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At room temperature the steady-state decomposition of NsH4 over an alumina-supported 
Ir catalyst was found to yield NH3 and Ns while at temperatures above 800 K the products 
were N) and Hz. Following exposure of the catalyst surface to NzHp the adsorbed species were 
studied by the temperature programmed desorption t)echnique at a heating rate of 2 K s-l. 
The desorption products included Nz, NH8 and Hz originating from different binding states. 
For the more strongly bound nitrogen [Nz(@~)] the kinetics of desorption following exposure 
to N2H4 are of first-order with a desorption rate constant of 3 X 107 exp( -26,80O/RT) s-l. 
Adsorption of oxygen on the iridium catalyst was found to decrease the nitrogen binding 
energy and increase the nitrogen coverage. The surface coverage of all adsorbed species was 
found to be significantly smaller on catalysts that had been used in pulse mode fuel thrusters. 
The differences observed were correlated with the loss in metal surface area of the catalyst. 
However, no differences in the binding energies of the various adspecies were detectable 
between fresh catalyst and used catalyst. 

A. INTRODUCTION 

In a preceding study (1) of hydrazine 
decomposition on the surface of poly- 
crystalline iridium it was noted that 
strongly bound adsoxbed species were 
formed, particularly chemisorbed nitrogen, 
that led to a gradual reduction of the 
catalytic activity of the Ir ribbon. In the 
present study this work is extended to 
finely dispersed Pr crystallites on an alumina 
support,2 as currently used for catalytic 
decomposition of NzH* in monopropellant 
thrusters. To elucidate the nature of the 
surface adsorbate, we carried out tempera- 
ture-programmed desorption (TPD) spec- 
troscopy after exposure of the powdered 
catalyst to aliquots of hydrazine in a 

1 Support of this research by the Air Force Office 
of Scientific Research (Contract No. AFOSR 
F44620-73-C-0069) is gratefully acknowledged. 

2 This catalyst was prepared by Shell Develop- 
ment Co. under the designation “Shell-403.” 

microreactor. This catalyst is particularly 
amenable to study of this experimental 
approach because of its high metal weight 
loading and relatively large Ir surface area. 
Analysis of the experimental data permits 
identification of adsorbed species, their 
binding state on the surface, and their 
relative surface coverage. Also, our work 
on the cat’alyst allows comparison with 
another alumina-supported Ir catalyst pre- 
pared by Contour and Pannetier (2). 

The purpose of our work is twofold: (a) 
to elucidate the causes of catalyst activity 
loss that occurs in operational mono- 
propellant thrusters, and (b) to determine 
the mechanism of heterogeneous decom- 
position of hydrazine on the supported 
iridium catalyst. 

A shorthand notation is adopted for 
describing the origin of each desorbing gas 
during TPD. The term A(z)/B(T) refers 
to desorption of the x-state of gas A 
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following :dsorptior~ of gas I3 at temporu- 
turo T (“C). For adsorption studies carried 
out at room tcmpcrature the temperature 
designation is omitted from the not’ation. 

B. EXPERIMENTAL DETllILS 

The apparatus was designed for con- 
tinuous or pulsed flow studies, and for TPD 
expcrimcnts following exposure of the 
catalyst to reactants. The catalyst sample 
(0.1 g) was placed on a Vycor frit con- 
tained in a Vycor reactor (1 cm o.d.). The 
carrier gas, helium or argon, flowed con- 
tinuously through the reactor at atmo- 
spheric pressure at a flow rate of 100 cm3/ 
min, corresponding to a catalyst contact 
time of about 6 X 1OP s. The reactor w-as 
hcatcd electrically by means of a nichrome- 
wound quartz tube placed around it. The 
catalyst temperature was measured by a 
Chromel-Alumel thermocouple in cont’act 
with the catalyst. The thermocouple wires 
(0.005 in. diam) led from the reactor t,o a 
feedt’hrough and a recording instrument. 
While heating rates (6) of 0.2 to 4 IZ s-l 
wcrc obtainable with this arrangement, 
most TPD experiments were performed at 
2 I< s-1. After leaving the react’or the 
products resulting either from st,eady-st’at’e 
decomposition or from TPD wrc con- 
Gnuously analyzed by mass spcctrometry 
(EAI quadrupole mass spectrometer). For 
this purpose a small fraction of the gas 
stream leaving the reactor was leaked 
through an adjustable orifice int,o the 
differentially pumped mass spectrometer 
system operating at a t’otal pressure of 1OP 
Torr. For TPD studies the supply of 
reactant was shut off while the inert carrier 
gas continued to flow through the reactor. 
After attainment’ of the “background” gas 
composition the temperature of the catalyst 
was raised linearly at a prescribed heating 
rate. Quantitative analysis of the desorp- 
tion products as a function of catalyst 
temperature was carried out by simul- 
taneous recording of the mass spectrometer 
signal and the thermocouple output. 

To obtain an absolute mcasur(t of the 
drgrcc of surface cowrage with thr various 
adspccics during TI’D and the product 
stoichiometry during flow experiments, it 
was necessary to calibrate the mass 
spectrometer. Empirical calibrations for 
NH3, N,, and HZ wcrc obtained by injcct- 
ing known amounts of each of the gases 
into the carrier &ream flowing through the 
reactor and observing the total signal 
dctcctcd by the mass spectrometer. 

Hydrazine was admitted by injecting a 
pulse of the liquid (0.01-10 ~1) through a 
sept’um into the reactor, which was con- 
tinuously swept by the helium stream. In 
continuous flow experiment)s n’aH, was fed 
through the septum from a gastight 
syringe, using a Sage syringe pump to 
maintain constant mass flow. A small 
auxiliary nichromc heater kept the inlet 
portion of the react’or wall sufficiently warm 
to vaporize the hydrazine so that only vapor 
contact’ed the catalyst. A similar procedure 
was used in experiments with water. Other 
gases (KHS, Xi,, Hz, OX) were introduced 
into the reactor either by continuous flow 
from a storage cylinder or by injection of 
small pulses through t’he septum using a 
gastight syringe. 

To obt’ain reproducible TPD spectra it 
was found necessary to reduce the iridium 
cat’alyst by exposure to several doses of 
5 ~1 iY2HB at room temperature followed by 
heating to 800°C. The TPD studies were 
then carried out on the reduced catalyst 
after varying amounts of liquid N,H, or 
gaseous NH3 or Hs had been injected to 
obtain different levels of surface coverage3 
After the mass spectrometer signals had 
returned to their background levels, the 
catalyst was subjected to a prescribed 
heating cycle and the products wcrc 
monitored as a function of cat’alyst 
temperature. 

3 Approximately 1 ~1 of liquid NzHa or 250 ~1 
of gaseous NH, or Hz were sufficient to yield satura- 
tion coverage. (Additional exposure did not yield 
any quantitative change in the TPD spectra.) 
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FIG. 1. NHa. Ht. Nz. and Hz0 TPD Peaks for NzH4 adsorption (saturation coverage) 
I  I  I  

Ir/Alz03 catalyst. 

The iridium surface areas on the catalysts 
were measured by “surface titration,” 
similar to that used for platinum (S), 
employing the reaction of chemisorbed 
oxygen with gaseous carbon monoxide. 
Oxygen was adsorbed at atmospheric pres- 
sure and 25°C after catalyst reduction in 
Hz at 300°C for 2 hr and cooling in He to 
room temperature. Pulses containing known 
amounts of carbon monoxide in helium 
were passed over the catalyst. The oxygen 
adatoms on the Ir sites react to form COZ. 
Pulsing of CO was continued until no 
further sorption of CO occurred. Gas 
chromatographic measurements of the total 
COz formed allow calculation4 of the 
iridium surface area (4). 

The iridium catalyst contained 32 wt% 
iridium on a low surface area alumina. Two 
samples were studied, one a fresh catalyst 
(A), and the other (B), a catalyst that had 
been exposed to about 1100 mol N2H4/g 
of catalyst in pulse-mode operation.5 The 
fresh catalyst had a particle size distribu- 
tion equivalent to 25-30 mesh, while the 
used catalyst was in the size range of 30-35 

4 The ratio of oxygen atoms sorbed per surfa.ce Ir 
atom needs to be known to convert the mass of COz 
produced to the number of Ir surface atoms. In our 
calculations we use O/Ir = ?J, based on separate 
adsorption studies with oxygen. 

6 These tests were carried out by Rocket Research 
Corp., Redmond, Wash. 

on fresh 

mesh because of particle breakup in the 
thruster. 

Hydrazine (Anhydrous-Technical grade 
from Olin Chemicals), containing 3% 
water, was used in the initial studies. How- 
ever, most of the data were obtained with 
specially purified anhydrous NzH4 (ob- 
tained from Martin-Denver).6 Mass 
spectrometer analysis indicated the pres- 
ence of less than 1% water and no other 
detectable impurity. All gases used in our 
studies were of high purity, and were used 
directly from the cylinders without further 
purification. 

C. RESULTS 

I. Desorption Studies with Fresh Catalyst 
(Shell-405) 

After the reduced catalyst (A) had been 
exposed to hydrazine, it was subjected to 
TPD, and the concentration of each gaseous 
product leaving the solid surface was re- 
corded. Figure 1 shows the mass peaks due 
to Nz, Ha, NH3, and H20 following NzH4 
exposure sufficient to produce saturation 
coverage. No other desorption products 
were detected, and no unreacted NzH4 
desorbed from the surface. At saturation 
coverage the NJN,H4 consisted of a 

6 We are grateful to Mr. L. William, who kindly 
supplied the purified NzHI. 
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TABLE 1 

Temperature-Programmed Desorpt.ion Peaks for Ir/AlsOa Catalyst 

Temp (“C) 

Product Ads0rbat.e: NJL NH3 H2 CO 

N2 390 @I) 390 (Sz) - - 
-315 (Pl’) 310 (Pz) 

H2 400 (PI 400 (8) - 

175 (a) 135 (LY) 

NH3 335 (a?) 335 (a*) - - 

140 (aI) 140 (a*) 

Hz0 

Np 

Broad peak - 
at 800°C 
355 (P) 
180 (012) 
100 (4 

Broad peak 320 (ad 
at, 800 107 (011) 

a On catalyst preexposed to oxygen. 

single peak Nz&) with a peak temperature 
of 390°C; the HZ/N2Hk exhibited a broad 
peak at 140°C [Hz(a)] and a Hz(P) peak 
at approximately 400°C ; and the NH,/ 
NsH4 desorbed in two very broad peaks 
located at 140°C [NHa(cr,)] and 355°C 
[NH,(Q)]. The H20/N2H4 desorption 
consisted of a very small but, broad peak 
extending to very high temperat’ures, 
characteristic of water desorption from the 
A1203 support. The peak labels and peak 
temperatures at initial saturation coverage 
are listed in Table 1. 

To characterize the desorption process 
more accurately, the desorption peaks were 
recorded at lower init.ial surface coverages. 
Figure 3 shows a series of H2/N2H4 for 
different intial exposures to N,H,. At low 
coverages only the Ha(P) peak was oc- 
cupied, and with additional hydrazine 
exposure, the H,(cu) peak became filled. 
Also, it was noted that with decreasing 
NzH4 exposure, the total mass of NH8 
adsorbate diminished and the NH, desorp- 
tion shifted to higher temperature values. 
A series of NJNaH4 desorption studies at 

FIG. 2. HJNtH, TPD spectra for fresh Ir/AltOa catalyst. Exposure NIHll (~1): (a) 1, (b) 2, 
(c) 5, (d) Hz/H2 flash desorption for saturation exposure. 
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FIG. 3. Nt/NzH4 TPD spectra for fresh k-/AI203 catalyst. Exposures NzHn (~1): (a) 0.02, (b) 
0.05, (c) 0.1, (d) 0.3, (e) 1.0. 

different initial coverages demonstrated 
that lowering of the surface coverages 
caused the /? peak to decrease and the cr 
peak to increase (Fig. 3). 

To provide additional detail on the 
desorption kinetics involved in nitrogen 
formation, a series of TPD experiments 
were carried out aft’er NzH4 exposure of the 
catalyst at 275°C. By using such a high 
initial surface temperature we were able to 
eliminate the H,(o()/N&, the NH~((u,)/ 

--l 

Fro. 4. NJN,Ha (275) TPD spectra for fresh 
Ir/A1203 catalyst. Exposures NZH, (~1): (a) 0.02, 
(b) 0.035, (c) 0.0.5, (d) 0.1, (e) 5.0. 

NzH4, and most of the NH~(cQ)/N~H~. The 
resultant NJNtH4 (275) TPD spect,ra, 
shown in Fig. 4, indicated that the N2(&)/ 
NzH4 peak temperature did not change with 
initial surface coverage, i.e., the Nz was 
formed by a first-order process. Although 
the H2(P)/N,HI (275) peak exhibited a 
higher peak temperature than the NJN,H( 
(275) peak and a much larger temperature 
tail, the total mass ratio of H,(p) : N,(P~) 
was (3.2 + 0.2): 1 after exposure of the Ir 
catalyst to saturation NzH4 coverage at 
275°C. 

By varying the heating rate (0.25 K 
s-’ 5 6 5 3.6 K s-l), we determined the 
activation energy for formation of the 
well-defined N2&)/N2Ha at constant initial 
saturation surface coverage. As the heating 
rate 6 increased, the desorption curves 
shifted to higher t,emperatures and in- 
creased in amplitude, but the total mass 
of adsorbate remained the same. From the 
changes in T, (peak temperature) and N, 
(peak amplitude) with 6, the activation 
energy, E, could be determined without 
knowledge of the preexponential factor 
(5, 6). Figure 5 shows the resultant plots 
of In (6/Tp2) versus l/T, and In N, versus 
l/T,. From the slope of the lines analyzed 
by least-squares fit of the data, one ob- 
tained activation energies of 27.4 kcal/mol 
(Fig. 5a) and 26.2 kcal/mol (Fig. 5b). 
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FIG. 5. Activation energy determination from heating rate variation. (a) 111 (67’,* vs l/‘llp for 
Nz(&)/NJL; (b) In Np vs l/Tp for N~(Pz)/NYIL. 

From the intercept of the curve in Fig. 5a, 
the preexponential factor can be deter- 
mined on the basis of a first-order reaction, 
as indicated by the constancy of the peak 
dcsorption temperature with coverage. 
Using the average value of E [N,(P,)/ 
N2HJ = 26.8 kcal/mol, we calculated a 
precxponential factor of 3 X 10’ 8’. 

2. Desorption Studies with Catalyst B 

The TPD spectra obtained for catalyst 
13 exhibited desorption peak t’cmperatures 
and the relative surface populations of the 

different adspccies (Fig. 6) similar to those 
obtained for catalyst A (Fig. 1). However, 
the total mass of adsorbate, as determined 
from the integrated areas under the TPD 
curves, demonstrated marked diff erenccs 
(Table 2). Also, the surface area of these 
catalysts, measured aft’er t’he TI’D experi- 
ments, was found to have decreased ap- 
preciably (Table 2). 

3. Effect of Hydrogen Adatoms on Hydrazine 
Decomposition 

Hydrogen was coadsorbed with hydra- 
zinc on catalyst A to obtain a better undcr- 
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TABLE 2 

Surface Coverages for Ir/A1203 Catalyst 

Product/ 
adsorbate 

Surface adsorbate Relative 
( X IO-r9 molecules/g change 

catalyst) (%I 

Catalyst Catalyst 
Aa Ba 

Hz/Hz 
Hz/N& 
WNzH4 
Hz/NJ% (275) 
Nz/Nz 
NOHa 
Nz/N& 
Nz/NzH4 (275) 
NIL/N& 
NHa/NJb 
HsOjH20 
Iridium surface 

area (m”/g Ir) 

7.2 4.2 42 
- 3.2 - 
8.2 5.4 34 
4.1 3.3 20 
0 0 - 
2.1 1.2 43 
1.5 0.9 40 
1.3 - - 
9.7 6.1 40 
9.7 6.5 35 

mass spectrometry. The mass of injected 
NzH4 was large relative to the amount 
remaining adsorbed on the surface. Steady- 
state activity was verified by product 
analysis for repeated injections of 3 ~1 N2H4 
at a given temperature, which ranged from 
25 to 800°C. Product gases were injected 
for calibrations at frequent intervals, so 
that absolute quantities of products could 
be determined. Figure 7 shows the amounts 
of Nz, Hz, and NH3 produced per mole of 
NzH4 in the presence of catalyst A. Below 
300°C hydrazine decomposes almost ex- 
clusively to form N, and NH, according to 
the-stoichiometry : 

3 N,Hd --) Ng + 4 NH,, (1) 

21.2 - - 

130b 83 39 

and above 600°C to form Nz and Ha with 
the stoichiometry : 

a Samples from Rocket Research Corporation, 
Redmond, Wash. 

b This catalyst had been exposed to a series of 
TPD experiments as a result of which its surface 
area was somewhat lower than the original value 
(cf. text). 

standing of the decomposition mechanism. 
A steady flow of Hz in He was maintained 
over the surface, while liquid hydrazine 
was injected through the septum. After a 
given exposure to reactant, TPD spectra 
were obtained both in the presence and 
absence of H? in the carrier stream. 

For NHs/N,Hd, Ns/NzH+ and Hz/NzHd, 
the differences in desorption characteristics 
with and without Hz coadsorption were 
found to be within the experimental error 
(~10%). The products formed from NzH4 
decomposition also remained unaffected by 
hydrogen. 

4. Steady-State Flow Experiments 

To examine the product distribution 
resulting from the Ir-catalyzed decomposi- 
tion of NsH4 over a range of temperatures, 
3 ~1 samples of NzH4 were injected into the 
reactor containing catalysts A or B, and 
the reaction products were monitored by 

NzH* --) Nz + 2Hz. (2) 

At intermediate temperatures both reac- 
tions contribute to the product dis- 
tributions. 

Similar experiments were performed with 
NH, as the reactant by injecting 1000 ~1 
of gaseous NH3 and observing the decom- 
position products as a function of catalyst 
temperature. Figure 8 shows the amount of 
Nz formed and the amount of undecom- 
posed NH, per mole of injected NHI. Be- 
low 300°C we observed little NH8 de- 
composition on catalyst A; however, above 
600°C all of the NH, decomposed to Na and 
Hz with a satisfactory mass balance. 

A series of runs were carried out in 
which catalyst A was continuously ex- 
posed to NzH4 for prolonged time periods 
at temperatures from 25°C to 435°C. A 
syringe pump provided continuous feed 
rates of 2-10 ~1 liquid NzHd/min. The total 
cumulative exposure was equivalent to 1.1 
mol NzHJg of catalyst. Also, the catalyst 
was given many heating cycles to 750°C 
after NzH4 exposure. For all flow rates used 
complete reaction occurred at and above 
room temperature under our experimental 
conditions. While TPD studies did not 
reveal any differences in desorption char- 
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FIG. 7. Products of NtH4 decomposition catalyzed by h/Al203 catalyst at different temperatures 
(data collected during response of catalyst to a series of 3 ~1 aliquots of liquid N*HJ. 

acteristics of the catalyst after prolonged 
exposure to NsH4, the iridium surface area 
of catalyst A had decreased from I54 to 
134 m2/g Ir. By way of comparison, 
catalyst B, which was used in a rocket 
thrust’er and had been exposed to 1097 mol 
N2H4/g catalyst, had a surface area of 
83 m2/g Ir. 

DISCUSSION 

In elucidating the mechanism of the Ir- 
catalyzed decomposition of hydrazine, it 

is important to examine the condit’ions that 
affect rupture of the N-N bond, i.e., dis- 
sociative vs nondissociative adsorption. 
Thus, to determine whether the TPD 
products following hydrazine exposure are 
reaction or desorption limited, a study was 
carried out of the TPD characteristics of 
some of the products observed. 

The TPD spectra of N2, Ha, and NH3 
following ammonia adsorption on the Ir/ 
A1203 catalyst at room temperature arc 
shown in Fig. 9. The NHs/NHs dcsorption 

Fra. 8. Products of NH3 decomposition catalyzed by Ir/Al203 catalyst at different temperatures 
(data collected during response of catalyst to a series of 1000 ~1 aliquots of gaseous NHI). 
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I I I I I I I 

PROD”CT5,Nili 

TEMPERATURE , c, 

FIQ. 9. NH3, Hz, and Nz TPD peaks for NH3 adsorption (saturation coverage) on fresh Ir/AlzOa 
catalyst. 

exhibited a major peak at 140°C and a similarities between the sorption char- 
small peak above 3OO”C, which became acteristics of NH3 and NzH4 on Ir/AL03. 
particularly evident at lower NH3 surface The NH3/NH3 and NH3/NaH4 TPD peaks 
coverages. The Nz/NHa and NJNH3 were occur at the same temperature, and the 
found to desorb in a 3 : 1 ratio at nearly the surface coverages with each of these 
same peak temperature (Table 1). There- species are nearly the same (Table 2). 
fore, one may conclude that they were Also, the Nz(/3)/NHI and Hz(/I)/NzH4 
formed from the same adsorbed species, peaks are similar, especially in comparison 
an ammonia molecule. A comparison of the with H2/NZH4 at low hydrasine coveragcs, 
data in Figs. 1 and 9 indicates strong where the Hs(LY)/N~HI peak is absent 

I- 

I- 

FIQ. 10. N2/N2Hn TPD peaks for saturation NZH, coverage on (a) oxidized catalyst (b) 
reduced catalyst. (--) Theoretical first-order desorption curve for rate constant of 3 X 107 
exp(26,800/RT)-s-l. 
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(Fig. 2). The TPD in Fig. 2 indicates that 
the Ha(~)/NaH4 peak corresponds to 
Ha(a)/Hz. Finally, the N2/N2H4 and 
N,/NH, peaks exhibit similarities, al- 
though the N2/N3H4 peak is smaller than 
the N%/NH, peak at high N,H, exposure 
(Fig. 3). The st,rongly bound N”\‘,(P), with 
a peak dcsorption temperature of 39O”C, 
is essent’ially the same for NJNH, and 
Na/NaH4. But following NH, adsorption 
an additional peak N,(P1) is observed, 
which was detected only at low hydrazine 
covcrages. The origin of Nz(P1) is uncertain. 
It may bc due to the existence of an 
oxygen adsorbatc on the Ir surface, which 
is removed at room temperature by ex- 
posurc to hydrazine but not reduced by 
lSH3. As a matter of fact, the two distinct 
N2/N2Hd spectra shown in Fig. 10 for 
saturation N2H4 coverage at room tem- 
perature indicate the effect of adsorbed 
oxygen on catalyst A. Curve (a) was ob- 
tained after the first exposure of the 
catalyst to N,H,. A similar curve was also 
obtained following NnH, exposure to cata- 
lyst A aft’er brief oxygen cont’act. Curve 
(b) represents the reproducible spectra 
obtained for NJN,H, on the reduced 
catalyst. It is identical to the spectra in 
Fig. 1. Curve (a) corresponds to a total 
surface coverage of 4.9 x 1Olg Nz 
molecules/g catalyst, while curve (b) to 
1.5 X 1Olg Nz molecules/g catalyst. These 
results indicate that in the presence of 
oxygen adatoms the nitrogen coverage is 
increased and its binding energy reduced. 

TPD spectra were also obtained for 
H,O/H-0 and HsO/H*. Comparison with 
H,O/N,H, indicates t’he H,O/N,Hd was 
due to hydrogen formed during the hydra- 
zine decomposition. Thus, the HaO/N2H4 
did not result from the presence of water 
in the hydrazinc, but more likely from 
adsorbed hydrogen atoms, which reacted 
with alumina OH groups or reduced the 
surface-oxidized iridium with wtt,c:r as a 
product (2). 

Using the slope and intercept obtained 
from the heating rate variation for N,(pJ/ 

NaH4, we found that the adsorbed intcr- 
mediat,c that yielded N, and Hz products 
decomposed with a first-order rate constant 
equal to 3 x IO’ exp(26,800/R1’) S-‘. A 
first-order rate expression with this rate 
constant was integrated numerically for a 
2 I< s-l heating rate as a function of 
temperature to determine the expected 
desorption curve. The broken curve in 
Fig. 10 corresponds to that integration, and 
the agreement with the experimentally 
observed curve is quit’e good. 

By comparison with the NH, cxpcri- 
ments WC conclude that the Hz- and Nz- 
peaks formed during N3H4 decomposition 
at room tempcraturc originate from an 
adsorbed ammonia intermediate, as sug- 
gested by t’he H,: N2 ratio and the similarity 
of t’hc H2/N2H4 and Na/NaHe peaks to 
Ha/NH3 and N,/NH,. The similarity bc- 
tn-een Nz/NxHd and S,/NHs strongly sug- 
gests rupture of the N-N bond on adsorp- 
t’ion of NZH4 and formation of an adsorbed 
intermediate. The decomposition of this 
intermediate leads to the formation of N2 
and Hz with a kinetic order of unity. 
St’udics with ‘“N-labeled hydrazinc have 
indicated the absence of isotope mixing 
in the NZ formed from NnH1 decomposi- 
tion on Fe-on-MgO cat’alyst at tempcra- 
tures from 26 to 350°C (7). Isotope mixing 
did not occur for labeled NzH4 decomposi- 
tion on quartz at 270-325°C (8), nor for 
liquid phase decomposition on Shell-405 
(9), nor on Rh(lO) at room temperature. 
All these isotopic studies were carried out 
at relatively low temperatures where N, 
and NH3 were t’he predominant products 
and little NH3 decomposition took place. 
Similarly, in our studies at temperatures 
below 325”C, the amount of NH3 de- 
composition, or the amount of H, produc- 
tion from NzH+ was very small. It appears 
that in the temperature regime in which 
reaction (1) predominates, the adsorption 
does not involve breakage of the N-N 
bond. However, at higher tempwaturcs 
whcrc Ns and H, bccomc the predominant 
products, rupture of the N-N bond pre- 
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vails. The Nz/NzHd desorption from Shcll- 
405 catalyst requires sufficiently high 
temperatures to cause dissociation of the 
surface-adsorbed intermediate. We must 
conclude that Nz(&)/NzH4 is formed by an 
entirely different pathway from the Nz 
produced in reaction (l), as discussed in 
further detail in Ref. (1). 

The reaction mechanism on the A1203- 
supported Ir catalyst may be similar to 
that proposed for the polycrystalline 
iridium foil. But some significant dif- 
ferences are noted. Below 2OO”C, it was 
proposed that adsorption on the foil occurs 
according to Eq. (3) 

NsH4 -+ H-N-N-H + 2H*, (3) * * 

where the asterisk indicates adsorbed 
species. A gas phase N,Hd molecule re- 
acted with N%H2” to form h’Ht and N,. 

NZH,” + NaH4 + Nz + 2NH,. (4) 

This reaction resulted in the formation of 
Nz without rupture of the N-N bond in 
N2H4. Also, this mechanism is consistent 
with the observation that hydrazine de- 
composition occurs on a surface saturated 
with adspecies. Indeed, following long 
exposure to N,HI at room temperature the 
CO, O2 titration technique indicated no 
bare iridium metal. Heating to 300°C in 
HS and then in He removed the adsorbed 
surface species, and a CO, 02 titration 
yielded the same iridium surface area 
observed before N2H4 exposure. 

If, as on the foil, reactions (3) and (4) 
are the pathway to hydrazine decomposi- 
tion, the subsequent reactions differ for 
the supported catalyst during steady-state 
catalysis. On the foil, adsorbed hydrogen 
atoms recombined and desorbed ; on the 
supported catalyst, almost no gaseous HP 
was formed below 200°C (see Fig. 7). 
However, adsorbed hydrogen was present 
on the surface, as indicated by the TPD 
spectra (Fig. 1). Thus, for the stoichiometry 
in Eq. (1) to be satisfied, the reaction 

N,HJ --+ 2NHz*, (5) 
NH2* + H* + NHs*, (6) 

may be occurring. The results suggest that 
below 200°C on the small Ir crystallites of 
the supported catalyst, reaction (6) is 
more rapid than hydrogen atom recombina- 
tion. This may be because the hydrogen is 
more strongly bound on the supported 
catalyst than on the foil. The NH3 formed 
[Eq. (S)] desorbs as the surface becomes 
saturated so that the overall result of Eqs. 
(3)-(6) is reaction (1). Ammonia ad- 
sorbed on the surface gave similar de- 
sorption characteristics. Since H* is absent 
in the latter case, the rate-limiting step 
in NH3 formation from hydrazine must be 
the desorption process rather than Eq. (6). 

ProIonged exposure of the catalyst to 
hydrazine and subsequent TPD did not 
yield the product species in the same ratio 
as observed during steady-state decomposi- 
tion. At room temperature, NZ and NH, 
were the only steady-state reaction pro- 
ducts, but during TPD a substantial 
H2/N2H4 peak was observed in addition to 
NP and NH3. Apparently, NH3 and some 
Hz formed during steady-state decomposi- 
tion remain on the Ir surface or on the 
ALO support with a binding energy 
sufficiently large to prevent desorption at 
room temperature. Since Ir does not chemi- 
sorb nitrogen form the molecular state 
(2, 11, 12) the N% observed does not arise 
from readsorption of the nitrogen molecule 
on the catalyst surface. 

In comparing the TPD spectra for 
catalysts A and B, we observed in the 
latter case lower surface densities of all 
the adspecies (Hz, Nx, NH& but no change 
in their respective binding states (Table 2). 
This decrease in surface population cor- 
relates with a diminution in iridium sur- 
face area. Assuming that all the desorbed 
products originate from metal sites, we 
can calculate a surface coverage per square 
centimeter of iridium. These values are 
listed in Table 3 for the fresh and used 
catalysts. Brooks (1s) has carried out 
adsorption experiments on samples of the 
same catalyst and obtained similar results. 
In particular, on a used catalyst he ob- 
served a decrease in mass of Ha and 02 
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adsorbed. He attributed thcsc changes t’o 
increases in the iridium metal crystallite 
size. The changes in Ir surface area derived 
from H, chcmisorption studies (15) cor- 
respond to t#hosc obtained in our study with 
t,he CO, Oa titration technique. However 
we conclude that for the catalyst employed 
in our study the accumulation of surface 
impurities (or irreversibly adsorbed species) 
during K7\‘?H4 cxposurc is responsible for the 
observed decrease in active surface arca. 
It is rather striking that the rclativc dis- 
t,ribution of adsorbed species does not 
change during TPD from a fresh or used 
catalyst (Table 3). Such behavior is more 
likely to result from gross surface con- 
tamination nonspecific t’o a given binding 
site. If crystallite growth were to have oc- 
curred it would be most surprising to find 
each binding state diminished in number 
by the same fractional amount. 

Our results with the Ir catalyst are 
qualitatively similar to the data reported 
by Contour and Panncticr (9) on an Ir/ 
AlSO catalyst prepared by them. However, 
their N,/?SZH4 desorption results exhibit 
lower peak temperature (around 200°C) 
and are interpret’ed in terms of sccond- 
order kinetics with an activation energy of 
14 kcal/mol. This discrepancy with our 
data for Ns(fia)/N2H, may bc indicative 
of differences in catalyst preparation and 
catalyst support. 

On the ot’her hand, recent flash desorp- 
tion experiments with hydrazine adsorbed 
on a I’d wire (14) exhibit interesting dif- 
fcrcnces from the properties of the Ir 
catalyst. In t,he case of Pd the N,/NzHd 
and HZ/NZHI products desorb at the 
same temperature (lOO”C), but experi- 
mental difficulties prevented observation 
of NH, desorption. Ertl and Tornau (14) 
postulate that the rate-limiting step is 
successive hydrogen abstraction to form 
Ne and Ha from adsorbed N2H4 without 
rupture of the N-N bond. Experiments on 
steady-stat<: decomposition catalyzed by 
I’d (14) demonstrated complete reaction 
at 180°C. However, similar to the iridium 
foil, there was no temperature regime in 

TABLE 3 

Specific Surface Coverages for Ir/A1203” 

Product/ 
adsorbate 

Hz/Hz 
HZ/N& 
H,/NzHa (275) 
NO& 
NdNJL 
N&/N& 
N&/N& 

Saturation coverage 
( X IO-l4 molecules/cm2 Ir) 

Catalyst Ab Catalyst B b 

1.8 1.6 
2.0 2.1 
1.0 1.3 
0.5 0.3 
0.4 0.3 
2.4 2.4 
2.4 2.5 

a Coverages were calculated under the assumption 
that all the desorption was from the iridium surface 
and none from the alumina. 

b Samples from Rocket Research Corp., Redmond, 
Wash. 

which NH, and N, were the only reaction 
products as observed in our study with 
supported Ir catalyst. A comparison of 
N,H, decomposition rates and the surface 
binding states associated with N2/N,H, on 
Ir and Pd indicates that a strong adsorbate 
surface bond is required for efficient N,HI 
decomposition. Possibly, it is the lifetime 
of NzH4-surface intermediate [Eq. (3)] that 
governs the catalytic activity for hydrazine 
decomposition. 

The TPD spectra from a polycrystalline 
iridium foil following N,Hd and NH, cx- 
posurc (1) exhibit qualitative agreement 
with the spectra from the supported 
catalyst. One difference of special interest 
is the data for N2/N2H4 for which three 
peak desorption temperatures were rc- 
corded for the Ir foil (-150, -380, and 
-546°C). The observation that for the lr 
foil the N2JN,H, peak temperature of 
380°C is identical to that for N,/NH, and 
Hs/NH3, suggests strongly that this bind- 
ing state corresponds t’o Nz(pS)NzH4 on 
Ir/A120s catalyst. The most strongly bound 
state corresponding to a peak desorption 
temperature at 645°C on the Ir foil was not 
observed on t,hc supported Ir catalyst. 
However, a small but strongly bound 
nitrogen species that could not be flashed 
off at temperature as high as 975°C was 
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detected by AES following exposure of 
Ir/A1203 to hydrazine. It must be con- 
cluded that surface binding energies are 
affected by crystal orientation and surface 
defects, as a result of which quantitative 
correlation between the properties for 
polycrystalline Ir and supported Ir crystal- 
lites is not to be expected. On the other 
hand the results for steady-state decom- 
position of NzH4 on the supported Ir 
catalyst (Figs. 7 and 8) and the poly- 
crystalline foil, exhibit greater similarities. 
Although the degree of NaH4 conversion 
was smaller on the Ir foil because of dif- 
ferences in metal surface area, the results 
from low-pressure studies on the poly- 
crystalline foil are consistent with those 
from the supported catalyst at atmospheric 
pressure. 

The transition in product distribution 
from reaction (1) (with NH3 and N, as 
products) to reaction (2) (with Ha and N, 
as products) is interpretable in terms of the 
TPD data of the adsorbed surface species 
resulting from hydrazine decomposition. 
The rate constant k equal to 3 X 10’ 
exp( -26,80O/RT) s-i for n’s(&) forma- 
tion indicates that at 33O”C, where reac- 
tion (1) occurs exclusively, the reaction 
time constant (l/k) is 200 s, so that NH3 
desorption would be favored over its de- 
composition to Nz and Hz. On the other 
hand, at 63O”C, where reaction (2) occurs 
exclusively, the reaction time constant is 
less than 0.1 s, so that N, and HZ formation 
would be favored over NH3 desorption, 
especially since the activation energy for 
NH3 desorptior? is small (- 10 kcal/mol). 
These results indicate the usefumess of 
detailed TPD spectra for determination of 
reaction selectivity. 

CONCLUSIONS 

Exposure of the alumina-supported Ir 
catalyst to hydrazine leads to the forma- 
tion of surface-adsorbed int,ermediates that 
yield Hz, Nx, and NH3 during temperature- 
programmed desorption. Their binding 
states are of sufficient magnitude to require 

elevat.ed temperatures for desorption. The 
N, (P&state, t’he most strongly bound 
state observed for Ir/A1,03, exhibits a 
peak desorption temperature of 380°C. 
Steady-state catalytic decomposition yields 
NH3 and Nz at temperatures below 3OO”C, 
and Nz and Hz at temperatures above 
5OO”C, a region in which NH, begins to 
dissociate. Qualitatively, the dispersed Ir 
erystallites exhibited similar surface proper- 
ties to those observed for polycrystalline 
iridium, and crystal structure-sentitive 
binding states may account for the dif- 
ferences observed. 

A comparison of the surface properties 
of fresh and used Ir/A1203 catalyst has 
demonstrated a loss in active metal surface 
area caused by prolonged exposure of the 
catalyst to hydrazine in a laboratory re- 
actor or in a monopropellant thruster. This 
change is accompanied by a decrease in 
the number density of surface sites avail- 
able for adsorption during NzH4 exposure, 
without the disappearance of a specific 
binding state. It has not been ascertained 
whether this surface area decrease is the 
result of thermal sintering of the Ir crystal- 
lites or the buildup of an irreversibly ad- 
sorbed surface species that originates dur- 
ing hydrazine decomposition. The absence 
of a change in the relative surface density 
of the various adspecies after prolonged 
exposure to N2H4 favors catalyst poison- 
ing, due to impurities in the N2H4 or 
irreversibly adsorbed intermediate species, 
such as N adatoms, as the major cause for 
loss in reactive Ir surface sites. 
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