9 563.3 613.9 758.3 63.82
30 470.5 567.7 617.2 773.4 64.08

3.2. Kinetics analysis

Activation energy is the minimum amount of energy required for a molecule to change from
normal to an active state, where a chemical reaction takes place. In order to improve the accuracy of
the calculation results, the pyrolysis process with a conversion rate of 0.2-0.8 was analyzed. The linear
correlations of the pyrolysis process fitted by FWO and KAS methods are shown in Figure 4.
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Figure 4. Pyrolysis kinetics fitted by FWO and KAS methods.

The kinetic parameters calculated by the two different methods are listed in Table 4. As can be
seen from the Table 4, the correlation coefficients R? of FWO (0.950<R2<1) and KAS (0.941<R%<1) are
both above 0.940, indicating the ideal linear fitting and high reliability of calculation results. The
activation energy calculated by FWO and KAS methods range from 165.17 to 440.02 kJ/mol and 163.72
to 452.07 kJ/mol, and the average value are 223.59 kJ/mol and 225.33 kJ/mol, respectively.

Table 4. Kinetic parameters calculated by the two different methods.

FWO KAS
E/(kJ/mol)  A/(1/s) R? E/(kJ/mol)  A/(1/s) R?
0.20 184.00 1.27x10™ 0.952 184.46 1.40x10 0.949
0.25 181.24 7.20x10"3 0.950 181.39 7.42x1013 0.941
0.30 201.28 4.52x10% 0.951 202.33 5.61x10" 0.951
0.35 195.62 1.40x10" 0.954 196.23 1.59x10%5 0.951
0.40 184.10 1.30x10 0.974 183.95 1.26x10™* 0.972
0.45 181.90 8.24x1013 0.990 181.51 7.60x10"3 0.989
0.50 190.82 5.21x10™ 0.999 190.86 5.26x10™ 0.999
0.55 171.52 9.61x10"? 0.991 170.46 7.73x10"12 0.990
0.60 165.17 2.58x10"2 0.978 163.72 1.91x10"2 0.976

0.65 182.89 1.01x10™ 0.982 182.27 8.91x10"3 0.980
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0.70 203.96  7.85x10% 0.973 204.34  8.50x10% 0.971

0.75 42412 2.92x10% 0.994 43575  3.12x10% 0.994

0.80 440.02 7.45x10% 0.958 452,07  8.66x10% 0.950
Average  223.59 225.33

The variation trend of activation energy upon conversion rate has been manifested in Figure 5.
The activation energy obtained by FWO and KAS methods are similar, and the activation energy
calculated by FWO method is slightly lower than that of KAS method. The trend of activation energy
upon conversion rate can be divided into three stages: when the conversion rate is from 0.2 to 0.3, the
activation energy begins to increase slightly, which is mainly due to the decomposition of
hemicellulosic and cellulose of wheat straw. When the conversion rate is from 0.3 to 0.6, the activation
energy shows a decreasing trend, which corresponds to the pyrolysis of cellulose of wheat straw. A
large amount of volatile substances produced at this stage, and the semi-crystal structure of cellulose
was destroyed, making the pyrolysis process easy to occur. When the conversion rate ranges from
0.6 to 0.8, the activation energy becomes to increase rapidly, especially when the conversion rate is
above 0.7. This is mainly because that a large amount of lignin start to pyrolyze, and produce coke
with low reactivity in this stage.

450 r ——FWO
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Figure 5. Variation trend of activation energy upon conversion rate.

The pre-exponential factor A is an important index reflecting the surface structure of the sample
or the complexity of the reaction during pyrolysis. When the value of A is <10?s", the reaction is the
surface reaction; when the value of A is 210°s, it means the occurrence of complex reaction [34]. As
can be seen in Table 4, at the heating rate of 10 K/min, the pre-exponential factors calculated by FWO
and KAS methods vary in the range of 2.58x10% to 7.45x10% s' and 1.91x10%2 to 8.66x10% s,
respectively. This indicates that the pyrolysis process of wheat straw involves multiple parallel
reactions, and it is very complicated. The variation trend of the pre-exponential factor upon
conversion rateis consistent with that of the activation energy.

3.3. Thermodynamic analysis

Thermodynamics analysis is in favor to study the energy changes in the pyrolysis process. The
thermodynamics parameters, such as enthalpy AH, Gibbs free energy AG, and entropy AS along with
the change trend upon the conversion rate at the heating rate of 10 K/min are shown in Table 5.
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Table 5. Thermodynamic parameters of wheat straw calculated by KAS and FWO methods.

FWO KAS
AG/(k]J/mol
AH/(k]J/mol) ) AS/(J/mol/K) AH/(kJ/mol) AG/(kJ/mol) AS/(J/mol/K)
0.20 179.50 172.45 11.80 179.96 172.44 12.58
0.25 176.66 172.53 6.92 176.80 172.52 7.17
0.30 196.63 172.01 41.22 197.68 171.98 43.01
0.35 190.90 172.15 31.39 191.51 172.13 32.43
0.40 179.31 172.45 11.49 179.16 172.45 11.23
0.45 177.05 172.51 7.60 176.66 172.52 6.93
0.50 185.92 172.27 22.85 185.96 172.27 22.92
0.55 166.58 172.80 -10.42 165.53 172.83 -12.23
0.60 160.20 172.99 -21.41 158.74 173.03 -23.92
0.65 177.87 172.48 9.02 177.25 172.50 7.95
0.70 198.89 171.94 45.11 199.27 171.93 45.77
0.75 418.92 168.31 419.56 430.55 168.17 439.25
0.80 434.63 168.12 446.15 446.68 167.99 466.55
Average 218.70 171.77 78.56 220.44 171.75 81.51

Enthalpy represents the energy stored in the system. Change in enthalpy determines the loss or
gain in energy of the system. Table 5 shows that the AH calculated by FWO and KAS methods vary
in the ranges of 160.20 to 434.63 kJ/mol and 158.74 to 446.68 kJ/mol, and the average valule are 218.70
and 220.44 kJ/mol, respectively. The AH calculated by the two methods have the same trend upon
the conversion, and both are positive, indicating that the parallel reaction involved in the pyrolysis
process of wheat straw is dominated by the endothermic reaction. In addition, the difference between
AH and E calculated by the two methods is about +6 kJ/mol at the same conversion rate, implying
that the pyrolysis process is highly reactive and easy to occur, which is conducive to the formation of
activation complexes with low energy [35,36].

Gibbs free energy denotes the available energy of biomass that can be used for the chemical
transformation along with the formation of activated complex. Table 5 shows that the AG calculated
by FWO and KAS methods range from 168.12 to 172.99 k]/mol and 167.99 to 173.03 kJ/mol, and the
average value are 171.77 kJ/mol and 171.75 kJ/mol, respectively. In addition, the values of AG vary
within +5 kJ/mol corresponding to each conversion rate, indicating that wheat straw has a stable
energy output during the whole pyrolysis process.

Entropy denotes molecular disorder and randomness of the system. Lower entropy may be
related to physical changes or minor chemical reactions, while higher entropy indicates higher
reactivity and the formation of activated complexes. Table 5 shows that the change in entropy
calculated by FWO and KAS methods range from -21.41 to 446.68 J/(molxK) and -23.92 to 466.55
J/(molxK), respectively. The AS values calculated by the two methods were observed to be negative
for the conversion rate 0.55-0.60, while positive values were shown for rest of the conversion rate.
Where negative AS values implies that a thermally stable product is produced, and the
thermodynamic equilibrium was established. Whereas, positive AS values indicates that the disorder
degree of pyrolysis products was larger than that of initial reactants [37]. Especially, when the
conversion rate is above 0.7, the entropy shows a large increase, indicating that the system has greater
disorder and higher reaction activity at the end of the pyrolysis reaction, and the pyrolysis reaction
is difficult to reach thermodynamic equilibrium [38].

According to the variation trend of the thermodynamic parameters upon the conversion rate in
Table 5, it can clearly seen that the variation trend of AG is opposite to that of AH and AS. The values
of AH and AS increase slightly when the conversion rate is 0.2 to 0.3. In this process, hemicelluloses
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and cellulose in wheat straw begin to decompose gradually, and the disorder of the reaction system
increases. This process corresponds to the first shoulder peak in the DTG curve of the second stage
in Figure 3. When the conversion rate ranges from 0.3 to 0.6, the disorder of the system begins to
decrease due to the gradual decomposition of hemicellulose and cellulose, and the values of AH and
AS decrease gradually, which corresponds to the second weight loss sharper peak in the DTG curve.
When the conversion rate varies from 0.6 to 0.8, the lignin of wheat straw begins to decompose and
produce coke with low reactivity, thus the values of AH and AS increase significantly. The results of
thermodynamic analysis show that the wheat straw has a massive quantity of inherent energy and
potential to be exploited as a source for bioenergy production.

3.4. Reaction Mechanism

The CR method was employed to investigate the reaction mechanism during pyrolysis at a
different level of conversion at a heating rate of 10 K/min. The reaction mechanisms selected are
mentioned in Table 2. It is mainfested that the values of activation energy had a little fluctuation in
the conversion range of 0.2-0.7, as shown in Table 4. While, the changes in activation energy were
significant when the conversion rate is above 0.7. Therefore, the conversion range of 0.2-0.7, which is
the main pyrolysis stage based on the primary analysiswas studied in detail. If the average activation
energy values acquired by the discussed mechanism functions are almost equal to the energy values
obtained from FWO and KAS methods, it indicates that this mechanism function should be the best-
fit reaction mechanism of the main stage of the pyrolysis process.

After comparing the average activation energy E with that of the model-free methods obtained
in the previous section, the detailed results are shown in Table 6. It is indicated that, the average E
value (192.84 kJ/mol) calculated by the mechanism function Ais(g(a) = [-In (1 — a)]3) corresponding
to random nucleation mechanism is nearly equal to the value (185.68 kJ/mol* and 185.59 kJ/mol)
estimated based upon FWO and KAS methods in the conversion range of 0.2-0.7. The relative error
is less than 4%, and the correlation coefficients R2 exceeds 0.997. Therefore, it is credible that the A1
random nucleation model is the optimal mechanism function to characterize the pyrolysis process. It
implies that during the pyrolysis process in the conversion range of 0.2-0.7, the random nucleation
may play a pivotal role.

Table 6. The activation energy calculated by the CR method in the conversion range of 0.2-0.7.

Mechanism symbol E/(kJ/mol) R?

One-way transport D1 91.96 0.999
Two-way transport D2 104.67 0.999
Three-way transport Ds 119.97 0.998
Ginstling-Brounshtein Da 109.73 0.999
Zhuravlev,Lesokin, Tempelman D5 153.69 0.993
First-order F: 62.74 0.995
Second-order F2 90.53 0.986
Third-order Fs 123.99 0.977
Avrami-Erofeyev( n=2) A 26.51 0.993
Avrami-Erofeyev( n=3) As 14.43 0.991
Avrami-Erofeyev( n=4) As 8.39 0.985
Avrami-Erofeyev( n=1/2) Aip 128.68 0.997
Avrami-Erofeyev( n=1/3) Aip 192.84 0.997
Avrami-Erofeyev( n=1/4) A 266.92 0.997
Contracting disk R1 40.99 0.999

Contracting cylinder R 51.119 0.998
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Contracting sphere Rs 54.829 0.997
Power law (n=1 /2) P2 15.649 0.997
Power law (n=1/3) Ps 7.169 0.993
Power law (n=1 /4) Ps 293 0.975
Averageactivation energy(0.2— FWO 185.68 kJ/mol
0.7) KAS 185.59 kJ/mol

4. Conclusions

In this work, the pyrolysis behavior of wheat straw were identified using TGA experiments. The
kinetic parameters of pyrolysis at three different heating rates, and the thermodynamics parameters
at the heating rate of 10 K/min were obtained using the model-free methods (FWO and KAS).
Meanwhile, the reaction mechanism was determined by the model-fitting method (CR).

The following conclusions are drawn:

e  The thermogravimetric analysis results show that there are three main weight loss stages in the
pyrolysis of wheat straw. The first stage is the drying and dehydration stage, the second stage
is the main pyrolysis stage, and the third stage is the continuous decomposition and
carbonization of residual lignin. With increasing heating rate, the DTG curve of pyrolysis shifts
to higher temperature.

e  The activation energy calculated by FWO and KAS methods are 165.17-440.02 kJ/mol and
163.72-452.07 kJ/mol, respectively. The pre-exponential factors obtained by FWO and KAS
methods are in the range of 2.58x1012-7.45x10%s! and 1.91x10'2-8.66x10% s at the heating rate
of 10 K/min. The change trend of pre-exponential factor is consistent with that of activation
energy.

e  The variation trend of thermodynamic parameters AG upon conversion rate is opposite to that
of AH and AS during wheat straw pyrolysis. Thermodynamic analysis shows that the potential
energy barrier between AE and AH is about 6 kJ/mol, indicating the favorable conditions for
product formation. The wheat straw contains a massive quantity of inherent energy to be
exploitedas a source for bioenergy production.

e It was found that the mechanism function A1 (g(a) = [~In (1 — @)]®) is the most suitable
mechanism function to characterize the main pyrolysis stage. Random nucleation may be in

charge of the pyrolysis process in the conversion range of 0.2-0.7.
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