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Infrared chemiluminescence study of CO produced 
by partial oxidation of butane on platinum 

K. Kunimori 1, T. Iwade, H. Uetsuka, S. Ito and T. Watanabe 

Institute of Materials Science, University of Tsukuba, Tsukuba, Ibaraki 305, Japan 

Received 14November 1992; accepted 13 January 1993 

The selective formation of CO and H2 was observed by a molecular-beam catalytic reaction 
between n-C4H10 and 02 on a Pt surface from around 1000 to 1500 K. The infrared emission 
of the product CO desorbed from the surface showed that the CO molecules are vibrationally 
substantially excited but rotationally very cool (rotational temperature; TR = 360 K). The pre- 
sent molecular-beam study showed that CO and H2 were formed directly from the hydrocar- 
bon and 02 without involving formation of CO2 and H20 as primary products. The 
implications of these results are discussed for the partial oxidation of methane (and other al- 
kanes) to synthesis gas using practical supported metal catalysts. 
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infrared emission; vibrational excitation; rotational cooling 

1. Introduct ion 

The partial oxidation of methane (and the other alkanes such as propane) to 
synthesis gas (CO+HE) over supported metal (Pt, Ru, Ir, Ni, and Rh) catalysts has 
recently attracted much attention in several catalytic research groups [1-7]. It has 
been suggested that the partial oxidation process over these metal catalysts 
involves a series of steps including the complete oxidation of the hydrocarbon to 
CO2 and H20 followed by the steam and carbon dioxide reforming reactions as 
well as the reverse water-gas shift reaction (the indirect mechanism) [3-5]. 

We have recently applied the molecular beam/infrared emission technique [8] 
to study the partial oxidation of the hydrocarbons, and observed the direct produc- 
tion of CO and H2 (without the formation of COz and H20) on a Pt surface. More- 
over, the infrared emission spectra of the product CO desorbed from the Pt 
surface have been studied to elucidate the mechanism of the partial oxidation reac- 
tion [9]. The infrared chemiluminescence of the nascent product molecules can 
give us the information on the dynamics of surface-catalyzed reactions [8,10]. The 
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CO oxidation on Pt and Pd surfaces is one of the most-studied surface-catalyzed 
reactions, and the information on the vibrational and rotational states of the pro- 
duct CO2 have been obtained by this technique [8,10,11]. However, few experi- 
ments for the other catalytic systems have been reported so far. 

In this letter, some aspects of the partial oxidation reaction of n-butane using 
molecular beams, in particular, the temperature dependence of the reaction rate, 
the effect of the 02/n-butane ratio on the selectivity, and the rotational state distri- 
butions of the product CO molecules, will be reported. The implications of these 
results for the partial oxidation process using supported metal catalysts will be dis- 
cussed. 

2. Experimental 

A molecular beam apparatus with a combination of an FT-IR spectrometer 
similar to the previous system [8] is used to measure infrared emission spectra of 
product molecules just desorbed from a Pt foil [12]. The foil was heated resistively 
up to 1500 K as measured by a thermocouple spotwelded to the back and was 
checked with an optical pyrometer. The flow rates of n-butane (C4H10) and 02 were 
controlled and monitored by mass flow controllers. Typically the flux of the mole- 
cular beam of C4H10 or 02 was about 6 • 1018 molecules/cm z s when the flow rate 
was 30 STP cm 3/min. The Pt surface was pretreated at 1500 K by the O2 beam (30 
STP cm 3/min), and the infrared emission spectra of CO were measured during the 
C4H10 + 02 reaction on Pt by an FT-IR spectrometer (1 or 4 cm -1 resolution) 
equipped with an MCT detector. The amounts of both reactants and products were 
analyzed by a mass spectrometer [ 12]. 

3. Results and discussion 

Fig. 1 shows the butane conversion to CO as a function of surface temperature 
when the 02 : C4H10 ratio was 2 : 1. The production of CO and H2 was observed at 
higher temperatures (above 1000 K). At this condition, no CO2 was produced 
over the temperature range studied. A very small amount of H20 was also 
observed, but no quantitative analysis of H20 or H2 was performed because of a 
large background of these molecules in the vacuum chamber. As shown in table 1, 
CO2 was produced at the higher O2/C4H10 ratio, although the main product is CO 
at all the experimental conditions. These results showed that the partial selective 
oxidation of butane to synthesis gas (CO+H2) occurred on the Pt surface. 

Fig. 2 shows infrared emission spectra taken with 4 cm -I resolution during the 
reaction at 1500 K. The emission spectra of the product CO centered at 2143 cm-X 
were seen at all the conditions. The CO2 emission spectrum at around 2300-2350 
cm -1 was also observed when the O2/C4H10 ratio was higher (fig. 2a). Fig. 3 shows 
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Table 1 
Effect of the O2/CnH10 ratio on the partial oxidation of n-butane on Pt at 1500 K. The 02 flow rate 
was 80 STP cm s/min 

02 : C4HIO C4HIo 
conversion (%) 

Formation rate (STP cm 3/min) 

CO CO2 

8 : 1 19.6 5.8 2.0 
4 : 1 15.6 12.3 0.2 
8 : 3 14.7 17.6 0 
2 : 1 12.1 19.4 0 

an emission spectrum, taken at 1 cm -1 resolution, of the product CO generated by 
the partial oxidation of Cal l10  o n  Pt at 1500 K. The rotational lines (P and R 
branches) for the v = 1 to v = 0 transitions are clearly resolved. The other lines for 
the v --- 2 to v = 1 etc. may also be identified, but the higher resolution measure- 
ments will be needed to analyze the vibrational states of CO in detail. By assuming 
a Boltzmann distribution of the vibrational levels, a vibrational temperature (Tv) 
of ~ 2600 K was estimated from the integrated intensity of the CO emission spec- 
trum [13]. This result suggests that the CO molecules produced by the partial oxida- 
tion reaction are substantially vibrationally excited beyond thermal equilibrium 
with the surface (surface temperature Ts = 1500 K). 

Fig. 4 shows a semilog plot of the rotational line intensities against the energy 
contents of the rotational levels. The straight line result indicates a Boltzmann dis- 
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Fig. 1. Effect of surface temperature on the C4HI0 conversion to CO for the partial oxidation reaction 
on Pt. 3 The C4Hl0 flow rate was 40 STP cm /min, and the O2/C4H10 ratio was 2. 
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Fig. 2. Infrared emission spectra of CO and CO2 produced by the butane oxidation on Pt at 1500 K. 
The 02 : C4H10 ratio; (a) 8 : 1, (b) 4 : 1, (c) 8 : 3, (d) 2 : 1. The 02 flow rate was 80 STP cm 3/rain, and 

the spectral resolution was 4 cm -1. 

i ,=. 

Z 
I.I.I 
I.- 
Z 

, , I , I , I I I 

2200 2150 2100 2050 
WAVE NUMBERS (cm-') 

Fig. 3. Infrared emission spectrum of CO produced by the partial oxidation of n-butane on Pt at 
1500 K. The spectral resolution was 1 cm -1. The C4H10 flow rate was 30 STP cm3/min, and the 

02 : C4HIo ratio was 1 : 1. 
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Fig. 4. Rotational state distributions of  the P and R branches from the emission spectrum of CO in 
fig. 3: relative state populations ln[Nj/(2J + 1)] plotted as a function o f J ( J  + 1). 

tribution, and a rotational temperature (TR) of 360 K was estimated from the slope 
of the line. The TR value is far below the surface temperature (Ts = 1500 K). The 
low TR value was not due to the rotational relaxation by the gas phase collision 
[12,13], but the product CO molecules were desorbed without being thermally 
accommodated to the surface (rotational cooling). It should be noted that the rota- 
tional cooling phenomena have been found in NO scattering experiments [14,15], 
in which rotational temperature (TR) of scattered NO molecules is significantly 
lower than surface temperature (Ts). This work shows the first result on the rota- 
tional cooling of CO formed by catalytic reactions. 

The first crucial step in the partial oxidation process should be the dissociative 
adsorption of the hydrocarbon on the Pt surface. Our molecular-beam experiments 
[9] showed that almost no product was observed on Pt at the temperature range stu- 
died (300-1500 K) by the oxidation reaction of methane probably because the dis- 
sociative sticking probability of CH4 is very small [16,17]. The dissociative 
sticking probability of C4H10 may be significantly higher than that of CH4. How- 
ever, the higher Ts (above 1000 K) was needed to get a considerable C4HI0 conver- 
sion (fig. 1). The result may be in qualitative agreement with that of Sault and 
Goodman [18] who observed the increase in the dissociative sticking coefficient (so) 
of n-C4H10 with increasing surface temperature of Ni(100). However, the decrease 
of so with increasing surface temperature was also observed in a n-CaH10/Ir(110) 
system [19]. More detailed studies on the dissociative chemisorption of the alkanes 
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will be required for the understanding of both the precursor-mediated dissociation 
and the direct collisional activation [20]. 

The final step in the partial oxidation process may be the reaction between Cad 
and Oad on the Pt surface since similar results on the vibrational and rotational 
states (high Tv and low TR values) of the product CO have been obtained for the 
partial oxidation reactions of propane and isobutane [9]. The CO molecules formed 
by the direct reaction between Cad and Oad are desorbed from the surface into the 
gas phase without being thermally accommodated, and vibrationally substantially 
excited but rotationally very cool (TR = 360 K). As the O2/C4H10 ratio was 
increased, the surface coverage of Oad may be increased, which would result in the 
increase of the reaction probability between Oad and COad to form CO2. 

In this study, we have used molecular beams of the hydrocarbon and O2 react- 
ing on the Pt surface, and suggested that the direct formation of CO and HE is pos- 
sible if the experimental conditions are met properly (a high dissociative sticking 
probability of the hydrocarbon and a low surface oxygen coverage etc.). In practi- 
cal catalysts using the supported metals [1-7], however, CO and HE were formed 
via H20 and CO2; i.e. the reaction pathway involves an initial conversion of some 
methane (or propane etc.) to CO2 and steam, followed by a sequence of the steam 
reforming and reverse water-gas shift reactions etc. (the indirect mechanism). It 
should be noted here that the dissociative chemisorption of methane occurs sub- 
stantially in practical catalyst systems because of higher partial pressures of CH4 
(the pressure gap) [17,21]. In the indirect mechanism, because the highly endother- 
mic reactions (the steam reforming of methane etc.) are involved in the reaction 
pathway, higher reaction temperatures (e.g., above 1000 K) would be required to 
achieve almost 100% conversion [1-6]. However, the overall reaction for the par- 
tial oxidation process is mildly exothermic, and the equilibrium conversion is al- 
most 100% over a wide range of reaction temperature. Therefore, the direct 
formation of CO and HE from the hydrocarbon and O2 may be feasible even at the 
lower reaction temperatures, if a good catalyst system is developed [22], although 
the indirect mechanism including the complete oxidation to CO2 and H20 (the 
highly exothermic reaction) is very likely prevailing on the usual supported metal 
catalysts. In practice, more extensive studies on the catalyst research and develop- 
ment as well as the detailed process engineering will be required for a practical 
use of the partial selective oxidation process. 

Note added in proof 

After the submission of this paper, a study of low-temperature selective oxida- 
tion of methane to syngas over a NiO-CaO catalyst even below 973 K was pub- 
lished [22]. They claimed that syngas is formed on the catalyst with extremely high 
space-time-yield directly from methane without involving formation of CO2 and 
H20 as primary products quite unlike the indirect mechanism. 
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