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Steady-state rates of decomposition and oxidation of methylamine on polycrystalline platinum 
between 600 and 1500 K have been studied in a mixed reactor with methylamine and oxygen partial 
pressures from 0.2 to 6 Torr. HCN and H2 are the dominant products (>98%) in excess methyl- 
amine. In excess oxygen, CO, N20, NO, and Hz0 increase but HCN remains the major product up 
to a twofold excess of oxygen. Less than 2% of CH4, NHr, CO*, or CzNr is produced under any 
conditions. Reaction rates rise rapidly up to -950 K, and most reactions appear to become flux 
limited by -1100 K. The reaction probability of methylamine at high temperature varies from 0.025 
in a 4/l methylamine excess to 0.010 in 2/l oxygen excess. The reaction probabilities of oxygen are 
-0.003 and are independent of methylamine pressure. These results suggest that CH,NH2 + HCN 
is the dominant reaction channel even in excess oxygen and that oxygen mostly reacts with atomic 
hydrogen but does not significantly affect the C-N bond in CHsNHz. Oscillations of wire tempera- 
ture and reactor pressure occur at excess methylamine, while multiple steady states are observed in 
excess oxygen. These are caused by heat effects of the endothermic decomposition reaction and 
the exothermic oxidation reaction. Q 1988 Academic press, I~C. 

1. INTRODUCTION 

The reactions of aliphatic amines over 
metal catalysts have been studied previ- 
ously by several groups (1-14) using cata- 
lysts in the form of metal films, metal pow- 
ders, supported catalysts, and single 
crystals. It has been shown that when mix- 
tures of methylamine and hydrogen were 
contacted with evaporated Pt, Pd, Ni, Fe, 
W, Co, V, and Cu films at total pressure of 
30-35 Torr between 410 and 640 K, the 
most common reaction products were am- 
monia, methane, and dimethylamine (3, 6). 
Small amount of products such as trimeth- 
ylamine, acetonitrile, ethylenimine, and 
C2-C4 hydrocarbons were observed. 

Meitzner et al. (8) studied the meth- 
ylamine reactions in the presence of hydro- 
gen between 360 and 770 K over a number 
of metals supported on silica. They ob- 

’ This work partially supported by the National Sci- 
ence Foundation under Grant DMR82126729. 

served no significant production of HCN 
and reported that for supported Pt between 
450 and 540 K, dimethylamine formation 
was up to two times greater than that of 
methane. Methylamine adsorption and re- 
action on single-crystal surfaces have also 
been studied by TPD and AES on Pt(l1 I) 
(9, 10) and Ni(l11) (II); by TPD on W(100) 
(12); by LEED, AES, and TPD on Mo(100) 
(13); and by EELS on Ni(lOO), Ni(1 I I), 
Cr(lOO), and Cr(ll1) (14). 

The oxidation of ammonia over metal 
catalysts has also been studied extensively 
(25-22), with major products found to be 
nitric oxide, nitrogen, and water. Flytzani- 
Stephanopoulos et al. (15) reported an ex- 
perimental study of temperature oscilla- 
tions of platinum wires and foils in 
ammonia oxidation at atmospheric pres- 
sure. Oscillations with periods from less 
than 1 s to several minutes were obtained 
for gas composition between 20 and 40% 
NH3 in air. 

In this study, we examine the decomposi- 
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tion and oxidation of methylamine over 
polycrystalline platinum wires. Several re- 
actions are possible in a mixture of meth- 
ylamine and oxygen: 

dehydrogenation 

CH3NH2 + HCN + 2 HZ, 

AH = +36,700 (1) 

CH3NHz + GNz + SH2, 

AH = +42,420 (2) 

hydrogenolysis 

CH3NH2 + H2 + CH4 + NHJ, 

AH = -23,310 (3) 

cracking 

CH3NH2 + +N2 + CH4 + ~Hz, 

AH = -12,390 (4) 

oxidative dehydrogenation 

CH3NH2 + O2 -+ HCN + 2 HzO, 

AH = -78,900 (5) 

CH3NH2 + ;O, + ;C2NZ + $HzO, 

AH = -102,100 (6) 

oxidative cracking 

CHjNH2 + $0, + ;N2 + CO + %HzO, 

AH = -165,425 (7) 

All Heats of reaction are in calories per 
mole CH3NH2 calculated at 298 K. In the 
presence of oxygen and water, some prod- 
ucts can be further reacted in reactions 
listed in Table 1. Although the system has 
at least 25 possible reactions, many of them 
have been studied previously (20-30) and 
rate expressions have been developed over 
polycrystalline platinum wires or foils as in- 
dicated and observed order measured at 1 
Torr of each reactant. We shall use these 
rate expressions to consider the possible 
contribution of these reactions to the 
methylamine-oxygen system. 

2. EXPERIMENTAL 

Experiments were performed in a com- 
bined ultrahigh-vacuum-high-pressure re- 
actor system described previously (20). A 
sample could be transferred under ultrahigh 
vacuum (<I x IO-* Torr) from the UHV 
analysis chamber to the reactor using two 

TABLE 1 

Possible Reactions in CH3NHz + 02 

Possible reaction AH0298 Observed 
(cal/mol) order0 

Reference 

(8) NH3 + $0, + NO + jHZO -54,180 
(9) NH, + $0, -+ +N2 + $H20 -75,780 

(10) CH4 + 20, -+ CO + 2H>O - 124,130 
(11) CHI + 202 -+ COz + 2Hz0 - 191,760 
(12) HCN + $0, + CO + :N2 + BH20 -86,525 
(13) Hz + 40, -+ Hz0 -57,800 
(14) co + to, + co* -67,650 
(15) NO + H2 --+ $Nz + Hz0 -79,400 
(16) HCN + Hz0 -+ NH3 + CO - 10,740 
(17) CO + Hz0 -+ CO2 + Hz -9,830 
(18) NH3 + :N2 + jH2 10,920 
(19) HCN + 1C2NZ + 2H2 5,720 
(20) NO --j :N, + $0, -21,600 
(21) NO + JNH3 --+ SN, + Hz0 -72,120 
(22) CH4 + NH3 + HCN + 3H2 60,010 
(23) CHd + 3N0 + $N2 + CO + Hz0 -131,150 
(24) CH4 + NO -+ HCN + tH, + HZ0 -30,310 
(25) NO + CO -+ $N2 + CO2 -89,250 

p pl” 
NH3 O? 

PNHJO: 
PCH4PE 
PCHdPO: 

PO1 PHz 
pcopo: 
PNO 

PcoP~;o 
P NH3 

pNoJ%: 
PNOf% 
Ex4P%, 
pN&i, 
PNOPCH4 
ho 

GJ, 22) 
(21, 22) 

Gw 
(20) 

(30) 
(28, 30) 

(27) 

(30) 
(25, 27) 

(26, 27) 
(29) 

(20, 23) 
(20) 
(20) 

(24, 28) 

0 Reaction orders measured at -1 Torr of each reactant. 
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magnetically coupled rods. The reaction 
chamber was constructed using two stain- 
less-steel six-way crosses attached through 
a gate value to the ion and sublimation 
pumped UHV system containing a mass 
and an Auger spectrometer for residual gas 
and surface analysis. The platinum wire 
was spot-welded to a stainless-steel plug 
which had four insulated pins for resistive 
heating and temperature measurements us- 
ing a Pt-Rh thermocouple spot-welded to 
the center of the wire. The resistance of the 
wire was measured in some experiments to 
calculate the average temperature of the 
wire. As discussed later, the average and 
center temperatures can be quite different 
and are influenced by reaction. 

The plug was attached to a feedthrough 
either in the UHV system for surface analy- 
sis or in the reactor for kinetic studies. The 
methylamine and oxygen pressures were 
adjusted by metering valves and were 
pumped with a trapped mechanical vacuum 
pump. The residence time in the reactor 
could be varied from 0.3 to 10 s with a but- 
terfly valve between the reactor and the 
pump. Total pressures were recorded with 
a capacitance manometer in the reactor. 

The composition of the gas in the reactor 
was determined by leaking gases into the 
UHV system at -5 x 10m8 Tot-r. The mass 
spectrometer sensitivities of all the reac- 
tants and products were calibrated against 
an ionization gauge in the UHV chamber. 
The absolute mass spectrometer sensitivi- 
ties for Hz, Nz, 02, CO, H20, C02, and NO 
were then obtained by calibrating against 
known ionization gauge sensitivities for 
these gases. The ionization gauge sensitivi- 
ties for HCN, NH3, C2N2, and CH3NH2 
were assumed to be the same as that of ni- 
trogen. Cracking patterns of all reactants 
and products were also calibrated under the 
experimental condition without reaction to 
identify products and calculate reaction 
rates. 

The platinum wire (0.25 mm in diameter, 
-5 cm long, 99.95%, Alfa) was cleaned by 
heating in 5 Torr of oxygen at 1400 K and in 

UHV at 1600 K until AES showed no evi- 
dence of impurities. The methylamine 
(>98.5%) contained <0.8% of dimethylam- 
ine and trimethylamine, <O. 15% water, and 
<O.Ol% ammonia. Oxygen (99.995%) was 
used without further purification. 

3.RESULTS 

3.1. Rates versus Wire Temperature 

Figures la through Id show the rates of 
consumption of CHJNH2 and O2 and the 
rates of formation of HZ, HCN, NH3, H20, 
and 28 amu (CO and N2) as functions of the 
current applied to the wire at 2 Tot-r of 
methylamine with 0.25, 1 .O, 2.0, and 4.0 
Tot-r of oxygen. Figures la and lb show 
that at low oxygen partial pressure all rates 
increase smoothly with increasing current 
up to a flux-limited plateau and then level 
off except for 28 amu and NH3 which con- 
tinue to rise. However, at higher oxygen 
partial pressure, Figs. lc and Id show that 
no reaction occurs until the wire is heated 
to some critical temperatures where the re- 
actions are ignited to a state very close to 
the high-temperature flux-limited plateau 
which the system eventually attains. Simi- 
lar sets of data were obtained with 1 Tot-r of 
methylamine. Qualitatively identical be- 
havior was observed for methylamine pres- 
sures from 0.5 to 6 Torr in that HCN was 
the major product and the rate rose discon- 
tinuously if Po21PCHINH2 was greater than 
unity. 

At P02/PCH3NH2 ratios less than unity, the 
rate of formation of HCN is nearly identical 
to the rate of consumption of methylamine, 
indicating that Eq. (1) is the major reaction. 
The rate of H2 production follows this 
trend, although the H2 sensitivity was lower 
by a factor of 1.6 and was calibrated from 
Eq. (1) at low oxygen partial pressure. In 
excess oxygen, Fig. Id shows that about 
70% of the amine reacts to form HCN and 
the rest forms mainly CO and NZ. Very lit- 
tle (< 1%) C2N2 and COZ were formed under 
any condition. 

Figure 2a shows the temperature of the 
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FIG. 1. Rate of consumption of CH3NHZ and O2 and rates of formation of Hz, HCN, CO + Nz, HzO, 
and NH3 as functions of current through Pt wire in 2 Torr of CHjNHz and (a) 0.25 Torr, (b) 1 Torr, (c) 2 
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FIG. 2. (a) Temperature of the catalyst wire as a function of the current through the wire in 2 Torr of 
CH,NH2 and indicated oxygen partial pressures. (b) Rate of HCN formation as a function of wire 
temperature in 2 Torr of CH3NH2 and indicated oxygen partial pressures. 

wire plotted as a function of applied current 
in 2 Tot-r of methylamine and indicated oxy- 
gen partial pressures. Figure 2b shows the 
rate of HCN formation under the same con- 
dition as a function of wire temperature. 
The temperatures shown in Fig. 2a for 0.25 
and 1.0 Torr of oxygen were the average 
temperature of the wire (TaVg) calculated 
from the measured electrical resistance. 
The temperature at the middle of the wire 
(Z’,) measured by thermocouple was close 

to Tavg shown in Fig. 2a up to where Tavg 
leveled off and increased slowly with in- 
creasing current (-1020 K at 0.25 Torr 02 
and -950 K at 1.0 Torr 02). It then went 
through a maximum and then a minimum 
and increased rapidly again after the reac- 
tion became flux-limited. This suggests that 
the temperature distribution along the wire 
was changed by the reaction: the endother- 
mic reaction helped cool down the section 
at higher temperature (and higher reaction 
rate) and the temperature became more uni- 

form along the wire. The reaction rates at 
0.25 and 1.0 Torr of oxygen would become 
multivalued (S-shape) with respect to tem- 
perature if T,,, rather than Tavg were used in 
Fig. 2b. 

A macroscopic steady-state energy bal- 
ance of the wire can be written as 

Z*R = AZ(riAHi) + UA(T - TO) + AE(TT~ 

(26) 

with Z the current on the wire, R the resis- 
tance of the wire, A the wire surface area, ri 
the rate of ith reaction, U the heat transfer 
coefficient (to lead and to gas), E the wire 
emissivity, and u the Stefan-Boltzmann 
constant. With no oxygen at all, the wire 
became deactivated within a few minutes 
by a layer of carbon on the surface (shown 
by AES) and then no appreciable reaction 
would occur for a wire temperature up to 
1450 K until activity was restored by heat- 
ing in oxygen. At low temperatures, heat 
loss due to gas and lead conduction domi- 
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nates and the wire heats up roughly as 12. 
At higher temperature, the radiation loss 
term (T4) becomes important and the slope 
decreases. With only 0.25 or 1.0 Torr of 
oxygen, however, the temperature of the 
wire does not increase significantly after 
the reactions become significant due to the 
endothermic reaction until the reactions be- 
come flux-limited. 

Due to the increased heat transfer coeffi- 
cient U as the pressure increases, the wire 
has a lower temperature with 4 Torr of oxy- 
gen before the reactions are ignited. After 
the reactions are ignited, however, the wire 
temperature is more than 400” higher than 
at lower O2 pressures, indicating that the 
overall reaction is now exothermic instead 
of endothermic. After the reactions are ig- 
nited at 4 Torr of 02, the reactions maintain 
a steady-state temperature of 1280 K with- 
out any resistive heating. Figure 2b shows 
that in excess methylamine, reaction rate 
increases rapidly at some ignition tempera- 
tures, and little kinetic information can be 
gained from the rate versus temperature re- 
lationship in this regime. 

3.2. High-Temperature Kinetics 

At high temperature, rates become 
nearly independent of temperature, and ef- 
fects of reaction heating and cooling do not 
interfere with rate measurements. In this 
section, we analyze the individual rates and 
orders in this regime in more detail. Figure 
3a shows the reaction rate of all the reac- 
tants and detectable products at 1450 K, 4 
Torr methylamine as functions of oxygen 
partial pressure. H2 and HCN are the major 
products for the oxygen partial pressure 
range examined, constituting 98% of the 
product at low oxygen pressure and 75% at 
high oxygen pressure. Both H2 and HCN 
follow CH3NH2 decomposition closely, 
again showing that reaction (1) is the major 
reaction. Rates of formation of CH4 and 
NH3 remain within 30% of each other and 
remain essentially independent of oxygen 
partial pressure. Reaction rates for O2 con- 
sumption and H20 formation both appear to 

be first order in the oxygen partial pressure 
with an H20 rate about 30% higher than 
that of 02. The rate of NO formation shows 
a second-order dependence on oxygen par- 
tial pressure while the rate of 28 amu (CO 
and N,) formation appears to be zeroth or- 
der at low oxygen pressure and become 
first order at higher oxygen pressure. 

Figure 3b shows the rates of methy- 
lamine and oxygen consumption as func- 
tions of oxygen pressure at methylamine 
pressures indicated. The rate of reaction of 
oxygen is clearly independent of methyl- 
amine and$rst order in oxygen partial pres- 
sure. A fit of the experimental data gives 
the rate of reaction of oxygen as 

-r-o2 = 3.1 X 1018P~,. (27) 

All rates are in units of molecules per 
square centimeter per second with partial 
pressures in Torr. Examination of Fig. 3b 
shows that the methylamine reaction rate is 
nearlyJirst order in methylamine and zeroth 
order in oxygen at low oxygen pressure and 
becomes nearly second order in methy- 
lamine and minus first order in oxygen at 
high oxygen pressure. The following ex- 
pression was found to fit the data: 

2.7 x 10’gP CHlNHl 
-rCH3NH2 = 

1 + 0-647P021PCH3NHz 
. (28) 

Equation (28), a modified Langmuir-Hin- 
shelwood rate expression, fits all data 
within 30% and satisfies the methylamine 
and oxygen pressure dependences ob- 
served. Figures 3c and 3d show the rates of 
formation of HCN and H2 as functions of 
oxygen pressure, respectively. Since they 
follow closely the methylamine consump- 
tion, they are of course fit with same rate 
expression used for methylamine, 

rHCN = bk? = -~CH3NH2. (29) 

Figure 3c also shows the reaction rate for 
28 amu (CO and N2) which appears to be 
close to first order in methylamine and in- 
dependent of oxygen at low oxygen pres- 
sure and less than first order in methyl- 
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amine and first order in oxygen at high oxy- could be fit within 40% with the rate expres- 
gen pressure. The following expression was sions 
found to fit the experimental data within 
25%: rcn4 . = 6 85 x 1017P CH,NH2 (33) 

rCO+N2 . = 1 60 x 1018P CH?NHz 
rNH3 . = 7 42 x 1017P CHINH~. (34) 

+ 2.53 x 10’8Pn.. (30) The amount of COz formed in the reac- 

The first term on the right-hand side of Eq. 
(30) represents the rate of formation of ni- 
trogen and is proportional to the amine 
pressure while the second term represents 
that of CO and is proportional to the oxy- 
gen pressure. The rate of water and nitric 
oxide formation shown in Fig. 3d can be fit 
as 

r&o = 4.3 x 10’8Po 2 (31) 

YNo = 6 X 1017P&IP~~3~~2. (32) 

Ammonia and methane together consti- 
tute less than 3% of the product and are 
both first order in methylamine and inde- 
pendent of oxygen. Their reaction rates 

tion appears to increase with both amine 
and oxygen partial pressures but is always 
lower than that of methane and was not 
quantified. With Eqs. (27) through (34), 
overall mass balances for H, C, N, and 0 
atoms show that all species were balanced 
within 30%. Figure 4a shows that excellent 
agreement between experimental data and 
Eqs. (27) to (34) (solid curves) was obtained 
for 2 Torr of methylamine. 

Figure 4b shows the experimental selec- 
tivity for HCN formation as a function of 
PoI/PCH3NH2 ratio together with the theoreti- 
cal value calculated from Eqs. (29) and (30). 
Both the experimental data and the calcu- 
lated curve indicate a dramatic decrease in 
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FIG. 5. Temperature and pressure oscillations in 4 Torr of CH3NH2 and 0.25 Torr of O2 with a 
residence time of 0.92 s. At f = 1 s. a dc current was applied to the wire initially at room temperature. 

selectivity of HCN for Po2/PCHINH2 ratio 
above 0.5. However, all selectivities ob- 
served and calculated are above 60% for 
HCN even under highly oxidative condi- 
tions. The data appear to be higher at low 
P021PCH,NH2 ratio and lower at high PO,1 
PCHjNH2 ratio than the calculated curve. Ex- 
perimental selectivities also decrease with 
increasing amine pressure, while the calcu- 
lated curve is a unique function of the Po,l 
PCHjNH2 ratio. 

3.3 Temperature and Pressure 
Oscillations 

Simple periodic and complex oscillations 
in catalyst temperature and reaction spe- 
cies concentrations have been observed in 
several reaction systems under steady inlet 
flow conditions (31-37). In a recent review, 
Razon and Schmitz (31) listed 14 reaction 
systems known to give oscillatory re- 
sponses in the oxidation of CO, HZ, NH3, 
C2H4, C3H6, CH30H, CsHn, and CH&H 
CH20, in NzO decomposition, and in CO + 
HZ, NO + CO, NO + NH3, and CzH2 + HZ 
reaction. Oxidations of Hz and CO (33-36) 
are probably the simplest systems because 
they presumably involve a small number of 
intermediates, and the reaction conditions 
have been almost isothermal. While these 

reactions have been subjected to extensive 
studies, no generally accepted explanation 
for them has appeared. 

Flytzani-Stephanopoulos et al. (15) re- 
ported simple and complex oscillations in 
NH3 oxidation at a reactant pressure of 1 
atm with period from <I s to several min- 
utes for 20-40% NH3 in air (excess NH3) 
over Pt wires and foils. They found the ho- 
mogeneous reaction to be responsible for 
the oscillations at high gas temperature and 
suggested that an interplay between the en- 
dothermic decomposition and the exother- 
mic oxidation reactions may cause the os- 
cillation in excess ammonia. However, 
they were unable to determine whether 
coupling between chemical and physical 
processes was necessary for the appear- 
ance of oscillations. 

In this study, oscillatory temperature and 
pressure are also observed in excess 
methylamine and appear to be caused by 
the endothermicity of the decomposition 
reaction. Homogeneous reactions do not 
occur in our reaction system because of 
lower pressure and consequent wall cooling 
of gases and quenching of any intermedi- 
ates which could cause homogeneous prop- 
agation. In Fig. 5, the wire initially at room 
temperature was exposed to 4 Torr of 
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FIG. 6. The regime where oscillations were observed and the maximum and minimum of wire 
temperature during oscillation in 4 Torr of CH3NH2 at O2 partial pressures indicated. The solid curve 
shows the steady-state temperature of the wire upon gradually increasing the current. 

methylamine and 0.25 Torr of oxygen with 
a residence time less than one second. A dc 
current was then applied to heat up the wire 
and the oscillation began with 2.5 s. The 
temperature of the wire started to oscillate 
with a period of 1.32 s and an amplitude of 
270 K immediately after the wire reached 
the maximum temperature of the oscilla- 
tion. The pressure in the reactor did not 
respond to heating until the wire tempera- 
ture reached its maximum and started to 
oscillate. The pressure then oscillated with 
an amplitude of 0.164 Tot-r and the same 
period of the wire but with more than a 180 
phase lag. Oscillations similar to this were 
reproduced on several different Pt wires 
and were observed to be sustained for more 
than 1 h with no detectable change in pe- 
riod, amplitude, or peak shape. Oscillations 

were observed only in a narrow regime of 
composition and temperature with periods 
and amplitudes dependent on methylamine 
and oxygen pressures and residence time. 
For 4 Torr of methylamine, oscillations 
were observed between 0.25 and 1.5 Torr of 
oxygen. 

The wire could be made to exhibit either 
a stable state or oscillations at a particular 
temperature, depending on previous tem- 
perature-time conditions. As shown in Fig. 
6, upon slowly increasing the current 
through the wire in 4 Torr of methylamine 
and 0.5 Torr of oxygen (solid curve), the 
wire temperature rose smoothly, rose more 
slowly after the reaction was ignited, and 
then rose rapidly again after the reactions 
became flux-limited, with no oscillatory be- 
havior observed. However, when a con- 
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stant current between 4.1 and 4.7 A was 
suddenly applied to a wire initially at room 
temperature, oscillations such as those 
shown in Fig. 5 began. The same oscillation 
behavior could also be obtained by first 
heating the wire to -1500 K and then re- 
ducing the current to the previous setting. 
Figure 6 also shows the oscillatory regimes 
(but not steady-state regimes) for 4 Torr of 
methylamine with 0.25 and 1.0 Torr of oxy- 
gen with points indicating the observed 
maximum and minimum wire temperature. 

4. DISCUSSION 

4.1. Reactions and Rates 

From Figs. 3 and 4, it is clear that the 
major reaction in a mixture of methylamine 
and oxygen is methylamine decomposition 
to HCN. The rates of formation of HCN 
and Hz follow closely the rate of consump- 
tion of methylamine under all experimental 
conditions, suggesting that the addition of 
oxygen does not significantly change the 
chemistry of reactions of the C-N bond in 
methylamine. The rate of HCN formation 
decreases with increasing oxygen partial 
pressure simply due to the competitive ad- 
sorption of methylamine and oxygen. At 
lower oxygen partial pressures, the oxygen 
acts primarily as a scavenger to prevent for- 
mation of carbon on the catalyst. We sus- 
pect that this is due to decomposition of 
traces of di- and trimethylamine, which 
leave excess carbon after reaction. Even a 
small amount of O2 (--50/l excess CH3NH2) 
appears to be able to oxidize this carbon 
which otherwise inhibits CH3NH2 decom- 
position. At higher oxygen partial pres- 
sures, oxygen oxidizes HZ, NH3, and a 
small fraction of the CH3NH2 to give H20, 
NO, and CO. 

Since many of the reactions listed in Ta- 
ble 1 have been studied (20-30) and rate 
expressions on Pt foils or wires have been 
developed, we can use these rate expres- 
sions to evaluate the possible contribution 
from these reactions. In Table 2, the first 
row shows the rate of formation of different 

species and the rate of consumption of oxy- 
gen observed in a mixture of 1 Torr me- 
thylamine and 1 Torr oxygen over Pt wire 
at 1450 K. The partial pressures of the 
products and oxygen were calculated from 
the observed reaction rate and then used to 
calculate the rates of the reactions listed. 
Of the 15 reactions listed in Table 2, only 
two reactions, the ammonia oxidation to 
NO and hydrogen oxidation, have reaction 
rates sufficiently large to approach the ex- 
perimental rate of formation. All the other 
reactions have predicted reaction rates 
more than one order of magnitude lower 
than the experimental data and are there- 
fore insignificant in this system. 

The rate of NO formation calculated 
from the ammonia oxidation reactions is 
about 0.4 of the experimental rate of NO 
formation and should be first order in am- 
monia and 4 order in oxygen partial pres- 
sure under these experimental conditions 
(22). Since the ammonia partial pressure in- 
crease is directly proportional to the me- 
thylamine pressure decrease by Eq. (34), 
the NO formation then becomes first order 
in methylamine and 4 order in oxygen par- 
tial pressure. Although this is quite differ- 
ent from the observed dependences (sec- 
ond order in oxygen and minus first order in 
methylamine), the discrepancy may be due 
to different experimental conditions (IO- 
90% NH3 in 02, total pressure <I Torr used 
by Pignet and Schmidt (22), compared to a 
-50/l excess 02, total pressure ~1 Torr in 
this study), so that ammonia oxidation may 
still be the major source of NO formation. 

The rates of water formation and oxygen 
consumption calculated from the hydrogen 
oxidation reaction are both within a factor 
of 1.5 of the experimental data. Although 
the reaction should be first order in oxygen 
and hydrogen partial pressures (30) for mix- 
tures near stoichiometry, it may become 
limited by adsorption of oxygen in our ex- 
periments due to the low sticking coeffi- 
cient of oxygen at high temperature and the 
large amount of atomic hydrogen produced 
on the surface by methylamine decomposi- 
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tion. The reaction rate then would become 
first order in oxygen and independent of hy- 
drogen or methylamine partial pressures. In 
a recent paper, Zhdanov (38) showed that 
the rate of water formation becomes inde- 
pendent of hydrogen partial pressure in ex- 
cess hydrogen on Pt(l11) for T > 700 K. 
Most of the oxygen reacted formed Hz0 
(-70%) and the rest formed NO, CO, and 
coz. 

4.2. Mechanism of Oscillations 

Although this reaction system involves at 
least two known oscillatory reactions (NH3 
oxidation and H2 + OJ, oscillations at 
these temperatures and pressures appear to 
be largely due to the dynamics of the wire 
temperature. The ammonia oxidation was 
reported to be oscillatory, but only at atmo- 
spheric pressure (15, 32, 37), not at a total 
pressure of -1 Tort- (21, 22). The oscilla- 
tions observed in hydrogen oxidation on Pt 
wires and foils are usually at low tempera- 
ture and have much longer periods of 1 to 
120 min. 

The temperature and pressure oscilla- 
tions observed in this study appear to be 
explainable qualitatively by considering the 
dynamics of the catalyst wire. Upon a grad- 
ual increase in the current through the wire, 
the wire temperature increased slowly from 
the ignition temperature to the temperature 
where reaction became flux-limited. The 
system could then reach stable steady state 
without oscillations. When a wire initially 
at room temperature was suddenly brought 
to a temperature above the ignition temper- 
ature, the reaction rate increased rapidly 
(Fig. 2) and the wire then cooled rapidly by 
the endothermic reaction. The wire then 
went through a maximum temperature (de- 
termined by the balance between resistive 
heating and the endothermic reaction of 
Eq. (26)) and cooled to below the ignition 
temperature where the reaction was 
quenched. It then returned to above the ig- 
nition temperature by resistive heating and 
another cycle of oscillation began. 

Examination of the temperature response 

in Fig. 5 reveals that the wire heats up dur- 
ing the oscillation at the same rate as it does 
before the oscillation. This indicates that 
the wire heats up primarily due to resistive 
heating during the oscillation, suggesting 
that the temperature and pressure oscilla- 
tion are due to the interaction between the 
endothermic reaction and the resistive 
heating. The pressure variations shown in 
Fig. 5 indicate that the above explanation is 
plausible. The pressure rose shortly after 
the wire reached the ignition temperature 
and kept increasing until the wire cooled to 
the minimum temperature. The pressure 
then started to fall (since the reaction 
stopped) until the wire exceeded the igni- 
tion temperature again due to resistive 
heating. After the reaction was ignited, the 
pressure did not fall back to the pressure 
before the reaction because of the long 
pumping time constant of the reactor even 
though the reaction was quenched some 
time during the period. Since the wire did 
not heat up and cool down uniformly during 
the oscillation and the reaction changed the 
temperature distribution along the wire 
(3. l), any quantitative characterization of 
the oscillation would have to include the 
temperature distribution along the wire. 

4.3. CH3NH2 versus NH3 

The oxidation of ammonia to NO is im- 
portant in the chemical industry for the pro- 
duction of nitric acid. It is catalyzed by 
platinum and its alloys and is one of the 
most exothermic chemical reactions (18). 
Over the past 60 years, this system has 
been the object of a great number of studies 
(21). Recently, its kinetics has been studied 
on Pt wires in the range 0. l-l Torr (21, 22) 
and on Pt single-crystal surfaces in the 
range 10-10-10-8 Torr (16-18). 

Pignet and Schmidt (21, 22) studied the 
reaction between 200 and 1400°C over Pt, 
Rh, and Pd polycrystalline wires. They 
modeled the reactions as a simple series- 
parallel mechanism with three individual 
surface reaction steps which can be mod- 
eled by classical Langmuir-Hinshelwood 



OXIDATION ON POLYCRYSTALLINE PLATINUM 243 

CH,NH, + HCN 

102O; -\ 

Rate 

1.0 

PO* (Torr) 

FIG. 7. Rate of N2 and NO formation in ammonia oxidation calculated from Ref. (22) in 4 Torr of 
NH3 and rate of HCN, NZ, and NO formation in 4 Torr of CH3NH2 at 1450 K as functions of oxygen 
partial pressure. Since the rate of formation of N2 from NH, depends on NO partial pressure, the 
maximum NH, to NO conversion was assumed to be 10%. 

kinetic forms. Kinetics measured at low 
pressure (0.1-l Torr) were used to esti- 
mate selectivities of NO and N2 produc- 
tion under conditions of industrial nitric 
acid production. The predicted selectivity, 
optimum temperature, and composition 
matched closely those observed in the high- 
pressure (1-8 atm) process. 

Figure 7 shows the rate of formation of 
NO and N2 as functions of oxygen pressure 
at 4 Torr of ammonia from ammonia oxida- 
tion over Pt wire at 1450 K calculated from 
the rate expressions given by Pignet and 
Schmidt (22). Since the rate of formation of 
Nz depends strongly on NO partial pres- 
sure, the maximum NO conversion is as- 
sumed to be 10%. The rate of NO formation 
is almost independent of NH3 and is about 1 

order in oxygen partial pressure. The rate 
of N2 formation is about first order in am- 
monia and minus first order in oxygen par- 
tial pressure. The NZ formation rate at the 
lowest oxygen partial pressure is close to 
that calculated from the decomposition of 
pure NH3 (25). 

The most striking difference between the 
rates of methylamine oxidation and ammo- 
nia oxidation is that methylamine decom- 
poses more than 10 times faster than am- 
monia under similar conditions. This is also 
seen in that methylamine decomposition is 
flux-limited (Fig. 2) but the ammonia de- 
composition (25) and oxidation (22) are not. 
The rate of NH3 oxidation exhibits a tem- 
perature maximum and a large decrease at 
high temperature. The presence of oxygen 
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evidently inhibits the decomposition of am- 
monia much more than that of methylamine 
in that twofold excess of O2 reduces the 
NH3 + N2 reaction rate by a factor of 12 
but reduces the CH3NH2 + HCN reaction 
rate only by a factor of -2. 

In a recent paper (9) we studied the 
methylamine decomposition on Pt( 111) and 
associated the difference between CH3NH2 
and NH3 with the stability of the C-N mul- 
tiple bonds from CH3NH2. In methylamine 
decomposition in the presence of oxygen, 
CHjNHz molecule simply dehydrogenates 
to HCN and desorbs since the oxygen does 
not break the C-N bond in CH3NH2, while 
for ammonia oxidation, NZ is formed either 
from complete dehydrogenation of NH3 fol- 
lowed by recombination of surface N atoms 
(25) or from reaction between NH3 and NO 
which is formed by the NH3 + O2 reaction 

(22). 

SUMMARY 

Methylamine decomposition to HCN and 
HZ was found to be the major reaction in 
CHjNHz + 02 mixtures, while oxidations 
of hydrogen and ammonia are primarily re- 
sponsible for formation of HZ0 and NO, 
respectively. At low oxygen partial pres- 
sures, the oxygen acts primarily as a scav- 
enger to prevent formation of a carbon 
layer which would otherwise passivate the 
catalyst. At higher oxygen partial pres- 
sures, oxygen oxidizes HZ, NH3, and a 
small fraction of the CHJNHZ to form H20, 
NO, and CO. In excess methylamine, the 
overall reaction is endothermic and the re- 
action rates increase rapidly at -950 K with 
most reactions becoming flux-limited at 
-1100 K. In excess oxygen, the overall re- 
action becomes exothermic and autother- 
ma1 above 1000 K. 

The rate and order of the formation or 
consumption of individual species have 
been examined in detail at 1450 K where 
most reactions are flux-limited. Rates of 
consumption of CH3NH2 and O2 and rates 
of formation of HCN, HZ, CO + NZ, H20, 
NH3, CH4, and NO were fit with modified 

Langmuir-Hinshelwood, first-order rate 
expressions with good agreement (Fig. 4). 

The temperature of the wire and the pres- 
sure in the reactor were found to oscillate in 
excess CH3NH2 under certain conditions. 
This appears to be attributable to the inter- 
action between the resistive heating and the 
endothermic decomposition reaction. The 
rate of CH3NH2 decomposition was found 
to be more than 10 times faster than ammo- 
nia oxidation. The difference may be asso- 
ciated with the stability of the C-N bond in 
CH~NHZ on Pt surfaces. 
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