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Abstract: Many factors and their mutual interaction between catalysts and AP/HTPB
composite solid propellant induce the complexity in the combustion. Among them, we
prepared two Fe-based MOFs as catalysts and investigated their catalytic effects and
mechanism on the decomposition AP, HTPB and AP/HTPB complex by TG-DSC and TG-
IR. The results show that both Fe-based MOFs exhibit catalytic effects on the decomposition
of all samples. Specifically, in the AP/HTPB/MOFs composite system, a synergistic effect
between MOFs and HTPB is observed, substantially accelerating the decomposition of both
AP and HTPB, which makes the HTD temperature of AP advance approximately 100 ◦C,
beyond what would be expected from each component acting independently. Mechanistic
studies demonstrate that Fe2O3@C produced by the decomposition of Fe-based MOF uses
the decomposition products of HTPB as a bridge to accelerate the overflow of NH3 on
the surface of AP, thereby allowing AP to decompose rapidly at a lower temperature and
also accelerating the decomposition of HTPB. Moreover, its influence on the combustion
performance of AP-based composite propellants was studied and the combustion rate
increased by 20%. This research provides the new directions for designing and applying of
Fe-based MOFs materials in HTPB-based solid propellent.

Keywords: Fe-based MOF; AP/HTPB; catalyst; propellants

1. Introduction
In the field of solid propellant technology, the pursuit of high-performance composite

propellants has emerged as a cornerstone of research endeavors, driven by their indis-
pensable role across a spectrum of applications, including aerospace, missiles, and rocket
systems [1,2]. The quest for these advanced propellants is fueled by the need for enhanced
energy density, improved combustion efficiency, and reliable performance under diverse
operational conditions. Among the various components of solid propellants, ammonium
perchlorate (AP) and hydroxyl-terminated polybutadiene (HTPB) are widely utilized as ox-
idizers and binders, respectively. AP undergoes thermal decomposition to liberate oxygen,
which is crucial for sustaining the combustion reaction [3,4]. The fuel binder is responsible
for providing structural integrity to the propellant grain by encapsulating and immobi-
lizing the particulate oxidizers or metals within a cohesive matrix [5,6]. Furthermore, the
interaction between AP and HTPB, facilitated by appropriate additives and processing
techniques, determines the overall characteristics of the propellant, such as burning rate,
heat release, and pressure generation [7,8]. The thermal decomposition characteristics of
these components directly influence the combustion performance and energy release of the
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propellant. Consequently, enhancing the decomposition efficiency of both AP and HTPB
through innovative catalytic strategies is a crucial research direction aimed at optimizing
propellant performance [9,10].

However, although substantial research efforts have been dedicated to the decom-
position behavior of ammonium perchlorate and its burning rate, the decomposition of
fuel binder has unfortunately received relatively scant attention [11,12]. Any suitable
additives that can enhance the heat of combustion or the pyrolysis rate of fuel binders
could potentially elevate the overall burning rate of the propellant [13,14]. Hence, it is
imperative to investigate comprehensively the decomposition of AP/HTPB in the presence
of combustion catalysts, which involves dissecting the effects of catalysts on the thermal
decomposition behaviors of AP, HTPB, and their blends. This approach enables a nuanced
understanding of how catalysts interact with individual components, facilitating the design
of tailored catalytic strategies that optimize the overall propellant performance.

In recent years, with the continuous drive to enhance the combustion performance
of AP/HTPB solid propellants, iron compounds including iron nanoparticles [15], iron
oxide [16–18], Fe2O3-based composite materials [19,20], ferrocene-based compounds [21–23],
etc. have been used as propellant combustion catalysts and demonstrated promising catalytic
activities. In particular, Fe-based nanocatalysts show catalytic activity superior to their bulk
catalysts due to their high surface-to-volume ratios and enhanced reactivity [24]. Among the
emerging nanomaterial, metal organic frameworks (MOFs) materials have garnered consider-
able interest as combustion catalysts for solid propellants and energetic materials, due to their
excellent catalytic performance and complex and diverse structural characteristics [25–28].
The utilization of MOFs as catalysts offers the potential to finely tune the decomposition pro-
files of AP and HTPB, thereby optimizing the overall combustion performance of composite
solid propellants. Moreover, by focusing on understanding the intricate interactions between
these catalysts and propellant components, it becomes possible to gain deeper insights into
the underlying mechanisms governing propellant combustion [29,30]. This in turn enables
the unlocking of greater potential for enhancing the overall efficiency and performance of
solid propellants, ultimately paving the way for the development of next-generation solid
propellants with superior performance characteristics.

In this study, two Fe-based MOFs were synthesized as the AP, HTPB and AP/HTPB
thermal decomposition catalysts, and the structure characteristics of the materials were
determined by scanning electron microscope (SEM), transmission electron microscope
(TEM), X-ray photoelectron spectroscopy (XPS), X-ray Diffraction (XRD), and Brunauer-
Emmett-Teller (BET) analysis. Additionally, the catalytic performance of these materials
was systematically investigated via thermogravimetric-differential scanning calorimetry
(TG-DSC). Meanwhile, the gas products generated during the reaction process were exam-
ined through thermogravimetric-Infrared spectroscopy (TG-IR), which furnished valuable
information regarding the decomposition mechanisms and intermediate species formed.
On this basis, the decomposition mechanism of AP/HTPB in the presence of MOFs was
studied, which will help us understand the catalytic mode of action of Fe-based cata-
lysts and provide a new direction for the design and application of new Fe-based MOFs
in propellants.

2. Experimental
2.1. Materials

All the reagents and solvents used in the experiment were of analytical grade and
were not further purified. Ammonium perchlorate (NH4ClO4, AP, 250~420 µm) powder
was obtained from Dalian Gaojia Chemical Industry Co., Ltd., (Dalian, Liaoning, China).
Hydroxy-terminated polybutadiene (HTPB) was obtained from Zibo OILONG Chemical
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Industry Co., Ltd., (Zibo, Shandong, China). (HTPB, (Mn): 3800–4600, hydroxyl group con-
tent: 0.47–0.53 mmol/g). 1,4-benzene dicarboxylic acid (1,4-BDC) was from Tianjin Heowns
Biochemical Technology Co., Ltd., (Tianjin, China). FeCl3·6H2O was from Guangdong
Guanghua Sci-Tech Co., Ltd., (Guangzhou, China). N,N-dimethylformamide (DMF) was
from Meryer Chemical Technology Co., Ltd., (Shanghai, China). Isophorone diisocyanate
(IPDI), triphenyl bismuth (TPB) and methanol were purchased from Nanjing Juyou Scien-
tific Equipment Co., Ltd., (Nanjing, Jiangsu, China). Cetyltrimethylammonium bromide
(CTAB) was from Nanjing WanQing chemical Glass ware & Instrument Co., Ltd., (Nanjing,
Jiangsu, China).

2.2. Preparation of MOF-235 and Fe-MOF

MOF-235 was synthesized by a solvothermal method as reported previously with
minor modification [31]. 1.08 g CTAB was dissolved into 50 mL of a DMF/EtOH (v:v, 1:1)
mixture by sonication. Then, 1.2 g 1,4-BDC was added, stirred uniformly and mixed with
50 mL of another DMF/EtOH (v:v, 1:1) solution containing 2.6 g FeCl3·6H2O. The mixture
was hermetically sealed in a 100 mL Teflon-lined stainless-steel reactor, and the reactor was
kept at 110 ◦C for 12 h. After the reaction was complete, the mixture was centrifuged with
methanol several times and dried in a vacuum drying oven at 70 ◦C.

The preparation method of Fe-MOF was similar to that of MOF-235, except that the
mixture of DMF and ethanol was replaced by methanol and was only stirred at ambient
conditions instead of using the solvothermal method (Scheme 1).

 

Scheme 1. Schematic diagram of the preparation of Fe-based MOFs.

2.3. Preparation of the AP/MOF, HTPB/MOF, AP/HTPB/MOF and AP/HTPB Mixture

MOF/AP samples were prepared by incorporation of Fe-based MOFs into AP at a
mass ratio of 2%, followed by mixing and grinding.

MOF/HTPB, MOF/AP/HTPB and AP/HTPB mixtures were prepared. HTPB was
used as a binder, isophorone diisocyanate (IPDI) and triphenyl bismuth (TPB) were used as
the was used as curing agent and catalysts, respectively, for crosslinking of HTPB. The de-
tailed formulations of the prepared mixtures are displayed on Table 1. All components were
sequentially incorporated into a beaker and the mixing process was kept for about 30 min.
Then the prepared slurry was poured into a polytetrafluoroethylene (PTFE) mold, subjected
to a partial vacuum for 30 min to eliminate voids and bubbles in the mixture. Finally, the
sample was placed into an oven at 60 ◦C for 4 days to get the fully cured composites.
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Table 1. The dosage of each component used in the mixtures.

Samples AP/g HTPB/g IPDI/g TPB/g MOF/g

MOF/AP 5 0 0 0 0.1

MOF/HTPB 0 5 0.486 0.006 0.1

MOF/AP/HTPB 3.75 1.139 0.11 0.001 0.1

AP/HTPB 3.75 1.139 0.11 0.001 0

2.4. Preparation of AP Based Solid Propellant

According to the actual production process, the components were uniformly mixed
and then cured in an oven at 60 ◦C for seven days. The formula of AP based solid propellant
is shown in Table 2.

Table 2. The dosage of each component used in the AP based solid propellant.

Samples HTPB DOS/TPB/IPDI Al AP MOF

AP/Al/HTPB 10.3% 4.7% 17% 68% 0

MOF/AP/Al/HTPB 10.3% 4.7% 17% 66% 2%

The prepared propellant samples were coated four times with an 8% polyvinyl alcohol
coating solution, followed by a combustion test.

2.5. Characterization

Surface morphology of Fe-based MOFs was observed by scanning electron microscopy
(SEM, Hitachi Regulus 8100, Tokyo, Japan) and transmission electron microscope (TEM, FEI
Talos F200X G2, Waltham, MA, USA). The crystal structure of the samples was studied by X-
ray diffraction (XRD, Bruker D8, Advance, Billerica, MA, USA) with Cu Kα radiation (40 kV
and 40 mA). The valence of elements of two MOFs were examined by X-ray photoelectron
spectroscopy (XPS, Thermo Scientific K-Alpha, Waltham, MA, USA). Binding energies
were corrected for surface charging by referring to the band energy of the C 1s peak
at 284.8 eV. The pore size distributions and the Brunauer-Emmett-Teller (BET) surface
area analysis were studied with nitrogen adsorption/desorption at 77 K by means of a
Micromeritics 3Flex surface area analyzer (Micromeritics, Norcross, GA, USA). Prior to N2

adsorption analysis, samples were degassed under vacuum at 100 ◦C for 12 h to remove
physically adsorbed species. The catalytic effect of two MOFs on AP, HTPB and AP/HTPB
thermal decomposition was studied by thermogravimetry-differential scanning calorimetry
(TG-DSC, TGA/DSC3+, METTLER TOLEDO, Temecula, CA, USA). The heating rate was
10 ◦C/min, and the N2 flow rate was 25 mL/min. A Netzsch infrared spectrometer (STA-
2500, Selb, Bavaria, Germany) was attached to the gas outlet of the TG-DSC apparatus to
detect the gaseous products evolved from the degradation processes.

Ignition experimental conditions: Propellant samples of the same quality were pre-
pared into propellant strips with 5 × 5 × 30 mm, and the propellant strips were used as
ignition samples. A nickel-chromium wire (0.3 mm in diameter) was placed in the middle
of the section of the propellant strips and ignited in the air atmosphere. A nickel-chromium
(0.3 mm in diameter) wire was wound around a section of the sample, and ignited in the
air atmosphere and the combustion process of the sample was recorded. Each sample was
tested 3 times.
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3. Results and Discussion
3.1. Characterization of Fe-MOF and MOF-235

The MOF-235 was synthesized by the solvothermal method and the Fe-MOF was
obtained by replacing the DMF/EtOH mixture by MeOH and using room temperature.

Figure 1 shows the SEM images of MOF-235 and Fe-MOF. For MOF-235, a well-
crystallized octahedral morphology is observed, which shows a relatively uniform size
distribution with crystals of about 3–4.5 µm, with few exceptions. However, the SEM
image of Fe-MOF exhibits a complex, intertwined fibrous structure and is different from the
morphologies of the previously reported Fe-based MOF [32]. According to the TEM images
displayed in Figure 1d, Fe-MOF presents acicular structures, with significant variations in
size, ranging from nanoscale dimensions to larger microscale lengths.

 

Figure 1. The SEM images of MOF-235 (a,b); the SEM and TEM images of Fe-MOF (c,d).

The crystallographic structure of MOF-235 and Fe-MOF was further characterized by
X-ray diffraction (XRD). As shown in Figure 2a, the main diffraction peaks of MOF-235
are located at 2θ = 9.7, 12.6, 19 and 22, corresponding to the crystal plane family of (101),
(102), (202), (311), respectively, which are consistent with previously reported experimental
data of MOF-235 as well as simulated data [33,34], thus confirming the successful synthesis
of MOF-235. Conversely, the XRD plot of Fe-MOF indicates the existence of a variety
of different phases or crystal structures in the sample, as it has multiple independent
diffraction peaks in the range of 10–30◦ (2θ), consistent with the TEM result.

The composition and valence state of catalyst’s surface elements are of paramount
importance in the process of catalytic adsorption. Therefore, XPS was employed to de-
termine the surface composition and elemental valence states of the two MOF materials
(Figure 2b). The high-resolution XPS spectrum of Fe(2p) reveals binding energy peaks at
711.8 eV and 725.2 eV, which are attributed to Fe 2p3/2 and Fe 2p1/2, respectively. The
peak separation, namely, ∆ = 2p1/2 − 2p3/2 = 13.4 eV, which closely matches the values
reported for Fe2O3 [31]. Moreover, the spectra also show that the patterns of Fe-MOF are
similar to those of MOF-235, suggesting that the chemical environment of Fe3+ is identical
in both MOFs.
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Figure 2. (a) XRD results and (b) XPS spectrum of MOF-235 and Fe-MOF.

To further investigate the specific surface area and porous structure of the as-
synthesized samples, N2 adsorption-desorption isotherms of MOF-235 and Fe-MOF were
measured at 77 K, as presented in Figure 3. The BET surface areas are determined as 911
and 8 m2/g, respectively, for MOF-235 and Fe-MOF. The adsorption-desorption curves
of the two MOFs show different behaviors; MOF-235 exhibits a typical type I isotherm, a
signature characteristic of microporous materials, while Fe-MOF shows a type II isotherm,
which is indicative of non-porous materials [35,36]. Moreover, the insets graph of Figure 3
as pore size distribution curves have shown the data points between the 5 nm to 60 nm
range for both MOFs. The average pore size and pore volume (BJH adsorption) resulted in
MOF-235 to 3.10 nm, 0.255 cm3/g and Fe-MOF to 12.8 nm, 0.014 cm3/g.

Figure 3. N2 adsorption-desorption isotherms and pore size distribution curves of (a) MOF-235,
(b) Fe-MOF.

In order to understand the decomposition and combustion mechanisms of composite
systems containing catalysts, decomposition of the catalysts is the starting point. Investiga-
tion on pyrolysis behavior of MOFs is essential to evaluate their catalytic mechanism on the
decomposition of AP/HTPB. Both iron-based MOFs were subjected to thermogravimetric
analysis (TGA) to evaluate their thermal stability, as shown in Figure 4.
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Figure 4. (a) TG-DTG curves of Fe-MOF and MOF-235 (b) XRD results of the residue of Fe-
based MOFs.

The TG-DTG curves show that the main decomposition peak occurs above 300 ◦C,
which means the samples have good thermal stability. Initial mass losses can be attributed
to evaporation of free water and residual solvents. Other mass losses are presumably
related to decarboxylations and decomposition of the framework structure. Above 550 ◦C,
the weight basically remains unchanged, which indicates that most of the organic matter
had already decomposed at 550 ◦C. A 20% residue was obtained, whose analysis by XRD
revealed that it was composed of Fe2O3@C, in line with previous studies [37].

3.2. The Catalytic Effect of Fe-MOF and MOF-235 on the Thermal Decomposition of
Ammonium Perchlorate

The performance of AP decomposition plays a decisive role in the combustion process
of propellants [38]. To investigate the catalytic performance of MOF-235 and Fe-MOF on
the thermal decomposition of AP, TG-DSC experiments were conducted at a heating rate of
10 ◦C·min−1. Then, the activation energy was calculated by Kissinger method. The results
are illustrated in Figure 5.

Three main processes are identified in the AP DSC curves: an endothermic peak at
244.6 ◦C, attributable to the crystalline phase transition from orthorhombic to cubic symme-
try; followed by the exothermic peaks corresponding to low-temperature decomposition
(LTD) at 297.5 ◦C and high temperature decomposition (HTD) at 437.3 ◦C, respectively.
This result is in accordance with previous reports [39–41].

Upon addition of the catalyst, the thermal decomposition process of AP undergoes
a notable change, which is mainly manifested in the advancement of HTD peaks of AP
decomposition, but shows a negligible influence on the crystalline phase transition and LTD
peaks. This behavior may be related to the relatively high thermal stability of MOFs. MOFs
don’t produce catalytically active products at the LTD temperature, and, thus, they do not
significantly affect the AP LTD stage. However, as temperature increases, MOFs begin to
decompose and exhibit a catalytic effect on AP. Specifically, the HTD peak temperature of
Fe-MOF/AP and MOF-235/AP shifts to 399.2 ◦C and 384 ◦C, respectively, representing
reductions of 38.1 ◦C and 53.3 ◦C with respect to the pristine AP HTD temperature. In
addition, the apparent heat release during the high-temperature thermal decomposition
increases to 923.2 J·g−1 and 1042.8 J·g−1 respectively.
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Figure 5. TG (a), DSC (b) and DTG (c) curves obtained from pure AP, Fe-MOF/AP and MOF-235/AP.
Plot of ln(β/Tp2) versus 1/Tp obtained from AP, Fe-MOF/AP and MOF-235/AP, where the scatter
points represent the experimental data and the line denote the results of the linear fit (d).

In general, the catalyst reduces activation energy (Ea) of the AP decomposition process,
which accelerates the rate at which it decomposes when heated. In this study, catalysts
mainly acted on the second stage of AP decomposition, so the kinetic parameters corre-
sponding to HTD stage were calculated by Kissinger equation [42]. As shown in Table 3 and
Figure 5d, the calculated activation energy for pure AP is 170.2 kJ·mol−1; which decreases to
164.8 kJ·mol−1 with Fe-MOF catalysis and further reduces to 127.2 kJ·mol−1 with MOF-235
catalysis. These results mean that both Fe-MOF and MOF-235 were catalytically active
for the thermal decomposition of AP. According to the previous results [25], Fe2O3@C can
accelerate the electron transfer between O2 and O2

− during the HTD stage, thus promoting
the decomposition of AP.

Table 3. LTD temperature (TLTD), HTD temperature (THTD), heat release (∆H) and activation energy
(Ea) of the mixtures of AP and catalysts.

Samples TLTD (◦C) THLD (◦C) ∆H (J·g−1)
at the Second Stage

Ea (kJ·mol−1) at
the Second Stage

Pure AP 297.5 437.3 439.2 170.2
MOF-235/AP 297.5 384.0 1042.8 127.2
Fe-MOF/AP 297.5 399.2 923.2 164.8
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3.3. The Catalytic Effect of Fe-MOF and MOF-235 on Thermal Decomposition of HTPB

Apart from the oxidizer, the binder is also a crucial component in solid propellants.
Hydroxyl-terminated polybutadiene (HTPB) is a long-chain, cross-linked polymer with
a high molecular weight that has served as the binder in solid propellants, and typically
acts as a fuel, which gets oxidized in the combustion processes, and it has been pointed out
that the oxidative degradation of HTPB is increased by catalysts [14,43]. However, some
literature shows that MOF materials exhibit high oxidation resistance to polymers [44,45],
so the effect of MOFs on HTPB was investigated by TG-DSC, with results presented
in Figure 6.

 

Figure 6. TG (a), DSC (b) curves of HTPB, MOF-235/HTPB and Fe-MOF/HTPB.

The TG-DSC curve of HTPB presented in Figure 6 exhibits two distinct stages: a
net exothermic stage and a net endothermic stage. The exothermic peak is observed at
371.7 ◦C, primarily attributed to the exothermic cross-linking cyclization and the endother-
mic depolymerization of HTPB. The second stage predominantly involves the degradation
of the residual polymer structure, with a corresponding endothermic peak appearing at
458 ◦C [46]. The volatilization process continued until the residue practically disappeared.

With the incorporation of Fe-MOF and MOF-235, the overall thermal degradation pro-
file of HTPB remained largely unaffected, as evidenced by the similarity in TGA curves of
the three samples, indicating that the MOFs do not significantly change the decomposition
mechanism of HTPB.

However, it can be seen from the DSC curves that the addition of Fe-MOF and MOF-235
mainly affects the exothermic stage of HTPB, while the effect on the subsequent degradation
of the polymer structure seems negligible. Specifically, there is a reduction in exothermic
peak temperature by 36 ◦C and 30 ◦C for Fe-MOF and MOF-235 respectively, along with
a decrease in heat release, indicating that MOFs could facilitate the depolymerization of
HTPB in the first stage, so that the first stage of degradation is concentrated in a narrower
temperature range. Considering the fact that both MOFs decompose during the first stage
of HTPB, it could be hypothesized that the decomposition intermediate of MOFs and/or its
decomposition product plays a critical role to enhance the depolymerization of HTPB [47].

3.4. The Catalytic Effect of Fe-MOF and MOF-235 on Thermal Decomposition of
AP/HTPB Composite

According to the results presented above, it can be observed that MOFs exhibit a
catalytic effect on the decomposition of AP and HTPB. To further explore the catalytic
influence of MOFs on the decomposition of AP/HTPB mixtures, the TG-DSC experiments
were conducted in the 30–600 ◦C range of temperature. The results are displayed on
Figure 7 and Table 3.
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Figure 7. TG (a), DTG (b) and DSC (c) curves of AP/HTPB, MOF-235/AP/HTPB, Fe-MOF/AP/HTPB.
Heat release during the high temperature decomposition of AP/HTPB without and with catalysts (d).

The decomposition process of the AP/HTPB complex, as illustrated in Figure 7a,c,
occurs in three distinct stages (I, II, III), with complete degradation occurring at about
500 ◦C. The initial stage primarily involves the low-temperature decomposition of AP, with
a peak temperature around 300 ◦C. At this temperature, HTPB remains stable and does not
undergo decomposition. In Stage II, as the temperature increases, AP begins to decompose
at elevated temperatures while some degradation of HTPB is observed; this transition
is completed at approximately 410 ◦C. Subsequently, the Stage III mainly involves the
decomposition of residual HTPB and is completed at about 500 ◦C.

In the MOFs/AP/HTPB composite system, following the introduction of Fe-MOF/MOF-
235 catalysts, no significant effect is observed on the low-temperature decomposition
corresponding to the first stage across samples in all samples.

However, in second stage, a decrease in the decomposition temperature and an ac-
celeration of the decomposition rate were observed. The peak temperatures of the MOF-
235/AP/HTPB and Fe-MOF/AP/HTPB shift to lower values, with decreases of 50.4 and
53.7 ◦C, respectively. Moreover, the sample decomposes completely within a very narrow
temperature range, with heat release concentrated. The mass loss of the Stage II of these
composites increases by approximately 24% compared to that of AP/HTPB, suggesting
that a substantial amount of HTPB decomposes during this stage. The heat loss, peak
temperature, and heat release at different stages of the decomposition process are listed
in Table 4.

Table 4. The mass loss of different stages, the peak temperature and heat release of stage II.

Samples
Mass Loss/%

TII (◦C)
Heat Release of
Stage II (J·g−1)I II III

AP/HTPB 24.25 47.78 25.82 396.3 1272.5

MOF-235/AP/HTPB 23.30 74.05 2.38 345.9 1044.8

Fe-MOF/AP/HTPB 23.58 71.84 2.62 342.7 1038.7

A comparison of the AP/HTPB curve with those of the pure compounds makes
it possible to establish that the first stage of decomposition of the mixture corresponds,



Solids 2025, 6, 27 11 of 17

practically unchanged, to that of AP (Figure 8). Similarly, the last stage of decomposition of
the mixture, which starts at approximately 410 ◦C, corresponds to HTPB. It can be seen that
the amount of mass involved in last stage is similar to the HTPB content of the mixture.
On the contrary, the second stage of the mixture seems to encompass the HTPB process
delimited with vertical lines and the AP degradation occurring above 305 ◦C. There is an
obvious interaction between the two compounds since they are mixed, the joint process is
completed about 40 ◦C lower than in the case of AP alone. Nevertheless, the decomposition
behavior of HTPB in this composite system closely resembles that of pure HTPB, suggesting
that the thermal degradation process of AP does not disrupt that of HTPB and HTPB
continues to decompose according to its inherent thermal degradation mechanism.

 

Figure 8. The TG curves of AP, HTPB and AP/HTPB.

Moreover, a comparative analysis of thermal decomposition results among AP/MOFs,
HTPB/MOFs, AP/HTPB and AP/HTPB/MOFs reveals that both Fe-MOF/MOF-235 and
HTPB exert a promoting effect on AP decomposition. Meanwhile, MOFs enhance HTPB’s
breakdown during exothermic stages, while AP does not seem to influence thermal degra-
dation of HTPB. Astonishingly, when these three components form a composite system
together, their combined effects substantially accelerate both AP and HTPB decomposi-
tions beyond what would be expected from each component acting independently, which
indicates that the MOFs and HTPB have a synergistic effect on the decomposition of the
systems as a whole.

3.5. TG-IR Results

In order to further investigate the specific mechanism of incorporation of MOFs
materials on the catalysis of AP/HTPB, the gas-phase products in the course of the thermal
decomposition process of AP/HTPB catalyzed by MOFs were monitored by TG-IR, and
as a comparison, the gas products of AP/HTPB were also tested. The results are shown
in Figure 9.
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Figure 9. FTIR spectra obtained from the gases evolved from TGA experiments with the samples:
AP/HTPB (a,b), Fe-MOF/AP/HTPB (c,d), and MOF-235/AP/HTPB (e,f).

For the AP/HTPB, the monitored gas product first appears at 290 ◦C, the main charac-
teristic band position is 2238 cm−1, and corresponding gas product is N2O. As the reaction
temperature rises, the characteristic peak intensity of N2O gradually increases and then
decreases, corresponding to the completion of Stage I of AP/HTPB [48]. Trace CO2 charac-
teristic bands were also detected, indicating that the MOF is undergoing decomposition in
this stage. As temperature increases, the stage II of AP/HTPB begins, accompanied by an
enhancement of the characteristic band of CO2 (2356 cm−1) and NO2 (1631/1597 cm−1),
which reaches its maximum at around 390 ◦C, and finally disappears around 410 ◦C, repre-
senting the decomposition of both AP and HTPB, with AP nearly fully decomposed. Then,
at about 440 ◦C, a characteristic band appears at 2932/2866 cm−1, which corresponds to the
stretching vibration of C-H, indicating that the residual HTPB decomposition [49], which
concludes by 500 ◦C.

However, the decomposition of AP/HTPB catalyzed by Fe-MOF or MOF-235 exhibits
rather disparate gas generation behaviors. As can be discerned from Figure 9c–f, during
the initial stage I at around 300 ◦C, the detected gas characteristic band aligns with that of
AP/HTPB but with a slight enhancement in intensity. As the temperature increases to the
range of 340–350 ◦C, a remarkably distinct gas generation behavior emerges compared to
AP/HTPB. Notably, at around 350 ◦C, in addition to the characteristic peaks corresponding
to N2O and CO2, multiple characteristic peaks are detected, indicating substantial decom-
position of HTPB at this stage, and the reactions occur between gaseous products of AP
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and HTPB. Subsequently, after reaching 360 ◦C, only a weak CO2 characteristic peak can be
observed, indicating the ending of decomposition. Moreover, Figure 10 presents the FTIR
results of gas products obtained during thermal decomposition of AP/HTPB/MOF-235 and
AP/HTPB/Fe-MOF at the peak temperature. The principal decomposition products are
CO2, N2O, C2H2, C2H4, C4H6, HCN, etc., [50]. It can be speculated that HTPB participates
in the thermal decomposition reaction. On the one hand, large hydrocarbon molecules
break down into small hydrocarbon molecules; on the other hand, the large and small
hydrocarbon molecules are capable of reacting with the decomposition products of AP to
generate CO, CO2, HCN.

 
Figure 10. FTIR curve of gas products in the thermal decomposition of AP/HTPB/Fe-MOF and
AP/HTPB/MOF-235 at the peak temperature.

The results presented above demonstrate that the existence of MOFs and HTPB jointly
enhance the decomposition of AP. The synergistic effect of the MOFs and HTPB affects the
decomposition and reaction process of the composite system.

As shown in Figure 11, the corresponding catalytic mechanism is proposed. Due to
the thermal stability of Fe-based MOFs and HTPB, they don’t affect the LTD of AP. As
temperature rises, the MOFs decompose and generate the Fe2O3@C, which promotes the
HTD of AP by accepting the electron of AP, accelerating the electron transfer and reducing
the activation energy. Moreover, it causes the first stage of HTPB to be concentrated
and release the gaseous products, i.e., 1,3-butadiene, and CO2, which provide an acid
atmosphere for NH3 desorption, causing the acceleration of AP. Meanwhile, the heat
release of AP also facilitates the pyrolysis of HTPB, thus forming a positive cycle and
making the quick decomposition of AP and HTPB.
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Figure 11. The catalytic mechanism of AP/HTPB decomposition on Fe-based MOF.

3.6. Study on Combustion Catalytic Performance

For investigating the impact of catalytic on combustibility of composite solid propel-
lants, the burning behaviors of the propellants were captured, and shown in Figure 12.
The propellants strips with catalysts had faster combustion rates, and both MOFs exhib-
ited essentially the same efficiency in enhancing the combustion rate, by 20%, compared
with the propellant strips without catalyst. Moreover, it was found that the burning rate
enhancement for both MOFs was similar with burning rate enhancements reported in the
literature for Fe2O3, suggesting the catalytic effects of both MOFs were similar to that of
Fe2O3. This is consistent with the results of the previous thermal analysis.

 

Figure 12. Combustion process of (a) AP/HTPB, (b) Fe-MOF/AP/HTPB, (c) MOF-235/AP/HTPB.
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4. Conclusions
In summary, the present study demonstrates the significant catalytic effects of two

Fe-based MOFs (MOF-235 and Fe-MOF) on the thermal decomposition of AP and HTPB
composites in solid propellants. The results revealed both MOFs decreased the activation
energy of AP, which was beneficial in reducing the thermal decomposition temperature and
increasing the heat release from AP. Additions of Fe-MOF and MOF-235 results in increases
in AP heat release from 439.2 to 923.2 J/g and 1042.8 J/g, respectively, and decrease
in HTD temperature from 437.2 to 399.2 ◦C and 384.0 ◦C, respectively. In particular, a
synergistic effect is observed on decomposition of AP/HTPB/MOFs composites, which
made the HTD temperature of AP decrease from 437.2 to 342.7 ◦C. The TG-IR results
indicated that this synergistic effect, which is attributed to the combined action of MOFs
and HTPB, jointly enhance the decomposition of AP and accelerate the pyrolysis of HTPB,
forming a positive cycle. Furthermore, MOFs enhances the combustion performance of
AP-based solid propellants by improving the thermal decomposition behavior of AP, and
the combustion rate increased by 20%. Overall, the findings of this study contribute to a
deeper understanding of the catalytic mechanisms of Fe-based MOFs in solid propellant
formulations and provide valuable insights for the design and application of new catalysts
in this field.
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