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Abstract: The thermal decomposition processes of HAN/PVA-based propellants 
have been investigated using a simultaneous thermogravimetric analysis (TGA) – 
differential scanning calorimetry (DSC), coupled with Fourier-Transform Infrared 
Spectroscopy  (FTIR) and Mass Spectrometry (MS) system. The  activation 
energy  (Ea), pre-exponential factor  A and reaction mechanism function f(α) 
of  the  decomposition processes have been determined by non-isothermal 
and  Malek  methods. The  results showed that the decomposition process 
of an HAN/PVA sample occurs mainly in the temperature range 202.2~220.1 °C, 
with a mass loss, heat release and Ea of about 84.8%, 1474.18 and 88.76 kJ·mol–1, 
respectively. Of the seven metal oxides studied as catalysts, Al2O3, V2O5 and Fe2O3 
have significant catalytic effects on an HAN/PVA-based propellant, in lowering 
the  decomposition temperature, with  Ea changing from  88.8 to  83.7, 85.6 
and 113.6 kJ·mol–1, respectively. The f(α) of both HAN/PVA and HAN/PVA/Al2O3 
samples can be expressed as f(α) = (1 – α)2, whereas f(α) = α or f(α) = α/2 fit well 
for the HAN/PVA/V2O5 and HAN/PVA/Fe2O3 samples.
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1	 Introduction

Hydroxylammonium nitrate (HAN) is widely studied as a raw material in non-
toxic ionic liquid propellants and electrical solid propellants (ESP). For HAN-
based propellants, this has the advantages of low freezing point, high density 
specific  impulse, mild  ablation with  clean combustion products  [1,  2]. 
Specifically  for  ESP with  HAN as  the  oxidizer and water-soluble polyvinyl 
alcohol (PVA) polymer as the binder, this could improve the performance of solid 
rocket motors by providing restart and throttle capacity [3].

It should be noted that HAN/PVA-based propellants can  also be  used 
as conventional solid propellants due to the advantage of non-toxic and smokeless 
combustion products being produced. However, HAN/PVA-based propellants 
present difficulty on  ignition and  combustion due to  the  solvent water 
and  the  inert  binder. The  ignition and  combustion processes always begin 
with thermal decomposition, and therefore the thermal decomposition mechanism 
is a key issue for HAN/PVA-based propellants.

In general, the decomposition mechanism of HAN is  very  complicated, 
and many studies indicate that the decomposition of solid HAN occurs at 180 °C 
with a proton transfer reaction, and there are also autocatalytic reactions for HAN 
solutions [4-7]. At present, the two main thermal decomposition mechanisms 
of  HAN have  been  proposed by  Oxley-Brower and  Kelin  (see  [8,  9]). 
They believe that HAN initially undergoes a proton transfer reaction and forms 
hydroxylammonium and nitric acid. The products of the first step reaction then 
produce HNO and HONO with higher activity. Finally, the combustion products 
of  HAN mainly include  N2O, N2  and  H2O. The  difference between the  two 
mechanisms is that the N2 and N2O are produced by acid-catalyzed reactions 
as proposed by Kelin, whereas Oxley-Brower believes that NH2OH reacts directly 
with HONO and HNO.

To improve the ignition and combustion performance of HAN-based 
propellants, there are a few reports on catalysts for HAN-based propellants 
[10-12]. Courthéoux prepared a catalyst bed based on alumina by using 
a sol-gel process with carbon dioxide supercritical drying and studied the 
effect of introducing 5 wt.% platinum metal. Kenji conducted the adsorption 
analysis by Monte Carlo Simulation to select metal catalysts for HAN and 
triethanolammonium nitrate (TEAN). The results showed that iridium is the 
best metallic catalyst [13-17].

Common combustion catalysts for solid propellants are mainly single metals, 
metal oxides and nanocomposites [18]. In the present study, HAN/PVA propellants 
with metal oxides as catalysts were prepared, and the thermal decomposition 
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process was studied by using a simultaneous TGA-DSC-FTIR-MS technique. 
The  activation energy  Ea, pre-exponential factor  A and  reaction mechanism 
function f(α) of the decomposition processes were determined.

2	 Experimental

2.1	 Materials
The materials used were:
–	 HAN, which was prepared by the metathesis reaction of  barium nitrate 

and  hydroxylammonium sulfate; the  concentration of  HAN solution 
was 80 wt.% after the distillation and concentration process.

–	 PVA (Chemically Pure), from Tianjin Kermel Chemical Reagent Co., Ltd.
–	 B2O3 (Analytical Reagent), from Tianjin Zhiyuan Reagent Co., Ltd.
–	 Al2O3 (Analytical Reagent), from Tianjin Hongyan Chemical Reagent Factory.
–	 V2O5 (Analytical Reagent), from Tianjin Yongsheng Fine Chemical Co., Ltd.
–	 Fe2O3 (Analytical Reagent), from Tianjin Fuchen Chemical Reagent Factory.
–	 Co2O3 (Analytical Reagent), from Tianjin Beilian Fine Chemicals 

Development Co., Ltd.
–	 Bi2O3 (Analytical Reagent), Chengdu Kelon Chemical Reagent Factory. 

2.2	 Preparation of the HAN/PVA solid propellant
According to the thermodynamic calculations, the highest specific impulse (Isp) 
is  reached at  a  chamber pressure of  5  MPa and  a  nozzle outlet pressure 
of 0.1 MPa when the mass ratio of HAN solution to PVA is 87:13, with an Isp 
of 2083.4 m·s–1, and this ratio was therefore chosen for this study The HAN/
PVA slurry was prepared by mixing granular PVA and the HAN solution at 67 °C 
for 1 h to ensure homogeneity of  the mixture. The slurry containing a metal 
oxide catalyst was prepared by mixing 1 wt.% of the metal oxide and the HAN/
PVA slurry at about 45 °C for 30 min. The samples were obtained after curing 
the slurry at 65 °C for 2 days.

2.3	 Thermal analysis
A HAN/PVA sample of about 5 mg was heated in  a  simultaneous TGA-
DSC (METTLER TOLEDO TGA/DSC1)-FTIR (Bruker  Tensor27)-MS 
(PFEIFFER  OMNI star) instrument from  40 to  700  °C at  a  heating rate 
of  10  °C·min-1. Samples  of  the  HAN/PVA-based propellants  (3  ±0.1  mg) 
were heated in a simultaneous TGA/DSC1 instrument from 35 to 350 °C under 
an argon atmosphere at heating rates of 5, 10, 15, and 25 °C·min–1, respectively.
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3	 Results and Discussion

3.1	 Thermal decomposition process of the HAN/PVA sample
Figure 1 shows the TGA-DSC curves of the HAN/PVA sample at a heating rate 
of 10 °C·min–1. It shows that the thermal decomposition of HAN/PVA sample 
could be divided into three stages, with cut-off points at 202.2 and 220.1 °C. 
The  first  stage may be  attributed to  evaporation of  water in  the  sample due 
to a lower mass loss of about 4.9 wt.% without any significant heat flow effects. 
The  second stage process occurs between  202.2~220.1  °C with  a  mass  loss 
of  84.8% and  heat release of  1474.18  J·g–1, indicating  violent thermal 
decomposition reactions of the HAN/PVA blend. There is only about 3 wt.% 
mass loss during the final stage, which may be caused by the further decomposition 
of incomplete condensed products from the second stage. There are still residues 
of 7 wt.% after the decomposition, and  this should be carbon soot produced 
by the incomplete oxidation of PVA under the low oxidizer/fuel ratio.

Figure 1.	 TGA-DSC curves of HAN/PVA propellant

The 3D FTIR and 3D MS spectra for the evolved gaseous decomposition 
products of the HAN/PVA sample are shown in Figures 2 and 3, respectively. 
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Figures  2 and  3 also indicate the  violent decomposition reactions during 
the second stage, releasing a higher amount of gaseous products. The products 
are also more diverse than from the other stages. For the first stage, the weak peaks 
located at about 1500 and 3500 cm–1 in the FTIR spectra are attributed to H2O(g), 
which agrees well with the results of the MS spectra. Therefore, evaporation 
of water in the HAN/PVA sample should be the rate-limiting part of the mass loss 
process during this stage. In addition, almost no effective signals for the products 
were detected in the third stage, indicating the very slow reactions with a trace 
amount of mass loss. These volatile products have much larger molecular weights, 
which are beyond the scope of the MS detector.

Figure 2.	 3D FTIR spectrum
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Figure 3.	 3D MS spectrum

Considering the importance of the second stage and the similarity of the FTIR 
and MS curves under different temperatures during this  stage, the 3D FTIR 
and 3D MS spectra with  the highest absorbance and  intensity were  selected 
for investigation of the evolved gaseous products, as shown in Figures 4 and 5. 
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Figure 4.	 FTIR spectrum of the evolved gas at 166.6 °C

Figure 5.	 MS spectrum of the evolved gas at 163.3 °C
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It can be seen from Figure 4 that the decomposition products are mainly CO, 
CO2, NO, NO2, C2H4O and  C2H4O2. The  production of  intermediate oxides 
such as CO and NO is attributed to the low oxidizer/fuel ratio of the composition, 
whereas  the formation of C2H4O and C2H4O2 is caused by the relatively low 
decomposition  temperature. In  addition, there  were  some peaks with  very 
low  absorbance, due  to  the  presence of  alcohols of  low molecular  weight, 
aldehydes or conjugated double bond polymers.

The mass spectra suggest that the decomposition products are mainly:
–	 H2O (m/z = 17, 18),
–	 CO2 (m/z = 16, 28, 44),
–	 CO (m/z = 28) and
–	 NO (m/z = 30),
which is consistent with the FTIR results in general. However, lesser products 
were detected by MS due to the limited capability of the equipment. In comparison 
to the products of pure HAN, which are HNO and HONO with higher activity, 
this  indicates that HNO and HONO could be  fully transformed to NO, NO2 
and H2O, in the presence of PVA. The proton transfer reaction products of HAN 
oxidize PVA to CO, CO2, C2H4O and C2H4O2.

3.2	 Thermal decomposition of HAN/PVA/metal oxide samples
Metal oxides including B2O3, Al2O3, V2O5, Fe2O3, Co2O3 and Bi2O3 were selected 
as the catalysts, and 1 wt.% of each of these metal oxides was added to the HAN/
PVA mixture to  improve the  thermal decomposition  rate. The  TGA-DSC 
results of the samples at a heating rate of 10 °C·min–1 are shown in Figure 6 
and the corresponding parameters are summarized in Table 1.
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(a)

(b)
Figure 6.	 TGA-DSC curves of the HAN/PVA-based propellants
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Table 1.	 Characteristic parameters of the samples

No. Formulation
Onset 
tempe-
rature 
[°C]

Peak 
tempe-
rature 
[°C]

Endset 
temperature 

[°C]

Mass 
loss 
[%]

Heat 
release 
[J·g–1]

1# HAN/PVA/B2O3 204.3 217.39 223.29 78.85 1255.68
2# HAN/PVA/Al2O3 145.1 150.28 158.12 77.25 938.99
3# HAN/PVA/V2O5 148.7 154.95 165.37 70.83 992.84
4# HAN/PVA/Fe2O3 178.8 187.11 192.06 77.33 1296.21
5# HAN/PVA/Co2O3 202.4 213.70 216.16 79.84 1185.76
6# HAN/PVA/Bi2O3 199.7 209.82 215.58 80.80 1229.10
7# HAN/PVA 202.2 213.41 220.11 81.59 1438.82

Figure 6 and Table 1 indicate that Al2O3, V2O5 and Fe2O3 have the most 
significant catalytic effect on  the  thermal decomposition of  HAN/PVA, 
resulting in a largely decreased decomposition temperature, by about 57.1, 53.5 
and 23.4 °C respectively, which has a positive effect on increasing the burning rate 
of the propellant. However, the catalytic effect of Bi2O3 and Co2O3 is not obvious, 
and B2O3 even has a negative effect. Therefore, the study focused on Al2O3, V2O5 
and Fe2O3, with more detail as follows, by investigating the catalytic reaction 
kinetic parameters.

3.3	 Thermal decomposition kinetics of HAN/PVA propellants
The TGA curves could be easily converted into conversion rate and temperature 
relationship (α-T) curves, and then the temperature Tα corresponding to different αi 
values in the α-T curves could be collected in increments of 0.05 in the range 
of 0.3 < α < 0.8. The activation energy Eα at the respective conversion rates αi 
could be calculated by the iso-conversional method, and model-free methods, 
including the Flynn-Wall-Ozawa method, the Kissinger-Akahira-Sunose method 
and the Starink method, were used to evaluate Ea [19-22].
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where β is the heating rate, Eα is the activation energy, and T is the temperature. 



332 S. Hu, X. Liu, L. Liu, B. Kang, Y. Zhang

Copyright © 2021 Łukasiewicz Research Network – Institute of Industrial Organic Chemistry, Poland

For the same conversion αi and different heating rate β:
– the Flynn-Wall-Ozawa method fits a straight line with
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– the Kissinger-Akahira-Sunose method fits a straight line with
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– and the Starink method fits a straight line with
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Therefore, Eαi could be estimated from the slope of the lines (Equations 3a-3c). 
Figure 7 shows the relationship between Eα (estimated by the Starink method) 
and  α for  the  propellant  samples. Figure  7  shows that the  activation 
energies are  almost independent of  the  conversion for  the  four formulations 
in general, showing single reaction mechanisms governing the overall thermal 
decomposition process. Therefore, the mean value of Ea was used in this study 
as listed in Table 2.

Figure 7.	 Eα-α curves estimated by the Starink method
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Table 2.	 Ea obtained by the different methods
Sample 

No. Formulation Ea [kJ·mol–1]
FWO KAS Starink

2# HAN/PVA/Al2O3 86.0 ±2.5 83.5 ±2.6 83.7 ±2.6
3# HAN/PVA/V2O5 87.8 ±3.0 85.4 ±3.2 85.6 ±3.2
4# HAN/PVA/Fe2O3 115.0 ±0.8 113.4 ±0.8 113.6 ±0.8
7# HAN/PVA 91.7 ±0.4 88.5 ±0.5 88.8 ±0.5

Table 2 shows that Ea values calculated by the three methods are similar 
with  a  relative error less  than  4%, and the  Ea calculated by  the  Starink 
method was  then used in  the  following  analysis. Ea  decreased from  88.76 
to 83.74 and 85.59 kJ·mol–1 respectively when Al2O3 and V2O5 were added. 
However,  Ea  increased after adding Fe2O3 even though the  decomposition 
temperature  decreased. The  decomposition of  solid HAN occurs at  180  °C 
with the proton transfer reaction, and the decreased decomposition temperature 
indicates that the  presence of  Fe2O3 would  largely accelerate the  proton 
transfer  process, which  is  also the  case for  decomposition of AP  [23]. 
However,  Fe2O3 has  no  such catalytic effect on  the  decomposition of  PVA, 
resulting in a higher apparent decomposition Ea. Also Fe2O3 has been reported 
to be very compatible with PVA and their combinations have been used in various 
studies [24]. Pure PVA without HAN would decompose at above 280 °C [25], 
hence  the  presence of  Fe2O3 would  decrease the  oxidizing activity of  HAN 
on PVA, and the decomposition of PVA would determine the overall apparent Ea.

3.4	 Mechanism function for thermal decomposition of HAN/
PVA propellants

The mechanism function f(α) of the decomposition reactions was determined 
by  the  Malek method  [26,  27], and  the  y(α) and  Z(α) functions obtained 
by  a  simple transformation of  the  non-isothermal data were  the  core points 
of the method.
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The normalized y(α) expression could then be defined as:
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Similarly, the function of Z(α) can be formulated as follows [26]:
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where π(u) = 1/(u + 2) is an approximation of the temperature integral, and u = Ea/
RT is the reduced activation energy. In addition, the pre-exponential factor A 
was calculated by the following equation [27]:
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where Tp is the peak temperature of the DSC curves, the subscript p referring 
to the peak.

The y(α)-α and Z(α)-α curves could be drawn by processing the TGA curves. 
Since the normalized Z(α)-α and y(α)-α curves are similar, only a comparison 
of  the  theoretical and  experimental curves of y(α)-α are given in  this  paper, 
and the results are shown in Figure 8 and Table 3.
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Figure 8.	 y(α)-α curves (the curves without symbols are theoretical curves)

Table 3.	 f(α) and A of the samples
Sample Formulation f(α) A

2# HAN/PVA/Al2O3 α or (2α)–1 3.35·108 or 6.71·108

3# HAN/PVA/V2O5 (1 – α)2 8.02·1010

4# HAN/PVA/Fe2O3 (1 – α)2 6.95·1011

7# HAN/PVA α or (2α)–1 4.35·107 or 8.69·107

Figure 8 indicates that the reaction mechanism function of both the HAN/
PVA and HAN/PVA/Al2O3 samples is 1st or 2nd order of the exponential rule, 
f(α)  =  α or  f(α)  =  (2α)–1, whereas  it  is  f(α)  =  (1  –  α)2 (2nd  order chemical 
reaction  model) for the samples using V2O5 and  Fe2O3 as  the  catalysts. 
The changes in the pre-exponential factor are not obvious after the inclusion 
of Al2O3 and V2O5. However, Fe2O3 increases the pre-exponential factor by four 
orders of magnitude, which is consistent with an increase in Ea for this sample, 
according to the kinetic compensation effects rule for the same types of energetic 
materials with different additives [28].

The difference in mechanism function also suggests that the catalysts may take 
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effect by different routes. Through calculation, it was found that there is no kinetic 
compensation effect between the apparent Ea of the decomposition of the HAN/
PVA based samples and  the  logarithm of  the  corresponding pre-exponential 
factor (lnA), which may be due to the large number of hydroxyl groups in the PVA 
macromolecular chain. In the preparation of the samples, PVA has undergone 
coordination reactions and  cross-linking reactions with  Fe(III) or  V(V). 
Therefore, the reaction of HAN oxidation of PVA is different from that of a simple 
HAN/PVA sample. In addition, when PVA was mixed with Fe2O3 or V2O5 only, 
V2O5 creates a degree of PVA cross-linking that is much less than that for Fe2O3, 
so the thermal decomposition temperature of the HAN/PVA/V2O5 sample is lower.

4	 Conclusions

♦	 The thermal decomposition of HAN/PVA samples could be divided into 
three  stages, with  the  second  stage, occurring between 202.2~220.1  °C, 
being dominant, with a mass loss, heat release and Ea of 84.8%, 1474.2 J·g–1 
and  88.8  kJ·mol–1,  respectively. In  addition, the  gaseous decomposition 
products are mainly CO, CO2, NO, NO2, C2H4O and C2H4O2.

♦	 The metal oxides Al2O3, V2O5 and Fe2O3 have  a  significant catalytic 
effect on  the  decomposition of  HAN/PVA, resulting  in  a  lower 
decomposition  temperature, and  the  Ea could  be  changed from  88.8 
to 83.7, 85.6 and 113.6 kJ·mol–1 by adding 1 wt.% of Al2O3, V2O5 and Fe2O3 
as catalysts, respectively.

♦	 The most appropriate mechanism function for decomposition 
of HAN/PVA and HAN/PVA/Al2O3 samples is  f(α) = α or  f(α) =  (2α)–1, 
whereas it  is  f(α) = (1 – α)2 for  the samples containing V2O5 and Fe2O3. 
The catalytic effect of Fe2O3 may be feasible due to the increase in the pre-
exponential factor by four orders of magnitude.
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