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SUMMARY

The heterogeneous decomposition of liquid hydrazine on a supported
ruthenium catalyst is a complex reaction. The kinetics have been analysed

in terms of two simultaneous reactions:

(1) 3N2Hh + N? + hNH3

24

(2)  2nHy, > N, + H, + oNH, .
Both reactions are first order with respect to hydrazine concentration (c¢).
The rate equation of reaction (1) is

3 -5h,k00/8.314T -1

v, = 8.7 x107 e x ¢ mole (N2) gm'_1 sec .

and that of reacticn (2) is

{ -1

-3 ! .
. 34,100/8, 31T ¢ mole (H, + N2) gn  sec .

v, = 3.0

It is suggested that reaction {1) occurs when hydrazine is associatively
adsorbed on the catalyst but that when it is disscciatively adsorbed reaction (2)

Qccurs.
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1 {HPRODUCTELON

A study of the kineties of liquid hydrazine decomposition on a supported
iridium catalyst (the Shell hob vuLu]ysL)] proved the reaction rate to be a
linenr function of the hydrazine concentration over the range 15% to 100% w/w
Lydrasine,  The activation enerpy for the reaction was calculated to be
AH,000 ¢ 90 mo].e-l (15,628 ¢+ . eal mole—1). Analysis of the products of
this decomposition showed that it may be represented by the reaction:

NH, v N, hNH3 .

”
&

‘The decomposition of liquid hydrazine on a supported rhodium catalyst was
4

shown to follow a different reaction' :

PNH, o N, o+ H, o+ 2NH,

and the kinetics showed a variation from a half order reactior in low

concentrations of hydrazine to ¢ zero order reaction in high concentrations3.

The activation energy of the reaction was calculated to be 41,300 * 340 J mole !

(9,876 + 81 cal mole—1) and the pre-exponential factor was 3.45 x 102 mole gm-’

-1
sec .

Workers who have studied the decomposition of hydrazine vapour on tungsten

and molybdenum Tilms have postulated two modes of adsorption and decomposition
Lt . . . . s

on these metals *>°. On some sites hydrazine is associatively adsorbed to form

an activated complex which then breaks down to form nitrogen and ammonia in

.ccordance with the reaction:

MM son, o+ kN

O other surface sites hydrazine is dissociatively adsorbed as NH, radicals.
[ 4

Further surface dizsociation occurs o form adsorbed NH , N and H , the

latter combining to form hydrogen molecules which are desorbed., Nitrogen is

not, among the products of the decomposition on these sites and it ir suggested

that it is chemisorbed on the metal by the formation of a strong triple bond.

1. has been suppectwad that the dissociative adsorption of hydrazine is the

initial step in its deccamposition on a supported rhodium catalyst3 and that

-

further
molecules, leads to the formation of hydrogen, ammonia and nitrogen.

B &
e 1 g Ll i, L e M SN A

issociation to NH radicals, which in turn react with other hydrazine
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In addition to iridium and rhodium, other piatiunum group metals have boen

considered for use as supported metal hydrazine decomposition catalystsa and

3 some pract.ical tests have been carried out using a ruthenium catalystY. However,
E' faboratory testing ot Lthe inilial rate of gas evolution shuwed7 that the

3 activity of' the ruthenium catalyst (kEsso %00) was only 1% of that of the

Laladhl b

"

ad

iridium catalyst (Shell 405). The present report describes vhe investigation

A

of the kinetics of hydrazine decomposition on a supported ruthenium catalyst,

and discusses some aspects of possible reaction mechanisms.
2 EXPERIMENTAL E

In all the experiments propellent grade8 hydrazine of 97.T% w/w
concentration (ottained from the 0lin Mathieson Corporation, USA) was used,

2 diluted with demineralised water. The concentrations of the resulting solutions
were determined by mezsuring their refractive indicesg. The catalyst sample
2 was in the form of 1/8 inch alumina pellets (1/8 inch length by 1/8 inch dismeter)
; impregnated with 20% ruthenium and obtained from Engelhard Industries, Ltd.,

UK.

it

; The npparatus, shown in Fig. 1, was similar to that previously described3.
50 ml of nydrazine solution were placed in the apparatus und the catalyst
pellets in the side arm. The apparatus was immersed in a thermostetically
controlled water bath and allowed to reach temperature equilidbrium, It was then
purged with argon until analysis showed that all traces of air had been removed.
Argon wus also used as the carrier gas in the gas chromatograph. The rcatalyst
pellets were dropped into the hydrazine solution by rotating the side arm
through !300..To follow the progress of the reaction the volume of gas
produced was measured al regular intervals, using a gas burette. Fach run was
terminatud before the concentration of hydrarine had changed appreciably. All
traces of ammonin were removed veing a molecular sieve filter. +the gas
3 produced by the decomposition reaction was analysed for nitrogen and hydrogen
- content, using the gas chromatograph, the columns of which were packed with a
Linde molecular sieve, Type S5A. Calibration was by nitrogen and hydrogen from
cylinders of compressed gas. The apparent rates of reaction vere calculated
from the voiume of gus produced in unit time and were expressed in moles of

hydrogen and nitrogen produced per unit time per unit mass of catalyst.
# 3 RE3ULTS

Fig. 2 shows the variation in the apparent rate of decomposition of

hydrazine on the supported ruthenium catalyst at 24°%C with respect to hydrazine
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concentration. ‘These datu are also presented in Table 1 together with the

results of the gus chromatographic analysis for nitrogen and hydrogen. The

i

a oy
it L

npparent, rate of decomposition is a tincar function of the hydrazine

coneentration and the composition of the gas produced is independent. of hydrazine
. > - :

concentration at hc, A product gu:i composition of 2%% hydrogen und T5% 5

nitrogen corresponds to an overall reaction stoichiometry at 24°¢ of:

b

2

B NH, > 3N, + H, o+ T0NHj .

s

T T
het

The ef'fects of temperature cin the rates of decomposition of 19.6% w/w and

w

ALk 3l sl kg’

3 Y8.5% w/w hydrazine solutions on the supported ruthenium catalyst are shown

s

in Fig . 3 and 4 respectively in the form of Arrhenius plots. The results are

alsc presented in Tables 2 and 3 together with the results of the gas
chromutographic anulysis. The product gas composition changes with temperature,

] DT

the percentage of nitrogen increasing with increasing temperature.

Tables L *u 8 and Pig. % to 10 show the results of an analysis of the

data in T “tes 1 to T, which are discussed later.

A L el A ARG SR ¢ I

- b DISCUSSION )

Possible overall reactions which may be used to represent the decomposition

R . . ces 1
of hydrazine under various experimental conditions are “:

(1) g, > N, o+ N

ottt il b

(0) ey o Ny o+ H, o+ 2NH,

2 2

(3) WM, o 2N, + 3H, ¢ 2NH3

(W} N, -+ N, + 2H, .

TN

In geueral, reactions (1) and () have been found to predominate in the
. ses
hewerogencous decomposition of hydraz1ne‘. The decomposition on a supported

o
1,‘1,“-’ while the use of a supportEG

et Gl e gl ey g

iridium catalyst follows reaction (1)

rhodium catalyst results in reaction (2

oL

Studies of the decomposition of hydrazine on tungstenh and molybdenum5 .

films have shown that the manner in which hydrazine is adsorbed appears to

il L Sk

deotermine the remaction path of the decomposition. The associative adsorpticn .
of hydrazine on the metal surface results in an activuted complex which breaks .

down in accordance with reaction (1) to form nitrogen and ammonia. Alternatively,

hydrazine may be dissociatively adsorbed as NH_, radicals on metals which are




cuprble of the dissociabive adsorption of nitrogen and/or hydrogei. With
tungsten and molybdenum turther surface dissociation of the NH2 radicals
oceurs to form NH , N and H adsorbed on the surface. The hydrogen atoms

combine to form molecule: which are desorbed, while the nitrogen atoms remain

bl

chemisorbed on the surface owing to the strong metal to nitrogen triple bond.

Although both iridium and rhodium catalysts decompose hydrazine in

accordance with only one simple reaction stoichicmetry, a supported ruthenium
catalyst decomposes hydrazine at 24°C to form a gas in which the hydrogen to

nitrogen ratio does not correspond to any of reactions (1) to (4) but gives an
overall stoichiometry of: %

8N2Hh -+ 3N2 + H2 + IONH3 .

by

The effect of temperature on the overall rate of reaction and on the
product gas composition is presented in Fig. 3 and 4 and in Tables 2 and 3,
for 19.6 and 58.5% w/w hydrazine solutions respectively. The percentage of
nitrogen in the product gas increases with increasing temperature, indicating

o by

Do ) il i

that the overall :reaction comprises two or more simultaneous reactions with
different activation energics. The overall activation energies calculated from
the Arrhenius plots in Fig. 3 and U are 47,700 % 1,190 and 40,800 + 1,380 J
mole (11,415 + 285 and 9,766 + 330 cal mole-1) for 19.6% and 58.5% hydrazine

respectively, Various temperature ranges were covered for both hydrazine

5
=

il ot

concentrations. As the contribution of each different reaction to the overall

rate varies with temperature, the effect of different temperature ranges is to

vary the activation energy of the overall reaction. Over a wide temperature k

range the Arriienius plot would result in a curve, but over the limited %
3

temncrature ranges covered in Fig. 3 and 4 the experimental error masks any

tendency for the Arrhenius plot to give a curve instead of a straight line.

Gt

As reactions (1) and (.!) occur during the decomposition of liquid
hydrazine on supported iridium and rhodium catalysts respectively, and as the
amount of hydrogen in the products is between 0% for reaction (1) and 50% for
reaction (2) (the ammonia remains in solution), the results of the decomposition
of liquid hydrazine on the supported ruthenium catalyst are considered in terms
of the simultaneous occurrence of these two reactions. The overall reaction
rates arc given in terms of moles of nitrogen and hydrogen produced per gram
of catalyst per second. The percentages of nitrogen and hydrogen are ulso
given in Tabies 1 to 3. Reaction (1) produces no hydrogen, while reaction (2)

produces cquimolar quantities of nitrogen and hydrogen. Therefore the
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contribution of reaction (#) to the ¢..rall rate is 2 x percentage of hydrogen

produced in the product gas, wi. L. that of reaction (1) is 100 - 2 x %H, .

RN

"he rates of reaction (!} shown a Tables b, $ and 7 are given in moles of

reas

[Any

nitrogen produced per gram of catalyst per second. The rates of reaction (2)
shown in Tables L, 6 and 8 are given in nioles of nitrogen and hydrogen produced

per gram of catalystu per second.

The caleuiated rariation in Lhe rate of reaction (1) for the decomposition

PRYRIGIS ST Perysy

of hydrazine . & suppuste] ruthenium catalyst at 24°C with respect tco hydrazine

concentration :: showm in 7ig. 5 and the data are also given in Table L. The

()

linear relatio:hip betw.zn »*. 2 of resciion and hydrazine concentration shows

that the reaction is fir » : der with respect to hydrazine concentration. The
effect of temper-ture on the rate of reaction (1) is shpown in the form of
Arrhenius plots ir ®Mig.  and 9 for 19.6% w/w and 58.5% w/w hydrazine solutions
respectively. The calculated activation erergies are 55,400 + 2,030 J mole-1

and 51,500 & 2,060 & mole ' (13,252 ¢ 485 cal mole ' and 12,318 + 495 cal mole ')

3 litre gm-1 sec:“1

3
1
E
A

and the pre-expcnentiel factors are 1.3 x 10“ and 2.4 x 10

respectively. Combinirg the two sets of results gives an activation energy of

54,400 % 500 J mole-1 {13,022 * 120 cal mole-1) and a pre-exponential factor of

8.7 x 103 litre gm—i sec-1.

RO I

A linear relationship between the rate of reaction and the reactant

el g g e g g

F el e et

concentration may be due to the reaction being either first order chemically
controlled or diffusion controlled. However, diffusion controlled reactions
normally have activation energies of less than 16,000 J mcle“1 (4,000 cal mole-1).

The reaction is therefore more likely to be first order chemically controlled.

For a first order reaction the rate cquation is:

v = ke

where V is the rate of reaction, k is the rate constant and c¢ is the

concentration of reactant, and as 3

k = acB/RT ;

the rate equetion for reaction (1) ic: 1

-1

N 311 -
o 5h,h00/8. 30T c mole "2 , an 1 seo .

v = 8.7 x 10" x

5

} .
The decomposition of hydratine on tungaten' and molybdenum” films by
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reactinn (1) was postulated to follow the associative adsorption of hydrazine
Jon the metal and ench hydrazine molecule appears to be attached Lo one metal
atom, It has been suggested that the hydrazine molecule is bonded to the
metal atom through one of its hydroger atoms and that there is also lateral
interaction, possibly hydrogen bonding, betveen adjacent hydrazine molecules.
Assuming therefore that the associative adsorption of hydrazine molecules on
the ruthenium metal surfa:~ - ceurs during reaction (1) it is neccesary to
consider how the first order Llastins sgree with this theory. The rate
centrolling step of the reaction must involve only cne hydrazine molecule and
probably consists of the reaction between one hydrazire molecule in the liquid
phase and two associated hydrazine molecules adsorbed on the metal surface.

If each adsorbed hydrazine molecule is bonded Lo the metal through one of its
hydrogen atoms then the nitrogen lone pair electrons are directed away from
the metal surface and are available to form a hydrogen bond with the hydrogen
atoms of the incoming hydrazine molecule. This forms the asctivated complex
vhich may then break down to form nitrogen and ammonia.

Fig. 6 shows that the rate of reaction (Z) is also a linear function of
hydrazine concentration for the decomposition of hydrazine on the supported
ruthenium catalyst at 24°C. The variaticn in the rate of reaction (2)
according to temperature is shown in Fig. 8 and 10 for 19.6% w/w and 58.5% w/w
hydrazine solutions respectively. The calculated activation energies are
34,900 % 1,150 J mole”" and 33,800 & 1,440 J mole ' (8,341 + 275 and 8,076 2
345 cal mole-’) and the pre—exponential factors are 3.0 and 1.8 litre glu.1
scc-‘ respectively. Combining the Lwo sets of data gives a calculated
activation energy of 34,100 % 375 J mole-' {8,350 * 90 cal mole-1) and a pre-
exponential factor of 3.0 litre gm-1 sec—1. An activation energy of this
order means Lhat, the lincar relationship between the rate of reaction (2) and
the hydrazine concentration resulls from the reaction being first order

chemically controlled. The rate equation may be represented as:

x e—j'&,'OO/ﬂ.'jﬂ‘T x ¢ moles (Nz + He) @"1 Sec-‘ .

v, = 3.0
Reaction () occurc in Lhe decomposition of hydraszine on a supported
rhodium catalyst and the complex kinetics are assumed to involve the dissociative
adsorption of hydrezine. The Langmuir adsorption isotherm was used to derive
the rate equation. HBoth rhodium and ruthenium are capable of dissociatively
adsorbing hydrogrn, and nitregen is dissnciatively adsorbed on rutheniuwm.

Ruthenium may therefore be cxpected to dissociztively adsorb hydrazine. However,
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when hydrazine is decomposed on ruthenium the first order kinetics preclude
the possibility of the dissociative adsorption being the rate controlling step,
because this would require a half order reaction going to a zero order reaction

~
Lt it b bl

nt. high concentrations of hydrazine, as was found for the rhodium catalyst3.

It is therefore postulated “hat the rate controlling step involves the second

NIV

hydrazine molecule and is probably the reaction between this and the redicals
on the ruthenium surface formed by the dissociative adsorption of the primary

hydrazine molecule. The overall reaction mechanism is postulated to be:

N L

dissociative

surface E

< e e v P!
NPHh adsorption NHZ NH2 dissociation Ni H NH H .
P TN
combination of H(a) to g

form hydrogen molecules i

3

] 3

N:zN E

E

E:

e

k

NH3 + NH3 H2( 1 e

5  CONCLUSIONS

The decomposition of liquid hydrazine on a supported ruthenium catalyst is
a complex reaction which is postulated to consist of the two simultaneous
reactions:

(1) N H, > Ny + hNH3

(2) 2N2Hh -+ N2 + u2 + 2NH3 .

Both reactions are first order with respect to hydrazine concentration (cj.

The activation energy and pre-exponential factor ror reaction (1) were
cz cculated to be $4,U00 ¢+ 500 J mole" (13,022 * 120 cal mole‘I) and 8.7 x 103
litre gm-] sec-‘ respectively, and the rate equation is:

1
;
1
E
|

L

Ayt

e—Sh,th/8.31hT -1

v, = 8.7 x 103 x x ¢ mole N2 gm-1 sec .

1

It is suggested that the mechanism of reaction (1) involves the asgcciative
adsorption of hydrazine molecules on the cataly:t surface, and that the rate
controlling step is the reaction between one molecule in the liquid phase and

p it el Dt L Ll e s
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tvo adgsorbed molecules, to form an activated complex which breaks down to form

nitrogen and ammonin,

The nctivation energy nnd pre-exponential factor for reaction (2) were
calculated Lo be 34,100 ¢ 375 J mole | (8,350 + 90 cal mle"') and 3.0 litre

] -1 . ..
en ! sec  respectively and the rate cquation is:

v. = 3.0 x e—sh.tools.sm'r % ¢ mole ("2 . "2) m—l sec! .

2
The initial step in reaction (2) is postulated to be the dissociative
adsorption of hydrazine molecules as Nll:_, radicals on the catalyst surface.
The BH, radicals may dissociate further to produce adsorbed NH and H
species, the latter combining to produce hydrogen molecules which are desorbed.
The rate controlling step is the reaction between one hydrazine molecule in the
liquid phase and the adsorbed NH radicals to form nitrogen and ammonia.
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FIG. I APPARATUS USED TO MEASURE THE RATE OF DECOMPOSITION OF

___ HYDRAZINE ON SUPPORTED RUTHENIUM CATALYST PELLETS
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FIG.3 ARRHENIUS PLOT OF LOGyo k (OVERALL) AGAINST /T FOR

196 % w/w HYDRAZINE SOLUTION
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FIG. 4 ARRHENIUS PLOT OF LOGio k(OVERALL)AGAINST I/T FOR

~ 58:5%0 wjw
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FIG. 5 THE RATE OF DECOMPOSITION OF HYDRAZINE BY REACTION {I)
ON THE SUPPORTED RUTHENIUM CATALYST AT 24°C WITH RESPECT
TO HYDRAZINE CONCENTRATION ]
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| FIG.6 THE RATE OF DECOMPOSITION OF HYDRAZINE BY REACTION (2) ON THE
SUPPORTED RUTHENIUM CATALYST AT 24°C WiTH RESPECT TO
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FIG.7 ARRHENIUS PLOT OF LOGio k; AGAINST I/T FOR 19:6% w/w
HYDRAZINE SOLUTION
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FIG. 8 ARRHENIUS PLOT OF LOG g k2 AGAINST {/T FOR 19-6 % wjw
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FIG.9 ARRHENIUS PLOT OF LOG, Kk, AGAINST /T FOR 58-5% w/w
HYDRAZINE SOLUTION
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