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Abstract: To realize the utilization of peanut shell, this study investigates the combustion behavior,
chemical kinetics and thermodynamic parameters of peanut shell using TGA under atmospheric air
at the heating rates of 10, 20, and 30 K/min. Results indicate that increasing the heating rate leads to
higher ignition, burnout, and peak temperatures, as observed in the TG/DTG curves shifting to the
right. Analysis of combustion performance parameters suggest that higher heating rates can enhance
combustion performances. Kinetic analysis using two model-free methods, KAS and FWO, shows that
the activation energy (Eα) ranges from 93.30 to 109.65 kJ/mol for FWO and 89.72 to 103.88 kJ/mol
for KAS. The data fit well with coefficient of determination values (R2) close to 1 and the mean
squared error values (MSE) less than 0.006. Pre-exponential factors using FWO range from 2.19 × 106

to 8.08 × 107 s−1, and for KAS range from 9.72 × 105 to 2.25 × 107 s−1. Thermodynamic analysis
indicates a low-energy barrier (≤±6 kJ/mol) between activation energy and enthalpy changes,
suggesting easy reaction initiation. Furthermore, variations in enthalpy (∆H), Gibbs free energy (∆G),
and entropy (∆S) upon conversion (α) suggest that peanut shell combustion is endothermic and
non-spontaneous, with the generation of more homogeneous or well-ordered products as combustion
progresses. These findings offer a theoretical basis and data support for the further utilization of
agricultural biomass.

Keywords: combustion characteristics; kinetics and thermodynamics; thermogravimetric analysis;
isoconversional methods; peanut shell

1. Introduction

Biomass is widely adopted as a renewable energy source with high sustainability.
Its diverse sources include forestry, agriculture, organic waste, and livestock and poul-
try manure [1,2]. Through thermochemical processes such as pyrolysis, gasification, and
combustion, biomass can be transformed into valuable energy [3]. Notably, biomass is
considered a carbon-neutral energy source, capable of achieving zero carbon emissions and
mitigating greenhouse gas effects, particularly those of carbon dioxide [4,5]. With stringent
requirements to reduce carbon emissions, China aims to run carbon reduction plans by
2030 and achieve carbon neutrality by 2060 [6,7]. To this end, the development of biomass
energy is of significant importance. By reducing reliance on fossil fuels and addressing en-
vironmental concerns, biomass energy holds significant potential. Accordingly, numerous
investigations have been conducted focusing on biomass energy to enhance global energy
structures while meeting stringent carbon emission regulations.

Applications of biomass mainly include combustion directly or indirectly as fuel or the
production of charcoal, bio-oil, tar, and gas by pyrolysis technology. The content of sulfur
and nitrogen in biomass is low, and the emission of SOx and NOx in the combustion process
is less, which contributes to good emission characteristics. After combustion, there is less
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ash, and the generated ash contains a large amount of organic potassium salt, which can be
used to recover and extract potash fertilizer, greatly reducing the sites of ash stacking and
reducing the cost of ash disposal and resource waste [8]. Therefore, based on the advantages
of low cost, low risk, and high efficiency of biomass, biomass power generation is one of
the most promising utilization technologies and can generate efficient and clean electric
energy by direct combustion or gasification after simple treatment of collected biomass as
raw materials. Promoting the deepening development of biomass energy will help increase
the supply of high-quality energy, ease the pressure on domestic coal power generation,
and play an important guiding role in improving energy consumption structures and the
ecological environment.

Peanut shells represent a substantial agricultural waste in key peanut-producing
countries like China, Vietnam, and Indonesia. China, as the world’s largest peanut producer,
produces 17 million tons of peanuts, accounting for more than 40% of the world’s total
production. The production of peanut shells is as high as 5 million tons, some of which are
used as fuel, most of which are piled up or directly burned, wasting substantial resources [9].
Hence, exploring the utilization potential of peanut shells has become a hot research topic
in recent years. In this context, understanding the combustion features and thermal
characteristics of solid fuel in depth is crucial for designing combustion equipment on an
industrial scale [10,11].

Methods for addressing the dynamic parameters of the combustion process are primar-
ily categorized into model-fitting and model-free methods [12–14]. In the former methods,
kinetic parameters are calculated by assuming a model for each reaction, and then finding
the best fit of the data to the model. These methods mainly adopt the method of a single
heating rate, and thus the kinetic parameters obtained are not applicable, and often cannot
predict the reaction process under other heating rate conditions. This makes model-fitting
methods under a single heating rate limited to some extent. The latter methods, on the
other hand, calculate the kinetic parameters at the same conversion from several pyrolysis
curves with different heating rates. In this approach, variations in the activation energy
with conversion rate can be determined using the isoconversion rate method, which can
reveal the nature of some seemingly simple reactions that are complex.

Up to now, numerous studies about the kinetic and thermodynamic parameters of
peanut shell degradation have been carried out under inert atmosphere. Torres-García et al.
applied thermogravimetric analysis to calculate the activation energy of peanut shell upon
the conversion degree during the pyrolysis process, and judged that the pyrolytic path-
way of the main pseudo-components in peanut shell was independent of the heating
rate [15]. Kumar et al. studied the thermal degradation behaviors of peanut shell in an
inert atmosphere, and the activation energy was estimated suitably by isoconversional
methods [16]. Varma et al. explored the pyrolysis behavior of peanut shell in a N2 atmo-
sphere, and the kinetic and thermodynamic parameters were revealed [17]. Tao et al. uti-
lized thermogravimetric-mass spectrometry to elucidate the pyrolytic reaction mechanism
of peanut shell and found that the results of the thermodynamic and kinetic parameters
were matched well in model-free methods [18]. To the best of our knowledge, few studies
have focused on the combustion behaviors of peanut shell [19,20]. Despite a significant
amount of research on this subject for other biomasses, the effects of heating rates on the
combustion performance and kinetic and thermodynamic parameters of peanut shell in an
air environment need further exploration. In addition, recently published papers have dealt
with both model-free and model-fitting methods to characterize the kinetics of different
biomasses and biowastes [11,21–24]. However, due to the basic known fact that biomass
is mainly composed of hemicellulose, cellulose, and lignin, the total combustion process
cannot be characterized by a single reaction model/mechanism. Thus, the model-free
methods are more adaptable regarding combustion kinetics and thermodynamics analysis.

This paper aims to explore the thermochemical conversion of peanut shells during
combustion. Through a combination of experimental analysis and theoretical approaches,
thermogravimetric analysis is conducted to examine the combustion characteristics of raw
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peanut shell materials under atmospheric air. This study employs two model-free kinetic
methods, namely the Kissinger–Akahira–Sunose (KAS) and Flynn–Wall–Ozawa (FWO)
methods, to explore the combustion kinetics parameters. Additionally, a thermodynamic
analysis is carried out. The findings of this study can offer valuable insights for the design,
transformation, and operational optimization of combustion equipment, thereby facilitating
the efficient and clean utilization of peanut shells.

2. Materials and Methods
2.1. Materials

The peanut shells utilized in this experimental investigation originated from Hubei
province, China. These samples were grounded using a 150-mesh sieve. In order to avoid
internal and external heat and mass transfer limitations, the peanut shell particles with a size
of 74–106 µm were collected, according to Brems et al. [25] and Van de Velden et al. [26,27].
Subsequently, the finely ground samples were dried at 373 K for 24 h.

The proximate analysis of the peanut shell was conducted following the GB/T212–2008
standard [28]. For the ultimate analysis, a CHNS/O analyzer was employed, which si-
multaneously detected the weight percentage of carbon, hydrogen, nitrogen, and sulfur
in the samples. The weight percentage of oxygen was determined by the difference. Each
experiment was repeated twice, and the average values were recorded. The higher heating
value (HHV) of peanut shell is very important for carrying out the energy analysis. Its
value can be estimated by correlation based on proximate analysis [29]. The results of
the proximate, ultimate analyses and HHV of the peanut shell are summarized in Table 1.
The significant volatile and fixed carbon content indicates the potential of peanut shells
as a fuel source in thermochemical processes. The low nitrogen and sulfur content in the
ultimate analysis is advantageous as it leads to lower emissions of toxic NOx and SOx
during conversion processes, making peanut shells a promising alternative for bioenergy
production regarding environmental sustainability and high volatility [30].

Table 1. Proximate, ultimate analyses and HHV of peanut shell.

Proximate Analysis/% Ultimate Analysis/% HHV
(MJ/kg)Moisture Fixed Carbon Volatiles Ash C H N S O

8.16 14.38 57.20 20.26 34.97 5.33 0.54 0.01 59.69 13.39

2.2. Experimental Procedures

Thermogravimetric testing was conducted using a thermogravimetric analyzer (TGA5500,
Waters, Milford, MA, USA). Each sample, weighing approximately 6 ± 0.5 mg, was placed in
an alumina crucible. The samples were then heated at various rates: 10, 20, and 30 K/min,
starting from room temperature and reaching 1073 K, under atmospheric air with a flow rate
of 100 mL/min. The selection of the range of heating rates was mainly based on the actual
heating rate of biomass power generation boilers. The real-time change in mass loss was
monitored throughout the entire process. To enhance accuracy, each test was performed in
triplicate to minimize vibration errors.

2.3. Combustion Characteristic Parameters

To explore the oxidative decomposition of peanut shells, it is crucial to explore the
characteristic temperature, characteristic time, and weight loss rate from the TG/DTG
curve during the combustion process.

2.3.1. Characteristic Temperature and Characteristic Time

The ignition temperature (Ti) represents the minimum temperature at which the fuel
ignites spontaneously without an external source. Typically, the ignition temperature is
determined using the TG-DTG tangent method [31]. This method involves drawing a
vertical line on the X-axis at the maximum peak of the DTG curve and intersecting the
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TG curve at a point. Subsequently, a tangent line is drawn on the TG curve after this
point. When the tangent line intersects with a parallel line parallel to the X-axis, it indicates
the point at which the TG begins to lose weight. The temperature corresponding to this
point is the ignition temperature (Ti), and the time corresponding to reaching the ignition
temperature is the ignition time (ti).

The burnout temperature (Tb) represents the temperature at which the combustion of
the sample ceases, indicating the difficulty of sample burnout. It is identified when the TG
curve approaches a horizontal line and the DTG curve approaches 0, signifying that the
fuel combustion is essentially complete. In this study, the burnout temperature is defined
as the point where the weight loss at the terminal phase of the TG profile reaches 98% [32].
The time corresponding to reaching the burnout temperature is referred to as the burnout
time (tb).

The initial release temperature of volatile matter (Tv) is defined as the temperature
corresponding to a mass loss rate of 0.1 mg/min [33]. The peak temperature (Tm) refers to
the temperature of the maximum weight loss peak in the DTG curve during the combustion
process. The time corresponding to reaching the peak temperature is tm. ∆T1/2 represents
the temperature interval at half the value of the peak weight loss rate in both the descending
and rising parts of the DTG peak, while ∆t1/2 represents the time interval at half the value
of the peak weight loss rate.

2.3.2. Weight Loss Rate

The maximum combustion rate (vmax) refers to the highest weight loss rate of the
fuel during combustion, indicating the intensity of the fuel combustion reaction. A higher
maximum combustion rate suggests a more vigorous release of volatile matter, leading
to a faster weight loss rate after ignition, typically associated with a lower corresponding
temperature. Meanwhile, vmean represents the average weight loss rate of the sample
throughout the entire combustion process, from the ignition temperature to the burnout
temperature. A higher vmean value indicates a more intense overall combustion process.

2.3.3. Combustion Performance Parameters

To assess the combustion characteristics of peanut shells, several parameters were
utilized in this study: volatile matter release (Dv), ignition index (Di), burnout index
(Db), combustion intensity (Hf), combustion stability index (Dsi), and comprehensive
combustibility (S). These parameters are defined in terms of characteristic temperature,
characteristic time, and weight loss rate. Relevant expressions of combustion performance
parameters are described as follows [34–36]:

Dv =
−vmax

Tm×Tv×∆T1/2
(1)

Di =
−vmax

tm × ti
(2)

Db =
−vmax

tm × tb × ∆t1/2
(3)

Hf = 10−3 × Tm × ln
(

∆T1/2
−vmax

)
(4)

DSi = 8.5875×107× −vmax

Tm × Ti
(5)

S =
(−vmax)× (−vmean)

T2
i × Tb

(6)
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2.4. Kinetic Method

The kinetics analysis plays a crucial role in understanding the reaction process of
biomass. As recommended by the Kinetics Committee of the International Confederation
for Thermal Analysis and Calorimetry [37], this article employs model-free methods like
FWO and KAS to compute the kinetic parameters. The solid–gas reaction rate is defined
as follows:

dα

dt
= k(T)f(α) (7)

where α represents the conversion degree, t denotes the combustion time, k(T) stands for
the reaction rate constant, and f (α) represents the differential expression of the reaction
model. The α during the combustion process can be obtained from thermogravimetric
analysis data, as follows:

α =
m0 − mt

m0 − m∞
(8)

where m0, mt, and m∞ are the initial, instant, and residual mass of biomass during the
combustion process, respectively. Based on the Arrhenius law, k(T) can be obtained using
the following expression:

k(T) = Aexp(− Eα

RT
) (9)

where T represents the combustion temperature, A is the pre-exponential factor, Eα is the acti-
vation energy, and R represents the universal gas constant. Combining Equations (7) and (9)
at a given constant (β = dT/dt) and rearranging yields Equation (10):

dα

dT
=

A
β

exp(− Eα

RT
) f (α) (10)

The integral form of f (α) can be presented as:∫ α

0

dα

f (α)
= g(α) =

A
β

∫ T

T0

e−
Eα
RT dT (11)

2.4.1. The FWO Method

The FWO approach utilizes Doyle’s approximation for temperature integration and is
formulated as Equation (12) [38,39]. It is worth noting that Eα can be determined from the
gradient −1.052Eα/R of the regression lines.

lnβ = ln
AEα

g(α)R
− 5.331 − 1.052

Eα

RT
(12)

2.4.2. The KAS Method

The KAS technique is expressed by Equation (13) [40]. Ea can be derived from the
slope −Eα/R of the regression lines.

ln
β

T2 = ln
AEα

g(α)R
− Eα

RT
(13)

It should be noted in particular that, due to the complexity of biomass composition,
the total combustion process cannot be characterized by a single-step formulation. If the
activation energy has little change in a certain conversion degree range, then a deeper
insight concerning the potential variation of Eα with the conversion degree is applicable to
this corresponding conversion degree range.
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2.5. Thermodynamic Method

Based on Eα computed using the FWO and KAS methods, the pre-exponential factor
A, as well as thermodynamic parameters like change in enthalpy (∆H), change in Gibbs
free energy (∆G), and change in entropy (∆S) at a specific heating rate, can be determined
as follows [41,42]:

A =
βEαexp

(
Eα

RTm

)
RT2

m
(14)

∆H = Eα − RT (15)

∆G = Eα + RTmln
(

KBTm

hA

)
(16)

∆S =
∆H − ∆G

Tm
(17)

In these equations, the values of A at each conversion degree can be obtained from
Kissinger’s method [43]. kB = 1.381 × 10−23 J/K represents the Boltzmann constant and
h = 6.626 × 10−34 J/s is Planck’s constant.

3. Results and Discussion
3.1. Thermogravimetric Analysis

Figure 1 illustrates the TG and DTG profiles of peanut shells from room temperature
to 1073 K at three different heating rates. Focusing on the TG and DTG curves obtained
at a heating rate of 20 K/min, distinct combustion stages are evident. Initially, there is
a stage corresponding to water evaporation (ambient to 440 K), primarily involving the
release of bound water within the peanut shells. This stage is characterized by a minor
decrease in the TG curve and a low weight loss rate, constituting approximately 7.68%
of the total weight loss, closely aligning with the water content indicated in Table 1. The
subsequent stage, spanning from 440 K to 832 K, represents the main combustion phase,
exhibiting the highest weight loss rate and accounting for 72.39% of the total weight
loss. Notably, this stage is marked by a significant decline in weight on the TG curve,
accompanied by two distinct peaks on the DTG curve. The first peak corresponds to the
combustion of volatile components, occurring at approximately 584.60 K. These weight
losses primarily result from the thermal degradation and combustion of volatile substances
such as hemicelluloses, celluloses, and certain lignin components [44]. The second peak
corresponds to the combustion of residual volatiles and fixed carbon, with the weight loss
peak occurring at 705.31 K. This stage mainly involves the combustion of lignin and fixed
carbon, where the latter cannot combust until the volatile matter has been consumed, and
the temperature is sufficiently elevated [45]. The maximum combustion rate is observed at
the first DTG peak. The final stage, ranging from 832 K to 1073 K, is the burnout phase,
during which both the TG and DTG curves stabilize and there is no further change in
sample mass. After the combustion process, the residual mass amounts to 19.93%.

Table 2 presents the combustion stages and their associated weight losses throughout
the entire combustion process at various heating rates. It indicates that the heating rate
has minimal impact on the weight loss during stage II and the final residual at the end of
the combustion. However, with an increase in heating rate, both the onset temperature
of the main combustion stage and the temperature corresponding to the weight loss
peak gradually rise. This observation may be attributed to the shorter residence time
associated with higher heating rates, which impedes effective heat transfer. Consequently,
a larger temperature differential between the surface and interior of the sample is observed,
resulting in an upward shift of the overall DTG curve towards higher temperatures.
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Table 2. Combustion stages and weight losses at various heating rates.

Heating Rates
(K/min)

Stage I Stage II Stage III

Water Evaporation Volatile and Fixed Carbon Combustion Burnout Stage

Temperature Range (K) Weight Loss (%) Temperature Range (K) Tm
(K) Weight Loss (%) Residual

(%)

10 299.35−423.41 7.58 423.41−799.34 568.59 72.06 20.36
20 299.22−439.84 7.68 439.84−832.14 584.60 72.39 19.93
30 298.75−452.45 7.69 452.45−842.93 596.58 72.19 20.12

3.2. Combustion Characteristic Analysis

Table 3 provides detailed outcomes outlining the influence of heating rate on combus-
tion characteristic parameters and performance parameters for a clearer comprehension
of how variations in heating rate impact combustion behavior. It is observed that alter-
ations in heating rate exert varying degrees of influence on these characteristics. As the
heating rate rises, ignition and burnout temperatures increase, alongside the maximum
combustion rate and its corresponding peak temperature. The elevation of the heating rate
results in a noticeable delay in the combustion reaction of the sample, hindering ignition
and prolonging burnout time. The elevation in ignition temperature can be attributed to
the heightened heating rate, which increases the volatilization of fuel components and
decreases the residual fuel content. Consequently, the combustion reaction shifts towards
higher temperature ranges. Similarly, the rise in burnout temperature is a consequence of
the increased heating rate, prolonging the incomplete volatilization analysis of the sample
and delaying combustion, thereby increasing the sample’s burnout temperature. More-
over, the escalation in maximum combustion rate and its corresponding peak temperature
signifies a more vigorous combustion capacity per unit time with the heightened heating
rate. However, as the heating rate increases, the heat transfer rate may not keep pace
with temperature changes, resulting in a temperature differential between the sample’s
surface and interior [46]. This thermal lag exacerbates the temperature gradient within the
sample particles, leading to a noticeable thermal shock effect and an accelerated combustion
reaction rate, thereby increasing the maximum peak temperature.

Di and Db align with the findings regarding ignition temperature and burnout temper-
ature. Higher values of Db indicate enhanced ignition performance [47,48]. This suggests
that as the heating rate increases, the flammability and burnout capabilities of the fuel
improve. The heightened heating rate intensifies the volatilization analysis, leading to the
formation of more pores within and on the surface of the coke. This phenomenon may
induce the collapse of the coke structure, resulting in increased surface area conducive to
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oxygen transport to the interior of the coke and combustion of the coke surface, thereby
enhancing combustion efficiency.

Table 3. Combustion parameters of peanut shells at three heating rates.

β

(K·min−1)
Ti
(K)

Tb
(K)

Tm
(K)

Tv
(K)

vmax
(%·min−1)

vmean
(%·min−1)

Dv
(%·min−1 ·K−3)

Di
(%·min−3)

Db
(%·min−4)

Dsi
(%·min−2 ·K−3)

Hf
(K)

S
(%2 ·min−2 ·K−3)

10 527.85 742.54 568.59 521.11 −5.7538 −3.055 2.47 × 10−7 0.009 0.0006 1646.30 1.49 0.85 × 10−7

20 540.10 772.98 584.60 520.45 −11.431 −5.733 4.82 × 10−7 0.061 0.0081 3109.03 1.12 2.91 × 10−7

30 550.32 793.45 596.58 519.84 −15.581 −8.165 5.68 × 10−7 0.163 0.0291 4075.55 1.04 5.29 × 10−7

Table 3 indicates that the initial devolatilization temperature exhibits minimal change,
suggesting that the heating rate slightly affects the temperature at which volatiles begin to
precipitate. However, it does impact the volatile matter release index (Dv), which signifies
the release performance of volatile matter in the fuel. It is also found that as the heating rate
increases, the volatile matter release index increases too. A higher Dv value indicates a more
centralized combustion region of char residues and higher burnout performance [49]. The
comprehensive combustibility (S) encompasses various characteristics, including ignition
and burnout. Utilizing the combustion index enables an evaluation of relative combustibil-
ity, offering the ability to select the most suitable option for specific conditions and purposes.
A high S value indicates a high combustion reactivity of the material [50]. The combustion
stability index (Dsi) is employed to reflect the combustion stability [51]. It is observed
that both the comprehensive combustibility and combustion stability index exhibit an
increasing trend with the rise in heating rate. This suggests that within the discussed
heating rate range, increasing the heating rate can enhance its comprehensive combustion
performance and improve the stability of high combustion. Conversely, the combustion
intensity (Hf) decreases with the rising heating rate. Hf characterizes the rate and intensity
of the combustion process, with a smaller value indicating more efficient combustion [52].
Overall, the heating rate exhibits a positive correlation with the comprehensive combustion
characteristics. However, due to variations in the degree of influence of the heating rate
on different combustion indices, excessively high heating rates may induce instability and
fluctuations in the combustion process of the sample.

3.3. Kinetics Analysis

The model-free methods, which do not rely on specific mechanism functions, have
been commonly used for estimating more reliable activation energies (Eα). The Eα values
for the combustion of peanut shells were estimated considering the conversion (α). Utilizing
Equations (12) and (13), kinetics with conversions ranging from 0.10 to 0.90 at intervals of
0.05 were computed. Figure 2 illustrates the results.
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both methods yield similar activation energy values, with slightly higher values ob-
tained using the FWO method. These curves can be categorized into three stages: Initial-
ly, in the α range of 0.10 to 0.15, there is a slight increase in Eα values. For the KAS and 
FWO methods, Eα rises from 93.30 to 102.89 kJ/mol and 89.72 to 99.29 kJ/mol, respective-
ly. The second region has a stable Eα, but a substantial decrease in the third region with a 
range of 0.80 to 0.90. Moreover, the Eα varies slightly with the conversion degree ranging 
from 0.20 to 0.70, indicating that this process can be described by one single-step reac-
tion [53]. The mean Eα values in this stage are 106.20 kJ/mol and 101.83 kJ/mol for the 
FWO and KAS methods, respectively, which can be used to describe the main combus-
tion process. 

Figure 2. Combustion kinetics fitted by the FWO and KAS methods.
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Table 4 reveals the Eα values together with the A values at various heating rates in the
conversion degree range of 0.10 to 0.90. All correlations demonstrate statistical sufficiency,
with coefficient of determination values (R2) ranging from 0.9901 to 1.0 and mean squared
error values (MSE) less than 0.006, verifying the accuracy of the outcomes.

Table 4. Kinetic parameters obtained from the two model-free methods.

α

FWO KAS

Eα
(kJ/mol) R2 MSE

A/(s−1) Eα
(kJ/mol) R2 MSE

A/(s−1)

10 K/min 20 K/min 30 K/min 10 K/min 20 K/min 30 K/min

0.10 93.30 0.9994 3.61 × 10−4 2.16 × 106 2.38 × 106 2.33 × 106 89.72 0.9993 2.76 × 10−5 9.72 × 105 1.09 × 106 1.09 × 106

0.15 102.89 0.9999 3.18 × 10−5 1.81 × 107 1.89 × 107 1.78 × 107 99.29 0.9999 3.46 × 10−4 8.16 × 106 8.68 × 106 8.30 × 106

0.20 104.08 0.9998 1.01 × 10−4 2.35 × 107 2.44 × 107 2.28 × 107 100.33 0.9998 1.09 × 10−4 1.03 × 107 1.08 × 107 1.03 × 107

0.25 105.05 1.0000 3.37 × 10−4 2.92 × 107 3.00 × 107 2.80 × 107 101.17 0.9993 3.53 × 10−4 1.24 × 107 1.30 × 107 1.23 × 107

0.30 105.56 0.9989 6.77 × 10−4 3.26 × 107 3.35 × 107 3.12 × 107 101.58 0.9986 7.01 × 10−4 1.35 × 107 1.42 × 107 1.35 × 107

0.35 106.15 0.9978 1.37 × 10−3 3.72 × 107 3.80 × 107 3.53 × 107 102.07 0.9973 2.39 × 10−3 1.51 × 107 1.58 × 107 1.49 × 107

0.40 105.72 0.9961 2.42 × 10−3 3.38 × 107 3.47 × 107 3.23 × 107 101.51 0.9952 2.76 × 10−3 1.33 × 107 1.40 × 107 1.32 × 107

0.45 106.45 0.9945 3.37 × 10−3 3.98 × 107 4.06 × 107 3.77 × 107 102.15 0.9933 2.01 × 10−3 1.54 × 107 1.61 × 107 1.52 × 107

0.50 106.46 0.9919 4.99 × 10−3 3.98 × 107 4.07 × 107 3.77 × 107 102.03 0.9902 1.51 × 10−3 1.49 × 107 1.57 × 107 1.48 × 107

0.55 106.75 0.9911 5.48 × 10−3 4.25 × 107 4.33 × 107 4.01 × 107 102.19 0.9901 1.72 × 10−3 1.55 × 107 1.62 × 107 1.53 × 107

0.60 107.05 0.9917 5.15 × 10−3 4.53 × 107 4.61 × 107 4.27 × 107 102.31 0.9902 1.40 × 10−3 1.59 × 107 1.66 × 107 1.57 × 107

0.65 107.59 0.9941 3.65 × 10−3 5.11 × 107 5.19 × 107 4.79 × 107 102.64 0.9927 3.42 × 10−3 1.71 × 107 1.79 × 107 1.68 × 107

0.70 107.38 0.9973 1.67 × 10−3 4.88 × 107 4.95 × 107 4.58 × 107 102.10 0.9966 5.06 × 10−3 1.52 × 107 1.59 × 107 1.50 × 107

0.75 108.75 0.9976 1.47 × 10−3 6.61 × 107 6.66 × 107 6.12 × 107 103.22 0.9972 5.55 × 10−3 1.94 × 107 2.02 × 107 1.90 × 107

0.80 109.65 0.9969 1.94 × 10−3 8.06 × 107 8.08 × 107 7.40 × 107 103.88 0.9961 5.22 × 10−3 2.25 × 107 2.33 × 107 2.19 × 107

0.85 107.53 0.9956 2.69 × 10−3 5.04 × 107 5.12 × 107 4.73 × 107 101.37 0.9944 3.71 × 10−3 1.29 × 107 1.36 × 107 1.29 × 107

0.90 104.81 0.9962 2.32 × 10−3 2.77 × 107 2.85 × 107 2.66 × 107 98.24 0.9951 2.46 × 10−3 6.45 × 106 6.91 × 106 6.63 × 106

Average 105.60 100.93

3.3.1. Activation Energy Analysis

Figure 3 illustrates the variations of Eα against the conversion rate, indicating that
both methods yield similar activation energy values, with slightly higher values obtained
using the FWO method. These curves can be categorized into three stages: Initially, in the α

range of 0.10 to 0.15, there is a slight increase in Eα values. For the KAS and FWO methods,
Eα rises from 93.30 to 102.89 kJ/mol and 89.72 to 99.29 kJ/mol, respectively. The second
region has a stable Eα, but a substantial decrease in the third region with a range of 0.80 to
0.90. Moreover, the Eα varies slightly with the conversion degree ranging from 0.20 to 0.70,
indicating that this process can be described by one single-step reaction [53]. The mean Eα

values in this stage are 106.20 kJ/mol and 101.83 kJ/mol for the FWO and KAS methods,
respectively, which can be used to describe the main combustion process.

Processes 2024, 12, x FOR PEER REVIEW 10 of 17 
 

 
Figure 3. Distribution of activation energy (Eα) against conversion (α). 

At the initial stage of the reaction, with the increase in temperature, the precipita-
tion of volatile substances and the initial decomposition of hemicellulose and cellulose 
first occur. The initial decomposition requires a higher temperature and more heat to 
achieve its activation state, which leads to an increase in activation energy. With a fur-
ther increase in temperature, the combustion process enters the main combustion stage 
of volatiles. At the same time, cellulose and lignin with high degrees of polymerization 
gradually transform into coke; the carbon structure tends to be orderly, the active site 
decreases, the semi-coke formed on the surface of the reactants will increase the reaction 
difficulty inside the reactants, and the activation energy will further increase. However, 
the overall increase trend is relatively gentle, with increases in amplitude of 6.6% and 4.6% 
for the FWO and KAS methods, respectively. Eα reaches its maximum value when α 
reaches 0.80. Then, the Eα gradually decreases, mainly in the combustion stage of fixed 
carbon. The porosity of semi-coke increases due to the volatilization and carbonization 
processes, and the pre-pyrolysis, aerobic cracking, and volatilization ignition processes 
can provide more heat, which improves the reaction activity of fixed carbon in the com-
bustion stage, and thus the activation energy decreases. 

Table 5 shows a comparison of the average activation energy in the present study 
with those in the literature. The mean activation energy value of peanut shell in this 
study is less than that of pine wood, microalgae, and tea leaves in air. The lower average 
activation energy suggests that the occurrence of the combustion process was easier. In 
addition, the mean activation energy value of peanut shell is close to that of rice husk. 
The minor differences in the activation energy values of different biomasses are at-
tributed to their different pseudo-components, different experimental conditions, and 
different kinetic methods. 

Table 5. Comparison of the average activation energy in present study and the literature. 

Specimen Average Activation Energy/(kJ/mol) Model-Free Method Reference 

Peanut shell 
105.60 FWO 

This study 
100.93 KAS 

Pine wood 
186.92 FWO 

[54] 
186.27 Starink 

Microalgae 141.87 Starink [55] 

Tea leaves 
205.15 FWO 

[44] 
209.58 Friedman 

Rice husk 95.90 KAS [56] 

Figure 3. Distribution of activation energy (Eα) against conversion (α).



Processes 2024, 12, 1022 10 of 16

At the initial stage of the reaction, with the increase in temperature, the precipitation
of volatile substances and the initial decomposition of hemicellulose and cellulose first
occur. The initial decomposition requires a higher temperature and more heat to achieve
its activation state, which leads to an increase in activation energy. With a further increase
in temperature, the combustion process enters the main combustion stage of volatiles.
At the same time, cellulose and lignin with high degrees of polymerization gradually
transform into coke; the carbon structure tends to be orderly, the active site decreases,
the semi-coke formed on the surface of the reactants will increase the reaction difficulty
inside the reactants, and the activation energy will further increase. However, the overall
increase trend is relatively gentle, with increases in amplitude of 6.6% and 4.6% for the
FWO and KAS methods, respectively. Eα reaches its maximum value when α reaches 0.80.
Then, the Eα gradually decreases, mainly in the combustion stage of fixed carbon. The
porosity of semi-coke increases due to the volatilization and carbonization processes, and
the pre-pyrolysis, aerobic cracking, and volatilization ignition processes can provide more
heat, which improves the reaction activity of fixed carbon in the combustion stage, and
thus the activation energy decreases.

Table 5 shows a comparison of the average activation energy in the present study
with those in the literature. The mean activation energy value of peanut shell in this
study is less than that of pine wood, microalgae, and tea leaves in air. The lower average
activation energy suggests that the occurrence of the combustion process was easier. In
addition, the mean activation energy value of peanut shell is close to that of rice husk.
The minor differences in the activation energy values of different biomasses are attributed
to their different pseudo-components, different experimental conditions, and different
kinetic methods.

Table 5. Comparison of the average activation energy in present study and the literature.

Specimen Average Activation Energy/(kJ/mol) Model-Free Method Reference

Peanut shell
105.60 FWO This study
100.93 KAS

Pine wood
186.92 FWO

[54]186.27 Starink

Microalgae 141.87 Starink [55]

Tea leaves
205.15 FWO

[44]209.58 Friedman

Rice husk
95.90 KAS

[56]101.20 FWO

3.3.2. Pre-Exponential Factor Analysis

The parameter A is a crucial indicator of the sample’s surface structure or the com-
plexity of the combustion reaction [57]. A value lower than 109 s−1 suggests surface reac-
tions, while A higher than 109 s−1 indicates simpler complexes with higher reactivity [58].
The results demonstrate that at various heating rates, the parameter A calculated by the
FWO and KAS methods ranges from 2.16 × 106 to 8.08 × 107 s−1 and from 9.72 × 105 to
2.33 × 107 s−1, respectively. All A values fall below 109 s−1, suggesting that the combus-
tion process of peanut shells primarily involves surface reactions associated with a closed
complex. The trend of variation in the pre-exponential factor with conversion aligns with
that of the activation energy, according to the values of Eα and A demonstrated in Table 4
at different heating rates.

The Eα, lnA, and corresponding values of R2 and MSE using the FWO and KAS
approaches are described in Figure 4. It is indicated that there is an intense linear relation-
ship between the Eα and lnA values at all heating rates, which is known as the “kinetic
compensation effect” [43]. The linear relationship of Eα and lnA for the combustion stage
is lnA = 0.2116Eα − 5.0766, with the values of R2 close to 1 and MSE close to 0. Then, the
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average value of A for the main combustion stage can be computed to be 3.59 × 107 s−1

and 1.42 × 107 s−1 for the FWO and KAS approaches.
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3.4. Thermodynamic Analysis

Estimating the thermodynamic parameters of combustion is crucial for designing
combustion reactors on a large scale and selecting appropriate biofuels. ∆H, ∆G, and ∆S
are presented in Tables 6 and 7 at various heating rates.

Table 6. Thermodynamic properties of peanut shell obtained using the FWO method.

α
∆H/(kJ/mol) ∆G/(kJ/mol) ∆S/(J/(mol × K))

10 K/min 20 K/min 30 K/min 10 K/min 20 K/min 30 K/min 10 K/min 20 K/min 30 K/min

0.10 89.18 89.05 88.98 166.66 168.39 170.13 −136.27 −135.72 −136.03
0.15 98.51 98.38 98.31 166.20 167.92 169.65 −119.05 −118.94 −119.58
0.20 99.60 99.47 99.39 166.15 167.86 169.59 −117.04 −116.99 −117.67
0.25 100.48 100.35 100.27 166.10 167.82 169.55 −115.40 −115.40 −116.13
0.30 100.93 100.80 100.71 166.08 167.79 169.52 −114.58 −114.59 −115.34
0.35 101.46 101.33 101.23 166.05 167.77 169.49 −113.61 −113.65 −114.43
0.40 100.97 100.84 100.74 166.07 167.78 169.51 −114.49 −114.51 −115.28
0.45 101.65 101.52 101.41 166.04 167.75 169.48 −113.25 −113.30 −114.10
0.50 101.60 101.46 101.35 166.04 167.75 169.48 −113.34 −113.39 −114.20
0.55 101.82 101.68 101.56 166.03 167.74 169.47 −112.93 −112.99 −113.82
0.60 102.02 101.88 101.76 166.01 167.72 169.45 −112.55 −112.63 −113.47
0.65 102.45 102.30 102.17 165.99 167.70 169.43 −111.76 −111.88 −112.73
0.70 102.08 101.92 101.79 166.00 167.71 169.44 −112.41 −112.54 −113.39
0.75 103.30 103.13 103.00 165.94 167.65 169.37 −110.16 −110.36 −111.26
0.80 104.06 103.89 103.75 165.90 167.61 169.33 −108.75 −109.00 −109.93
0.85 101.81 101.63 101.48 165.99 167.70 169.43 −112.87 −113.03 −113.90
0.90 98.97 98.77 98.61 166.11 167.83 169.56 −118.09 −118.13 −118.92

Average 100.64 100.49 100.38 166.08 167.79 169.52 −115.09 −115.12 −115.89
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Table 7. Thermodynamic properties of peanut shell obtained using the KAS method.

α
∆H/(kJ/mol) ∆G/(kJ/mol) ∆S/(J/(mol × K))

10 K/min 20 K/min 30 K/min 10 K/min 20 K/min 30 K/min 10 K/min 20 K/min 30 K/min

0.10 85.59 85.47 85.39 166.85 168.58 170.33 −142.91 −142.18 −142.37
0.15 94.92 94.79 94.71 166.37 168.09 169.82 −125.67 −125.39 −125.91
0.20 95.84 95.71 95.63 166.32 168.04 169.77 −123.96 −123.72 −124.28
0.25 96.61 96.48 96.39 166.28 168.00 169.73 −122.53 −122.34 −122.93
0.30 96.95 96.82 96.73 166.26 167.98 169.71 −121.90 −121.72 −122.34
0.35 97.38 97.25 97.15 166.24 167.96 169.69 −121.10 −120.95 −121.58
0.40 96.76 96.63 96.52 166.26 167.98 169.72 −122.24 −122.06 −122.68
0.45 97.35 97.22 97.11 166.23 167.95 169.68 −121.15 −121.00 −121.65
0.50 97.16 97.03 96.92 166.24 167.96 169.69 −121.49 −121.33 −121.98
0.55 97.25 97.11 97.00 166.23 167.95 169.68 −121.33 −121.17 −121.84
0.60 97.28 97.14 97.02 166.23 167.94 169.68 −121.25 −121.11 −121.78
0.65 97.49 97.34 97.22 166.21 167.93 169.66 −120.87 −120.75 −121.43
0.70 96.80 96.63 96.51 166.24 167.95 169.69 −122.12 −122.00 −122.66
0.75 97.77 97.59 97.46 166.19 167.90 169.63 −120.33 −120.27 −120.97
0.80 98.29 98.11 97.97 166.16 167.87 169.60 −119.37 −119.34 −120.07
0.85 95.66 95.47 95.32 166.27 167.99 169.72 −124.19 −124.05 −124.71
0.90 92.40 92.20 92.04 166.42 168.14 169.88 −130.18 −129.91 −130.48

Average 95.97 95.82 95.71 166.29 168.01 169.75 −123.68 −123.49 −124.09

As shown in Tables 6 and 7, the values of ∆H, ∆G, and ∆S at each conversion de-
gree were nearly equal under different heating rates, indicating that the thermodynamic
parameters are independent of the heating rates. Thus, in the following discussion, the
thermodynamics parameters at the heating rate of 10 K/min are taken as an example.

The reaction enthalpy (∆H) signifies the energy exchange in a chemical reaction or
the energy necessary for the thermal degradation of the feedstock. The variation trend
concerning conversion (α) is depicted in Figure 5. The calculated ∆H values range from
89.18 to 104.06 kJ/mol and 158.74 to 446.68 kJ/mol, with average values of 85.59 and
98.29 kJ/mol, respectively. All ∆H values corresponding to different degrees of conversion
are positive, indicating the occurrence of endothermic reactions throughout the combustion
process. The difference between ∆H and Ea values, lower than ±6 kJ/mol, reflects the
potential energy barrier in the process of the formation of activated complexes [59].
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Gibbs free energy (∆G) reflects the difficulty and direction of reactions and the total
energy of the system, where a higher ∆G value indicates lower reaction favorability. Figure 6
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illustrates the variations concerning conversion (α). The ∆G values calculated by the FWO
and KAS methods range from 165.90 to 166.66 kJ/mol and 166.16 to 166.85 kJ/mol. The
average values of ∆G for the thermal combustion of peanut shell are 166.08 kJ/mol for
FWO and 166.29 kJ/mol for KAS, respectively. ∆G values at different conversions are all
positive, suggesting non-spontaneous reactions in peanut shell combustion. Moreover, the
values of ∆G vary within ±1 kJ/mol corresponding to each conversion (α), indicating that
peanut shell maintains a stable energy output throughout the combustion process.
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Entropy (∆S) is an indicator reflecting the degree of system disorder, with reaction sys-
tems exhibiting low ∆S values more readily reaching thermodynamic equilibrium. Figure 7
reveals that the entropy changes calculated by the FWO and KAS methods range from
−136.27 to −108.75 J/(mol × K) and −142.91 to −119.37 J/(mol × K), respectively. ∆S for
peanut shell falls within the negative range of −136.27 to −108.75 J/(mol × K) and −142.91
to −119.37 J/(mol × K) across the conversion range of 0.10–0.90, indicating proximity
to thermodynamic equilibrium [60]. This range corresponds to volatile combustion and
fixed carbon combustion, where a thermally stable product is produced and the degree of
disorder in the products is lower than that in the reactants.
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4. Conclusions

This study uses thermogravimetric analysis (TGA) to investigate combustion charac-
teristics, kinetics, and thermodynamics parameters at three different heating rates under
atmospheric air for peanut shell. The findings provide useful data for efficient combustion
applications of peanut shell and promote the future design and application of large-scale
combustion setups. The main achievements of this study can be summarized as follows:

(1) The combustion of peanut shell is mainly divided into three stages: the water
evaporation, volatile and fixed carbon combustion, and burnout stages. As the heating rate
increases, the combustion characteristic temperature of peanut shell transitions to a high-
temperature zone. Meanwhile, the combustion performance parameters analyses indicate
that the heating rate has an obvious influence on the combustion performance parameters.

(2) The activation energy in the conversion degree range of 0.20 to 0.70, with mean
values of 106.20 kJ/mol and 101.83 kJ/mol for the FWO and KAS methods, respectively,
can be used to describe the main combustion process. The linear relationship of Eα and
lnA is lnA = 0.2116Eα − 5.0766, and the average value of A for the main combustion stage
are 3.59 × 107 s−1 and 1.42 × 107 s−1 for the FWO and KAS approaches.

(3) Thermodynamic analysis reveals that the thermodynamic parameters are inde-
pendent of the heating rates and the combustion of peanut shell is an endothermic and
non-spontaneous process, and more homogeneous or well-ordered products are generated
with the progress of combustion.
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