
Citation: Gu, J.; Chong, C.T.;

Mong, G.R.; Ng, J.-H.; Chong, W.W.F.

Determination of Pyrolysis and

Kinetics Characteristics of Chicken

Manure Using Thermogravimetric

Analysis Coupled with Particle

Swarm Optimization. Energies 2023,

16, 1919. https://doi.org/10.3390/

en16041919

Academic Editors: Chew-Tin Lee,
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Abstract: The valorization of chicken manure via pyrolysis can give biowaste a second life to
generate value and contribute to the circular economy. In the present study, the thermal degradation
and pyrolysis characteristics of chicken manure pyrolysis were investigated via thermogravimetric
analyses (TGA) coupled with optimization methods. Thermogravimetric data were obtained for
the samples at five heating rates of 5, 10, 20, 30 and 50 ◦C/min over a range of temperature under
inert conditions. The manure devolatilization process was initiated at between 328 and 367 ◦C to
overcome the global activation energy barrier. The determined activation energy of the manure via
Flynn–Wall–Ozawa (FWO), Kissinger–Akahira–Sunose (KAS), Friedman and Kissinger methods was
in the range of 167.5–213.9 kJ/mol. By using the particle swarm optimization (PSO) method, the
pyrolytic kinetic parameters of the individual component present in the manure were calculated,
in which the activation energy for cellulose (227.8 kJ/mol) was found to be higher than that of
hemicellulose (119 kJ/mol) and lignin (134.3 kJ/mol). Based on intrinsic transition-state theory,
the pre-exponential factor and activation energy of the manure can be correlated through a linear
equation ln Aα = 0.2006 Eα − 1.2847. The devolatilization characteristics of the chicken manure were
elucidated via the optimization process, paving the way for the design of thermochemical conversion
reactors and processes.

Keywords: pyrolysis; chicken manure; thermogravimetric analysis; kinetic analysis; particle
swarm optimization

1. Introduction

Most nations in the world have bound together to tackle global climate change through
the legally binding international treaty the Paris Agreement, with the aim of reducing
emissions of greenhouse gas. One of the most pertinent goals of the agreement is to keep
the global temperature rise to 2 ◦C, if possible to within 1.5 ◦C, by the mid 21st century [1].
Hence, most countries have pledged to achieve carbon neutrality goal by 2050 or 2060,
that is to decarbonise various sectors to attain net-zero carbon emissions [2]. To reduce
dependence on fossil fuels, much effort has been dedicated to developing sustainable
and environment-friendly fuels using biomass or agro-industrial wastes [3,4]. Among the
bioresources, manure from farmed poultry present a valuable feedstock for valorization to
obtain bioenergy and valuable derivatives [5], which can contribute to the circular economy
while reducing carbon footprint.
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The global consumption of poultry meat is in an increasing trend owing to the rapid
development of the economy and the improvement of living standards. At present, over
80% of global meat demand is met by poultry, amounting to more than 130 million metric
tonnes of poultry meat production on average [6]. Among farmed poultry, chicken tops the
global consumption list due to its affordable price and protein-rich content, with China,
the U.S., Indonesia, India and Mexico being the top chicken meat producing countries [7].
Large-scale chicken farming to meet the demands of a large population inevitably leads
to the production of biological waste of chicken manure, which requires proper disposal
and management to avoid environmental pollution. Traditional methods of composting
are among the commonly used methods of converting manure into soil fertilizer to make
use of the mineral-rich content [8]. Even though the composted manure can be used as a
soil ameliorant, the presence of harmful pathogens and toxic gases such as ammonia risks
harming the environment and human beings [9]. In addition, the presence of heavy metal
trace elements such as As, Pb or Cu in chicken manure present leaching risks, resulting in
problems such as eutrophication and soil contamination [10].

Anaerobic digestion (AD) is a biochemical conversion method that can be deployed to
convert livestock manure into biogas (a mixture of CH4 and CO2) for energy recovery [11],
but the limitations of the techniques include the need to accurately regulate the bioreactor
conditions, deactivation of microbial activities and generation of toxic gases from the
anerobic activities [12]. The use of the thermochemical conversion process is another
effective way to dispose of poultry manure [13] while recuperating bioenergy through the
oxidation process [14]. The direct burning of manure is the most direct way to recover
energy, and has the advantage of eliminating germs or pathogens at high temperature, but
the release of unburned hydrocarbons (UHCs), particulate matters (PMs), volatile organic
compounds(VOCs) and polycyclic aromatic hydrocarbons (PAHs) generated during the
combustion process are hazardous to the environment and human health [15]. Pyrolysis is
another thermal process that can valorize manure into non-condensable gases comprising
CO, CO2, H2 and CH4, alongside liquid bio-oil and solid biochar [16]. The synthesis gas
produced can be used as platform gas to synthesize high-value ammonia, methanol and
other industrial products [17]. Bio-oil is recognized as an important alternative fuel [18],
while the biochar produced can be used for soil improvement or as solid fuel [19]. Apart
from recovering useful byproducts [20], the highly efficient pyrolysis process can effectively
eliminate pathogens and inhibit the formation of harmful gas, as the reactor is operating at
400 to 700 ◦C. Further, the emissions of air pollutants such as NOx, SOx, dust particles and
dioxins can be significantly reduced compared with direct combustion [21].

The thermochemical conversion of animal waste into different by-products undergoes
a series of complex thermal decomposition processes, during which various chemical
reactions take place. Kinetic analysis is an effective method to predict the kinetics and
reaction behavior during the thermal degradation of the feedstock. Such studies are often
conducted via thermogravimetric analysis [22]. Dhyani et al. [23], have computationally
demonstrated that the Flynn–Wall–Ozawa (FWO) and Kissinger–Akahira–Sunose (KAS)
methods are capable of predicting the reaction kinetic parameters at high conversion
rates. Many scholars have used various model-free kinetic modeling methods when
studying solid-state kinetic TGA under non-isothermal processes [24–26]. Cao et al. [27]
studied the pyrolysis behavior of cow dung and determined the activation energy of the
manure is in the range of 125–444 kJ/mol via the distributed activation energy model
(DAEM). Such value differs from those of horse manure, which was about 200 kJ/mol
determined via the Flynn–Wall–Ozawa (FWO), Kissinger–Akahira–Sunose (KAS) and
Friedman methods [28], reflecting the varied pyrolysis characteristics of different manures.
Fernandez-Lopez et al. [29] utilized the DAEM and pseudo-multi-component stage model
(PMSM) to predict swine manure pyrolysis weight loss curves, and concluded that the
former fitted well with the experimental data.

Despite some previous studies on the thermochemical processes of livestock manure,
there is a lack of optimized kinetics data for poultry manure, which is needed for pyrolysis
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modelling. In the present study, the pyrolysis characteristics of farmed chicken manure
are determined using thermogravimetric analyses at different heating rates, followed by
determination of the kinetic and thermodynamic properties using different model-free
fitting methods. By coupling this method with the particle swarm optimization (PSO)
model, the pyrolytic kinetic parameters of the complex composition of manure are further
resolved to component level. The PSO is a population-based stochastic optimization
technique based on the principles of the swarming behavior of a group of organisms,
i.e., insects, herds, birds or fish, in search of food in a cooperative manner. The algorithm
optimizes the calculation of the internal velocity and position of each particle by iterating
its own experience and those of members nearby under search mode [30]. The optimized
parameters obtained from the PSO model are used for curve fitting and compared to the
experimental data. Apart from understanding the pyrolytic behavior of chicken manure,
the predicted thermodynamic and kinetic data obtained from the optimization model can
serve as a guide for thermochemical conversion process design.

2. Experimental Section
2.1. Feedstock Preparation and Characterization

The chicken manure used in the experiment was collected from a poultry farm located
at Rudong County, Nantong, Jiangsu province, China. The fresh manure was first air-dried
by natural air, followed by electric drying in an oven at 110 ◦C for 12 h to remove the
moisture [31]. The dried manure was then ground and sieved through a No. 40 size
mesh sieve to obtain the powdered form. Analysis of the manure’s elemental composition
was conducted via an elemental analyzer (Elementar, Vario EL Cube) to determine the
basic CHNS compounds, while the O element was determined by an organic element
analyzer (ThermoFisher, Flash Smart). For the purpose of quantifying the moisture content,
volatile matter and ash content, proximate analysis was conducted via a thermogravimetric
analyzer (PerkinElmer, TGA 8000). The trace elements in the manure were characterized
via a plasma emission spectrometer (Thermo Elemental, iCAP6300).

2.2. Thermogravimetric Analysis

The pyrolysis behavior of chicken manure was examined through a thermogravimetric
analysis at the heating rate of 5, 10, 20, 30 and 50 ◦C/min under inert N2 conditions [32].
Prior to the experiment, the thermogravimetric analyzer was flushed with N2 at a flow rate
of 100 mL/min to prevent sample oxidation, followed by heating the 12 mg sample placed
in the crucible from room temperature to 700 ◦C at a fixed heating rate. The remaining
residue left after the pyrolysis was assumed to be char and ash.

2.3. Analysis of the Kinetic Parameters

Thermogravimetric analysis was used to explore the kinetic parameters of solid ther-
mal decomposition. Coupled with the model-free methods, the main kinetic parameters
during the pyrolysis process such as activation energy (Eα) and pre-exponential factor
(A) could be determined. The specific reaction model of pyrolysis was established by the
relationship between the conversion rate and conversion range [23]. The conversion rate of
the manure sample was defined as the mass fraction of decomposed solids, as shown in the
following equation:

α =
m0 −m

m0 −m∞
(1)

where m0, m and m∞ are the initial, instantaneous and final masses of the solid, respectively.
The rate of conversion of feedstock α, which is dependent on temperature is expressed as:

dα

dt
= k(T) f (α) (2)
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where t represents time, k(T) is reaction, which is a temperature-dependent (in kelvin) term,
and f (α) is the reaction model. Temperature dependency of the reaction rate constant can
be shown by the Arrhenius equation as follows:

k(T) = Aexp
[
− Eα

RT

]
(3)

where A is the pre-exponential factor or frequency factor (min−1), Eα is activation energy
(J/mol), T denotes the absolute temperature and R is the universal gas constant (J/mol·K).

In non-isothermal degradation, combining Equations (2) and (3) yields:

dα

dt
= k f (α) = Aexp

[
− Eα

RT

]
f (α) (4)

The temperature is related to time, t, through the equation:

Tt = T0 + β× t (5)

where T0 is the initial temperature and β is the heating rate. By relating time t and
temperature T, the expression of the conversion rate in Equation (4) can be established with
respect to temperature T under non-isothermal condition via:

dα

dT
=

A
β

exp
[
− Eα

RT

]
f (α) (6)

by integrating Equation (6), we can get the following:∫ α

0

dα

f (α)
=
∫ T

0

A
β

exp
(
− Eα

RT

)
× dT (7)

Since
∫ T0

0
A
β exp

(
−Eα
RT

)
× dT = 0, the equation reduces to:

g(α) =
∫ T

T0

A
β

exp
(
−Eα

RT

)
× dT (8)

Since in this experiment, the reaction rate and conversion rate are determined by
temperature, and the reaction mechanism and kinetics do not need to be assumed in the
calculation process, three iso-conversional model-free methods are chosen to determine the
Eα and A from the TGA data, namely the Flynn–Wall–Ozawa (FWO), Kissinger–Akahira–
Sunose (KAS) and Friedman methods. Another model-free method of Kissinger is adopted
to evaluate the Eα value from the entire reaction.

2.3.1. Flynn–Wall–Ozawa Method (FWO)

Bianchi et al. [33] effectively determined the kinetic parameters of the reaction by using
TG and DSC (differential scanning calorimetry) curves on the basis of the FWO method.
The method is based on the Doyle approximation for heterogeneous chemical reactions:

ln(βi) = ln
(

AαR
Eα f (α)

)
− 5.331− 1.052

Eα

RTαi
(9)

When applying the FWO method, the basic assumption is that the reaction rate at a
given conversion is only temperature dependent. Therefore, by plotting five sets of points
of heating rate ln β as a function of 1/T at the same conversion rate and fitting into a
straight line, the slope of the straight line −1.052 Eα/R is the required activation energy.
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2.3.2. Kissinger–Akahira–Sunose Method (KAS)

The Kissinger–Akahira–Sunose (KAS) method uses the Coats–Redfern approximation
to correct some of the biases present in the FWO method [34]. Therefore, the Arrhenius
equation for KAS is expressed as:

ln

(
βi

T2
αi

)
= ln

(
AαR

Eα f (α)

)
− Eα

RTαi
(10)

The activation energy is calculated from the slope (−Eα/R) of the linear equation
between ln β/T2 and 1/T.

2.3.3. Friedman Method

The Friedman method has been commonly used to evaluate the activation energy of
a reaction in a differential iso-conversional method. It establishes a functional relation-
ship between the reciprocal of temperature and the conversion rate under a logarithmic
function, [35], which is expressed as:

ln
(

dα

dt

)
αi

= ln[Aα × f (α)]− Eα

RTαi

(11)

By plotting five pairs of ln (dα/dt) and 1/T data points from all five heating rates at
the same conversional fraction, the slope −Eα/R of the fitting straight line can be used to
calculate the activation energy.

2.3.4. Kissinger Method

The Kissinger method is widely used in the literature to calculate the activation energy
of the reaction, based on the following expression:

ln

(
β

T2
p

)
= ln

(
AR
E

)
− E

RTp
(12)

Kissinger’s method is one of the most commonly used non-isothermal methods to
determine kinetic parameters through thermal analysis. The Kissinger peak displacement
method can be adopted in conjunction with differential scanning calorimetry, is suitable
for small sample sizes and allows efficient determination of the dynamic parameters [36].
When determining the activation energy E, the peak temperature TP that occurs during
thermal decomposition is used to plot the graph of ln (β/Tp

2) vs. 1/Tp. Activation energy is
calculated from the gradient of the straight-line graph which is equal to −Eα/R.

2.3.5. Kinetic Reactions Scheme

Since chicken manure is mainly composed of lignocellulosic biomass [37], the reaction
mechanism of pyrolysis for the main component can be expressed as:

Component⇒ λiVolatilesi + δiChari (13)

The reaction mechanism showed that the components were converted into volatiles
and char after the reaction, where λi and δi are the mass fractions of volatiles and char for
each component i (λ = 1 − δ). Based on the nth order reaction-order model, the reaction
rate of each component can be expressed as:

dWi
dt

= −Aiexp(− Ei
RT

)Wi,0(
Wi

Wi,0
)

ni
(14)

dαi
dt

= −Aiexp(− Ei
RT

)(1− αi)
ni (15)
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In the formula, Wi represents the instantaneous mass, Ai and Ei are the pre-exponential
factor and activation energy, respectively, ni is the reaction order, and the subscript i
represents each corresponding component. For each component i, Wi represents the mass
fraction of this component, and Wi,0 represents the initial mass fraction of this component
in the raw material. When pyrolysis is complete, the rate of production of char, Wchar, is
assumed to be constant:

dWchar,i

dt
=

n

∑
i=1

δiWi,0
dαi
dt

(16)

Therefore, the mass loss rate curves can be expressed as:

(
dW
dt

)cal =
n

∑
i=1

dWi
dt

+
dWchar,i

dt
(17)

The final solid content includes unreacted components in the feedstock as well as the
resulting char, the mass of which can be expressed by the following:

Wcal(t) = 1−
n

∑
i=1

λiαiWi,0 (18)

The established kinetic model is subsequently used to predict the thermodynamic
parameters of the pyrolysis process.

2.4. Global Optimization Technique—Particle Swarm Optimization

Particle swarm optimization (PSO) is a population-based stochastic optimization
technique based on the principles of the swarming behavior of a group of organisms,
i.e., insects, herds, birds or fish, in search of food in a cooperative manner. The algorithm
optimizes the calculation of the internal velocity and position of each particle by iterating
its own experience and those of members nearby under search mode [30]. The PSO method
is selected over other standard heuristic algorithms such as the bacterial aging optimization
algorithm (BFOA) and artificial bee colony (ABC), as it does not require prerequisites such
as continuity or differentiability of the objective function [38]. In addition, when compared
with the genetic algorithm (GA) [38] and shuffled complex evolution (SCE) [39] algorithms
(often used as an optimization for local and global problems), the PSO method also has
the advantages of good optimization ability, while providing faster approximation to the
global optimal solution [40].

Assuming that all n particles are free to search for the best position in the n-dimensional
space, the position of the ith particle in the n-dimensional space is denoted as xi, and the
velocity is denoted as vi. For the present work’s objective function, each particle will
obtain a fitness value according to the requirements, and on the basis of knowing its
current position xi, it continuously receives information on the individual optimal value
and the global optimal value (pi and pg, respectively). Thereby, the next location update is
performed. The position update of each particle is represented by the following formula:

Vk+1
ij = εVk

ij + c1r1

(
pij − xk

ij

)
+ c2r2

(
Pgj − xk

ij

)
(19)

xk+1
ij = xk

ij + vk+1
ij (20)

where i, j represent the particle and its search direction (from 1 to J), ε is the inertia weight,
k is the number of iterations, pij is the best individual particle position, and pgj is the global
best position for all the particles. The two acceleration constants representing individual
particles and the global population in the selected particle population are denoted by c1
and c2, r1 and r2, randomly selected between [0, 1], are the coefficients. For the pyrolysis
experiments in this paper, the parameters to be optimized include activation energy (Ei),
pre-exponential factor (Ai), reaction order (ni), initial mass fraction of each component
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(Wi,0) and carbon yield (δi). The following objective function ϕ is defined as the error of
mass loss and mass loss rate under experimental conditions and the kinetic model, where
the calculated mass loss and mass loss rate are given in Equations (17) and (18):

ϕ = ω
k

∑
1

∑nd
1
(
Wcal,i −Wexp,i

)2

∑nd
1 W2

exp
+ (1−ω)

k

∑
1

∑nd
1 (
(

dw
dt

)
cal,i
−
(

dw
dt

)
exp,i

)2

∑nd
1 ( dw

dt )
2
exp

(21)

In the objective function ϕ, the subscript exp represents the numerical values obtained
by the experiment, and cal represents the numerical values obtained by the calculation. W
represents the value of mass loss in the pyrolysis process, (dw/dt) is the mass loss rate, k
represents the different heating rates selected in the TGA experiment, and nd is the data
point selected under each group of heating rates. ω is the weight coefficient occupied by
the two parts of the formula (mass loss and mass loss rate), and ω = 0.5 is taken because the
weight loss value and the weight loss rate are guaranteed to have equal proportions during
the calculation. For this study, to achieve the best optimization effect, the basic parameters
applicable to particle swarm optimization: swarm size, dimension of optimization, maxi-
mum speed, inertia parameter and maximum number of iterations were determined to be
60, 14, 0.1, 0.9, and 2000, respectively. The PSO algorithm calculation steps were realized
in MATLAB@ (version R2012a) software, using an Intel(R) Core(TM) i7-10750H CPU @
2.60 GHz 2.59 GHz. Figure 1 illustrates the process flow of the PSO algorithm.
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The quality of fitting between the predicted and experimental thermal degradation
curves is evaluated via Equation (22) [41]:

Fit(%) =

1−

√
S
N(

Pexp
)

max

 × 100% (22)
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When calculating the quality of fitting for TG curves, S = ∑nd
1
(
Wcal,i −Wexp,i

)2 and
Pexp represents the experimental weight, whereas the quality of fitting for DTG curves is

determined via S = ∑nd
1 (
(

dw
dt

)
cal,i
−
(

dw
dt

)
exp,i

)2 and Pexp represents the experimental dw
dt .

N is the number of experimental points under both cases. The calculated result shows the
fit quality between the optimization results and the experimental data.

2.5. Thermodynamic Parameters

Each type of biomass has its own distinct pyrolysis characteristics. Deriving the
thermodynamic parameters of the raw materials elucidates the pyrolytic and decomposition
characteristics under specific conditions. The thermodynamic parameters involved in this
paper mainly include the pre-exponential factor (A), changes of enthalpy (∆H), free Gibbs
energy (∆G) and entropy (∆S), as shown in the equations listed in Table 1.

Table 1. Thermodynamic parameters equation [42].

Thermodynamic Parameters Equation

Pre-exponential factor, A A = βEαexp
(

Eα
RTp

)
/ (RT2

p )

Changes of enthalpy, ∆H ∆H = Eα − RT
Free Gibbs energy, ∆G ∆G = Eα + RTpln

(
KBTp
hA

)
Entropy, ∆S ∆S = ∆H−∆G

Tp

KB is the Boltzman constant (1.281 × 10−23 J/K), h is the Plank constant (6.626 × 10−34 Js), Tp is the DTG peak
temperature, and Tα is the temperature at the conversion degree, α.

3. Results and Discussion
3.1. Sample Characterization

The ultimate analysis shows that chicken manure has high content of C and O relative
to the H element, while the presence of N and S are in trace amounts (<1% wt), as shown in
Table 2. From the results of the proximate analysis, the ash content in chicken manure is
higher than crop straws (10 wt%) [41], due to the fact that chicken manure contains more
straw-like substance, which is prone to produce ash. The high content of carbon in the
manure indicates its potential for thermochemical conversion [43]. Analysis of the trace
elements, shown in Table 3, indicates that K, Ca, Na, Mg and O are the dominant minerals
present in the chicken manure, owing to the excessive nutrients from the feeds that are
not being fully absorbed by the short digestive system of chickens. The presence of other
elements such as Cu and Zn is attributed to the use of antibiotics [44]. Other alkali metals
that were present, such as Na and K, are known to have reactive catalytic properties during
thermoconversion process [45].

Table 2. Ultimate and proximate analysis of chicken manure.

Ultimate Analysis (wt%)

Carbon 31.2
Hydrogen 5.0
Nitrogen 0.9
Oxygen 34.4
Sulphur 0.7

Proximate Analysis (wt%)

Moisture 4.1
Volatile 48.1

Fixed Carbon a 19.1
Ash 28.8

a calculated by difference.
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Table 3. Trace element analysis of chicken manure.

Trace Elements mg/kg

K 24,164.2
Ca 21,097.9
Mg 6268.1
Na 5944.5
P 3286.5
Al 991.0
Fe 586.0
Zn 240.9
Si 48.1
Cu 41.3

3.2. Thermogravimetric Analysis (TGA)

The pyrolysis characteristics of chicken manure were examined using thermogravi-
metric analysis at five different heating rates of 5, 10, 20, 30 and 50 ◦C/min, as shown in
Figure 2a. The degradation of chicken manure shows distinct weight loss in the temper-
ature ranges of 30–150 ◦C (Stage I), 150–500 ◦C (Stage II) and ≥500 ◦C (Stage III), which
corresponds to the dehydration, primary and secondary devolatilization stages. The de-
hydration range removes moisture from the manure, while the latter two involve the
decomposition of hemicellulose, cellulose and lignin in the different temperature ranges.
Such a process is similar to the pyrolysis behavior of cattle manure [31], most probably
due to the consumption of a plant-based diet. The pyrolysis peak temperature of chicken
manure is between that of cow manure and ordinary lignocellulosic biomass, owing to
the extracts such as protein, starch and lipids in manure that result in a drop in pyrolysis
peak temperature. The decomposition of the extract is a non-negligible part of the pyrolysis
process [46].

It can be clearly seen in the DTG curve shown in Figure 2b that the first peak of chicken
manure pyrolysis appears around 140 ◦C and the second peak appears between 300–400 ◦C.
This corresponds to the evaporation of moisture and the breakdown of hemicellulose and
cellulose, respectively. Within the temperature range of 300–400 ◦C, there are two peaks
at 300 ◦C and 350 ◦C, which are related to the thermal degradation of the hemicellulose
and cellulose, respectively [47]. When comparing the DTG curves, it can be seen that, as
the heating rate increases from 5 to 50 ◦C/min, the overall weight loss curve gradually
shifts to the right. This is because a lower heating rate allows more time for heating to
occur, leading to a better heat transfer effect to achieve thermal equilibrium. The lower
heating rate also results in the onset of peak pyrolysis temperature. The conversion rate
corresponding to the three regions of pyrolysis is shown in Figure 2c. The results show that
about 12.5% of the feedstock was thermally decomposed at 200 ◦C, while the main bulk of
mass was devolatilized at 400 ◦C, accounting for about 80% conversion. The remaining
lignin component was converted at above 500 ◦C.

Figure 3 shows the second derivative curve of mt/m0 (DDTG) for the second stage of
pyrolysis. Taking the heating rate of 30 ◦C/min as a representative case, the process before
100 ◦C is ascertained as the evaporation of moisture; hence the initial starting point of the
DDTG curve is taken as 100 ◦C. With zero gradient as the reference line, the second stage of
the thermal devolatilization of chicken manure can be further divided into three subsections,
i.e., section I (176.5–320.4 ◦C), section II (320.4–416.8 ◦C) and section III (416.8–497.7 ◦C),
which corresponds to the degradation of hemicellulose, cellulose and lignin. Within the
range of 100–325 ◦C, hemicellulose is decomposed. A strong peak can be seen in between
325 ◦C and 410 ◦C, where a significant portion of cellulose is degraded before stabilizing in
the third region, where lignin degradation continues to occur [48].
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3.3. Kinetic Analysis

Kinetic analysis of the chicken manure was performed within the pyrolysis region
minus the influence of moisture to ensure the fidelity of the data [49]. In the present study,
the kinetic calculations were performed using at the conversion fraction range of 0.2–0.7 at
the interval of 0.1.
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3.3.1. Activation Energy

In the present work, the activation energy and pre-exponential factor of chicken
manure were calculated by four model-free methods, FWO, KAS, Friedman and Kissinger.
On the basis of these four models, we used Equations (9)–(11) to plot the linear regression
curves at all the selected conversion rates. Figure 4 shows the conversional fraction for
chicken manure obtained at various heating rates using the FWO, KAS and Friedman
methods. These methods were observed to exhibit a linear trend for most conversion
fraction except at α = 0.2 and 0.7, owing to the instability at the beginning and near the
end of the reaction. Table 4 summarizes the value of Eα derived from the slopes for
each method. The activation energy values for each conversional rate, along with the
correlation coefficient R2, were tabled to reflect the level of thermal decomposition of
feedstock at different stages. A variation of activation energy at different conversion rates
was expected, owing to the variety in component degradation. Activation energy was
generally higher in the mid-section of α > 0.4, due to the higher energy barrier imposed by
cellulose and lignin; thus the local activation energy ranged between 195.5 and 249.4 kJ/mol,
192.8 and 208.5 kJ/mol and 203.4 and 362.4 kJ/mol, for the FWO, KAS and Friedman
methods, respectively. The Friedman method showed overall higher local activation values
than the FWO and KSA methods. The average activation energy for the chicken manure
was determined to be 206.13 kJ/mol (FWO), 200.55 kJ/mol (KAS) and 231.93 kJ/mol
(Friedman), while the R2 correlations of >0.95 show the reliability of the linear regression.

When the Kissinger method is used to calculate activation energy, it mainly depends
on the peak temperature in the thermogravimetric curve. In addition to the weight loss
peak of water in the raw material that can be clearly identified, the decomposition of other
components is within a certain range, which can be seen from the thermogravimetric curve
where a major weight loss peak occurs within this range. The peak temperature of this peak
at different heating rates are selected as Tp (634, 653, 669, 688 and 690 K for heating rates of
5 ◦C, 10 ◦C, 20 ◦C, 30 ◦C and 50 ◦C, respectively). Figure 5 shows the linear fit line with a
good correlation coefficient of R2 > 0.99. The overall Eα and A obtained from the Kissinger
method were 167.51 kJ/mol and 9.52 × 1013 s−1, respectively. The calculated kinetics and
thermodynamics parameters values are shown in the parameters in Table 5. Figure 6 shows
the results of the activation energies obtained by each method at all the selected conversion
rates. The FWO and KAS show almost identical trends, peaking at α = 0.7. The Friedman
method shows a consistently higher local activation value across all conversion fractions,
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with a trend of increase Eα with conversion fraction, peaking at α = 0.4 before decreasing
again. This is in contrast with the lower values derived using the FWO and KAS methods,
which are based on the heating rate. The final part of α > 0.65 requires higher activation
energy to decompose the lignin, as reflected in all the methods. Further, the sudden increase
in activation energy may also be due to changes in the pyrolysis mechanism and in situ
catalysis of metals contained in the ash [50].
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manure derived at various heating rates.
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Table 4. The activation energy for chicken manure derived from FWO, KAS and Friedman methods.

Method
Conversion

FWO KAS Friedman

Eα

(kJ/mol) R2 Eα

(kJ/mol) R2 Eα

(kJ/mol) R2

0.2 197.89 0.89 194.99 0.89 203.40 0.94
0.25 195.48 0.95 192.76 0.94 209.99 0.96
0.3 197.18 0.96 195.89 0.96 217.04 0.96
0.35 198.56 0.96 202.86 0.96 223.72 0.96
0.4 205.58 0.96 208.52 0.96 230.12 0.96
0.45 211.28 0.96 204.61 0.96 228.45 0.96
0.5 207.28 0.97 194.50 0.97 215.62 0.98
0.55 203.47 0.98 195.89 0.98 205.79 0.99
0.6 198.31 0.99 202.86 0.98 207.44 0.99
0.65 203.03 0.98 208.52 0.98 247.24 0.96
0.7 249.35 0.91 204.61 0.90 362.39 0.88

Mean 206.13 0.96 200.55 0.95 231.93 0.96
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Table 5. Kinetics and thermodynamics parameters value calculated by Kissinger method. (Derived
based on the Tp from five different heating rates).

Kissinger

A (s−1) Eα (kJ/mol) ∆H (kJ/mol) ∆G (kJ/mol) ∆S (J/mol)

9.52 × 1013 167.51 162.52 157.01 91.77

The Kissinger method showed a consistently lower activation energy than the other
methods. The method assumes the reaction has reached a maximum reaction rate at peak
temperature, independent of the reaction order. A possible reason for the lower Eα value
could be due to the reaction order that is not equal to unity [51]. The FWO and KAS
methods were shown to provide more accurate kinetic analysis and to be less affected by
experimental error [52].
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3.3.2. Reaction Model and Pre-Exponential Factor

The Eα obtained by KAS and FWO methods were utilized to predict the pyrolytic
parameters of chicken manure and to determine the relevant response model and pre-
exponential factors. From the TGA and DDTG curves, the different peaks clearly show
a complex process, which means the pyrolysis of chicken manure is not a single-step
reaction. A simple single-step reaction mechanism is insufficient to describe the complete
pyrolysis process of chicken manure. Solid-state pyrolysis reactions such as those that take
place in chicken manure often occur between lattices or molecules that must penetrate the
lattice. Under these conditions, the reaction is not controlled by mass transfer, and the
diffusion effect becomes the main factor affecting the reaction rate [53]. Therefore, a more
accurate model is needed to account for these effects. Due to the multi-component nature
of chicken manure, different pyrolysis mechanisms should be used for different conversion
rates during the pyrolysis process. To further explore the biomass pyrolysis model and
mechanism, Xu et al. [54] plotted the experimental (scatters) and theoretical (lines) master
plots as a function of conversion α. It was concluded that the pyrolysis process of such
biomass resembled the model D3, while the associated mechanism was three-dimensional
diffusion (Jander equation). Hence, the three-dimensional diffusion (Jander equation)
proposed by Khawam et al. [53] was utilized for the analysis of the pyrolysis mechanism.

The ln Aα can be calculated via the Eα and the three-dimensional diffusion (Jander
equation) f(α) = (3/2) [(1 − α)2/3]/[1 − (1 − α)1/3] using Equation (11), based on the
relationship that connects Eα and Aα, which is referred to as a compensation effect:

ln Aα = aEα + b (23)

where a and b are the compensation effect numbers, which are constants. For the pyrolysis
of chicken manure, this compensation effect is mainly caused by systemic errors produced
during the measurement of the rate constant K. Through the compensation method, the
error caused by using the data at different temperatures to calculate the activation energy
can be reduced, leading to an improvement in accuracy for the optimization result. Using
the ln Aα and Eα obtained under different conditions, the slope and intercept of the obtained
line were a and b, respectively. Figure 7 shows the plot of the ln Aα versus Eα curves, which
indicates the compensation effect [55]. Therefore, the linear relationship between pre-
exponential factor and activation energy, where a = 0.2006, b = −1.28471 and R2 = 0.945, is
used to accurately predict pyrolysis kinetic parameters by eliminating various errors, thus
enabling a more credible model to be established for the pyrolysis of chicken manure.
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3.4. Thermodynamic Analysis

When determining the thermodynamic parameters of chicken manure, the lowest TGA
heating rate (5 ◦C/min) is used. The low heating rate of TGA is known to be more accurate
in reflecting thermal decomposition behavior and to derive thermodynamic values [56].
Owing to the lower heating rate, sufficient time is allowed for the heat transfer to occur,
thereby enabling a complete pyrolysis behavior. The kinetics and thermodynamic param-
eter values calculated by the FWO, KAS and Friedman methods at different conversion
fractions are shown in the Supplementary Material. For the Kissinger method, the use of
the peak temperature from the heating rates allows a single global value to be derived, as
shown in Table 5.

3.4.1. Pre-Exponential Value

The pre-exponential values (A) obtained by the FWO, KAS and Friedman methods are
in the range of 1016 to 1021, while those obtained by the Kissinger method are in the order
of 1013. In view of the complex components of chicken manure, this is also reflected in the
pyrolysis behavior. When the conversion rate is 0.4, the increase in order of magnitude
indicates the onset of cellulose and hemicellulose decomposition, which is also reflected in
the need for more energy in the process. As the cellulose and hemicellulose are gradually
decomposed, the energy requirement decreases and the values stabilize. At a conversion
of 0.7, the value increases rapidly, mainly because the decomposition of the remaining
lignin requires higher energy. The data in the table show the different energy levels required
for different thermal degradation stages.

3.4.2. Enthalpy Change

∆H represents the enthalpy change between the product and reactant. The positive
value of enthalpy change for chicken manure pyrolysis is indicative of an endothermic
reaction, in which the absorbed energy is used to break and form new chemical bonds.
The activation energy mentioned earlier represents the energy required for the reaction
to occur, so the difference between the enthalpy change of the reaction and the activation
energy represents the difficulty of the reaction and can be used to evaluate the trend of
the reaction. Taking the chicken manure pyrolysis data here as an example, the average
difference between the enthalpy change of the reaction and the activation energy is less
than 5 kJ/mol. This value belongs to a relatively low level, which indicates that the overall
reaction is more favorable [57].
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3.4.3. Gibbs Free Energy

Free energy refers to the part of the internal energy that the whole system reduces
during the reaction process that can be converted into external work in the thermodynamic
process. During biomass pyrolysis, the Gibbs free energy comes from the pyrolyzed biomass
itself. The reduction of G in the reaction process is the maximum non-volume work done
by the system and is the criterion for the direction and mode of the reaction. With the
progress of chicken manure pyrolysis, the change of ∆G remained basically stable. The
∆G calculated in this study from three methods (FWO, KAS and Friedman) was between
153–156 kJ/mol, with a small variation range, indicating that the entire reaction had a
relatively stable energy output.

3.4.4. Entropy Change

Entropy is a measure of the degree of disorder in a system. Change in entropy (∆S) is
related to changes in the number of reactants and products in the system before and after
a reaction. It is a measure of how close the entire reaction system is to thermodynamic
equilibrium. The results showed that ∆S value was low at the beginning of the reaction,
accelerated and increased at the conversion rate of 0.4–0.5 as the reaction progressed, then
leveled off, and finally reached a peak at the conversion rate of 0.7. Such a change trend
shows that the pyrolysis of chicken manure is the most intense when the conversion rate is
0.4–0.5. This is because most of the components in chicken manure are in the process of
decomposition when the conversion rate is 0.4–0.5. When the conversion rate reaches 0.7,
the sudden increase in entropy is attributed to the reaction at higher temperature of other
substances that have not been completely decomposed.

3.5. Estimation of Model Parameters by PSO Algorithm

Chicken manure is a typical lignocellulosic biomass, mainly composed of hemicel-
lulose, cellulose and lignin, which has been tested by Rehman et al. [37]. The results are
presented in Table 6.

Table 6. Composition of chicken manure [37].

Parameters Chicken Manure

Water content (%) 77.18 ± 0.01
Dry mass (%) 22.82 ± 0.01

Cellulose (% dry mass) 14.49 ± 0.60
Hemicellulose (% dry mass) 21.66 ± 0.22

Lignin (% dry mass) 7.83 ± 0.12
TOC (% dry mass) 40.19 ± 0.90
TN (% dry mass) 3.54 ± 0.14
TP (% dry mass) 2.28 ± 0.08

TOC: total organic carbon; TN: total nitrogen; TP: total phosphorus.

For the decomposition of this type of biomass, a three-component reaction scheme is
usually used. Equation (13) can be expressed as:

Hemicellulose⇒ λ1Volatiles1 + δ1Char1 (24)

Cellulose⇒ λ2Volatiles2 + δ2Char2 (25)

Lignin⇒ λ3Volatiles3 + δ3Char3 (26)

The first, second and third subscripts represent the three pseudo-elements hemicellu-
lose, cellulose and lignin, respectively.

3.5.1. Parameters Optimization

For the process of chicken manure pyrolysis, according to Equations (17) and (18),
a total of 15 parameters needs to be optimized (Ei, Ai, ni, δi and Wi,0, where i = 1, 2, 3).
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Among them, Ei, Ai, and ni are activation energy, pre-exponential factor and reaction order,
respectively, which are the main parameters in kinetic analysis. Wi,0 represents the initial
mass fraction of the raw material occupied by each component (the subscripts h, c, and l
of W are the first letters of hemicellulose, cellulose and lignin, respectively), and δi is the
coke yield during the reaction. Since ∑Wi,0 = 1, the Wi,0 value of the lignin component can
be calculated by Wi,0 = 1 −Wh,0 −Wc,0, which can reduce the number of unknowns in an
optimization process, and improve the overall optimization speed and efficiency.

Vyazovkin et al. [58] proposed that kinetic parameters calculated from single-step
reactions could be used as initial values in complex reaction optimization models. In the
present work, the pyrolysis peak temperature TP corresponding to each component under
the five heating rates in the TG curve are used to calculate the kinetic parameters of Eα

(activation energy) and A (pre-exponential factor) via the Kissinger method. The values
calculated for the three components of hemicellulose, cellulose and lignin are used as
the initial values E0,i and A0,i for each component in the optimization model. The lower
and upper bounds of the search range for all the parameters to be optimized are set from
50 to 150% of the initial values. The initial values W of the mass fractions of the three
components (i.e., hemicellulose, cellulose and lignin) are taken as Wh,0 = 0.20, Wc,0 = 0.50
and Wl,0 = 0.30 [59]. The initial value for the reaction order ni is assumed to be 1 and the
search range is between 0–3 [60].

3.5.2. Kinetic Parameters Optimization

Table 7 lists the parameters and results of all optimized models. First, the opti-
mized proportions of hemicellulose, cellulose and lignin are 23.8%, 44.2% and 32%, respec-
tively, which are comparable to the range of composition values reported in the previous
literature [61], i.e., 12–24% hemicelluloses, 43–54% cellulose, and 17–35% lignin. The opti-
mized activation energy Eα values of, hemicellulose, cellulose and lignin are 118.98 kJ/mol,
227.8 kJ/mol and 134.26 kJ/mol, respectively. The obtained range of the pre-exponential fac-
tor ln Aα is between 15.75–26.98 ln/s, which is consistent with the range of 25.32–36.84 ln/s
reported by de Jong et al. [62]. The optimized yield values for char (δi) and volatiles
(ki = 1 − δi) for each reaction are also similar to the results of Front et al. [63]: the yield val-
ues for char for hemicellulose, cellulose and lignin are 17.7%, 38.7% and 20.1%, respectively.
The data obtained from the optimization will be used to calculate the values for each point
of the TG and DTG curves of the sample and its main components.

Table 7. Optimization parameters and results by particle swarm optimization (PSO).

Component Parameters Initial Values Search Range Optimized Values

Hemicellulose

Ea 118 (60, 180) 118.98
lnA 26.07 (10, 40) 26.19
δ(%) 23 (10, 35) 31.38

n 1 (0, 3) 2.21
W(%) 20 (10, 30) 23.8

Cellulose

Ea 167 (80, 250) 227.8
lnA 27.67 (10, 45) 26.98
δ(%) 6 (3, 9) 7.1

n 1 (0, 3) 1.94
W(%) 50 (25, 75) 44.2

Lignin

Ea 126 (60, 180) 134.26
lnA 15.34 (5, 25) 15.75
δ(%) 46 (20, 70) 37.2

n 1 (0, 3) 0
W(%) 30 (15, 45) 32

Figure 8 shows the calculated TG and DTG curves based on the optimized parameters
compared with experimental data at 30 ◦C/min. The three pseudo-component (hemi-
cellulose, cellulose and lignin) degradations are resolved and shown in the figure. The
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decomposition behavior of each component is roughly similar to the overall pyrolysis
process, albeit a lower decomposition rate of lignin can be clearly observed. By combining
with the DTG curve, it can be seen that the decomposition of cellulose (~356 ◦C) requires a
higher temperature than hemicellulose (~306 ◦C), while the pyrolysis peaks of hemicellu-
lose and cellulose coincide with the adjacent two peaks of the overall pyrolysis process,
thus validating the presence of cellulose substance. Furthermore, the decomposition of
lignin is relatively slow throughout the entire pyrolysis process, but is seen to decompose
at a faster rate at temperature around 410 ◦C. This also implies that lignin is more difficult
to decompose than cellulose and hemicellulose.
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Figure 9 summarizes the experimental and predicted TG and DTG curves at five
heating rates. It can be seen that the curve has a good fitting effect under each heating rate,
while the fitting quality of the curve calculated based on Equation (22) is around 97%. This
shows that the predicted TGA curves obtained by optimizing the experimental data are of
high fidelity, thereby validating the use of the PSO algorithm to resolve and elucidate the
chicken manure pyrolysis behavior.
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4. Conclusions

In the present work, the pyrolysis characteristics of chicken manure were examined
via thermogravimetric analysis at different heating rates. Subsequently, the kinetic param-
eters of chicken manure were determined via a non-isothermal pyrolysis process. The
determined activation energies using iso-conversional model-free methods (FWO, KAS and
Friedman) were 206.1, 200.6 and 231.9 kJ/mol, respectively, whereas the pre-exponential
values were 1.68 × 1020, 8.69 × 1019 and 1.65 × 1030 s−1, respectively. The ability to cap-
ture the degradation behavior of different components at various conversion fractions
leads to higher but more accurate values than those obtained using the Kissinger method
(167.5 kJ/mol and 9.52 × 1013 s−1 for activation energy and pre-exponential factor, respec-
tively), as the latter derives values from the overall reaction without accounting for the
detailed kinetic mechanism.
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To examine thermal degradation at the component level, the particle swarm opti-
mization method was used to predict the kinetic parameters of each component via the
three-component reaction scheme and the experimentally determined kinetic parameters
as initial values. The optimized activation energy values obtained were 119.0 kJ/mol,
227.8 kJ/mol and 134.3 kJ/mol for hemicellulose, cellulose and lignin, respectively. Based
on intrinsic transition-state theory, the pre-exponential factor and activation energy values
fall within the range of Ln Aα = 0.2006 Eα − 1.2847, which results in optimized values
and improved accuracy. The derived optimized parameters were then used to reproduce
the pyrolysis curves as a function of temperature, which showed excellent matching with
the experimental result of up to 97% in curve fitting quality. By combining the detailed
kinetic analysis and advanced optimization algorithm, the pyrolysis behavior of chicken
manure can be resolved down to component level. This work shows that kinetic data are
useful as input parameters for optimization of the devolatilization process, as well as for
the designing of thermochemical conversion processes for chicken manure.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/en16041919/s1, Table S1: Kinetics and thermodynamics parameters
value calculated by FWO, KAS and Friedman methods at a heating rate of 5 ◦C/min.
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