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Abstract

A dynamic reactor with mass spectroscopy online product analysis has been used to study the thermal and catalytic decompositions of ionic liquid
HAN-based monopropellants. The activity of different catalysts has been evaluated by determining qualitatively and quantitatively the reaction
products. A careful calibration of the expected products detected by the mass spectrometer (MS) (N,, O,, N,O, NO and NO,) has been performed.
The analytical results have been supplemented by Raman spectroscopy of the aqueous solutions trapped after the reactor.

The thermal and catalytic decomposition of water—HAN (80 wt.%, hydroxylammonium nitrate NH;OH*NO; ™) mixture gave primary products
(major N,, medium NO) and secondary products (medium N,O and traces NO,). From the data, a reaction mass balance could be proposed, based
on the combination of two parallel competitive reactions:

6NH;OHNO;(aq) = 3N,(g) + 2NO(g) + 10H,0(g) + 4HNOs(g), A,H° = —117.8kJ HAN mol™

6NH;OHNO;(aq) = 2Nx(g) + 2N,O(g) + 10H,O(g) + 4HNOs(g), AH° = —121.0kIHAN mol ™'

The influence of the catalyst shape (powder or spheres) has been followed. The isothermal tests at 50 °C display the best activity for the powder
catalyst with a complete decomposition of the HAN solution, due to a good contact between catalyst bed and monopropellant. On the other hand, the
sphere-shaped catalyst leads only to a partial HAN decomposition, due to preferential paths through the catalyst bed. The thermal decomposition

at 200 °C, leads also to a partial reaction.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The study and development of new monopropellants as
hydrazine substitutes for propulsion applications are currently
investigated to reduce handling and storage costs and to increase
engine performance [1]. The most cited merit of these new
propellants is their reduced toxicity and keywords like ‘non-
toxic propellants’ or ‘green propellants’ are extensively used
in literature and proceedings [2]. In previous papers, describ-
ing the replacement of hydrazine by hydrogen peroxide or by
HAN-based ionic liquid monopropellants (HAN: hydroxylam-
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monium nitrate NH3OH*NO3 ™), we have presented the design
and use of a very versatile, constant volume, laboratory batch
reactor [3,4], and preliminary results on the catalytic decom-
position of binary HAN-water mixtures [5]. These results have
shown that platinum supported on silica-doped alumina cata-
lysts (Pt/Al,O3-Si) are able to trigger the decomposition of a
HAN-water solution (80 wt.% HAN) at low temperature and
remain active in solution after 15 or more injections of HAN
[6-8]. However, the experimental pressure increase remains
lower than the pressure calculated on the basis of the forma-
tion of the sole thermodynamic products, i.e. nitrogen, oxygen
and water. This discrepancy is due to the formation of nitro-
gen oxides (N2O, NO and NO;) as kinetic products and to
the aqueous solubility of NO,. As the kinetic product forma-
tion decreases the engine performance, the assessment of the
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parameters governing the final reaction products is a critical
part of our study.

Therefore, the objective of the current study is to determine
qualitatively and quantitatively, the products formed during ther-
mal and catalytic decompositions of energetic ionic liquids; from
these data, we can establish the reaction mass balance we need to
calculate the propulsion performances. For this purpose, we have
designed and developed a dynamic reactor with online analysis
of the decomposition products by means of a mass spectrometer
(MS); this reactor has been described in a previous paper [9]. It
enables us to evaluate the catalytic activity and the selectivity
of the monopropellant decomposition at atmospheric pressure
under a neutral gas flow. The results presented here have been
supplemented by a careful calibration of the mass spectrome-
ter for the different reaction products. The MS data associated
with the characterization of the condensates by Raman spec-
troscopy allowed us to propose a mass balance of the products.
New results obtained on powder and sphere-shaped catalysts
are presented and discussed to investigate the effect of the shape
forming.

2. Experimental
2.1. Dynamic reactor

2.1.1. Design of the reactor

The reactor is a fixed bed reactor with online mass-
spectrometer analysis of the gaseous decomposition products
(Fig. 1); it is a modified version of the previous reactor [9].
The catalytic tests are performed under helium flow and the
monopropellant is injected manually through a septum using a
microsyringe. The design of this apparatus avoids the propellant
flowing on the reactor wall surface before reaching the catalyst
bed. The powder or sphere-shaped catalyst (160 mg) is put into
a quartz reactor (internal diameter: 13 mm, catalyst bed height:
2mm) and can be heated with a fixed slope (2-10 K min™!) or
preheated at a defined temperature (20-300 °C). Excess water

Electronic flow controller

is condensed in a trap situated just below the reactor and kept at
0°C; a downstream tube filled with silica gel eliminates the rest
of the water in the gas flow.

Decomposition products are analyzed by means of a mass
spectrometer (Pfeiffer; Model Omnistar; m/z range 0-200;
quadrupole QME200). The analyses are performed using the
Quadstarr 422 software with an ionization voltage of 70eV
and an emission current of 1 mA; the intensity of the ionic
current is recorded versus time. The mass spectrometer cali-
bration is achieved using a specifically designed device (Fig. 2)
to inject controlled mixtures of the expected nitrogen oxides
diluted in argon (NO; 4.58 = 0.23 v0l.%; NO 5.02 £ 0.10 vol.%;
N0 5.13 £0.10 vol.%) and pure gases Oy, N>, purchased from
Air Liquide Company, France.

2.1.2. Decomposition products

HAN-water binary mixture containing 80 wt.% HAN has
been used. The thermodynamic decomposition products are
water, nitrogen and oxygen (Table 1, Eq. (1)), whereas several
kinetic products (NO, NO;, N>O, HNO3) have been identi-
fied corresponding to various reactions (Egs. (2)—(7)) [10-13].
Table 1 gathers different reaction equations sorted by increasing
reaction enthalpies (A;H°). For the thermodynamic calcula-
tions, we used HSC software [14] and we took —344 kJ mol~!
as formation enthalpy of aqueous HAN. From these data, sev-
eral products can be expected that do not disfavor too much the
energetic balance of the reaction by comparison with the ther-
modynamic products. For each species, relative intensities of the
mass spectrum peaks are given in Table 2; they are taken from
the NIST WebBook databases [15] and correspond to ionization
energy of 70eV; no data could be found for the species HNO,
HNO; and HNOj3. The peak at m/z 30 is due to the contribution
of three species, namely NO (main peak), NO; (main peak) and
N> O (second peak); to discriminate between these species, we
used the second peak at m/z 46 for NO, and the main peak at
m/z 44 for N> O (Table 2). This procedure requires a calibration
of the mass spectrometer in order to quantify the contribution of
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Fig. 1. Design of the dynamic reactor.
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Fig. 2. Design of the gas calibration apparatus used for the mass spectrometer.

Table 1

Balanced equations for different HAN decomposition schemes and corresponding reaction enthalpy

Balanced equation

AH® (298) (kJ mol—1)

[NH30H]*[NO3]™ (aq) = 2H,0(g) + Na(g) + Oa(g)
[NH30H]*[NO3]™ (aq) = 2H,0(g) + 0.5Na2(g) + NOx(g)
[NH3;0H]T[NO3]™(aq) = 0.75N,0(g) + 0.5HNOs(g) + 1.75H,0(g)

[NH;OH]*[NOs] ™ (aq) = 0.8N,0(g) + 0.4HNOs(g) + 1.8H,0(g) + 0.10;(g)

[NH30H]*[NO3] ™ (aq) = 2H,0(g) + N20(g) + 0.502(g)
[NH30H]*[NO3]™(aq) = 2H>0(g) + 2NO(g)
[NH30H]*[NO3] ™ (aq) = NH,OH(g) + HNO;(g)

) —139.7
1)) —105.5
3) —85.0
) ~79.6
o) —58.1
(©) +42.9
%) +160.1

All the products are taken in gaseous phase.

each gas for each m/z value. Moreover, nitric acid, nitrous acid
and nitrogen dioxide are dissolved in the water trap leading to
an incomplete mass balance of these species.

2.1.3. Experimental conditions

Two studies were carried out: a thermal decomposition and
a catalytic decomposition of HAN-water mixture. Whatever
the reaction (thermal or catalytic decomposition), 100 pL. of
HAN solution was injected using a micro-syringe, under helium
flow (about 165 mL min~!). The thermal decomposition was
obtained for a bed temperature of 200°C. For the catalytic
decomposition, 160 mg of catalyst have been put into the reac-
tor and two heating procedures were used: temperature increase
mode (7 K min~!) and isothermal mode (50 or 85 °C). The inten-

sity of the mass spectrum peaks are collected, for every mass
between 0 and 100, for 50 ms per m/z unit.

2.2. Catalyst and propellant

2.2.1. Catalyst

The catalyst (Pt/AlO3Si) has been described in previous
evaluation tests [16]. Si doped alumina supports were synthe-
sized through sol-gel procedure using aluminum trisecbutoxide
(AI(O-CH(CH3)-C2Hs)3) as precursor and silicon tetraethox-
ide (Si(O-C,Hs)4) to introduce Si as doping element [17]. The
resulting boehmite wet gel was dried under subcritical con-
ditions (oven, 120°C, 12h, air flow) to form xerogel sam-
ples which were subsequently calcined at 1200°C. A shape

Table 2
Relative intensity of the different mass spectrum peaks for the various gaseous products [14]
4 14 15 16 17 18 20 28 30 32 40 44 45 46
He 100
H,O 0.9 21.1 100
N, 5.2 100
NO 7.5 2.4 1.5 100
0, 22 100
Ar 14.5 100
N,O 12.9 5 10.8 31.1 100 0.7
NO, 9.6 22.3 100 37
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designed sample was realized from xerogel powder by CTI Com-
pany (Céramiques Techniques et Industrielles, 38000 Salindres,
France) and named “spheres” in order to develop the catalyst
for industrial applications. The platinum active phase was intro-
duced onto the surface of the calcined support through two or
three wetness impregnation procedures, using an aqueous solu-
tion of hexachloroplatinic acid HPtClg. After drying at 120 °C,
Hj-reduction at 400 °C leads to the formation of medium plat-
inum crystallites (17-21 nm). The catalysts are named, respec-
tively 5(i+7)Pt (powder, two impregnations) and 3(i+i+ )Pt
(spheres, three impregnations). The average size of the powder
particles is 50 wm; the average diameter of the spheres is about
1.5 mm.

2.2.2. Monopropellant preparation

HAN-H,O mixture was prepared by controlled reaction (Eq.
(8)) between concentrated aqueous solution of hydroxylamine
(50 wt.%) and nitric acid (65-70 wt.%), both of high purity
(Aldrich Company).

NH,0H(aq) + HNOs(aq) — [NH30H]"[NO3] (aq) )

The temperature is continuously kept under 4 °C and the end of
the acid-base reaction is detected by a pH comprise between
3 and 2.5. The resulting ionic solution contains approximately
60wt.% HAN and is concentrated using a rotating evapora-
tor, to reach the expected concentration of about 80 wt.%. The
80 wt.% HAN content is checked by density measurements at
25°C(1.51¢g cm ) using the following formula (Eq. (9)) where

w(HAN) represents the HAN mass fraction [18]:

B 107.85
"~ 96.042 — w(HAN) x 30.99

i ©)
The water content is further controlled by thermal analysis
measurements to determine the evaporated water percentage [2].

3. Results
3.1. Mass spectrometer calibration

Several gaseous mixtures containing Oz, No, NO, N>O and
NO; in argon and helium flows, have been analyzed by mass
spectrometry to establish the calibration plots; Table 3 displays
typical compositions and peak intensities for some of the mix-
tures. Fig. 3 shows the mass spectrum results for the ternary
mixture containing the three nitrogen oxides (Table 3, last row).
For pure N; and O, the gas percentage can be extended to
30 vol.%, whereas for the nitrogen oxides, the dilution of these
gases in argon limits the percentage from 0.1 to 2.4 vol.%. Dur-
ing HAN decomposition, the experimental values are generally
inside this percentage and then could be easily interpolated.
The relative intensities of each gas was corrected, taking into
account the vector gas (helium) as internal standard. From all
these experiments, a calibration curve is established for each gas
and presented in Fig. 4. The plot of the intensity, as a function
of the gas rate, is clearly linear. For NO gas, the scattered distri-
bution of the experimental points around the linear plot is due to

Table 3
Calibration of the mass spectrometer.
Relative intensity Mass (m/z) Ratio
Gas % 4 28 30 32 40 44 46
He (100) N3 (100) NO (100) NO; (100) N,O (31) 0, (100) Ar (100) N, O (100) NO, (37)
Intensity (1079 A)
0, 1.14 13.6
Ar 37.99 251
He 60.87 210
N, 1.17 16.8
Ar 37.98 258
He 60.85 216
NO 1.93 24
Ar 36.43 245
He 61.64 284
N,O 2.01 3.29 14.0 4.26
Ar 37.18 250
He 60.81 251
NO, 1.46 5.69 270 211
Ar 30.48 222
He 68.06 276
NO 0.66 8.60
NO, 0.18 0.99 047 211
N,O 1.00 1.61 6.83 4.26
Ar 34.74 239
He 63.42 255

Peak intensity for nitrogen, oxygen and nitrogen oxides diluted in argon and helium. The relative intensities, taken from the NIST database [14], are given in

parenthesis (bold values are calculated from ratio).
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1E-05 Table 4

1E-08 ZH:S Zgrs Slope values issued from gas calibration using a linear fit
« 1E-07 NO_T%{N’O N,O Gas Slope value Standard deviation Correlation Number of
< 1E-08 6.83 coefficient data points
2 NO,
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Fig. 3. Peak intensity vs. m/z measured from a ternary NO, N,O and NO,
mixture (the intensity number given in the figure is multiplied by 10°).

the fact that the intensities plotted are not directly measured but
calculated by subtracting the NoO and NO; contributions at m/z
30. Concerning the N> O and NO, calibration curves, the plotted
intensities are respectively taken from m/z values of 44 and 46.

Then, by calculating the slope of the different calibration
curves using a linear fit (Table 4), it is possible to determine the
percentage of each gas in the product mixture from experimental
intensities (corrected from helium standard).

300+
N2

250 0,
< 200
- 7oy
=
x 150
2
2
] 100
£

50

0 ; = : : . ;

0 5 10 15 20 25 30
(@) Gas percentage / %

25 - NO

A/

20 -
<
o 157
- v N,O
% 10 =
=
8
=

5

NO,

0 .

00 02 04 06 08 10 12 14 16 18 20 22
(b) Gas percentage / %

Fig. 4. Calibration plots of the expected gas: (a) N2, O, and (b) NO, NO;, N,O.

3.2. HAN solution decomposition

3.2.1. Analysis of the trapped products by Raman
spectroscopy

After the decomposition reaction, water excess is condensed
in the cold trap and dissolves a part of the reaction products.
The collected liquids, obtained after the catalytic tests at 50
and 85°C, have been analyzed by Raman spectroscopy. For
comparison purposes, HANgog—water mixture and nitric acid
(65 and 10 wt.%) have been also analyzed. The Raman spectra
are presented in Fig. 5 and the corresponding vibration bands are
gathered and assigned in Table 5 [19,20]. All the Raman bands
of concentrated nitric acid solution (65 wt.%) are attributed
to molecular HNOs3 species (strong bands at 688, 955 and
1304 cm™ L, Fig. 5f) and nitrate ions (strong band at 1040 cm™h).
On the contrary, the Raman spectrum of more diluted nitric
acid solution (10 wt.%) shows a strong intensity decrease of
bands corresponding to molecular nitric acid, whereas the
nitrate band displays a slight increase (Fig. 5e); this suggests,
as expected, an important ionization at this concentration for
aqueous nitric acid, as established by Minogue et al. [19]. The
Raman spectrum of the HANggg,—water solution presents only

1040

(a) - HAN/H,0(80 wt.%)

(b) - col. lig. 3(i+i+i)rPt - 85 °C
(c) - col. lig. 3(i+i+i)rPt - 50 °C
(d) - col. lig. 5(i+i)rPt - 50 °C
() - HNO,/H,O (10 wt.%)

(f) - HNO/H,O (65 wt.%)

1010
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1620
(@) i 730

(b) 1558

C

IC

e
1673 1558

1304 95 88
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Raman shift / cm”
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Fig.5. Raman spectra of HANgq,—water mixture, collected liquids after isother-
mal tests at 50 and 85 °C with powder and pellet catalysts and HNO3 aqueous
solutions (10 and 65 wt.%).
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Table 5
Frequencies of Raman active vibration modes for species present in HAN solu-
tions (s: strong, m: medium, w: weak) [18,19]

Entity Wave number (cm™!) Vibration mode
Nitric acid (HONO)
O—N—Orock) 640 (m) S/rock
O—N—0 688 (m) 8/scissors
N—(OH) 955(s) v
NO, 1304 (s) Vs
Out-of-plane 1558 (w) 2x$6
NO, 1673 (w) Vas
Nitrate ion (NO3 ™)
NO3~ 730 (m) 8
NO3;~ 1040(s) Vis
NO3~ 1430 (w) V3as
Out-of-plane 1558 (w) 2x§
Hydroxylammonium ion (NH3;OH")
N—OH 1010(s) Vas
OH/NH3 1040 (s) 8/rock
NH;3 1620 (w) Rock

the bands corresponding to hydroxylammonium and nitrate
ions (Fig. 5a), as previously published by Courthéoux et al.
[20], in agreement with a full ionized solution.

The Raman spectrum of the collected liquid, issued from the
HANgo9—water decomposition at 50 °C using the powdered cat-
alyst (Fig. 5d), displays the characteristic of the nitrate peak at
1040 cm~! accompanied by weak but obvious nitric acid bands
at 688, 955 and 1304 cm™!. The absence of the strong hydrox-
ylammonium peak at 1010 cm™~! discloses an efficient catalytic
activity and the presence of HNO3—-NO3 ™ mixture is the result of
nitric acid formation as decomposition reaction product. On the
other hand, the Raman spectra of the collected liquids resulting
from the HAN decomposition on the sphere-shaped 3(i + i + i)rPt
catalyst at 50 and 85 °C (Fig. 5b and c), are almost identical with
the reactant spectra (HANggg—water mixture, Fig. 5a). There-
fore, only a part of the HAN solution is decomposed by the
shaped catalyst.

3.2.2. Stability of nitric acid

As nitric acid has been identified in the condensates, an exper-
iment based on the injection of concentrated nitric acid (65 wt.%)
has been performed at 200 °C. Robertson [21] gives a decompo-
sition temperature of gaseous nitric acid between 80 and 475 °C,
where nitrogen dioxide formation is evidenced (Eq. (10)):

4HNO3(g) — 4NO2(g) + 02(g) + 2H20(g) (10)

The experimental data lead to the presence of N and O, as
major products (Fig. 6a) and only traces of NO and N,O are
observed, whereas NO; is absent. But the intensity of the nitro-
gen and oxygen peaks varies from one experiment to the other,
whereas the O2/N; mol ratio remains constant (0.24, Fig. 6b),
close to the air composition (0.25); therefore, these peaks are
only due to air impurities introduced with the reactant through
the microsyringe. We can conclude that no decomposition of
nitric acid takes part in our conditions at 200 °C; once formed

1.E-06
1.E-07-
1608 N N\
1609

NO, N,0, NO, N,0
1.E-101 =

VEAN e NO,
1.E-12]
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Time /s

—
[y
Rl
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15 N,
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(b) Time /s

Fig. 6. Thermal decomposition of HNO3 (65 wt.%) at 200 °C; (a) intensity mea-
sured from mass spectrometer; (b) gas percentages as a function of time.

nitric acid molecules remain stable at moderate temperatures
and are trapped with water.

It was proposed that the first step of HAN decomposition is
the proton exchange leading to the formation of nitric acid and
hydroxylamine. But the reaction enthalpy of the corresponding
equation (Table 1, Eq. (7)) is very high, more than 160 kJ mol~",
and discards this reaction as a possible first step of the decompo-
sition mechanism. Therefore, the formation of nitric acid is the
result of decomposition reactions and not of proton exchange.

3.2.3. Thermal decomposition of HAN solutions

Previous studies have revealed that HANggg—water mixture
decomposes at 120 °C (batch reactor results) [16]; therefore, by
setting the reactor temperature at 200 °C, we expect to observe
the thermal decomposition in the dynamic reactor. The first
detected gaseous species (Fig. 7a) are major nitrogen, nitro-
gen oxide and minor oxygen, followed by nitrous oxide; only
traces of nitrogen dioxide are present. However, the sole NO
contribution is difficult to follow from intensity data as the plot
corresponding to m/z =30 represents the mixture of NO, NO,
and N;O. Fig. 7b displays the gas percentage variations, calcu-
lated from the calibration data. NO content is clearly evidenced
as a primary product showing a parallel curve profile as N»,
whereas later apparition of N>O and traces of NO, gases was
observed. Oxygen displays a peak intensity of about two orders
of magnitude less than nitrogen peak, and a careful examination
of the plot shows that the peak maximum is about 5 s before the
nitrogen peak maximum (Fig. 7b); this can be explained by the
presence of air traces. Therefore, oxygen is not a decomposition
product, but only present as impurity.

NO formation can be the result of fast reactions between inter-
mediate products like HONO and HNO as described in literature
(Egs. (11) and (12)) [22]. These species were not detected, the
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Fig. 7. Thermal decomposition of HANgyg,—water mixture at 200 °C; (a) inten-
sity measured from mass spectrometer; (b) gas percentages as a function of
time.

corresponding intensities at m/z=47 and 31 being embedded
into the background noise (intensity < 10710 A).

3HONO — 2NO + HNO; + H,0 (11)
HNO + HONO — 2NO + H,0 (12)

From Fig. 7b, the estimated N;:NO:N>O product molar ratios
are 6:2:3. The simultaneous formation of nitrogen and nitric
oxide are described as the result of a redox reaction between
hydroxylammonium and nitrate ions according to the balanced
equation (Eq. (13)):

6NH3OHNO3(aq)
= 3Na(g) + 2NO(g) + 10H,O(g) + 4HNO3(g)

—117.8 k HAN mol ! (13)
This equation gives a N»:NO molar ratio of 3:2. The experi-
mental excess of nitrogen can then be explained by the dispro-
portionation of hydroxylammonium cation into ammonium and
nitrogen, leading to the formation of ammonium nitrate, accord-
ing to Eq. (14):
6NH30HNOs3(aq) = 2N2(g) + 2NH4NO3(s) + 6H>O(g)

+ 4HNO3(g) —653kJmol™! (14)

Then, the delayed formation of nitrous oxide is the result of well
known decomposition of ammonium nitrate (Eq. (15)):

2NH4NO;3(s) = 2N0(g) 4+ 4Hy0(g) —72.9kI mol ™!

as)

Combining Egs. (14) and (15) leads to the following decompo-
sition equation (Eq. (16)):

6NH30HNO3(aq)
= 2Nj(g) + 2N,0(g) + 10H,O(g) + 4HNOs(g)
—121.0kJ HAN mol ! (16)

Then, the balanced equation corresponding to the whole
thermal decomposition is a linear combination of Egs. (13)
and (16) which satisfies the N>:NO experimental ratio:
(17)=(13)+1.5x(16)

15NH30HNO;3(aq) = 6Na(g) 4+ 2NO(g) + 3N>0(g)
+ 25H,0(g) + 10HNO3(g) (17)

For this equation, the corresponding enthalpy is —119.8 kJ per
mol of HAN, a value larger than the data corresponding to the
equations presented in Table 1. The experimental amount of
N»O is in rough agreement with the stoichiometric numbers of
Eq. (17).

3.2.4. Catalytic decomposition of HAN solution

3.2.4.1. Temperature increase mode. The experiments per-
formed in temperature increase mode lead to the determination
of the onset decomposition temperature of the monopropellant
for the different catalysts. During the temperature increase mode
(Fig. 8a), the injection of HAN (100 nL) on the 5(i + i)rPt cat-
alyst is carried out at room temperature and then the catalyst
containing the HAN solution inside the porosity is heated at a
slope of 7 K min~!. The beginning of the decomposition takes
place at 77°C, a value higher than previous results obtained
in the static batch reactor under argon (20°C) [7]; this dif-
ference can be explained by the important helium gas flow
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Fig. 8. Catalytic decomposition of HANgyg,—water mixture with 5(i + i)rPt cat-
alyst in temperature increase mode; (a) intensity measured from mass spectrom-
eter; (b) gas percentages as a function of time.
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(165 mL min~!) which cools locally the sample, thus delaying
the decomposition and consequently increasing the decomposi-
tion temperature. The typical evolution of the reaction products
shows the very fast formation of the primary products N, and
NO (Fig. 8b); again, oxygen peak is linked to air traces. Then
the delayed formation of N»O, in comparable amounts as NO,
and traces of NO; are observed with parallel profiles. The exper-
imental molar ratios N2:NO:N,O are 5:2:2 which leads to the
following balanced equation (Eq. (18)) corresponding to the lin-
ear combination (18)=(13)+ (16):

12NH30HNO3(aq) = 5Nj(g) + 2NO(g) + 2N,0(g)
+ 20H,0(g) + 8HNOs(g) (18)

NO and N profiles display a shoulder (Fig. 8a) which can be
linked to a second reaction due to residual HAN slipping from
the reactor surface.

3.2.4.2. Isothermal mode. These tests have been performed
to follow the catalyst activity during 15 successive injections.
Firstly, powder and sphere-shaped catalysts have been tested at
50°C (Fig. 9a and b). The 3(i + i + i)rPt shaped catalyst has also
been tested at a temperature of 85 °C (Fig. 9¢), in order to avoid
the sphere fragmentation observed previously in the batch reac-
tor [7]. Whatever the catalyst, similar catalytic behaviors are
observed; the catalysts remain active during all the injections,
displaying mass spectrometer successive peak profiles similar to
the temperature peaks observed in the batch reactor [20]. Again,
nitrogen and nitric oxide are formed first, followed by nitrous
oxide, as in the case of the thermal decomposition. However,
some discrepancies can be noted.

The 5(i + i)rPt powder catalyst leads to a complete and fast
HAN decomposition at 50 °C (Fig. 9a) in agreement with the
Raman data (Fig. 5d). Therefore, the powder catalytic bed
enables a good contact with the propellant solution which
can react quantitatively by passing over the active centers.
At the same temperature, the sphere-shaped sample displays
only an incomplete decomposition with irregular MS peaks
(Fig. 9b). A temperature increase to 85 °C leads to more repro-
ducible results (more regular MS peaks), but always incom-
plete decompositions occur during the successive injections
(Fig. 9c¢).

3.2.4.3. Comparison between thermal and catalytic HAN
decompositions. To compare the thermal decomposition and
the catalytic reactions on the three catalysts as a function of
the successive injections, the gas percentages of N», NO and
N»O are presented in Fig. 10a—c. Whatever the gaseous product,
the highest observed amounts correspond to the HAN decom-
position on the powder 5(i + i)rPt catalyst: No» =7%, NO=2%,
N2O ~ 2% (vol.%, first injection). Only traces of oxygen impu-
rities and nitrogen dioxide are present. For each injection, Nj
and NO appear simultaneously with well-defined MS peaks,
whereas N, O formation is always delayed and displays rounded
profiles. We observe a slight decrease of the peak maximum
for nitrogen during the successive injections (Fig. 10a) and an
important decrease for nitrogen oxide (Fig. 10b), whereas N,O
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Fig. 9. Peak intensity for catalytic decomposition of HAN solution at 50 °C on
powder (a), spheres (b) and at 85 °C on spheres (c).

remains approximately constant (Fig. 10c); these results show a
decrease of the catalytic activity, in relation with the intermedi-
ate formation of solid ammonium nitrate (Eq. (14)) which can
cover a part of the active centers.

The replacement of the powder catalyst by the sphere-shaped
3(i+i+1)rPt catalyst for the test at 50 °C, leads to a decrease
of the gas product percentages by a factor of about 4, by
comparison with the previous case: N» =3%, NO=0.3% and
N0 ~ 1% (third injection). The major reason is the presence
of preferential paths through the catalyst bed, which avoid
direct contact between the major part of the propellant and the
active centers; this means that the dimensions of the catalytic
bed are not optimized for the sphere-shaped catalyst and must
be changed for future work by reducing the diameter and
increasing the bed length. In this case, the peaks analysis for
all injections is not possible due to the activity variation of this
catalyst along the test. However, for the 3rd, 4th, 10th, 11th and
13th injections, the gas percentages of the different products
are clearly higher. This can be explained by a different path or
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Fig. 10. Gas percentage resulting from catalytic decomposition of HANgpg,—water mixture on 5(i + i)rPt and 3(i + i + i)rPt catalysts at 50 and 85 °C and from thermal

decomposition at 200 °C: (a) N3; (b) NO; and (c) N, O for 15 injections.

by a non-reacted solution accumulation during the injections
which penetrates into the spheres porosity. Another important
characteristic is that no sphere fragmentation was observed,
due to the large amount of non-reacted HAN solution which
limits the heat release due to the propellant decomposition.
However, the selectivity of the reaction into kinetic products is
independent of the support shape.

The tests performed at 85 °C with the same catalyst are more
regular and reproducible than at 50 °C. Nevertheless the catalytic

activity remains low by comparison with the powder sample and
the catalyst was not fragmented after the tests, in agreement with
the preferential path explanation.

For the thermal decomposition at 200 °C, only two injections
have been carried out. The gas percentage of the different prod-
ucts are of the same order of magnitude as the values obtained
with the sphere-shaped catalyst at 85 °C, displaying thus that the
decomposition is only partial despite the higher reaction temper-
ature.
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4. Conclusion

A dynamic reactor with mass spectroscopy online product
analysis has been used to study the thermal and catalytic decom-
position of ionic liquid HAN-based monopropellants. The activ-
ity of different catalysts has been evaluated, by determining
qualitatively and quantitatively the reaction products. A care-
ful calibration of the expected products detected by the mass
spectrometer (N2, Oz, N2O, NO and NO;) has been performed.
The analytical results have been supplemented by Raman spec-
troscopy of the aqueous solutions trapped after the reactor.

The thermal and catalytic decomposition of HAN
(80 wt.%)—water mixture gave primary products (major Nj,
medium NO) and secondary products (medium N, O and traces
NO,). From the data, a reaction mass balance could be proposed,
based on the combination of two parallel competitive reactions:

6NH30HNO3(aq)
= 3Nj(g) + 2NO(g) + 10H,0(g) + 4HNO3(g),
A H® = —117.8kJ HAN mol ™!

6NH30HNO3(aq)
= 2N,(g) + 2N,0(g) + 10H,0(g) + 4HNOs(g),
AH®° = —121.0kJHAN mol ™!

The influence of the catalyst shape (powder or spheres) has been
followed. The isothermal tests at 50 °C display the best activity
for the powder catalyst with a complete decomposition of the
HAN solution, due to a good contact between catalyst bed and
monopropellant. On the other hand, the sphere-shaped catalyst
leads only to a partial HAN decomposition, due to preferential
paths through the catalyst bed. The thermal decomposition at
200 °C, leads also to a partial reaction.

In order to improve the dynamic reactor performances, the
catalytic bed dimensions have to be changed as well as the
physical state of the monopropellant mixture by using a gel
or developing a spray injection system. The comparison of the
sphere-shaped catalyst with laboratory shaped samples is cur-
rently under progress.
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