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Abstract: Fireproof sealing technology is widely used in industrial, commercial, and other public
buildings, so the performance of fireproof sealing materials in high temperatures or fire environments
must be taken into account as an important factor. Fireproof sealant is considered to be a highly
effective adhesive for sealing and fireproofing purposes. To explore its thermal decomposition
mechanism and estimate its pyrolysis behaviors, a series of thermogravimetric experiments from
10 K/min to 60 K/min coupled with Fourier transform infrared spectroscopy analysis technology
were performed. The results indicated that the thermal decomposition of the fireproof sealant could
be divided into three reactions: the degradation of ammonium polyphosphate, melamine, and acrylic
acid. In addition, the pyrolysis behavior of the fireproof sealant was compared under two kinds of
atmosphere (nitrogen and air). Furthermore, the initial kinetic parameters in the nitrogen atmosphere
were calculated based on model-free methods including the Friedman, KAS, and Starink methods.
The average activation energy of three reactions obtained by the three methods was 108.32 kJ/mol,
200.46 kJ/mol, and 177.10 kJ/mol, respectively, while these obtained parameters were hard to
regenerate, the thermogravimetric curves were accurately based on the established pyrolysis reaction
scheme, with the existence of clear deviations. Therefore, a global heuristic optimization algorithm,
Shuffled Complex Evolution (SCE), was selected to optimize 14 parameters (including activation
energies and the pre-exponential factors) and the optimized pyrolysis results agreed well with the
experimental data, even at the extra heating rate, with the correlation coefficient for the mass loss
and mass loss rate being reaching up to 0.9943 and 0.9019, respectively. The study indicated that the
SCE algorithm showed an appropriate potential to estimate the pyrolysis behavior of an unknown
thermogravimetric experiment group.

Keywords: fireproof sealant; TG–FTIR; model-free method; pyrolysis estimation; shuffled
complex evolution

1. Introduction

Implementing fire prevention measures is crucial work to provide smoke resistance,
heat insulation, and sealing functions [1]. Fireproof sealant, with excellent performance, low
hardness, favorable viscosity, and exceptional resistance to high temperatures [2], is mainly
utilized to seal gaps between building components and holes in building structures [3].
Nevertheless, low performing fireproof sealant may have the following disadvantages: low
fire protection effect due to its inherent flammability [4]; poor sealing performance because
of aging [5]; harmfulness to human health and environmental protection due to the toxic
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gases and fumes released [6,7]. As we know, pyrolysis is the first step in all thermochemical
processes [8], including our current fire protection applications. However, the current
emphasis on the material’s ratio and modification in fireproof sealant research overlooks
the significance of thermal decomposition when the fireproof sealant is subjected to high
temperatures [9–11]. Consequently, it is imperative to explore the pyrolysis behavior and
fire prevention mechanisms of fireproof sealant.

Thermogravimetric analysis (TGA) is a versatile technique that has been extensively
employed in the examination of the thermal properties of polymers, biomass, sediments,
and diverse solid materials [12–14]. Dubdub [15] mentioned that TGA was used to obtain
information on polypropylene pyrolysis kinetics and calculate the kinetic parameters. Jakić
et al. [16] pointed out that the degradation of PVC/PEO blends could be revealed by TGA,
showing that pure PVC and blends degraded through two main stages, which was different
from the single-stage degradation of PEO. TGA was helpful in making the reaction between
each composition easy to recognize from the mixture. Giżyński et al. [17] showed that
carbon-fiber-reinforced thermoplastic polymers were decomposed under high temperatures
and determined the degradation step and constituent content through TGA. Furthermore,
to explore the products of pyrolysis, the thermogravimetric and Fourier transform infrared
spectroscopy (TG–FTIR) coupled analysis can be a valuable approach in elucidating the
decomposition reaction and gas products throughout the experimental procedure [18–21].
The TG–FTIR technique has the characteristics of fast analysis, no damage to the sample,
less sample dosage, simple operation, high sensitivity, wide application range, and so on.
For example, Ding et al. [22] discovered the pyrolysis gas components in a no-charring
material through a TG–FTIR experiment and used the products as input values for the
prediction and simulation of combustion. Malgorzata et al. [23] used the TG–FTIR method
to compare the gas products of pyrolysis and combustion, confirming that the pyrolysis
process was divided into four stages, compared to the five stages of combustion. Norbert
et al. [24] explored the thermal decomposition behavior of sewage sludge using TG–FTIR
experiments. Zhang et al. [25] focused on an organic fireproof plugging material and
studied the complex pyrolysis characteristics and gas evolution through TG–FTIR analysis,
proposing that pyrolysis in nitrogen might be divided into four stages.

To obtain more pyrolysis kinetics information, the conventional model-free methods
were utilized to calculate the typical kinetic parameters. The model-free method adopted
in isothermal or non-isothermal kinetics can prevent errors which are generated from the
selection of the reaction model, allowing for the dependence of the activation energy on
the extent of conversion [26]. However, the initial kinetic parameters we obtained were
insufficient in reproducing the pyrolysis curve at the corresponding heating rate [27]. To
solve this problem, multiple optimization algorithms, such as Shuffled Complex Evolution
(SCE) algorithm [28], were used to adjust the kinetic parameters to reproduce the pyrolysis
process better. Liu et al. [29] conducted a study on biomass pyrolysis kinetics using the SCE
algorithm in the realms of the environment and energy, and the optimization results we ob-
tained showed promising potential in evaluating the biomass waste from pyrolysis. Zhang
et al. [30] studied extruded polystyrene materials through thermogravimetric analysis and
obtained the reaction order n using a variety of methods (master plots, model-free, SCE,
and model reconstruction), indicating that the accuracy of the SCE method was the highest.
As such, the SCE algorithm was applied here to evaluate its ability in the prediction of the
thermal decomposition of fireproof sealant.

In the current study, TG and TG–FTIR experiments are conducted to analyze and
understand the pyrolysis reaction process in fireproof sealant. A three-component parallel
reaction model is deemed to be suitable for describing the pyrolysis process. The initial
kinetic parameters are obtained using the model-free methods. Furthermore, these kinetic
parameters are optimized using the SCE algorithm so as to reproduce the pyrolysis curves,
and even estimate more pyrolysis curves at other heating rates. This research explores the
flame-retardant mechanism of fireproof sealant and fills the gap in the study of fireproof
sealant’s pyrolysis characteristics, and also proves the feasibility of using the SCE algorithm
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to estimate the pyrolysis process. In the future, we will further carry out experimental
studies on changes in the combustion characteristics of fireproof sealant on a larger scale to
reveal the combustion behaviors of real fires more effectively.

2. Materials and Methods
2.1. Sample Preparation

The DJ-A2-CD03 type fireproof sealant was produced by Hebei Langfang Wangju New
Building Materials Co., LTD, Langfang, China. According to the product description, the
main components of the fireproof sealant include ammonium polyphosphate, melamine,
and acrylic acid-based matrix resin materials. After full solidification, the sample was
ground into powder, then it was placed in a drying oven at 100 ◦C for 24 h to eliminate the
effects of moisture.

2.2. TG–FTIR Experiment

Thermogravimetric experiments were carried out using a Perkin Elmer TGA 4000
thermal analyzer. At five heating rates of 10, 20, 30, 40, and 60 K/min, the temperature
gradually increased from 400 K to 1200 K. Throughout the experimental process, the
powdered sample was evenly placed in an alumina cup without a lid and surrounded by
nitrogen flow.

Furthermore, Spectrum Two was connected to the thermal analyzer for a TG–FTIR
coupled experiment at 10 K/min. The spectral scanning frequency was 20 times per minute,
and the spectral region was 600 cm−1 to 4000 cm−1.

Similarly, in order to identify the difference in thermal degradation behavior caused
by different atmospheric conditions, a TG–FTIR experiment was also conducted in an air
atmosphere, taking 10 K/min as an example.

2.3. Kinetic Method

Thermogravimetric analysis is a crucial channel used to explore the relationship be-
tween temperature and mass change, which can provide a scientific basis for quantitatively
studying the kinetics of the pyrolysis reaction, judging the thermal characteristics of materi-
als, and inferring the mechanism [31]. The kinetic equation for the solid pyrolysis reaction
can be translated as Equation (1).

dα

dt
= k(T) f (α) (1)

In Equation (1), α represents the conversion rate, which is the proportion of the
solid reactant to the product at the reaction time t. α can be calculated according to the
thermogravimetric data, and it is described by Equation (2). dα/dt stands for the reaction
rate. T is the temperature. k(T) is the reaction rate constant, which can be expressed as
Equation (3). f (α) means the mechanism function, which is determined by the specific
reaction type.

α =
m0 − mt

m0 − m∞
(2)

k(T) = A exp(
−Ea

RT
) (3)

In Equations (2) and (3), m0, mt, and m∞ refer to the mass of the reactant at the initial
moment, the instantaneous moment, and the end moment, respectively (mg). A is the
pre-exponential factor (s−1). Ea represents the activation energy (kJ/mol). R is the universal
gas constant, and R = 8.314 J/(mol·K). T represents the experimental temperature (K).

When the thermogravimetric experiment is carried out under the linear temperature
program, the heating rate β is a constant, which is explained using Equation (4).

β =
dT
dt

(4)
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Based on Equation (4), dt = dT/β can be obtained. By combining Equations (2) and (3),
Equation (1) can be rewritten as Equation (5).

dα

dT
=

A
β

f (α) exp(
−Ea

RT
) (5)

On the basis of the above equations, the kinetic parameters, including Ea, lnA, and the
mechanism function f (α), are called the kinetic trifactor.

Model-free methods are common and popular in solving the kinetic parameters of
thermal decomposition, and are recommended by The CTAC Kinetics Committee [32]. The
calculation of activation energy by model-free method is a helpful way to reduce the error
caused by the assumed model. The activation energy is calculated by combining the same
conversion with the corresponding temperature at multiple heating rates. In this work,
the activation energies are obtained from three typical model-free methods, including the
Friedman method, the Kissinger–Akahira–Sunose (KAS) method, and the Starink method.

The Friedman method is evolved from Equations (1) and (3) and obtained by applying
logarithm at both sides, then the equation for the Friedman method can be expressed as
Equation (6).

ln
(

β
dα

dT

)
= ln(A f (α))− Ea

RT
(6)

The plot of ln(βdα/dT) vs. 1/T gives a straight line whose slope can be used to
determine Ea.

The Equation for the KAS method can be expressed as Equation (7).

ln
β

T2 = ln
(

AEa

Rg(α)

)
− Ea

RT
(7)

The plot of ln(β/T2) vs. 1/T gives a straight line whose slope can be used to deter-
mine Ea.

The Starink method is similar to KAS and modified on the basis of KAS. The corre-
sponding equation can be written as Equation (8).

ln
β

T1.92 = ln
(

AEa

Rg(α)

)
− 0.312 − 1.0008

(
Ea

RT

)
(8)

The plot of ln(β/T1.92) vs. 1/T gives a straight line whose slope can be used to
determine Ea. For solid pyrolysis studies, the first-order chemical reaction is usually
assumed to be adopted continually [33]. The value of Ea and lnA can be obtained from the
slope and intercept of the related fitted line in the plot, respectively.

2.4. Shuffled Complex Evolution

The Shuffled Complex Evolution (SCE) algorithm is specifically designed to address
continuity problems encountered in global optimization algorithms with multiple local
minima. SCE is featured in the evolution of the competitive complex, the controlled random
search, the implicit clustering, and the complex shuffling. Initially employed in the realm
of hydrogeology, SCE has garnered significant acclaim for its application in parameter esti-
mation studies on hydrological models [34]. A comprehensive introduction can be accessed
through previous argumentation and elaboration [35–38]. The algorithm demonstrates
its efficacy in optimizing nonlinear and multimodal problems, showcasing remarkable
capabilities in global search and convergence speed [39,40]. In the SCE algorithm, the
objective function reflects the difference between the experimental and estimated values
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of the sample mass loss (ml) and mass loss rate (mlr) [41]. The objective function can be
expressed as Equation (9).

φ = φml + φmlr

=
N
∑

j=1


n
∑

k=1
( m

m0mod,k
− m

m0 exp,k
)2

n
∑

k=1
( m

m0mod,k
− 1

n

n
∑

p=1

m
m0 exp,p

)
2 +

n
∑

k=1
(

d(m/m0)
dT mod,k−

d(m/m0)
dT exp,k)

2

n
∑

k=1
(

d(m/m0)
dT exp,k−

1
n

n
∑

p=1

d(m/m0)
dT exp,p)

2

 (9)

where φml and φmlr are the objective functions for mass loss (m/m0) and mass loss rate
(d(m/m0)/dT), respectively. N is the number of experiments, and n is the number of
experimental data points for each experiment. The subscripts mod and exp refer to the
modeled values and experimental data, respectively. The minimum value of the objective
function can be searched within the prescribed parameter search range, which means that
the optimal optimization results can be obtained.

3. Results and Discussion
3.1. TG–FTIR Analysis

Figure 1 depicts the mass loss rate curves and conversion rate curves of the fireproof
sealant sample at five different heating rates in the nitrogen atmosphere. The mass loss
rate curves exhibit three distinct peak partitions, indicating the occurrence of three main
reactions. The local peaks in the mass loss rate curves are approximately located at 550 K,
700 K, and 1000 K, marked as Tp1, Tp2, and Tp3, corresponding to a conversion rate of about
0.2, 0.5, and 0.8, respectively. It shows that the trends in the mass loss rate curves and the
conversion rate curves of the fireproof sealant pyrolysis have not been strongly altered.
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Therefore, the main gases produced by the pyrolysis of the fireproof sealant predomi-
nantly comprise carbon dioxide, water vapor, and ammonia. The process of generating 
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Figure 1. Mass loss rate and conversion rate of fireproof sealant at various heating rates: (a) mass loss
rate; (b) conversion rate.

To further estimate the possible reactions during the whole pyrolysis process, the
TG–FTIR spectrum at the heating rate of 10 K/min is depicted in Figure 2. The identification
of gas products is based on their distinct absorbance patterns. The presence of carbon
dioxide is clearly evident within the spectral range of 2400–2260 cm−1 and 680–660 cm−1.
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The existence of water vapor can be inferred from the spectral range of 3500–4000 cm−1,
which arises from the stretching and vibration of the hydrogen–oxygen bond. Ammonia
is also detected within the spectral range of 800–1000 cm−1, albeit with less presentation.
Therefore, the main gases produced by the pyrolysis of the fireproof sealant predominantly
comprise carbon dioxide, water vapor, and ammonia. The process of generating these three
gaseous products is illustrated in Figure 3.
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Figure 3. The evolution of main gaseous products at 10 K/min in nitrogen atmosphere.

Initially, ammonium polyphosphate, functioning as a dehydrating carbonizing agent,
undergoes decomposition when subjected to elevated temperatures, resulting in the gener-
ation of ammonia, water vapor, and phosphoric acid [42–44]. Phosphoric acid undergoes
additional dehydration and polycondensation with the formation of a carbon layer [45,46].
Moreover, melamine is regarded as a blowing agent due to its ability to generate gas, which
is still the main component of fireproof sealant. The pyrolysis products of melamine include
ammonia, water vapor, and carbon dioxide. It facilitates the formation of an expanded
carbon layer and porous foam structure. This porous structure effectively diminishes the
rate of heat transfer, thereby delaying the temperature increase inside the solid. Further-
more, with the increase in temperature, the acrylic acid starts to decompose and produces a
significant quantity of carbon dioxide [47]. The main chemical reactions involved in the py-
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rolysis process of the fireproof sealant can be expressed by the following three-component
parallel reactions.

Reaction I: Ammonium polyphosphate → Residue + H2O + NH3;
Reaction II: Melamine → Residue + NH3 + CO2 + H2O;
Reaction III: Acrylic acid → Residue + CO2.
The application of different atmospheric conditions may lead to differences in thermal

degradation behavior. Figure 4 shows the differences in fireproof sealant pyrolysis in
nitrogen and air atmospheres, taking the heating rate at 10 K/min as an example. From
the mass loss rate curve, the existence of oxygen promotes the first two reactions [48], the
peak value in air is much larger than that in nitrogen. However, for the third reaction, a
delay occurs and its reaction peak is located at a higher temperature, and the peak value
is slightly smaller than that in the nitrogen atmosphere. Meanwhile, an additional small
shoulder region appears in the mass loss rate curve in the air atmosphere near 700–800 K,
which may be the oxidative decomposition of intermediate products.

Fire 2024, 7, 25  7 of 15 
 

 

400 500 600 700 800 900 1000 1100 1200

-0.0003

0.0000

0.0003

0.0006

0.0008

A
bs

or
ba

nc
e

 NH3

 H2O
 CO2

Temperature (K)

0.0080

0.0085

0.0090

0.0095

0.0100

0.0105

0.0110

0.0115

0.0120

-0.04

-0.02

0.00

0.02

0.04

0.06

0.08

0.10

0.12

 
Figure 3. The evolution of main gaseous products at 10 K/min in nitrogen atmosphere. 

Initially, ammonium polyphosphate, functioning as a dehydrating carbonizing 
agent, undergoes decomposition when subjected to elevated temperatures, resulting in 
the generation of ammonia, water vapor, and phosphoric acid [42–44]. Phosphoric acid 
undergoes additional dehydration and polycondensation with the formation of a carbon 
layer [45,46]. Moreover, melamine is regarded as a blowing agent due to its ability to gen-
erate gas, which is still the main component of fireproof sealant. The pyrolysis products 
of melamine include ammonia, water vapor, and carbon dioxide. It facilitates the for-
mation of an expanded carbon layer and porous foam structure. This porous structure 
effectively diminishes the rate of heat transfer, thereby delaying the temperature increase 
inside the solid. Furthermore, with the increase in temperature, the acrylic acid starts to 
decompose and produces a significant quantity of carbon dioxide [47]. The main chemical 
reactions involved in the pyrolysis process of the fireproof sealant can be expressed by the 
following three-component parallel reactions. 

Reaction I: Ammonium polyphosphate → Residue + H2O + NH3; 
Reaction II: Melamine → Residue + NH3 + CO2 + H2O; 
Reaction III: Acrylic acid → Residue + CO2. 
The application of different atmospheric conditions may lead to differences in ther-

mal degradation behavior. Figure 4 shows the differences in fireproof sealant pyrolysis in 
nitrogen and air atmospheres, taking the heating rate at 10 K/min as an example. From 
the mass loss rate curve, the existence of oxygen promotes the first two reactions [48], the 
peak value in air is much larger than that in nitrogen. However, for the third reaction, a 
delay occurs and its reaction peak is located at a higher temperature, and the peak value 
is slightly smaller than that in the nitrogen atmosphere. Meanwhile, an additional small 
shoulder region appears in the mass loss rate curve in the air atmosphere near 700–800 K, 
which may be the oxidative decomposition of intermediate products. 

400 500 600 700 800 900 1000 1100 1200
0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

m
as

s l
os

s

Temperature (K)

 N2

 Air

(a)
10 K/min

 
400 500 600 700 800 900 1000 1100 1200

-0.0040

-0.0035

-0.0030

-0.0025

-0.0020

-0.0015

-0.0010

-0.0005

0.0000

0.0005

m
as

s l
os

s r
at

e

Temperature (K)

 N2

 Air
(b)

shoulder region

10 K/min

 

Figure 4. Comparison of mass loss and mass loss rate of fireproof sealant at 10 K/min in nitrogen
and air atmosphere: (a) mass loss; (b) mass loss rate.

Figure 5 displays the evolution of the three main gases (carbon dioxide, water vapor, and
ammonia) by FTIR at 10 K/min under the air atmosphere. Compared with the results for
the nitrogen atmosphere, the biggest difference is the trend in carbon dioxide, which was also
produced in the range of 600–800 K. Meanwhile, the amount of carbon dioxide produced during
oxidative pyrolysis is significantly higher than that produced during pure nitrogen pyrolysis.
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3.2. Kinetic Analysis Based on the Model-Free Methods

To explore the pyrolysis process in more detail, the thermal decomposition behaviors
of the fireproof sealant in the nitrogen atmosphere are further studied and the kinetic
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parameters are computed. Activation energy means the minimum amount of energy that a
compound must provide for a chemical reaction to occur, and the three model-free methods
(Friedman, KAS, and Starink method) are adopted to calculate the Ea corresponding to
different conversion rates. The Ea and lnA values for fireproof sealant pyrolysis, based on
three model-free methods, are listed in Table 1.

Table 1. The Ea and lnA values of fireproof sealant based on three model-free methods.

Reaction Conversion
Rate

Friedman KAS Starink

Ea R2 lnA Ea R2 lnA Ea R2 lnA

I
0.1 89.64 0.97 18.21 73.45 0.93 1.77 73.76 0.93 2.66
0.2 160.05 0.92 29.69 126.36 0.95 10.80 126.66 0.95 11.70

Average 124.84 23.95 99.91 6.29 100.21 7.18

II
0.3 235.62 0.95 40.29 240.70 0.92 28.61 240.95 0.92 29.52
0.4 188.28 0.74 30.16 183.12 0.96 17.26 183.44 0.96 18.18
0.5 164.21 0.79 23.07 183.75 0.98 15.59 184.10 0.98 16.51

Average 196.03 31.17 202.52 20.49 202.83 21.40

III

0.6 177.69 0.90 19.44 187.75 0.91 9.18 188.25 0.91 10.12
0.7 171.25 0.89 18.52 181.82 0.91 8.06 182.35 0.91 9.00
0.8 165.18 0.86 17.57 176.65 0.90 7.34 177.19 0.90 8.29
0.9 172.01 0.89 17.99 172.28 0.89 6.90 172.84 0.89 7.84

Average 171.54 18.38 179.63 7.87 180.15 8.81

According to the values calculated by the Friedman, KAS, and Starink methods, there
is not much difference between them. The average activation energy in the conversion
rate ranges from 0.1 to 0.2 (Reaction I) and its average values corresponding to the three
methods are 124.84 kJ/mol, 99.91 kJ/mol, and 100.21 kJ/mol, respectively, and then the
final average activation energy was computed to be 108.32 kJ/mol. When the conver-
sion rate is between 0.3 and 0.5 (Reaction II), the activation energy remains relatively
stable, and its average values corresponding to the three methods are 196.03 kJ/mol,
202.52 kJ/mol, and 202.83 kJ/mol, respectively, and then the final average activation en-
ergy is 200.46 kJ/mol. When the conversion rate is between 0.6 and 0.9 (Reaction III), the
activation energy shows a slight decline. The values corresponding to the three methods
are 171.54 kJ/mol, 179.63 kJ/mol and 180.15 kJ/mol, respectively, and then its final average
value is 177.10 kJ/mol.

Similarly, the related lnA can be obtained as: 12.47, 24.35, and 11.69 s−1 for the
three reactions. The final computed values of Ea and lnA are selected as the initial values in
the next SCE optimization.

3.3. Parameters Optimization Process by SCE

According to the above analysis of the three-component parallel reactions, the kinetic
scheme can be written as:

Ammonium polyphosphate → νAPP Residue + (1 − νAPP) Volatiles;
Melamine → νMEL Residue + (1 − νMEL) Volatiles;
Acrylic acid → νAA Residue + (1 − νAA) Volatiles.
The subscripts APP, MEL, and AA represent ammonium polyphosphate, melamine, and

acrylic acid, respectively. As mentioned in the Introduction, the estimation results based on
the reaction kinetic parameters computed by the model-free methods have a large deviation
from the experiment data, as shown in Figure 6. Wherein, the reaction is assumed to follow
an n-order reaction order model, and n is set as 1.00. Considering that the final experiment
residue is 0.4, the residue yield ν for all the three reactions is temporarily set to 0.40.

It is no wonder that the estimated results based on the initial kinetic parameters
fail to accurately reflect the experimental mass loss process (left column) and capture
the peak locations in the mass loss rate (right column), resulting in significant deviation.
Consequently, the SCE algorithm is employed to optimize the initial kinetic parameters
in order to address this deviation. The search range for Ea and lnA is set as 20% to 200%
of the initial values, the reaction order n is set to 0–5.00, and the residual yield ν is set
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to 0–1.00 [36]. Consequently, a total of 14 parameters are required to be simultaneous
optimization, as presented in Table 2.
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Figure 6. Experimental data (symbols) compared to estimated results (lines) based on the initial 
parameters values: (a) mass loss at 10 K/min; (b) mass loss rate at 10 K/min; (c) mass loss at 20 K/min; 
(d) mass loss rate at 20 K/min; (e) mass loss at 30 K/min; (f) mass loss rate at 30 K/min; (g) mass loss 
at 40 K/min; (h) mass loss rate at 40 K/min. 
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Fire 2024, 7, 25 10 of 14

Table 2. Parameters optimized by SCE algorithm at multiple heating rates.

Parameters Initial Values Search Range Optimized Values

YAPP,0 0.30 [0.00, 0.40] 0.19
ln(ZAPP) 12.47 [2.49, 24.94] 14.70
Ea ,APP 108.32 [21.64, 216.64] 113.47
nAPP 1.00 [0.00, 5.00] 1.09
νAPP 0.50 [0.00, 1.00] 0.11

YMEL,0 0.30 [0.00, 0.40] 0.39
ln(ZMEL) 24.35 [4.87, 48.70] 19.52

Ea,MEL 200.46 [40.09, 400.92] 206.35
nMEL 1.00 [0.00, 5.00] 0.62
νMEL 0.50 [0.00, 1.00] 0.23

ln(ZAA) 11.69 [2.34, 23.38] 9.36
Ea,AA 171.54 [34.31, 343.08] 65.68
nAA 1.00 [0.00, 5.00] 1.88
νAA 0.50 [0.00, 1.00] 0.67

Four heating rates (10, 20, 30, and 40 K/min) are chosen for optimization, and the
particularly high heating rate 60 K/min is used for the next validation. The SCE optimiza-
tion results are plotted in Figure 7. The final activation energies for the three reactions are
113.47, 206.35, and 65.68 kJ/mol, the pre-exponential factors are 14.70, 19.52, and 9.36 s−1,
and the reaction orders are 1.09, 0.62, and 1.88, respectively.
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Figure 8. Estimated mass loss and mass loss rate based on the optimized parameters at 60 K/min: 
(a) mass loss; (b) mass loss rate. 

4. Conclusions 
The pyrolysis behavior of the fireproof sealant is investigated through a series of TG 

and TG-FTIRTG–FTIR experiments. A three-component parallel reaction and the corre-
sponding main gas products (ammonia, water vapor, and carbon dioxide) are established. 
There is a slight difference between the pure pyrolysis and the oxidative pyrolysis of fire-
proof sealant. Based on the reaction scheme in the nitrogen atmosphere, three typical 

Figure 7. Estimated mass loss and mass loss rate based on the optimized parameters (lines) compared
with experimental data (symbols): (a) mass loss at 10 K/min; (b) mass loss rate at 10 K/min; (c) mass
loss at 20 K/min; (d) mass loss rate at 20 K/min; (e) mass loss at 30 K/min; (f) mass loss rate at
30 K/min; (g) mass loss at 40 K/min; (h) mass loss rate at 40 K/min.

In comparison to the non-optimized scenario, the results based on the optimized
values exhibit a precise reproduction of the pyrolysis process. Curve fluctuations and peak
locations can be well-targeted and captured clearly. The correlation coefficients R2 between
the estimated results and experimental data of mass loss are 0.9970, 0.9996, 0.9949, and
0.9908, respectively, while the correlation coefficients are still up to 0.8849, 0.9859, 0.8093,
and 0.8559, respectively.

3.4. Estimated Results at Extra Heating Rate

The significance of the optimized pyrolysis kinetic parameter values lies in their ability
to accurately estimate the pyrolysis behavior at multiple heating rates. To further validate
the applicability of these optimized parameters, an extra heating rate of 60 K/min, which
is not used in the optimization process, is chosen to evaluate the current estimation ability.

As depicted in Figure 8, the results based on the optimized kinetic parameters at
60 K/min are compared with experiment data. It can be seen that the results of the
model using the optimized parameter values agree well with the experimental data. The
correlation coefficients between the estimated results and experimental data for the mass
loss and mass loss rate at 60 K/min reach up to 0.9943 and 0.9019, respectively, indicating
the good extension of the optimized kinetic parameters to the estimation of the pyrolysis
behavior of fireproof sealant. Moreover, Figure 8 also provides further insight into the
variation in the three main components we separated out (ammonium polyphosphate,
melamine, and acrylic acid) throughout the entire pyrolysis process.
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4. Conclusions

The pyrolysis behavior of the fireproof sealant is investigated through a series of TG
and TG–FTIR experiments. A three-component parallel reaction and the corresponding
main gas products (ammonia, water vapor, and carbon dioxide) are established. There
is a slight difference between the pure pyrolysis and the oxidative pyrolysis of fireproof
sealant. Based on the reaction scheme in the nitrogen atmosphere, three typical model-free
methods, including the Friedman, KAS, and Starink methods, are used to calculate the
initial pyrolysis kinetic parameters, and then the SCE algorithm is applied to optimize
them. The final activation energies Ea we obtained are 113.47, 206.35, 65.68 kJ/mol, and the
pre-exponential factors lnA are 14.70, 19.52, 9.36 s−1, respectively. The estimated results of
mass loss and mass loss rate agree well with experimental data, and even reproduce the
data at the extra heating rate, indicating that the SCE algorithm can serve as an effective
approach for estimating the pyrolysis behavior of fireproof sealant. In the future, besides
pyrolysis mechanisms based on micro-scale experiments, more bench-scale experiments
should be conducted to study the combustion characteristics of the fireproof sealant.
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