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Abstract—We investigated the influence of a copper loading strategy over hexaaluminate on catalytic performance
during the decomposition of an ammonium dinitramide (ADN)-based liquid propellant. Powder-type and pellet-type
Cu/hexaaluminate catalysts were prepared and their chemico-physical properties were characterized by N2 adsorption,
XRD, and XRE A Cu-hexa-pellet-A catalyst in which copper atoms are positioned inside the hexaaluminate matrix
showed the lowest decomposition onset temperature in decomposition of an ADN-based propellant. The excellent
activity of the Cu-hexa-pellet-A catalyst is ascribed to copper being well incorporated in the hexaaluminate matrix, and
the dispersion of the copper is higher than that in two other catalysts. When a thermal shock was applied at a high
temperature of 1,200 °C prior to catalyst reuse, physical properties such as surface area, average pore diameter, and the
compressive strength of the fresh catalyst did not deteriorate remarkably after five times repetitive reuse and heat treat-
ment. Consequently, the Cu-hexa-pellet-A catalyst was confirmed to be a catalyst that has excellent activity and heat
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resistance simultaneously in decomposition of an ADN-based propellant.
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INTRODUCTION

Liquid propellants are generally used in thrusters for attitude con-
trol in spacecraft, such as space launch vehicles and satellites, be-
cause liquid propellants can generate propulsion force for the rocket.
Over the recent decades, hydrazine has been widely used as a lig-
uid propellant in the aerospace industry; however, human health
and handling hazards have become serious issues because hydra-
zine is very toxic and shows corrosive properties to human tissues.
As a result, studies for developing eco-friendly liquid propellants
with low toxicity have attracted much attention recently [1-4]. Am-
monium dinitramide (ADN, NH,N(NO,),) is being studied as a
major component of eco-friendly liquid propellants that can replace
hydrazine [5,6]. ADN, composed of an ammonium ion (NH;) and
dinitramide ion (N(NO,)*"), has high nitrogen and oxygen con-
tent, making it suitable for new explosives, detonators, and rocket
propellants [7-10]. Moreover, it does not generate halogen acid as
a decomposition product, and has low flammability; high thrust,
and good storage stability.

The ADN-based liquid propellant consists of ADN, water, meth-
anol, and ammonia, which is known as TMP 103S’ [11]. Previously,
it was reported that there are seven decomposition pathways, Egs.
(1)-(7) for ADN-based liquid propellant as follows [11]:

NH,N(NO,),—>NH,NO,+N,0 1)
NH,NO,—N,0+2H,0 )
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NH,NO,—>3/4N,+1/2NO,+2H,0 3)
CH,OH+NO,—~»HCOOH+1/2N,+H,0 )
N,0—N,+1/20, )
CH,OH+0,—»HCOOH+H,0 ©)
HCOOH+1/20,—CO,+H,0 @)

The ADN-based liquid propellant has a disadvantage that igni-
tion becomes difficult because of the high water content in the lig-
uid propellant [9]. Once an ADN-based liquid propellant is suf-
ficiently heated to above the specified temperature, known as the
“decomposition onset temperature;” in the thruster, explosive de-
composition occurs. However, because the storage space of the
energy source is limited within the satellite, energy consumption
should be minimized. To meet these constraints, the decomposi-
tion onset temperature should be reduced as much as possible by
catalytic decomposition; therefore, it is essential to develop effec-
tive catalysts capable of promoting the decomposition of an ADN-
based liquid propellant at low temperatures. On the other hand,
when the liquid propellant begins to decompose in satellite thrust-
ers, the temperature of the catalyst bed rises to more than 1,200 °C
[11,12]. Because the decomposition of the propellant occurs inter-
mittently and repeatedly in satellite thrusters, a catalyst having high
heat resistance is essential. That is, the catalyst used for decompos-
ing the liquid propellant in the satellite thruster must have both
high activity at low temperature and high heat resistance.

Platinum, iridium, rhodium, and copper have been studied as
active metals for the decomposition of ADN-based liquid propel-
lants [12-14]. Recently, hexaaluminate has been adapted as a cata-



Decomposition of ammonium dinitramide-based liquid propellant over Cu/hexaaluminate pellet catalysts 661

lyst for high-temperature reactions such as catalytic combustion,
partial oxidation, reforming, and N,O decomposition reactions
[15-17]. Hexaaluminate reportedly has high heat resistance even at
1,200°C or higher [18,19]. It consists of a hexagonal aluminate com-
pound with a unique layer structure of a dense oxide layer and a
spinel block with a layered mirror surface. It has the general for-
mula of AB,Al;, O, in which A is a large cation such as Na, Sr,
La, or Ba and B is a transition metal such as Mn, Fe, Co, Cu, or Ni
[20,21].

When a catalyst is applied for decomposing a liquid propellant
in a thruster, a catalyst body is necessarily required to minimize the
pressure drop, and a powder type catalyst is not appropriate. Al-
though catalysis in decomposition of liquid propellants is now an
intensively studied discipline, there is scant knowledge about cata-
lyst foaming, the success of which ultimately decides the overall
feasibility of a decomposition process. Despite the importance of
catalyst preparation procedures in the field of industrial catalysts
for the decomposition of propellants, the influence of catalyst man-
ufacturing strategy on catalytic performance has been underesti-
mated. To the best of our knowledge, this study is the first to elucidate
the foaming procedure for a pellet-type catalyst in the decomposi-
tion process of a liquid propellant.

The aim of this study was to determine the influence of a cop-
per incorporation strategy over Sr-hexaaluminate on the catalytic
performance during the decomposition of an ADN-based liquid
propellant. After synthesis of a powder-type catalyst, a binder was
added and the catalyst extruded into pellet form. Pellet type cata-
lysts were calcined at 1,200 °C, and their physical and chemical
properties were analyzed. In particular, this study focused on heat
resistance of the pellet-type catalysts, and decomposition of the
ADN-based liquid propellant was carried out to investigate the heat
resistance and decomposition activity.

EXPERIMENTAL DETAILS

1. Synthesis of Hexaaluminate Powder

Sr-hexaaluminate composed of SrygLa,,MnAl 0,5 was prepared
by a coprecipitation method [22,23]. A precursor solution was pre-
pared by adding nitrates of strontium, lanthanum, manganese, and
aluminum to deionized water. The precursor solution and ammo-
nium hydroxide were added dropwise to an ammonium carbon-
ate solution to precipitate the solution while maintaining the tem-
perature at 60 °C and the pH at 7-8. After completing the precipi-
tation step, aging, filtering, and drying were conducted and the pre-
cipitates was then calcined at 1,200 °C for four hours to prepare the
hexaaluminate powder.
2. Preparation of Copper-incorporated Pellet-type Catalysts

The copper-incorporated catalysts were prepared using four meth-
ods. With the first method, Cu(NO;), was used during the synthe-
sis of Sr-hexaaluminate powder through a coprecipitation method
so that copper atoms could be positioned inside the hexaalumi-
nate matrix. The powder was dried in an oven at 110°C for 24
hours, and subsequently calcined at 1,200 °C for four hours. The
as-prepared powder is referred to here as “Cu-hexa-powder’.

As a second method, the Cu-hexa-powder was mixed with an
organic binder (methyl cellulose, 5wt%), an inorganic binder (mont-
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Fig. 1. Strategy of catalyst foaming.

morillonite, 50 wt%), and water. Subsequently, a pellet-type catalyst
with a diameter of 2mm and a length of 3 mm was prepared by
extrusion of the mixture. The pelletized catalyst was calcined at
1,200 °C for 4 hours to complete the “Cu-hexa-pellet-A” catalyst
(Fig. 1).

In the third method, Cu (10 wt%) was impregnated on the Sr-
hexaaluminate powder by incipient wetness method. Subsequently,
extrusion was carried out after adding the organic and inorganic
binders to prepare the pellet-type catalyst (2 mm in diameter and
3 mm in length). The prepared pellet-type catalyst was calcined at
1,200 °C for four hours to complete the catalysis of the Cu/Sr-hex-
aaluminate pellet; this was termed “Cu-hexa-pellet-B” (Fig. 1).

In the fourth method, a mixture of Sr-hexaaluminate powder
and the organic and inorganic binders was initially formed into a
pellet (2 mm in diameter and 3 mm in length) through extrusion.
Then, Cu (10 wt%) was impregnated into the pellet using the incipi-
ent wetness method. The prepared pellet-type catalyst was calcined
at 1,200 °C for four hours, and it was termed “Cu-hexa-pellet-C”
(Fig. 1).

3. Characterization of the Catalysts

An N; adsorption-desorption analysis was carried out at the lig-
uid nitrogen temperature using a BELSORP II device from BEL
Japan, Inc. The specific surface area of the catalyst was calculated
using the Brunauer-Emmett-Teller (BET) method, and the total
pore volume was checked by calculating the amount of condensed
nitrogen at P/Py=0.99 using the Barrett-Joyner-Halenda (BJH)
method. For X-ray diffraction (XRD) analysis, a Rigaku MiniFlex600
device (600 W, 40kV, 15 mA), which uses Ca Ko radiation as an
X-ray source, was used. The compositions of the prepared catalyst
were analyzed in accordance with the X-ray fluorescence with a
Primus model from Rigaku. The scanning electron microscope -
energy dispersive X-ray spectroscopy (SEM-EDS) was utilized to
study the surface morphology of the catalysts using the MIRA LMH
model from Tescan. The compressive strength of the catalyst pel-
let was measured using a DS2-200N model of IMADA. The com-
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Fig. 2. Schematic diagram of apparatus for decomposition of pro-

pellant.

pressive strength was determined by dividing the compressive load
when the catalyst pellet was broken by the cross-sectional area of
the catalyst pellet.
4. Catalytic Decomposition of the Liquid Propellant

The ADN-based liquid propellant used in this study was com-
posed of 65wt% of ADN, 10 wt% of methanol, 10 wt% of water,
and 5 wt% of ammonia. The decomposition reaction of the ADN-
based liquid propellant was carried out inside a semi-batch reactor
fabricated in-house. After inputting 80 mg of the catalyst and 50 uL
of ADN-based liquid propellant into the reactor, the temperature
and pressure inside the reactor were measured ten times per sec-
ond while increasing the temperature at a rate of 10 °C/min. The
temperature at which the temperature and pressure abruptly in-
creased because the decomposition of the ADN-based liquid pro-
pellant was set as the decomposition onset temperature. The prod-
uct stream was collected using Tedlar bag and analyzed using an
infrared spectrometer (Nicolet iS50 FT-IR).

RESULTS AND DISCUSSION

1. Characteristics of the Catalysts
The N, adsorption isotherms of the three types of pellet cata-
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Fig. 3. N, adsorption isotherm of various catalysts.

lysts (Fig. 3) show that they correspond to Type III in the IUPAC
classification, meaning that the adsorbed molecules are clustered
around the most favorable sites on the surface of a nonporous or
macroporous solid and the micropores are mostly undeveloped
[24]. The BET surface areas of the Cu-hexa-powder, Cu-hexa-pel-
let-A, Cu-hexa-pellet-B, and Cu-hexa-pellet-C catalysts were mea-
sured to be 4.0, 0.3, 0.6, and 1.1 m’/g, respectively (Table 1), which
indicates that the surface area is drastically reduced through the
foaming procedure in comparison with the powder-type catalyst.
This is attributed to the pelletized catalysts containing inorganic
binders and being calcined at a high temperature of 1,200 °C. The
order of the surface area and pore volume is Cu-hexa-pellet-C>Cu-

Table 1. BET surface area and total pore volume of various catalysts

Catalyst Sper (m’/g) v, (cm’/g)
Cu-hexa-powder 4.0 0.030
Cu-hexa-pellet-A 0.3 0.010
Cu-hexa-pellet-B 0.6 0.015
Cu-hexa-pellet-C 1.1 0.023
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Fig. 4. Pore size distribution of various catalysts.

hexa-pellet-B>Cu-hexa-pellet-A, and the surface area and pore size
of Cu-hexa-pellet-C are about four times those of Cu-hexa-pellet-
A. Tt was also found that all three types of pellet catalysts developed
mesopores in accordance with the pore size distribution measured
using the BJH method (Fig. 4). The average pore size of the three
types of pellet catalysts is about the same at about 10 nm.

The XRD patterns of the catalysts are shown in Fig. 5. The Cu-
hexa-powder catalyst shows an XRD pattern very similar to that of
hexaaluminate without copper, indicating that the Cu-hexa-pow-
der catalyst prepared by the co-precipitation method including the
Cu precursor retains the hexaaluminate structure well [19,25,26].
In the case of the Cu-hexa-pellet-A catalyst, the hexaaluminate struc-
ture can be confirmed because most characteristic peaks of the hex-
aaluminate structure are shown, although the XRD pattern is more
complicated because of the characteristic peak of the inorganic binder
(M). However, the XRD patterns of the Cu-hexa-pellet-B catalyst and
the Cu-hexa-pellet-C catalyst were very different from the XRD pat-
tern of the hexaaluminate and confirmed to be mostly because of
the peaks of the copper oxide, a-alumina, and inorganic binder.
That is, the Cu-hexa-pellet-B catalyst and the Cu-hexa-pellet-C cat-
alyst are considered to correspond to the alumina structure rather
than the hexaaluminate structure.

The composition of the catalysts was confirmed by XRF analy-
sis (Table 2). For the Cu-hexa-pellet-A sample, Sr was more distrib-
uted than Cu, indicating that Cu was present inside the hexaalu-
minate matrix as opposed to being on the surface of the catalyst.
The Cu-hexa-pellet-A sample contains a larger amount of alumina
than the Cu-hexa-powder sample because the Cu-hexa-pellet-A
contains a large amount of inorganic binders. However, in the Cu-
hexa-pellet-B and Cu-hexa-pellet-C cases, there was much more cop-
per present on the surface compared with the Cu-hexa-powder
catalyst. Because Cu-hexa-pellet-B and Cu-hexa-pellet-C were pre-
pared with hexaaluminate first for use as a support and then cop-
per impregnated onto the support, a relatively large amount of copper
was exposed on the surface of the pellet-type catalyst.

The presence of Cu on the surface of the catalysts was confirmed
with SEM-EDS spectroscopy (Fig. 6). Copper particles (green color)
on the Cu-hexa-pellet-A sample show better dispersion at smaller
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Fig. 5. XRD patterns of various catalysts.

Table 2. Composition of various catalysts determined by XRF

SrtO  La,0; MnO ALO, CuO
Wt%)  (wt%)  (wt%)  (wt%)  (wt%)

Catalyst

Cu-hexa-powder  45.6 115 6.7 174 18.8
Cu-hexa-pellet-A  29.2 7.2 5.1 479 10.6
Cu-hexa-pellet-B 24.6 5.0 8.6 36.7 251
Cu-hexa-pellet-C~ 19.5 4.1 6.6 30.3 39.5
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Fig. 6. SEM-EDS images of various catalysts.

sizes than the other two catalysts. Copper dispersion of catalysts
can also be compared with XRD analysis (Fig. 5). Scherrer’s equa-
tion was used to calculate the mean crystallite size of copper oxide.
The mean crystallite size of copper was found to be 32.0, 34.4 and
404 nm over the Cu-hexa-pellet-A, Cu-hexa-pellet-B, and Cu-hexa-
pellet-C catalysts, respectively. From the results of XRD and SEM-
EDS spectroscopy; it was found that copper was most well dispersed
on the Cu-hexa-pellet-A catalyst among the three catalysts prepared
in this study.
2. Catalytic Decomposition of the Liquid Propellant

The catalytic performance during the decomposition of the ADN-
based liquid propellant is presented in Fig. 7. First, it was confirmed
that the ADN-based liquid propellant was decomposed in one step
by catalytic decomposition as well as by thermal decomposition.
During the decomposition of the ADN-based liquid propellant, the
temperature of the catalyst increased sharply because of a strong
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Fig. 7. Temperature and pressure record vs. time during decompo-
sition of ADN-based monopropellant.

exothermic reaction. The point at which the temperature started
to increase is referred to as the decomposition onset temperature
[8,9]. In addition, the gas product formed abruptly during the de-
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Table 3. BET surface area and total pore volume of the fresh and used catalysts

Catalyst Sper (m*/ 2) v, (cm®/ 2)
Cu-hexa-pellet-A-fresh 0.3 0.010
Cu-hexa-pellet-A (after 5 times decomposition reaction without thermal shock) 0.4 0.011
Cu-hexa-pellet-A (after 5 times decomposition reaction with thermal shock) 0.4 0.008

composition process, and this was accompanied by an abrupt pres-
sure increase. The difference at this time between the pressure just
before decomposition and the maximum pressure is expressed as
AP, The lower the decomposition onset temperature, the better the
catalytic activity in the decomposition of the ADN-based liquid
propellant [4,8,9].

In the thermal decomposition without a catalyst in the decom-
position reaction of the ADN-based liquid propellant, the decom-
position onset temperature was 167.6 °C. During the decomposition
using catalysts, the decomposition onset temperature was much
lower. For decomposition using the Cu-hexa-pellet-A, Cu-hexa-pel-
let-B, and Cu-hexa-pellet-C, the decomposition onset temperatures
were 93.8°C, 117.0 °C, and 126.1 °C, respectively. For decomposi-
tion using the Cat-C-pellet catalyst, in which hexaaluminate was
formed into a pellet and where copper was impregnated during the
last stage, the decomposition onset temperature of 126.1°C is similar
to that of a CuMnO, catalyst [13]. The Cu-hexa-pellet-A showed
the lowest decomposition onset temperature, with the decomposi-
tion onset temperature being lowered by 73.8 °C compared with that
of thermal decomposition. This means that the Cu-hexa-pellet-A
catalyst showed excellent decomposition activity and was the best
among the catalysts tested here. Also, the Cu-hexa-pellet-A catalyst
has the smallest specific surface area (Table 1). Furthermore, as con-
firmed from the XRF analysis results (Table 2), the number of cop-
per atoms present on the surface of the Cu-hexa-pellet-A catalyst
is much smaller than that of the Cu-hexa-pellet-B and Cu-hexa-pel-
let-C catalysts. Therefore, the pore structure and the copper con-
tent of the catalyst surface cannot account for the excellent activity
of the Cu-hexa-pellet-A catalyst. XRF analysis shows that the Cu-
hexa-pellet-A catalyst maintained the hexaaluminate structure, while
the Cu-hexa-pellet-B and Cu-hexa-pellet-C catalysts did not retain
the hexaaluminate structure (Fig. 5). Therefore, it is deduced that
the excellent activity of the Cu-hexa-pellet-A catalyst is due to the
hexaaluminate structure. In the case of the Cu-hexa-pellet-A cata-
lyst, copper is well incorporated in the hexaaluminate matrix and the
dispersion of the copper is higher than in the other two catalysts.

The product gases collected from the catalytic decomposition of
the ADN-based liquid propellant over the the Cu-hexa-pellet-A
catalyst was analyzed using infrared spectrometer as shown in Fig,
8. FT-IR absorbance bands due to NH,NO,, HCOOH, N,O, and
NO, were observed, which well corresponded to the previous report
on the decomposition mechanism of LMP 103S [11].

To verify the reusability of the Cu-hexa-pellet-A catalyst, ADN-
based propellant decomposition experiments were repeated five
times (Fig. 9). During the five-times repetitive decomposition of the
ADN-based propellant, the decomposition onset temperature and
the AP were maintained at a constant level. The N, adsorption iso-
therm and pore size distribution of the spent catalysts after five
repetitive decomposition experiments did not show any consider-
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Fig. 8. FT-IR spectra for the decomposition product gases from ADN-
based monopropellant in the presence of Cu-hexa-pellet-A
catalyst.

140 300
—®&— Decomposition onset temperature
120 { == 4P

OCJ

r 250

100 -
F 200

80 -
r 150

11K

2nd 3rd 4th 5th

60 -

40 +

20 A

0 T
Ist

Fig. 9. Decomposition onset temperature and pressure drop during
decomposition of ADN-based monopropellant over Cu-hexa-
pellet-A catalyst for five repetitive tests.
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able differences from those of the fresh catalysts (Fig. 10 and Fig.
11, respectively). Accordingly, the surface area and pore volume of
the Cu-hexa-pellet-A catalyst did not decrease after repeated de-
composition reactions. Moreover, the compressive strength of the
used pellet catalyst was similar to that of a fresh pellet catalyst (Fig.
12). As a result, it was confirmed that the Cu-hexa-pellet-A cata-
lyst could be recovered and reused as a catalyst for decomposition
of an ADN-based propellant.

When an ADN-based propellant is used as fuel in a satellite
thruster, the temperature of the catalyst bed is known to rise inter-
mittently and repeatedly up to 1,200 °C. To measure the heat resis-

Korean J. Chem. Eng.(Vol. 36, No. 5)



666 S. Heo et al.

—&— Adsorption
<@ Desorption

Volume adsorbed (cm"fg STP)

0.0 0.2 0.4 0.6 0.8 1.0
Relative pressure (P/P,)
Fig. 10. N, adsorption isotherms of Cu-hexa-pellet-A catalysts: (a)

Fresh catalyst, (b) used catalyst after five repetitive tests with-
out thermal shock, (c) used catalyst after five repetitive tests

with thermal shock.
0.05
—o— (a)
=@ (b)
0.04 { ~¥ (©
.
T 0.03 |
=
z
=
S 002
0.01 -
0.00

1000

dp!nm

Fig. 11. Pore size distributions of Cu-hexa-pellet-A catalysts: (a) Fresh
catalyst, (b) used catalyst after five repetitive tests without
thermal shock, (c) used catalyst after five repetitive tests with
thermal shock.
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Fig. 13. Decomposition onset temperature and pressure drop during
decomposition of ADN-based monopropellant over Cu-
hexa-pellet-A catalyst for five repetitive tests with thermal
shock.

tance of the Cu-hexa-pellet-A catalyst under more severe conditions,
the catalyst was recovered and heat treated at 1,200 °C for 10 minutes
prior to reuse. The catalytic activity did not decrease remarkably
after five repeated experiments, even when a thermal shock was
applied at a high temperature of 1,200 °C prior to catalyst reuse
(Fig. 13). It was confirmed that physical properties such as surface
area, average pore diameter, and the compressive strength of the
fresh catalyst did not deteriorate remarkably after five-times repeti-
tive reuse and heat treatment. SEM images before and after de-
composition experiments are shown in Fig. 14. It was difficult to
find the change of particle texture between the fresh and spent cat-
alysts. Even after a thermal shock at 1,200 °C, there was no signifi-
cant change in the structure of the catalyst. Consequently, the Cu-
hexa-pellet-A catalyst was confirmed to be a catalyst that has excel-
lent activity and heat resistance simultaneously in the decomposi-
tion of an ADN-based propellant.
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Fig. 14. SEM images of Cu-hexa-pellet-A catalysts: (a) Fresh cata-
lyst, (b) used catalyst after five repetitive tests without ther-
mal shock, (c) used catalyst after five repetitive tests with
thermal shock.

CONCLUSION

The Cu-hexa-pellet-A catalyst in which copper atoms are posi-
tioned inside the hexaaluminate matrix showed the lowest decom-
position onset temperature in decomposition of an ADN-based
propellant. The excellent activity of the Cu-hexa-pellet-A catalyst is
ascribed to the copper being well incorporated in the hexaalumi-
nate matrix, and the dispersion of the copper is higher than that in
the other two catalysts. When a thermal shock was applied at a high
temperature of 1,200 °C prior to catalyst reuse, physical properties

such as surface area, average pore diameter;, and the compressive
strength of the fresh catalyst did not deteriorate remarkably after
five times repetitive reuse and heat treatment. Consequently, the
Cu-hexa-pellet-A catalyst was confirmed to be a catalyst that has
excellent activity and heat resistance simultaneously in decomposi-
tion of an ADN-based propellant.
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