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Abstract: The current work aims to study the thermal degradation of the flame retardant polyurethane
aerogel (FR_PU_aerogel) through multiple milligram-scale experimental methods. A systemic
methodology for measuring the reaction kinetics and thermodynamics of the thermal degrada-
tion of FR_PU_aerogel is detailed. Specifically, the thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) were performed simultaneously in inert atmosphere to measure the mass
loss and heat flow data, and a numerical framework called ThermaKin2Ds was used to inversely
model these experimental data. First, a reaction mechanism with six first-order consecutive reactions
was developed based on the inverse analysis of the TGA data. The corresponding reaction kinetics
were optimized using the hill climbing optimization algorithm. Subsequently, the heat capacities
of each condensed phase component and the heat of the reactions were obtained through inversely
modeling the heat flow data. Furthermore, the heat of the complete combustion of each gaseous
component were derived based on the heat release rates measured in the milligram-scale combustion
calorimeter (MCC) experiments. It is noted that the developed reaction mechanism was further
validated against the mass loss data obtained at different heating rates. The parameters determined
in this work serve as a core subset of inputs for the pyrolysis model development, which is essential
for the quantitative understanding of the ignition and the combustion behavior of solid materials.

Keywords: thermal analysis; inverse modeling; polyurethane-based aerogel; material flammability;
pyrolysis

1. Introduction

The energy crisis is a global issue and carbon neutrality would be the ultimate solution
to this crisis [1,2]. It was reported that the energy consumption of buildings accounts for
38% of the total global energy related CO2 emissions in 2019 [3,4]. The insulation materials
applied in buildings improve the energy efficiency and thus greatly contribute to energy
conservation. Polyurethane and polystyrene foams [5–7] are the typical insulation mate-
rials in buildings due to their excellent thermal performance (low thermal conductivity).
Recently, aerogel, a highly dispersed solid material with a nanoporous network structure,
has gained increasing attention as an effective building insulation material [8] due to its
extremely low thermal conductivity and light weight [9]. Compared to the inorganic
aerogels, the polymer-based organic aerogels have an advantage of a high mechanical
strength [10,11]. However, due to the inherent flammability of polymers, it is critical to
investigate the fire hazard of polymer-based organic aerogels.
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Chang et al. [12] prepared silica aerogel/polyurethane (PU) composites using the
co-precursor method, and characterized its thermal and combustion properties. It found
that the composites demonstrated a higher thermal stability, greater residual yields, lower
total heat, and lower smoke release than the pure flexible PU foam. Nazeran et al. [13]
synthesized silica aerogel/RPU nano insulation materials which had extremely low ther-
mal conductivity and good hydrophobicity. Guo et al. [14] fabricated polyvinyl alcohol
(PVA) composite aerogels with hydroxyapatite (HAP) through the freeze-drying method
based on the organic-inorganic composite technology, and the mechanism property, ther-
mal property, and fire resistance of the composite aerogels were investigated. Nabipour
et al. [15] aimed to improve the flame retardancy of PVA hybrid aerogels by adding ze-
olitic imidazolate framework-8 into the PVA aerogels. The synthesized composite aerogels
had an increased limiting oxygen index (LOI) of 4.5% and achieved a V-0 rating in the
UL-94 vertical burning test. It was found that its limiting oxygen index (LOI) increased to
24% and the self-extinguishing behavior was observed in the UL-94 vertical burning test.
Huang et al. [16] synthesized a cellulose composite aerogel by incorporating a phosphorus-
containing flame retardant modifying additive into the aerogel substrate, and concluded
that the thermal stability and flame retardant performance of the composite aerogels were
enhanced significantly.

As we can see, the various polymer-based aerogels have been developed and their
corresponding thermal performance, mechanical behavior, and flame retardancy have
been investigated experimentally. To the author’s knowledge, very limited work has been
conducted on modeling the thermal decomposition and fire behavior of these materials. It
is known that such models are able to effectively quantify the fire hazard of solids. The
kinetics and thermodynamics of the condensed phase thermal decomposition processes are
the key inputs of these models that enable the quantification of material flammability.

The characterization of material flammability frequently relied on a thermogravimetric
analysis (TGA) experiment [17–19] and these are the most common technique used in such
measurements. A milligram-size sample and relatively slow heating rates were adopted in
these experiments, and thus the heat and mass transport inside the sample was assumed
to be negligible. Our [20–24] group has developed a methodology that added differential
scanning calorimetry (DSC) and a microscale combustion calorimeter (MCC) to better
quantify the thermal decomposition behavior of solids. This approach was able to yield not
only the reaction rates describing the solid gasification, but also the heat capacity of each
condensed phase component, the heat of each reaction, and the heat of combustion of each
gasified product through inverse modeling. These parameters determined from the inverse
modeling of TGA/DSC/MCC provide the foundation for quantifying the flame resistance
of a material.

In this study, this methodology was applied to characterize the thermal decomposition
of the flame retardant polyurethane aerogel (FR_PU_aerogel, SLENTITE®, Osnabrück,
Germany), a newly-developed high-performance insulating material by BASF (Aerogel-
it) [25,26]. To the best of our knowledge, the thermal degradation for the FR_PU_aerogel has
not been studied yet. First, a milligram-scale TGA and DSC experiments were conducted,
and a numerical framework, ThermaKin2Ds [17,21,27], was adopted to inversely analyze
these experimental results to obtain the reaction mechanism along with the reaction kinetics
and thermodynamics (i.e., activation energy, Arrhenius parameter, heat capacity, and heat
of reaction). Second, the HRR and total heat release (THR) of the FR_PU_aerogel in a gas
phase were obtained by the MCC experiments to determine the heat of combustion of the
gaseous decomposition products. The TGA experiments at different heating rates were
also performed to validate the accuracy of the developed reaction mechanism.

2. Materials and Experimental Methods
2.1. Materials and the Sample Preparation

The commercial name of the FR_PU_aerogel is SLENTITE® (a polyurethane aerogel
insulating panel) [25]. It was provided by Aerogel-it, originally developed by the Aerogel-it
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founders at BASF. It was typically produced as 550 mm × 360 mm × 15 mm sized panels.
The thermal conductivity of SLENTITE® is 0.018 W m−1 K−1. Prior to its use, the sample
was cut, the mass of the rectangular sample was weighed by the SARTORIUS analytical
balance six times, and the density of the FR_PU_aerogel was calculated as 109.2 kg m−3.
Subsequently, the FR_PU_aerogel was scraped into thin pieces with a pen knife to ensure no
significant temperature gradient within the sample during the milligram-scale experiments.
The processed samples are dried under drierite in an airtight chamber for at least 48 h.

2.2. Simultaneous Thermal Analysis Experiments (STA)

We used a Netzsch 449 F5 Jupiter STA for the thermal analysis in this study. A
platinum rhodium crucible was selected to ensure a high sensitivity of the heat flow data.
The crucible close to the operator is the sample crucible, and the one far away is the
reference crucible (always empty). The temperature and sensitivity calibrations of the STA
instrument were carried out every six months. The melting temperature of the standard
samples were tested and compared with known values provided by Netzsch to complete
the temperature calibration of the STA instrument. Similarly, the melting enthalpy of the
standard samples were tested and compared with known values provided by Netzsch to
complete the sensitivity calibration.

Purging nitrogen at a rate of 70 mL min−1 ensures an anaerobic environment of
the thermal degradation for the FR_PU_aerogel. The TGA and DSC experiments were
conducted simultaneously using the following heat program. The sample was heated from
323 K to 1073 K at a prescribed heating rate. The mass and heat flow data were collected
during the line heating phase of the test. The 5–10 mg samples were initially weighed
and placed into the crucible, which was then placed into the sample holder to obtain more
accurate mass values by the balance of the STA instrument. A micro-size sample was
taken to keep the overall temperature of the sample as consistent as possible during the
experiment, and to follow the prescribed heating program instantaneously. It is worth
mentioning that the sample crucible and the reference crucible on the sample holder should
be placed in the same place as possible.

The STA tests of the FR_PU_aerogel were performed at 10 K min−1 in nitrogen and
were repeated five times to ensure reproducibility [28]. Additional TGA experiments were
carried out and repeated three times at a heating rate of 5 K min−1 and 20 K min−1 in
nitrogen were used to verify that the developed ThermaKin2Ds model correctly predicts the
behavior of the FR_PU_aerogel at different thermal conditions. Each material experiment
was preceded by a baseline test. The baseline mass (in the case of the TGA) or heat flow
history (in the case of DSC) was subtracted from the corresponding data obtained from
the sample test, so as to minimize the surroundings disturbance. All of the TGA and DSC
data presented in this work have been baseline corrected. The FR_PU_aerogel has a very
low density. To ensure that the sample stayed inside the crucible, a platinum-rhodium lid
was used in the TGA and DSC tests. The lid had a small orifice (0.25 mm in diameter) for
ventilation. The DSC data with a lid were found to be more reproducible than using an
open crucible.

Taking a data point every 1 K to obtain the data of each of the TGA and DSC tests.
The final experimental data represent the average experimental data of the repeated ex-
periments, and the average of every five adjacent data is taken to reduce the volatility of
the overall data. The normalized mass and mass loss rate (MLR) curves as a function of
the sample temperature were obtained from the TGA tests. The normalized heat flow and
integral heat flow curves as a function of the sample temperature were obtained from the
DSC tests.

2.3. Microscale Combustion Calorimeter Experiments (MCC)

The MCC that measures the heat release rates (HRR) from the complete combustion of
the gasified products is shown in Figure 1. The MCC mainly consisted of a pyrolyzer and a
gas phase combustor. Eighty mL min−1 nitrogen was purged to create an inert atmosphere
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in the pyrolysis chamber. Twenty mL min−1 oxygen was purged into the high temperature
combustor. Approximately 5 mg of the FR_PU_aerogel was taken for all of the MCC tests
at the set heating rate of 1 K s−1.

With the rise of temperature, the FR_PU_aerogel was gradually pyrolyzed in the
pyrolysis chamber to produce combustible gases. The gases were passed into the combustor
to react with the excess oxygen to ensure a complete combustion. The combustor was
heated to a constant temperature of 1173 K, which ensured the complete oxidation of the
pyrolyzates. Finally, the HRR data of the FR_PU_aerogel could be calculated based on
the oxgen consumption theory. The HRR was reported as a function of the solid sample
temperature and time. In this study, the MCC experiments were repeated twice. Additional
details of this instrument can be found in earlier pubilications [29].
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3. Modeling
3.1. Numerical Framework

A comprehensive pyrolysis solver, ThermaKin2Ds [23,31], was employed to inversely
analyze the TGA and DSC experiments and make predictions to obtain a parametric
description of the kinetics and the thermodynamics of the polymer degradation. The Ther-
maKin2Ds solves mass and energy conservation equations describing a one-dimensional
object subjected to external (convective and radiative) heat. The material of the object is rep-
resented by a mixture of components, which may interact chemically and physically. The
components are assigned individual temperature-dependent properties and categorized as
solids or gases. The key governing equations are given as Equations (1)–(7).
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Equation (1) denotes the mass conservation for the j-th component in terms of the mass
concentration of the component, ξi (kg m−3). Equation (3) is the mass conservation account
for the consumption or production of the j-th component due to the reactions occurring at a
rate (in the absence of the second reactant, ξCOMP2 is set to 1), mass transport of the gaseous
components (labeled with subscript g) defined by Equation (4) and the mass transport
associated with the expansion and contraction of the material. The energy conservation
in terms of temperature, T (K), defined by Equation (2). The conservation of the energy
accounts for the heat flow due to the chemical reactions and the phase transitions (the
rate given by Equation (3)) and the heat conduction within the condensed phase given by
Equation (5). Equation (6) denotes that the conservation of energy also accounts for the
absorption of the radiant energy from the external sources, and Equation (7) represents
radiant heat losses from the sample to the environment. The convective heat transfer due
to the gas transport and energy flow associated with the expansion and contraction of the
decomposing sample. The sample expansion and contraction is only permitted in the x
(axial) direction.

The symbols in Equations (1)–(7) are defined as follows: t(s) represents time,
ρ (kg m−3) is density, c (J kg−1 K−1) denotes the heat capacity, k (W m−1 K−1) denotes
the thermal conductivity, κ (m2 kg−1) represents the absorption coefficient, ε represents
the emissivity and λ (m2 s−1) is the gas transfer coefficient. Those thermo-physical prop-
erties without subscripts correspond to the property of a mixture and are calculated by
taking into account either mass or volume fraction, νi of the individual components. θ

j
i

denotes a stoichiometric coefficient, which is negative when component j represents i-th
reaction reactant and positive when it denotes this reaction’s product. hi (J kg−1) de-
notes the heat released or absorbed in each chemical reaction or phase transition. Ai (s−1

for first order and m3 kg−1 s−1 for second order reactions) represents the Arrhenius pre-
exponential factor for reaction i, Ei (J mol−1) denotes the activation energy for reaction i and
Ru (J mol−1 K−1) represents the universal gas constant. Jx

g (Kg m−2 s−1) and Jz
g (Kg m−2 s−1)

is the rate of mass transport of the gaseous products in the x and z directions, respectively.
qx (W m−2) and qz (W m−2) is the heat conduction in the x and z directions, respectively.
Iex (W m−2) denotes the radiation flux from the external sources being absorbed by the sam-
ple and Irr (W m−2) represents the radiant heat loss from the material to the environment.
The superscript 0 in Equation (7) is the net external radiation flux through the material
boundary; σ (W m−2 K−4) denotes the Stefan–Boltzmann constant. A more detailed expla-
nation of the governing equations, as well as the methodology of numerical calculations,
can be found in earlier publications [32,33].

3.2. Modeling Setup

The ThermaKin2Ds [32,33] is a numerical framework that was developed to compute
the transient rate of the gaseous fuel production by a pyrolyzing solid. In the Ther-
maKin2Ds, each component used in this pyrolysis model is characterized by the density
(ρ), heat capacity (c), gas transfer coefficient (λ), thermal conductivity (k), emissivity (ε) and
absorption coefficient (κ). The properties of ρ, c, λ, and k are defined by a polynomial of
the temperature shown in Equation (8).

P(T) = p0 + p1T + pnTn (8)
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where p0, p1, pn, and n are constant, and P(T) is a generic temperature-dependent property.
The emissivity and absorption coefficients are defined by constants. The models were
constructed assuming that the sample was thermally thin, because the TGA and DSC are
milligram-scale tests. Under this assumption, the model does not need to take into account
the thermal transport inside the sample. All of the components assumed in the model may
react to produce some products. Generally, each reaction may have one or two reactants
and 0–2 products, such as Equation (9).

θ1COMP1 + θ2COMP2→ θ3COMP3 + θ4COMP4 + h (9)

where, θ is the stoichiometric number of the reaction and h is the heat of reaction. The rate
of reaction (r) taking place in a unit volume of material is defined by Equation (3). The
Arrhenius pre-exponential factor and activation energy of each reaction are defined by
Equations (10) and (11) [34,35].

A =
eMLRpeak

m0(1− θ)
exp

(
E

RTpeak

)
(10)

E =
eRT2

peak MLRpeak

m0(1− θ) dT
dt

(11)

where, MLRpeak is the peak value of mass loss rate, Tpeak is the temperature at which the
maximum of MLR, m0 is the initial mass of the FR_PU_aerogel, R is the gas constant, dT

dt is
the instantaneous heating rate. The ThermaKin2Ds was employed in this study to inversely
analyze the milligram-scale experimental data (TGA, DSC, and MCC). The reaction kinetics
and the thermodynamics of the thermal degradation were determined through this inverse
analysis, as well as the heat of combustion of each gaseous decomposition product [28].

The object structure settings during the running of the ThermaKin2Ds simulation
are as follows. The initial temperature of the ThermaKin2Ds model is the same as the
initial temperature of the experiments, set as 323 K. The heating rate in the model is fitted
by an exponentially decaying trigonometric function, as described in Section 4.2. The
convective heat transfer coefficients at the element boundary was defined as sufficiently
high (1 × 105 W m−2 K−1) in the ThermaKin2Ds model to ensure that the temperature
of the element follows the corresponding mean experimental temperature profile. The
mass flow boundary condition was defined such that all gaseous decomposition products
escaped the element instantaneously. The flame and external radiation in the model are set
to zero.

4. Results and Discussion
4.1. Inverse Modeling of the TGA Data for the FR_PU_aerogel

Figure 2 presents the mean mass data and the MLR data collected in the TGA tests
conducted at a heating rate of 10 K min−1. These data were normalized by the initial mass
of the sample. The error bars were calculated as two standard deviations of the mean, were
also shown in the figure to demonstrate the uncertainties of the experimental data. The
error bars in the mass loss data are difficult to discern because they are comparable in size
to the data symbols.

The TGA normalized mass data profile shows two main degradation stages. The first
is from 533 K to 829 K, and the other is from 829 K to 924 K. The decomposition onset,
defined as the temperature when 5 wt.% mass loss was consumed, was determined to be
533 K. Following 829 K, the MLR gradually decreased to 0. At the end of experiment, the
residual yield was measured to be 29.8%.
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Figure 2. Experimental (a) normalized total mass and (b) normalized mass loss rate as a function of
the temperature, obtained at a heating rate of 10 K min−1 in nitrogen.

Six consecutive first-order reactions (reaction 1: 460–511 K; reaction 2: 511–553 K;
reaction 3: 553–605 K; reaction 4: 605–657 K, reaction 5: 657–701 K, reaction 6: 701–924 K)
were required to fully capture the MLR curve. They are also shown as Equations (12)–(17).
It is noted that reaction 1 was also included to allow the sufficient flexibility when modeling
the DSC data. The additional details on this can be found in Section 4.2. The normalized
mass loss curve was used to calculate the roughly stoichiometric coefficients (the yield
of the condensed-phase intermediate, θ) for the input parameters of the six consecutive
first-order reactions in the ThermaKin2Ds model.

FR_PU_aerogel → 0.972PU_aerogel_int1 + 0.028PU_aerogel_gas1 (12)

FR_PU_aerogel_int1→ 0.962FR_PU_aerogel_int2 + 0.038FR_PU_aerogel_gas2 (13)

FR_PU_aerogel_int2→ 0.856FR_PU_aerogel_int3 + 0.144FR_PU_aerogel_gas3 (14)

FR_PU_aerogel_int3→ 0.841FR_PU_aerogel_int4 + 0.159FR_PU_aerogel_gas4 (15)

FR_PU_aerogel_int4→ 0.898FR_PU_aerogel_int5 + 0.102FR_PU_aerogel_gas5 (16)

FR_PU_aerogel_int5→ 0.519FR_PU_aerogel_res + 0.481FR_PU_aerogel_gas6 (17)

FR_PU_aerogel_int1 to int5 represented five intermediates in the composition process. The
FR_PU_aerogel gas1 to the FR_PU_aerogel gas6 represented six gaseous products. The
FR_PU_aerogel res represented the residual char produced. It is noted that the mass data
shown in Figure 2a was used to provide the initial values of the stochiometric coefficients
of each reaction. The Arrhenius pre-exponential factor and the activation energy for each
reaction was calculated approximately, as shown in the Equations (10) and (11). The
determined reaction kinetics were added as the input parameters of the model, and were
continuously changed in small increments to achieve a better agreement between the
experimental and modeling results. Here, the hill climbing optimization algorithm [36] was
used for this optimization process. Equations (12)–(17) and Table 1 display the resulting
reaction mechanism and the reaction kinetics. Note that the heat of the reactions are
also shown in Table 1, which will be detailed in Section 4.2. The reaction mechanism
was developed to mathematically capture the mass loss information using the minimum
number of reactions. The key purpose was not to determine the actual chemical species
generated during the FR_PU_aerogel degradation.
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Table 1. Reaction kinetic parameters of the FR_PU_aerogel thermal degradation. Here, a negative
value in the heat of reaction (h) represents an endothermic process.

Reaction A (s−1) E (J mol−1) h (J kg−1)

1 7.58 × 108 1.06 × 105 −6.57 × 104

2 1.54 × 1013 1.54 × 105 −6.79 × 103

3 1.52 × 107 1.04 × 105 −1.50 × 105

4 3.58 × 109 1.40 × 105 −1.21 × 105

5 7.98 × 109 1.55 × 105 3.70 × 104

6 5.74 × 101 6.22 × 104 −2.29 × 105

Figure 3 shows the comparison between the experimental and predicted TGA curves. It
also includes the contributions of the individual reactions to the total MLR. As we can see, the
overall mass loss profile was well captured. Additionally, the temperature and magnitudes of
the MLR peaks were predicted reasonably well, within the experimental uncertainties.
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Figure 3. Experimental and simulated (a) normalized total mass and (b) normalized mass loss rate as
a function of temperature, obtained at a heating rate of 10 K min−1 in nitrogen.

4.2. Inverse Modeling of the DSC Data for the FR_PU_aerogel

Figure 4 shows the mean normalized heat flow and the integral heat flow data of
five DSC experiments for the FR_PU_aerogel at a heating rate of 10 K min−1. The error
bar calculation method is the same with the experiment. In this study, the positive values
of the heat flow data represent the endothermic process. Within 373–481 K, the initial
rise of the heat flow was caused by the heating rate not reaching the set value of the STA
instantaneously, as discussed in this section. There are four distinct heat flow peaks in this
curve (first: 481–553 K; second: 553–608 K; third: 608–664 K; fourth: 664–873 K). The two
MLR peaks are included in the first and last heat flow peaks, respectively. The other two
heat flow peaks correspond to one mass loss rate peak, respectively. All of the heat flow
peaks are related to the thermal decomposition of the FR_PU_aerogel and its intermediate
condensed-phase products.
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Figure 4. Experimental DSC data collected in nitrogen at a heating rate of 10 K min−1 presented as
(a) normalized heat flow and (b) integral heat flow.

The average normalized heat flow shown in Figure 4a can be represented using
Equation (18). It consisted of two parts, the sensible heat of the component and the heat of
the reaction. ∂T

∂t in the equation represents the instantaneous heating rate of the sample.
Therefore, in order to reasonably reproduce the heat flow, itis important to fit the heating
rate of the actual heating rate of the DSC tests [28,37,38].

.
q

m0
=

Nc

∑
j=1

V
m0

ξ jcp,j
∂T
∂t

+
Nr

∑
i=1

V
m0

rihr,i (18)

The actual heating program in the test cannot reach the set heating rate immediately [37].
The heating rate increases to a higher rate and then gradually decreases to the set heating rate,
so an exponential decaying trigonometric function (shown in Equation (19)) was used to fit
the experimental heating program. First, the actual heating rate curve at 10 K min−1 was
fitted using Equation (19). The same fitting exercise was performed for the data obtained at
heating rates of 5 K min−1 and 20 K min−1. The fitting curves for each heating rate case
(5 K min−1, 10 K min−1, and 20 K min−1) are shown in Figure 5. As we can see, the R-
squared values of all three cases are above 0.97, which indicates a good agreement between
the experimental and fitted curves. Parameters u1 to u4 are shown in Table 2. Note that the
data at 60 K min−1 in Table 2 represent the fitting results for the actual MCC tests.

dT
dt

(t) = u1{1− [exp(−u2t)][cos(u3t) + u4 sin(u3t)]} (19)
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Figure 5. Heating rate curve and fitting curve (a) (R2 = 0.98, 20 K min−1), (b) (R2 = 0.97, 10 K min−1)
and (c) (R2 = 0.97, 5 K min−1).



Energies 2022, 15, 6982 10 of 16

Table 2. Parameters of the exponentially decaying trig function.

Heating Rate (K min−1) u1 u2 u3 u4

5 0.08347 0.002248 0.003352 −0.5804
10 0.16680 0.002443 0.003720 −0.5891
20 0.33350 0.002763 0.004508 −0.5933
60 0.99330 0.019260 −0.01770 −1.1890

The heat capacity of each condensed phase component in the model was obtained
through the inverse modeling the DSC data. In detail, the DSC curve was normalized by
the instantaneous heating rate in order to obtain the capacity of the FR_PU_aerogel as
a function of sample temperature in the decomposition process. A linear fit is used for
processes (325–440 K) without the thermal decomposition to obtain the capacity of the
FR_PU_aerogel (cp = −529 + 4.6 T). The heat capacity of the final residue was assumed
to be the same as the average heat capacity of the residues produced by the thermal
decomposition of the multiple common polymers, 1700 J kg−1 K−1 [17]. The heat capacities
of the intermediate condensed phase components (FR_PU_aerogel int3 to FR_PU_aerogel
int5) were assumed to be equal to the averaged heat capacity of the molten FR_PU_aerogel
and the final residue. The heat capacities of the first two intermediates (FR_PU_aerogel int1
and FR_PU_aerogel int2) were assumed to be equal to those fitted by the FR_PU_aerogel.
All of the heat capacities of the condensed phase components are listed in Table 3.

Table 3. Heat capacities of the condensed phase components.

Component cp (J g−1 K−1)

FR_PU_aerogel −529 + 4.6T
FR_PU_aerogel_int1 −529 + 4.6T
FR_PU_aerogel_int2 −529 + 4.6T
FR_PU_aerogel_int3 555 + 2.35T
FR_PU_aerogel_int4 555 + 2.35T
FR_PU_aerogel_int5 555 + 2.35T
FR_PU_aerogel_res 1700

These capacities are used to compute a sensible heat flow baseline, HFbase. In the calcula-
tion process, the h (heat of the reactions) of six reactions of the ThermaKin2Ds are set to zero
to ensure that the baseline results from the heat capacity of the material itself. This baseline is
calculated as a function of the sample temperature, as shown in Equation (20).

HFbase(T) = ΣNc
j=1

mj(T)
m0

cp,j(T)
dT
dt

(20)

m0 is the initial mass of the sample, and mj(T) is the mass of j-th component as a
function of the sample temperature. cp,j(T) represents the heat capacity of j-th component
as a function of the solid sample temperature. This baseline is plotted together with the
experimental normalized heat flow of the DSC tests in Figure 6.

Subsequently, the heat of the reaction of each first-order reaction in the model was
initially set to zero, and the heat flow baseline was obtained in the ThermaKin2Ds model.
The heat of the reaction of each first-order reaction in the model was obtained by integrating
the difference between the normalized heat flow curve of the DSC tests and the baseline
curve. The total heat flow is subtracted from the heat flow baseline, and the subsequent
integration of the difference in the thermal decomposition region to obtain the heat of
the reaction for the six reactions in the ThermaKin2Ds model, respectively. Note that, the
heat of the reaction was manually and repeatedly estimated due to the overlapping heat
flow peaks.
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Figure 6. Heat flow baseline calculated for the FR_PU_aerogel using Equation (20).

Using all of the reaction mechanisms, kinetics, heat capacities of the condensed phase
components, and the heat of the reactions, the experimental DSC data can be reproduced.
A comparison of the experimental normalized heat flow history and modeling results
obtained from the ThermaKin2Ds simulations is shown in Figure 7a. Overall, a good
agreement was achieved except for the underestimation of the final part (larger than
790 K). It is noted that at a high temperature, the heat flow sensitivity of the instrument
is not very high, which can be seen from the large fluctuations of the experimental data
in Figure 7. The parameterized reaction mechanism was further verified by comparing
the ThermaKin2Ds calculated heat flow with the heat flow data of the DSC experiments.
The experimental DSC data and the simulated data are integrated by time, and plotted as
a function of the sample temperature in Figure 7b. The experimental and simulated heat
flow integrals match very well.
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Figure 7. Experimental and simulated (a) normalized heat flows and (b) integral heat flow as a
function of the temperature, obtained at a heating rate of 10 K min−1 in nitrogen.

4.3. Inverse Modeling of the MCC Data for the FR_PU_aerogel

The mean experimental normalized heat release rate (HRR) and the total heat release
(THR) data obtained for the FR_PU_aerogel are presented as a function of the sample tem-
perature in Figure 8. The heat of the complete combustion, hc, of the gaseous components
defined in the reaction mechanism (summarized in Table 4) were determined through the
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inverse analysis of the HRR and THR data. Specifically, the MLR data can be obtained by
the TGA tests, so the heat of the combustion of the FR_PU_aerogel was calculated by the
relationship between the MLR and HRR by Equation (21).

HOC =
heat release rate (HRR)
mass loss rate (MLR)

(21)

Energies 2022, 15, x FOR PEER REVIEW 12 of 16 
 

 

4.3. Inverse Modeling of the MCC Data for the FR_PU_aerogel 
The mean experimental normalized heat release rate (HRR) and the total heat release 

(THR) data obtained for the FR_PU_aerogel are presented as a function of the sample 
temperature in Figure 8. The heat of the complete combustion, ℎ, of the gaseous compo-
nents defined in the reaction mechanism (summarized in Table 4) were determined 
through the inverse analysis of the HRR and THR data. Specifically, the MLR data can be 
obtained by the TGA tests, so the heat of the combustion of the FR_PU_aerogel was 
calculated by the relationship between the MLR and HRR by Equation (21). 𝐻𝑂𝐶 = ℎ𝑒𝑎𝑡 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 𝑟𝑎𝑡𝑒 (𝐻𝑅𝑅)𝑚𝑎𝑠𝑠 𝑙𝑜𝑠𝑠 𝑟𝑎𝑡𝑒 (𝑀𝐿𝑅)  (21)

Note that due to the sample temperature deviations from that measured by the MCC 
sensor, the MCC experimental curves were corrected and shifted to a higher temperature 
region (completely moved 100 K, to the right) to match the simulation results using the 
developed reaction mechanism in Section 4.1, as shown in Figure 8. Initially, the same ℎ 
was applied to each gaseous product to generate the HRR curve. Subsequently, ℎ of each 
gaseous product was adjusted to better capture the experimental HRR profile. This itera-
tive process continued until the differences between the modeled and experimental data 
satisfied the specific criteria. The criteria [38] was defined as the HRR maxima were pre-
dicted within 10% accuracy, the temperatures of the HRR maxima were predicted within 
10 K, and the final integral HRR values were predicted within 10%. The modeling results 
captured the initial rise and peaks of the HRR profile. The experimental final THR was 
also well reproduced by the simulation. Note that there was a discrepancy of the HRR 
profile at a temperature range of 726 K to 813 K. Considering the relatively complex reac-
tion mechanism and the relatively high heating rates used in the MCC tests, the simulated 
results agreed with the experimental data, reasonably. The result of the heat of the com-
bustion that satisfy these criteria are given in Table 4. The final simulated MCC results are 
shown in Figure 8. 

  
Figure 8. Experimental and simulated (a) heat release rate and (b) total heat release as a function of 
the temperature, obtained at a heating rate of 60 K min−1. 

Table 4. Heat of the combustion of the gaseous decomposition products. 

Component 𝒉𝑪 (J kg−1) Component 𝒉𝑪 (J kg−1) 
FR_PU_aerogel gas1 1.0 × 107 FR_PU_aerogel gas4 3.2 × 107 
FR_PU_aerogel gas2 0.1 × 107 FR_PU_aerogel gas5 5.0 × 107 
FR_PU_aerogel gas3 1.0 × 107 FR_PU_aerogel gas6 5.2 × 107 

4.4. Model Performance at the Different Heating Rates 
The reaction mechanism shown in Equations (12)–(17) and the corresponding param-

eters reported in Table 3 was developed using the TGA data collected at the nominal 

400 600 800 1000 1200

0

20

40

60

80

100

H
ea

t R
el

ea
se

 R
at

e[
W

 g
−1

]

T[K]

 Exp_HRR
 Model

→ Exp_shift 100K

(a)

400 600 800 1000 1200

0.0

5.0×103

1.0×104

1.5×104

2.0×104

2.5×104

To
ta

l H
ea

t R
el

ea
se

[J
 g

−1
]

T[K]

 Exp_Integral HRR
 Model

→ Exp_shift 100K

(b)

Figure 8. Experimental and simulated (a) heat release rate and (b) total heat release as a function of
the temperature, obtained at a heating rate of 60 K min−1.

Table 4. Heat of the combustion of the gaseous decomposition products.

Component hC (J kg−1) Component hC (J kg−1)

FR_PU_aerogel gas1 1.0 × 107 FR_PU_aerogel gas4 3.2 × 107

FR_PU_aerogel gas2 0.1 × 107 FR_PU_aerogel gas5 5.0 × 107

FR_PU_aerogel gas3 1.0 × 107 FR_PU_aerogel gas6 5.2 × 107

Note that due to the sample temperature deviations from that measured by the MCC
sensor, the MCC experimental curves were corrected and shifted to a higher temperature
region (completely moved 100 K, to the right) to match the simulation results using the
developed reaction mechanism in Section 4.1, as shown in Figure 8. Initially, the same
hc was applied to each gaseous product to generate the HRR curve. Subsequently, hc of
each gaseous product was adjusted to better capture the experimental HRR profile. This
iterative process continued until the differences between the modeled and experimental
data satisfied the specific criteria. The criteria [38] was defined as the HRR maxima were
predicted within 10% accuracy, the temperatures of the HRR maxima were predicted within
10 K, and the final integral HRR values were predicted within 10%. The modeling results
captured the initial rise and peaks of the HRR profile. The experimental final THR was
also well reproduced by the simulation. Note that there was a discrepancy of the HRR
profile at a temperature range of 726 K to 813 K. Considering the relatively complex reaction
mechanism and the relatively high heating rates used in the MCC tests, the simulated results
agreed with the experimental data, reasonably. The result of the heat of the combustion
that satisfy these criteria are given in Table 4. The final simulated MCC results are shown
in Figure 8.

4.4. Model Performance at the Different Heating Rates

The reaction mechanism shown in Equations (12)–(17) and the corresponding parame-
ters reported in Table 3 was developed using the TGA data collected at the nominal heating
rate of 10 K min−1. To further quantify the generality of the developed reaction model
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and the reaction kinetic parameters, they were used to simulate the TGA experiments
conducted at a lower heating rate of 5 K min−1 and at a higher heating rate of 20 K min−1.

Figure 9a shows the mean mass loss data of the FR_PU_aerogel obtained at a heating
rate of 5 K min−1. The residue yield of the TGA test at 5 K min−1 was 30.6%. The highest
MLR normalized by the initial mass reached at 612 K with a value of 0.000286 s−1. The
comparison of the modeling and experimental results found that the thermal decomposition
onset and the residue yield were predicted as well. It is noted that the simulated results
between 750–850 K were slightly shifted to the lower temperature region, compared to
the experimental data. This may be explained by the fact that the reaction mechanism is
relatively complex and there is some overlap between these six reactions.
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Figure 9. Experimental and simulated TGA data collected in nitrogen at a heating rate of
(a) 5 K min−1 and (b) 20 K min−1 presented as normalized total mass.

Figure 9b shows the mean mass loss data of the FR_PU_aerogel obtained at a heating
rate of 20 K min−1. The yield of the residual char is stable at 30.2%. The TGA test was
simulated by changing the heating rate in the ThermaKin2Ds model, and the resulting
normalized mass curve is shown in Figure 9b. The comparison of the modeling and
experimental results found that the thermal decomposition onset and the residue yield
are in good agreement with the experimental data. It is noted that the simulated results
between 750–850 K were slightly shifted to the higher temperature region compared to
the experimental data. This may be explained by the fact that the reaction mechanism is
relatively complex and there is some overlap between these six reactions.

5. Conclusions

A methodology for the measurement of the reaction kinetics and thermodynamics
of thermal decomposition was applied to the FR_PU_aerogel. This methodology utilizes
the TGA, DSC, and MCC, and inversely analyzes the corresponding results. The reaction
kinetics and thermodynamics were determined and a six consecutive first-order reaction
mechanism was developed to capture the TGA and DSC data of the FR_PU_aerogel. It
is noted that the actual experimental heating rates were adopted in the model to better
resolve the heat capacities of the condensed-phase components. The developed model
was able to reproduce the mass loss data at different heating rates with a high degree of
accuracy. It is noted that while the individual chemical species were not explicitly resolved
in the model, this model did quantify the key aspects of the thermal degradation process
that was related to the combustion behavior of the studied materials.

Additionally, based on the established reaction mechanism, the heat of the complete
combustion of each gaseous product was determined by the inverse modeling of the HRR
and THR results. The overall HRR and THR profiles were well captured except for a
discrepancy in the HRR data at 726 K to 813 K. This work provides a core sub-set of
parameters that are essential for the pyrolysis model development. Future work will fucus
on gram-scale experiments, such as the experimental platform building of CAPA-II [39–42],
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to further calculate the thermal transport properties, and to develop the condensed phase
pyrolysis model.
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Nomenclature

Symbols
t Time [s]
c Heat capacity [J kg−1 K−1]

h Heat evolved in reaction
[
J kg−1

]
, hc heat of combustion

k Thermal conductivity [W m−1 K−1]
m Mass [kg] (m0 is the initial sample mass)
p Arbitrary property (see Equation (8))
q Heat flux due to radiation, thermal conduction or convection [W m−2]
r Reaction rate [kg m−3 s−1]
x Axial direction [m]
z Radial direction [m]
A Arrhenius pre-exponential factor [s−1]
E Activation energy [J mol−1]
I Radiant flux [W m−2]
J Mass flux [kg m−2 s−1]
N Number of components
Nr Number of reactions
Ru Universal gas constant [J mol−1 K−1]
T Temperature [K]
θ Stoichiometric mass coefficient
ξ Mass concentration [kg m−3]
λ Mass transport coefficient [m2 s−1]
κ Absorption coefficient [m2 kg−1]
ε Emissivity
ρ Density [kg m−3]
σ Stefan-Boltzmann constant [W m−2 K−4]
Subscripts
ex Radiation from external sources
g Gas g
i Reaction i
j Component j
peak Maximum mass loss rate or temperature at which the maximum occurs
rr Re-radiation from sample material
z Radial direction
Superscripts
0 Net radiation
n Exponent for last term in Equation (8)
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