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A B S T R A C T   

To investigate the pyrolysis reaction of ryegrass, we conducted a simultaneous thermal analysis 
using thermogravimetric(TG) analyzers. This involved obtaining data through Thermogravimetry 
(TG), Derivative Thermogravimetry (DTG), and Differential thermal analysis (DTA) techniques. 
The experiments were conducted under dynamic nitrogen and air atmospheres at different 
heating rates. The kinetic parameters of ryegrass pyrolysis were determined using the Kissinger 
method, the Flynn-Wall-Ozawa (FWO) peak conversion rate approximate equivalence method, 
the Flynn-Wall-Ozawa (FWO) equal conversion rate method, and the ̌Skvára-Šesták (S–S) method. 
It provides a theoretical basis for the reuse of ryegrass resources. The findings indicated that the 
pyrolysis temperature of ryegrass increased with the accelerated rate of temperature increase in 
both atmospheres. The average weight loss rate of pyrolysis of ryegrass in the air atmosphere 
(92.27 %) is higher than that compared to that in a nitrogen atmosphere (86.11 %). Additionally, 
the temperature required for complete decomposition is lower in the former case. The FWO peak 
conversion rate approximation equivalence approach and the FWO equal conversion rate method 
do not apply to the solution of the pyrolysis activation energy of ryegrass. The pyrolysis activation 
energy for the two decomposition stages, as calculated by the Kissinger method, is 165.73 and 
185.86 kJ/mol− 1 in the air atmosphere, and 219.99 and 277.02 kJ/mol− 1 in a nitrogen atmo-
sphere, respectively. The activation energy and mechanism function of ryegrass pyrolysis 
calculated by using the S–S method are as follows: [− ln(1− α)]2, 119.79, 104.31, 95.75, and 
91.93 kJ/mol− 1 in air atmosphere, (1− α)− 1, 176.64, 67.89, 61.15, and 54.25 kJ/mol− 1 in ni-
trogen atmosphere, respectively. The activation energy of ryegrass pyrolysis, as determined by 
both the Kissinger method and S–S method, was found to be higher under an air atmosphere 
compared to a nitrogen atmosphere.   

1. Introduction 

The perennial ryegrass (Ryegrass L.) is a herbaceous species in the ryegrass family that exhibits extensive adaptability, including its 
high fertility, well-developed root system, high tillering capacity, ease of cultivation, and ability to grow in harsh conditions such as 
cold, acidic, alkaline, and hypersaline soils, among others [1,2]. Ryegrass is a suitable grass for animal feed in temperate grassland 
agriculture due to its high nutritious value and easy digestibility by animals [3]. Additionally, ryegrass can be utilized for 
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phytoremediation to enrich soil with heavy metals and metalloids such as zinc, arsenic, cadmium, and lead[4–6]. When ryegrass is 
used for phytoremediation, it absorbs heavy metals from the soil, which renders it unfit for animal husbandry and composting 
thereafter. Due to the presence of heavy metals, discarded ryegrasses have a high likelihood of contaminating soil and water bodies if 
not properly managed. Therefore, it is necessary to reuse these discarded ryegrasses to prevent environmental pollution that would 
occur if disposed of as regular solid waste. The purpose of this paper is to evaluate the possibility of pyrolysis of waste ryegrass under 
aerobic and anaerobic conditions, and to provide theoretical reference for biomass reuse of waste ryegrass. 

The pyrolysis of biomass involves the decomposition of polymer chains inside biomass macromolecules, resulting in the creation of 
bio-oil, non-condensable gas, and biochar [7,8]. The raw materials commonly used for biomass pyrolysis are agricultural waste derived 
from lignocellulosic biomass [9]. Currently, the primary focus of biomass pyrolysis research is on understanding the pyrolysis char-
acteristics of different types of biomass and determining the related kinetic parameters through the analysis of the resulting products 
on the overall pyrolysis process [10,11]. The pyrolysis activation energy and kinetic parameters commonly used can be calculated 
using many methods, such as the Kissinger method [12], Flynn-Wall-Ozawa(FWO) method [13], dynamic mechanical analysis (DMA) 
method [14], Coats-Redfern(CR) method [15] and Friedman method [16]. In addition, new pyrolysis technologies, including mi-
crowave pyrolysis [17], solar pyrolysis [18], co-pyrolysis [19], and catalytic pyrolysis [20] have been developed to optimize biomass 
pyrolysis. Ryegrass composition consists of crude fibers, fibers, and hemifibers, which are promising materials for biomass energy. 
Through pyrolysis, the fiber components in ryegrass can be converted into biomass energy. This process also allows for the exami-
nation of the pyrolysis characteristics and mechanism of ryegrass, potentially enabling the reuse of its resources [21]. A detailed study 
of waste ryegrass pyrolysis is lacking, however, certain researchers have used thermogravimetric analyzers to investigate the pyrolysis 
characteristics and mechanisms of comparable biomass waste materials, such as tea stalks [22] and wood chips [23,24]. The research 
aims to offer fundamental data and technological guidance for the effective utilization of biomass wastes. The study employed 
thermogravimetric analysis (TG-DTA) to compare and analyze the pyrolysis process of ryegrass under a dynamic air atmosphere and 
nitrogen atmosphere. Additionally, the study calculated the kinetic parameters of the pyrolysis process. The purpose of this analysis 
was to provide data reference for the thermochemical conversion of waste ryegrass for resource utilization. 

2. Materials and methods 

2.1. Experimental materials 

Waste ryegrass was collected from the greenhouse located behind Yunnan Agricultural University. 

2.2. Experimental method 

A certain amount of freshly harvested ryegrass leaves was measured by weight and designated as M1. The recently harvested 
ryegrass leaves were subjected to a drying process in an oven at 105 ◦C for 30 min. Subsequently, the leaves were further dried at a 
temperature of 75 ◦C for 48 h. Once completely dried, the weight of the dried sample was measured, and its mass was recorded as M2. 
The moisture content of ryegrass, as determined by formula (1), is 74.9 %. The calculation formula for the moisture content of ryegrass 
(1) is as follows: 

Moisture content =
(M1 − M2)

M1
× 100% (1) 

The HCT-1 synchronous TG-DTA thermal analyzer from Beijing Hengjiu Experimental Equipment Co., Ltd. was used to determine 
the TG-DTG and TG-DTA curves of ryegrass samples. The experimental conditions included a sample mass of 3.5 ± 0.1 mg, dynamic 
nitrogen atmosphere, and air atmosphere, both with an airflow rate of 50 mL/min. The heating rate varied at 5 ◦C/min, 10 ◦C/min, 
15 ◦C/min, 20 ◦C/min, while the temperature range was set from 50 ◦C–700 ◦C, respectively. 

2.3. Kinetic methods of pyrolysis 

2.3.1. Basic theory of pyrolysis kinetics 
The pyrolysis of ryegrass is a type of solid pyrolysis reaction, which can be represented by equation (2) [25]: 

dα
dt

=A exp
(

−
E

RT

)

f(α) (2)  

Where: The α-conversion rate at any moment t during the pyrolysis of ryegrass is calculated using the formula %, α=(m0-mt)/(m0-mf) 
[26],m0、mt、mf represent the mass of the sample at the beginning, at any moment t, and the termination of the sample, respectively. 
The g; t-pyrolysis time, s; A-response index prefactor,s− 1; E-pyrolysis activation energy, kJ/mol; R-universal gas constant, equal to 
8.314J/mol⋅K; T-pyrolysis temperature, K; f(α)- represents the Differential Dynamics Mechanism Functions. 

2.3.2. Calculation of pyrolysis activation energy 
The activation energy, E, for the pyrolysis process of ryegrass under different atmospheres, was determined using various methods 

including the Kissinger method [27], Flynn-Wall-Ozawa(FWO) peak conversion rate approximate equivalence method [28], 
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Flynn-Wall-Ozawa(FWO) same conversion rate method [29], Škvára-Šesták(S–S) method [30]. These methods were employed to 
analyze the TG/DTG curves and investigate the reaction rate of the pyrolysis process. The equations known as the Kissinger, FWO, and 
S–S are shown in (3), (4), and (5). 

ln
(

β
T2

max

)

= ln
(

AKR
EK

)

−
EK

RTmax
(3)  

lg β= lg
[

AOEO

RG(α)

]

− 2.315 − 0.4567
EO

RTα
(4)  

lg G(α)= lg
ASES

Rβ
− 2.315 − 0.4567

ES

RT
(5)  

Where: Tmax-Peak decomposition temperature, K; β-heating rate, K/min or ◦C/min; G(α)为30 mechanism functions [31] (Table 1); 
Tα-Temperature at which the same conversion is achieved at different heating rates, K; EK, EO, ES and AK, AO, AS represent the acti-
vation energy of pyrolysis and the reaction finger front factor for the Kissinger, FWO, and S–S equations respectively The remaining 
parameters in equation (1) have the same physical significance. 

Kissinger method: According to equation (2), 1/Tmax was used as the horizontal coordinate and, ln(β/T2max) as the vertical co-
ordinate to make a linear fitting straight line. The activation energy EK for pyrolysis was determined by calculating the slope of -EK/R, 
and the ln(AK) was obtained from the intercept ln(AKR/EK). 

FWO: Approximate Equivalence of Peak Conversion Rates. This method implies that the conversion rate αmax at the peak pyrolysis 
temperature Tmax is approximately equal at different heating rates β and can be substituted for Tα in equation (3) with Tmax. A linear 
fitting line is obtained using 1/Tmax as the horizontal coordinate and lgβ as the vertical coordinate. The activation energy of pyrolysis, 
EO, can be determined by calculating the slope of − 0.4567EO/R. When the peak conversion rates αmax are not equal, this method is not 
applicable. The peak conversion rate αmax is determined using the formula αmax=(m0-mt(max))/(m0-mf), where mt(max) represents the 
mass of the sample corresponding to the peak decomposition temperature Tmax. 

FWO iso conversion rate method: At different heating rates β, a series of the same conversion rates α (range from 10 % to 90 % with 
a step of 10 %) are selected. Given the values of α, m0, mf are known, mt can be determined using inverse deduction according to the 
formula α=(m0-mt)/(m0-mf). The Tα value can be obtained using the data of mt and TG curves. Finally, a linear fitting is performed using 
1/Tα as the transverse coordinate and lgβ as the longitudinal coordinate. The slope of the resulting straight line with the same reason of 
the fitting − 0.4567EO/R, represents the activation energy EO. 

Corresponding to each heating rate β and the mechanism function G(α), linear regression is performed using 1/T as the horizontal 

Table 1 
Selection of Mechanism functions.  

No. G(α) No. G(α) 

1 α2 9 –ln(1− α) 
2 α+(1− α)ln(1− α) 10~16 [− ln(1− α)]n (n = 2/3, 1/2, 1/3, 4, 1/4, 2, 3) 
3 (1− 2/3α) − (1− α)2/3 17~22 1− (1− α)n (n = 1/2, 3, 2, 4, 1/3, 1/4) 
4~5 [1− (1− α)1/3]n (n = 2, 1/2) 23~27 αn (n = 1, 3/2, 1/2, 1/3, 1/4) 
6 [1− (1− α)1/2]1/2 28 (1− α)− 1 

7 [(1− α)1/3− 1]2 29 (1− α) − 1− 1 
8 [(1/(1− α)1/3) − 1]2 30 (1− α) − 1/2  

Fig. 1. TG-DTG curves of ryegrass at different heating rates in N2 atmospheres.  
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coordinate and lgG(α) as the vertical coordinate, and Es, lgAs are calculated from the slope of the straight line − 0.4567 ES/R and the 
intercept lg(ASES/Rβ)-2.315, and screened to satisfy the following conditions [32] G(α) with Es in the range of 0–400 kJ-mol− 1, 
(ES− EO)EO ≤ 0.22. Additionally, the lgAS corresponding to the Es values that meet these parameters should have a range of | 
(lgAS− lgAK)/lgAK|≤0.30. 

3. Results and analysis 

3.1. Characterization of pyrolysis of ryegrass under nitrogen atmosphere 

The TG-DTG and TG-DTA curves of the pyrolysis of ryegrass in a nitrogen atmosphere are shown in Figs. 1 and 2, respectively. The 
figures demonstrate that the weight loss, rate of ryegrass pyrolysis was 87.88 %, 83.35 %, 90.34 %, and 82.85 % at the heating rates of 
5 ◦C/min, 10 ◦C/min, 15 ◦C/min, and 20 ◦C/min, respectively. The average weight loss rate was 86.11 %. It is evident that the heating 
rate affects the percentage of weight loss of ryegrass pyrolysis. Too high or too low heating rate is not conducive to the pyrolysis of 
ryegrass. When the heating rate is 15 ◦C/min, the percentage of weight loss reaches the peak. The average percentage of weight loss 
was 86.11 %. The percentage of weight loss of ryegrass did not exhibit any significant changes under different heating rates, indicating 
that the heating rate had no obvious impact on the percentage of weight loss of ryegrass. However, with the increase of heating rate, 
the DTG curve moves to the high temperature area. Additionally, the DTA curve displayed two upward exothermic peaks, indicating 
that both stages of weight loss involved exothermic reactions. The DTA curve exhibited two upward exothermic peaks, indicating that 
both weight loss stages of ryegrass were exothermic and both peaks were positively correlated with the rate of heating. The initial peak 
occurred within the temperate range of 200 and 350 ◦C, signifying the decomposition of a significant quantity of hemicellulose and a 
smaller amount of cellulose in ryegrass. The second peak, observed between 400 and 550 ◦C, indicated a large amount of cellulose and 
crude fiber decomposition. This behavior closely resembled the pyrolysis process of Pennisetum purpureum Schumach studied by Li 
et al. [33]. With an increase in the heating rate, the TG, DTG, and DTA curves shifted towards higher temperatures. During the 
decomposition of ryegrass, as the percentage of weight loss becomes equal, a higher heating rate corresponds to a higher 

Fig. 2. TG-DTA curves of ryegrass at different heating rates in N2 atmospheres.  

Fig. 3. TG-DTG curves of ryegrass at different heating rates in air atmospheres.  
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decomposition temperature and a broader interval of weight loss. 

3.2. Pyrolysis characteristics of ryegrass in air atmosphere 

Fig. 3 displays the TG-DTG curve of ryegrass pyrolysis in the presence of air, while Fig. 4 shows the TG-DTA curve. The figure shows 
that the percentage of weight loss of ryegrass are 87.4 %, 93.72 %, 93.97 %, and 93.98 %, when the heating rates are 5 ◦C/min, 10 ◦C/ 
min, 15 ◦C/min, and 20 ◦C/min, respectively. In an air atmosphere, the average percentage of weight loss is 92.27 %. The initial weight 
loss peak of the DTG curve decreases as the heating rate increases, but the second weight loss peak is not affected by it. Both peaks of 
the curve exhibit an increase with the increase in heating rate. When comparing the two scenarios, it was discovered that under the 
same heating rate, the ryegrass experienced a higher rate of weight loss in an air atmosphere compared to a nitrogen atmosphere. 
Additionally, the temperature needed for complete decomposition was lower in the air atmosphere. Furthermore, the two peaks on the 
DTA curve were larger, indicating a more intense exothermic reaction. 

Typically, the duration required for biomass to achieve the final pyrolysis temperature decreases as the heating rate increases. 
Increasing the heating rate is beneficial for biomass pyrolysis [34]. In the air atmosphere, the pyrolysis weight loss rate of ryegrass is 
the highest under the condition of the fastest heating rate in the air atmosphere, and the pyrolysis weight loss rate of ryegrass is the 
highest in the fastest heating rate, which aligns with previous research findings. However, certain studies have found that increasing 

Fig. 4. TG-DTA curves of ryegrass at different heating rates in air atmospheres.  

Table 2 
The basic data of the kinetics by TG/DTG curves in N2 atmospheres.  

Decomposition stage β 
/K⋅min− 1 

Tmax 

/◦C 
Tmax 

/K 
ln(β/T2

max) (1/Tmax) × 103 

/K− 1 
mo 

/mg 
mf 

/mg 
mt(max) 

/mg 
αmax 

/% 

First stage 5 284.13 557.28 − 11.037 1.79 3.5 0.63 2.35 40.06 
10 293.48 566.63 − 10.38 1.76 3.5 0.99 2.65 33.98 
15 302.02 575.18 − 10.00 1.74 3.5 0.92 2.69 31.03 
20 304.10 577.26 − 9.72 1.73 3.5 0.95 2.62 34.51 

Second stage 5 443.75 716.9 − 11.54 1.39 3.5 0.63 1.01 86.93 
10 448.91 722.06 − 10.86 1.38 3.5 0.99 1.51 79.63 
15 459.84 732.99 − 10.49 1.36 3.5 0.92 1.49 77.75 
20 472.22 745.37 − 10.23 1.34 3.5 0.95 1.37 83.57  

Table 3 
The basic data of the kinetics by TG/DTG curves in air atmospheres.  

Decomposition stage β 
/K⋅min− 1 

Tmax 

/◦C 
Tmax 

/K 
ln(β/T2

max) (1/Tmax) × 103 

/K− 1 
mo 

/mg 
mf 

/mg 
mt(max) 

/mg 
αmax 

/% 

First stage 5 281.8 554.95 − 11.03 1.80 3.5 0.33 1.90 50.47 
10 287.52 560.67 − 10.36 1.78 3.5 0.46 2.18 43.42 
15 292.62 565.77 − 9.97 1.77 3.5 0.54 2.24 42.57 
20 297.68 570.83 − 9.70 1.75 3.5 0.44 2.16 43.79 

Second stage 5 426.15 699.30 − 11.49 1.43 3.5 0.33 0.94 80.76 
10 436.07 709.219 − 10.83 1.41 3.5 0.46 1.18 76.32 
15 441.18 714.33 − 10.43 1.40 3.5 0.54 1.32 73.65 
20 446.56 719.71 − 10.16 1.39 3.5 0.44 1.25 73.53  
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the heating rate leads to an increase in the temperature difference between the internal and external surfaces of biomass, thereby 
causing a thermal lag effect. Consequently, when the heating rate increases, the biomass experiences a decrease in weight loss and the 
residual weight is larger [35]. Under a nitrogen atmosphere, the ryegrass exhibits the highest rate of weight loss during pyrolysis when 
heated at a rate of 15 ◦C/min. The possible explanation is that a heating rate of 5 ◦C/min, and 15 ◦C/min promotes the pyrolysis of 
ryegrass. However, when compared to a heating of 20 ◦C/min, the thermal lag effect of 15 ◦C/min is smaller. 

3.3. Pyrolysis kinetics of ryegrass 

The basic kinetic data acquired from the TG-DTG curve analysis of ryegrass in nitrogen and air atmosphere are shown in Tables 2 
and 3, respectively. The linear equation derived using the Kissinger method is shown in Figs. 5 and 6. Based on the fitting results shown 
in Fig. 5, the fitting equation for the nitrogen atmosphere is as follows: In the first weightlessness stage, the equation for Y =
− 19.93X+24.75. The correlation coefficient is R = 0.9757. The pyrolysis activation energy is E = 165.73 kJ/mol, and the exponential 
factor logarithm lnA = 27.74; In the second weightlessness stage, the equation for Y = − 22.35X+19.87. The correlation coefficient is R 
= 0.7899. The pyrolysis activation energy is E = 185.86 kJ/mol, and the exponential factor logarithm is lnA = 22.97. The fitting result 
of Fig. 6 indicates that in air atmosphere, the fitting equation for the first weightlessness stage is Y = − 26.46X+36.74. The correlation 
coefficient is R = 0.9719, the calculated pyrolysis activation energy is E = 219.99 kJ/mol, and the exponential factor logarithm is lnA 
= 40.02. In the second weightlessness stage, the fitting equation is Y = − 33.32X+36.16. The correlation coefficient is R = 0.9968, the 
pyrolysis activation energy is E = 277.02 kJ/mol, and the exponential factor logarithm is lnA = 36.91. 

Refer to Tables 2 and 3 for the peak conversion values of αmax calculated using the approximate equivalence method of FWO peak 
conversion. By examining Tables 2 and 3 and it is evident that αmax decreased as the heating rate increased during the same 
decomposition stage, regardless of whether it was in a nitrogen atmosphere or an air atmosphere. This suggests that the pyrolysis 

Fig. 5. Fitting curves of ln(β/T2
max)-1/Tmax in N2 atmospheres.  

Fig. 6. Fitting curves of ln(β/T2
max)-1/Tmax in air atmospheres.  
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Fig. 7. Fitting curves of lgβ-1/Tα in N2 atmospheres.  

Fig. 8. Fitting curves of lgβ-1/Tα in air atmospheres.  

Table 4 
Pyrolysis activation energy of ryegrass at different conversion rates.  

Atmospheres α/% fitted equations R E/kJ⋅mol− 1 Average E/kJ⋅mol− 1 

N2 10 Y = − 3.76X+10.15 0.7314 68.45 65.39 
20 Y = − 3.91X+10.42 0.8372 71.18 
30 Y = − 3.93X+10.41 0.8853 71.54 
40 Y = − 3.84X+10.13 0.9118 69.91 
50 Y = − 3.68X+9.69 0.9058 66.99 
60 Y = − 3.53X+9.27 0.7082 64.26 
70 Y = − 3.38X+8.86 0.9637 61.53 
80 Y = − 3.25X+8.51 0.9986 59.16 
90 Y = − 3.05X+7.96 0.9809 55.52 

Air 10 Y = − 2.06X+5.32 0.9178 37.50 116.93 
20 Y = − 4.17X+9.02 0.9718 75.91 
30 Y = − 6.41X+12.85 0.9930 116.69 
40 Y = − 7.66X+ 14.81 0.9975 139.45 
50 Y = − 7.98X+ 15.11 0.9958 145.27 
60 Y = − 7.97X+ 14.76 0.9905 145.09 
70 Y = − 3.54X+ 6.71 0.9708 64.44 
80 Y = − 7.44X+ 11.66 0.8592 135.44 
90 Y = − 10.58X+ 15.61 0.9791 192.60  

Y. Wu et al.                                                                                                                                                                                                             



Heliyon10(2024)e36293

8

Table 5 
Calculated kinetic equation results by S–S method.  

Atmospheres G(α) Es/kJ⋅mol− 1 lgAs/min− 1 R2 Es/kJ⋅mol− 1 lgAs/min− 1 R2 Es/kJ⋅mol− 1 lgAs/min− 1 R2 Es/kJ⋅mol− 1 lgAs/min− 1 R2 

N2  5 K min − 1 10K⋅ min − 1 15K⋅ min − 1 20K⋅ min − 1 

1 28.40 7.49 0.9789 24.39 5.42 0.9617 22.57 5.44 0.9242 20.57 5.37 0.9151 
2 19.30 4.69 0.9715 16.02 4.71 0.9473 14.56 4.78 0.9051 13.11 4.79 0.8963 
3 4.73 3.77 0.9681 4.00 4.04 0.9413 3.64 4.22 0.8976 3.09 4.38 0.8890 
4 6.01 3.79 0.9603 4.73 4.06 0.9286 4.37 4.22 0.8823 3.82 4.34 0.8743 
5 19.66 4.99 0.9902 19.30 5.24 0.9972 19.11 5.38 0.9885 18.02 5.41 0.9852 
6 22.21 5.27 0.9891 22.21 5.54 0.9974 22.03 5.68 0.9905 20.94 5.70 0.9874 
7 6.01 3.79 0.9603 4.73 4.06 0.9286 4.37 4.22 0.8823 3.82 4.34 0.8743 
8 12.20 4.12 0.9297 8.74 4.20 0.8856 4.65 4.32 0.8342 6.55 4.40 0.8289 
9 66.07 8.69 0.9861 53.16 8.26 0.9782 50.24 8.13 0.9513 46.06 7.84 0.9457 
10 47.88 7.67 0.9912 44.78 7.62 0.9918 43.51 7.63 0.9747 40.41 7.47 0.9702 
11 39.50 6.99 0.9916 38.04 7.09 0.9959 37.32 7.17 0.9838 34.95 7.08 0.9801 
12 28.95 6.15 0.9905 28.76 6.40 0.9978 28.58 6.51 0.9909 27.12 6.50 0.9880 
13 82.65 10.54 0.8341 46.97 7.38 0.7564 37.14 6.65 0.6994 28.22 5.99 0.6940 
14 22.94 5.69 0.9893 23.12 5.97 0.9980 22.94 6.12 0.9935 21.85 6.14 0.9912 
15 76.64 10.07 0.9464 67.89 9.50 0.9082 61.15 9.02 0.8588 54.24 8.49 0.8520 
16 81.37 10.44 0.8906 52.98 7.97 0.8268 44.24 7.32 0.7683 35.86 6.68 0.7619 
17 22.03 5.01 0.9896 20.39 5.16 0.9883 19.66 5.25 0.9675 18.02 5.26 0.9620 
18 32.22 6.38 0.9529 36.59 6.99 0.9803 37.87 7.25 0.9940 36.96 7.28 0.9962 
19 36.59 6.63 0.9769 38.59 7.03 0.9940 38.78 7.20 0.9939 37.32 7.17 0.9919 
20 26.03 5.94 0.9213 31.86 6.66 0.9572 33.86 6.98 0.9833 33.31 7.05 0.9902 
21 16.20 4.50 0.9888 14.75 4.68 0.9854 14.20 4.80 0.9625 13.11 4.84 0.9569 
22 12.74 4.24 0.9883 11.65 4.43 0.9837 11.10 4.57 0.9598 10.19 4.64 0.9542 
23 32.40 6.06 0.9891 31.31 6.22 0.9942 30.58 6.31 0.9801 28.95 6.25 0.9752 
24 31.86 5.88 0.9869 28.95 5.88 0.9818 27.67 5.92 0.9555 25.48 5.85 0.9482 
25 25.30 5.67 0.9840 26.21 5.99 0.9964 26.40 6.15 0.9949 25.12 6.18 0.9928 
26 19.18 5.32 0.9806 20.75 5.68 0.9945 21.12 5.86 0.9971 20.21 5.90 0.9962 
27 15.84 5.09 0.9785 17.11 5.45 0.9931 17.29 5.64 0.9976 16.75 5.70 0.9972 
28 116.33 15.27 0.9669 93.21 13.19 0.9465 85.02 12.50 0.9096 75.55 11.69 0.9055 
29 116.33 14.27 0.9669 93.21 12.19 0.9456 85.02 11.50 0.9096 75.55 10.69 0.9055 
30 41.51 7.79 0.9784 32.59 7.20 0.9642 32.40 7.37 0.9318 29.31 7.22 0.9268 

Air 1 28.76 5.53 0.9881 26.58 5.61 0.9704 17.84 5.70 0.9545 22.94 5.58 0.9332 
2 19.84 4.73 0.9827 17.66 4.85 0.9610 15.66 4.87 0.9417 14.75 4.91 0.9164 
3 4.92 3.76 0.9799 4.37 4.05 0.9568 3.82 4.23 0.9364 3.46 4.38 0.9097 
4 6.19 3.79 0.9731 5.28 4.07 0.9478 4.73 4.23 0.9251 4.37 4.45 0.8959 
5 19.48 4.98 0.9887 19.66 5.28 0.9913 19.48 5.42 0.9915 19.30 5.53 0.9891 
6 22.03 5.27 0.9865 22.57 5.58 0.9908 22.39 5.73 0.9920 22.39 5.83 0.9905 
7 6.19 3.79 0.9731 5.28 4.07 0.9478 4.73 4.23 0.9252 4.37 4.45 0.8959 
8 12.74 4.16 0.9445 10.38 4.29 0.9146 8.56 4.36 0.8867 7.65 4.44 0.8513 
9 60.80 8.78 0.9927 56.98 8.65 0.9814 52.98 8.40 0.9719 50.97 8.31 0.9578 
10 47.88 7.70 0.9938 46.79 7.83 0.9896 44.97 7.80 0.9855 43.87 7.81 0.9779 
11 39.32 6.99 0.9921 39.14 7.22 0.9915 38.23 7.28 0.9899 37.87 7.35 0.9855 
12 28.76 6.14 0.9885 29.13 6.45 0.9918 28.95 6.59 0.9927 28.95 6.68 0.9911 
13 10.48 11.31 0.8525 61.53 8.79 0.8077 43.87 7.27 0.7638 37.14 6.77 0.7184 
14 22.57 5.68 0.9861 23.30 6.01 0.9913 23.30 6.16 0.9933 23.48 6.28 0.9932 
15 79.74 10.40 0.9604 66.63 9.37 0.9325 56.25 8.53 0.9069 51.52 8.18 0.8743 
16 86.84 11.00 0.9076 65.35 9.16 0.8691 50.43 7.92 0.8313 44.42 7.45 0.7878 
17 22.03 5.03 0.9932 21.30 5.25 0.9871 20.39 5.32 0.9812 19.84 5.39 0.9715 
18 30.95 6.29 0.9346 35.13 6.89 0.9662 37.50 7.23 0.9805 38.59 7.43 0.9894 

(continued on next page) 
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Table 5 (continued ) 

Atmospheres G(α) Es/kJ⋅mol− 1 lgAs/min− 1 R2 Es/kJ⋅mol− 1 lgAs/min− 1 R2 Es/kJ⋅mol− 1 lgAs/min− 1 R2 Es/kJ⋅mol− 1 lgAs/min− 1 R2 

19 35.68 6.58 0.9679 38.23 7.04 0.9834 39.14 7.26 0.9892 39.50 7.39 0.9916 
20 24.76 5.84 0.8949 29.49 6.50 0.9413 32.77 6.92 0.9637 34.59 7.17 0.9781 
21 16.20 4.51 0.9935 15.47 4.76 0.9856 14.75 4.85 0.9785 11.36 5.03 0.9673 
22 12.93 4.24 0.9935 12.38 4.48 0.9847 11.65 4.60 0.9770 11.10 4.70 0.9651 
23 32.22 6.06 0.9889 32.40 6.31 0.9893 31.68 6.40 0.9871 31.13 6.46 0.9816 
24 32.04 5.90 0.9919 30.77 6.06 0.9828 28.95 6.05 0.9738 28.03 6.07 0.9606 
25 24.76 5.65 0.9781 26.03 6.01 0.9879 26.58 6.20 0.9920 26.76 6.31 0.9934 
26 19.11 5.29 0.9726 20.57 5.67 0.9855 21.12 5.87 0.9915 21.48 6.00 0.9949 
27 15.47 5.08 0.9695 16.75 5.44 0.9839 17.29 5.65 0.9907 17.66 5.79 0.9951 
28 119.79 15.66 0.9779 104.31 14.31 0.9591 95.75 13.19 0.9435 91.93 12.71 0.9213 
29 119.79 14.66 0.9779 104.31 13.31 0.9591 95.75 12.19 0.9435 91.93 11.71 0.9213 
30 42.42 7.89 0.9876 38.41 7.77 0.9720 34.77 7.58 0.9593 32.95 7.54 0.9410  
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degree of ryegrass decreased. In addition, the αmax values obtained at different heating rates do not exhibit approaching equality, 
suggesting that this method is unsuitable for determining the pyrolysis activation energy E of ryegrass. 

Refer to Figs. 7 and 8, and Table 4 for the fitting curves and results obtained using the FWO equal conversion method, respectively. 
Table 4 demonstrates that the straight lines fit more accurately in the air atmosphere compared to the nitrogen atmosphere. When in a 
nitrogen atmosphere, the pyrolysis activation energy E decreases with the increase of conversion α. However, the fitting results in air 
atmosphere are completely opposite. The difference between the maximum pyrolysis activation energy and the minimum pyrolysis 
activation energy in nitrogen atmosphere and air atmosphere is 16.02 kJ/mol and 155.6 kJ/mol, respectively. The activation energy 
for pyrolysis of ryegrass in the air atmosphere is higher than that in the nitrogen atmosphere. This is due to the exothermic reaction 
caused by the production of volatiles released during oxidation [36]. The former has a smaller value than the average pyrolysis 
activation energy (65.39 kJ/mol), whereas the latter has a larger value of (116.39 kJ/mol). The pyrolysis of ryegrass in a nitrogen 
atmosphere only meets the standard of the International Thermal Analysis Association when the difference between the maximum and 
minimum activation energy obtained by α is less than the average value [37]. This indicates that this method is not completely 
appropriate for determining the pyrolysis activation energy of ryegrass. 

Table 5 displays the ES and lgAs values calculated using the S–S method. When the reactions take place in either a nitrogen at-
mosphere or an air atmosphere, the ES corresponding for all the mechanism functions fall within the range of 0 <ES < 400 kJ mol− 1. By 
comparing the screening results of EO with ES, lgAk, and lgAS (shown in Table 6), it is observed that the mechanism function (15) 
conforms to both conditions (ES− EO)/EO ≤ 0.22 and (lgAS− lgAk)/lgAk ≤ 0.30 in a nitrogen atmosphere. The mechanism function may 
be expressed as g(α) = [− ln(1− α)]2. The activation energies ES at heating rates of 5, 10, 15, and 20 K min− 1 are 76.64, 67.89, 61.15, 
and 54.24 kJ mol− 1, respectively. The lg(As) is 10.07, 9.50, 9.02, and 8.49min− 1, correspondingly. In the air atmosphere, the 
mechanism function(28) meets the above conditions simultaneously. The function of the mechanism is represented by g(α)=(1− α)− 1, 
ES is 119.79, 104.31, 95.75, and 91.93 kJ mol− 1, and lg(As) is 15.66, 14.31, 13.19, and 12.71min− 1, respectively. 

Through a comparison of the pyrolysis activation energy of ryegrass, calculated by Kissinger method, FWO conversion method, and 
S–S method under different atmospheres, it has been observed that the pyrolysis activation energy of ryegrass in air atmosphere is 
higher than that in a nitrogen atmosphere. Additionally, the average weight loss rate is also higher, suggesting that the air atmosphere 
is more conducive to the pyrolysis of ryegrass. 

4. Conclusion 

Optimal pyrolysis of ryegrass is achieved with a heating rate of 15 ◦C/min, while both excessively rapid and slow heating rates are 
unfavorable. The highest percentage of weight loss rate during pyrolysis occurs at this specific heating rate. In comparison to a nitrogen 
atmosphere, the percentage of weight loss of ryegrass in air atmosphere is higher and the temperature required for the average 
percentage of weight loss of complete decomposition is lower. In both atmospheres, the peak height of the DTA curve of ryegrass 
pyrolysis increased with the increase in heating rate. The FWO equal conversion method is not entirely suitable for determining the 
activation energy of ryegrass pyrolysis. The mechanisms that are estimated and screened using the S–S method are represented by the 
functions calculated g(α) = [− ln(1− α)]2 and g(α)= (1− α)− 1. 
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Table 6 
Selection results for kinetic equations.  

Atmospheres β/K⋅min− 1 G(α) |(ES− EO)/EO| |(lgAS− lgAk)/lgAk| 

N2 5 
10 
15 
20 

[− ln(1− α)]2 0.17 
0.04 
0.06 
0.17 

0.16 
0.21 
0.25 
0.29 

Air 5 
10 
15 
20 

(1− α)− 1 0.02 0.10 
0.11 0.18 
0.18 0.24 
0.21 0.27  
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