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Abstract 

The mechanism of NO reduction on copper in the presence of oxygen and isobutene was studied at T = 770 K, under 
reducing conditions. Mass spectroscopy was used to identify gas-phase intermediates and reaction products. One interrnedi- 
ate species resulting from the partial oxidation of isobutene was shown to be active in the NO conversion. X-ray 
photoelectron spectroscopy was used to analyze the copper surface at different stages of the reaction. Our conclusion is that 
oxygen first activates the surface, by forming coexisting phases of Cu,O and CuO. The copper surface is then reduced by 
the hydrocarbon, leading to Cu+ in majority, and to the formation of an active intermediate. At last, the reduction of NO 
proceeds rapidly on a zero-valent copper surface together with consumption of the previously formed intermediate. At the 
end of the reaction, the surface is poisoned by carbon. 
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1. Introduction 

Copper dispersed on oxidic supports, copper 
ion-exchanged zeolites, are known for their cat- 
alytic activity in selective catalytic reduction 
(SCR) of nitric oxide [l]. Besides ammonia and 
hydrogen, which are commonly used reductants 
for stationary sources, but not easily applicable 
for automobiles, hydrocarbons, in the presence 
of oxygen, were also shown to react with NO 
on a copper based catalyst [2-41. In that respect, 
C z and C 3 are the most currently studied hydro- 
carbons [5-71 and copper on zeolite is among 
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the most active catalysts [8]. Iwamoto and 
Hamada have reported that propene and propane 
are better reductants for NO than carbon 
monoxide [2]. On Cu-ZSM-5 zeolites, it has 
been established that the direct reductant of NO 
is not the hydrocarbon but a reactive intermedi- 
ate resulting from a partial oxidation of hydro- 
carbon [5]. As a matter of fact, there have been 
many proposals for the nature of the reactive 
intermediate, oxygenates [5,6], isocyanate [S], 
and NO, [9-l 11, and it appears that the main 
pathway of the reaction is strongly dependent 
on the reaction conditions (T, P(O,)/P(HC) 
ratio). 

The determining role of copper atoms or 
copper ions in this catalytic system has also 
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given rise to numerous interpretations. It is gen- 
erally assumed that the reduction of NO pro- 
ceeds by an oxidation-reduction mechanism of 
the catalyst but, still, divergent views exist about 
the oxidation state of copper required in the 
subsequent steps of the reaction. On Cu-ZSM-5, 
the NO decomposition rate, measured at ele- 
vated temperature, was shown to be related to 
the cuprous ion concentration [12]. The contro- 
versy about the oxidation state of the copper 
active sites, both in the decomposition and in 
the reaction of NO with a reductant, has been 
well documented by Hall and Valyon [ 131. Some 
studies make clear the role of the support-to- 
metal interactions in relation to the reducibility 
of supported Cu*+ ions [14]. In particular, mod- 
ifications of the copper oxidation state are often 
related to the ability of the support to store or 
release oxygen throughout the catalytic process. 

A more limited number of studies, dealing 
with NO and its reduction, have been reported 
on non-supported copper samples. The exten- 
sive work of Geus and his team on copper 
single crystals has to be mentioned. They, in 
particular, investigated the kinetics of the inter- 
action of NO and O,, NO and CO on copper 
single crystal surfaces [15]. These studies, car- 
ried out up to 0.1 Pa, proved that reduction of a 
copper oxidized surface occurs by reaction be- 
tween the reductant (CO in their case) and 
adsorbed oxygen. In a recent study of the reac- 
tivity of a 02/C,H6 mixture on Cu(lll), au- 
thors from the same group propose a model 
involving ‘ assisted sticking’ to explain the 
enlargement of the sticking probability for oxy- 
gen in the presence of propene at 750 K. We 
will retain in memory that a product RO, where 
R is the reductant is assumed to explain the 
influence of propene on the reactivity of oxygen 
on copper [16]. This type of surface science 
studies are very useful for the understanding of 
reaction mechanisms involving O,, NO and a 
hydrocarbon on copper-based catalysts. 

We chose a similar approach, we used a disk 
of copper as a model catalyst, in order to focus 
on the activity and electronic changes of the 

pure metal, isolated, in the presence of gas 
mixtures containing NO, oxygen and isobutene. 
Our purpose was (i> to show the feasibility of 
the reduction of NO on pure copper, as a model 
catalytic surface, and (ii) to correlate the various 
steps of the catalytic process to an XPS charac- 
terization of the copper surface. 

Measurements were undertaken of the reac- 
tion kinetics in a static mode; this allowed the 
investigation of the catalytic surface at various 
stages of the reaction at low or high NO conver- 
sion corresponding to various concentrations of 
products of the reaction. The surface characteri- 
zation and kinetics data were correlated to each 
other in order to propose a possible reaction 
mechanism. 

2. Experimental 

The investigated catalytic substrate was a 
planar polycrystalline, 70 cm* area, copper disk; 
it was mechanically polished and rinsed in alco- 
hol before the in situ cleaning procedure. In the 
catalytic reactor, the copper sample was reduced 
for two hours under P = 10 Torr of hydrogen at 
870 K before each catalytic test. The cleanliness 
of the copper surface after the hydrogen reduc- 
tion was checked by Auger electron spec- 
troscopy (AES). No oxygen could be detected 
and the level of residual carbon was in the low 
submonolayer range. 

A 18 dm3 quartz tube was used as a reactor; 
it was connected to a UHV chamber equipped 
with conventional surface analysis tools. The 
sample was transferred under vacuum between 
the two chambers. 

The catalysis experiments were performed in 
a static mode in the reactor. Argon was used as 
a balance gas to maintain a 5.0 Torr total pres- 
sure in the reactor. The copper substrate was 
inside the quartz reactor heated by an external 
furnace. In order to measure the reaction tem- 
perature, a chromel-alumel thermocouple was 
in contact with the walls of the reactor. 

Standard catalytic conditions have been de- 
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fined after several trials. The purpose of this 
work was rather to be able to observe and 
characterize various surface states throughout a 
catalytic process than to keep conditions rele- 
vant to real catalysis. 

A small constant leak was maintained from 
the reactor to a mass spectrometer, to enable the 
gas composition to be analyzed during the reac- 
tion. 

Photoelectron spectroscopy was applied at 
different stages of the reaction. The Cu sample 
was cooled down to room temperature, the reac- 
tion gases pumped away, and the sample trans- 
ferred to the surface analysis system. The sam- 
ple was then subjected to XPS (X-ray photo- 
electron spectroscopy) studies. In the XPS mode, 
MgK IY (1253.6 eV) radiation was used as exci- 
tation source, and the electron kinetic energies 
were determined by a CLAM 2 hemispherical 
energy analyzer at a pass energy of 20 eV. A 
small gold foil was attached to the copper sam- 
ple to provide an internal reference for the 
binding energies. Au4f,,, was taken at 84 eV. 
The accuracy of the binding energy values was 
better than 0.3 eV. 

3. Results 

3.1. NO, 0,, i-C,H, on copper, standard con- 
ditions 

3.1. I. Kinetics data 
Fig. la shows a typical time course of a 

reaction run at 770 K with P(0,) = 1.0 Torr, 
P(i-C,H,) = 0.5 Torr and P(N0) = 1.0 Torr, 
i.e., reducing conditions regarding the total oxi- 
dation of the hydrocarbon. The temperature, 770 
K, was chosen to lead to the highest activity, 
after a screening in the 700 to 800 K range. 
This is also the temperature reported for the 
maximum activity in NO conversion on Cu- 
ZSMS [2,17]. We will call these conditions 
‘standard’ in the rest of the text. The main 
products resulting from the conversion of NO 
and i-C,H, were N,, CO and H,O. Note that 
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Fig. 1. A typical time course of a reaction run at 770 K, 
P(i-C,H,) = 0.5 Torr, P(N0) = 1.0 Torr, P(0,) = 1.0 Torr, Ar 
as balance gas, and total pressure 5.0 Torr. Note that, during the 
initial stage of the reaction, the temperature increases from 300 to 
770 K. The letters A-D correspond to the stages when XPS 
measurements were performed. 

CO, is not a major product of the reaction; 
assuming similar sensitivities, at maximum, it is 
only 2% of the N/CO signal. Mass peaks at 
respectively 67 and 70 amu, detected at certain 
stages, were unambiguously assigned to 
CH 2 = CCH ,CN (2-methyl-2-propenenitrile) 
and CH,=CCH,CHO (i-C,H,O or 2-methyl- 
2-propenal) after having checked their fragment 
peaks. After mass calibration, NO, and N,O 
were found to be at negligible concentrations in 
the gas phase. 

The curves in Fig. la clearly show four 
domains of catalytic activity corresponding to 
different compositions of the gas phase: a first 
stage (O-16 min) during which the temperature 
is raised from 300 to 770 K, and no reaction 
takes place; a second stage (16-30 min) corre- 
sponding to the conversion of oxygen and 
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isobutene into CO, and CO; a third stage (30-38 
min) during which the NO signal decreases 
slowly, together with that of other reactants, to 
the benefit of CO, CO,, H,O, N,, and i-C,H,O; 
finally, an ‘active’ stage takes place (after 38 
min) characterized by a very small amount of 
oxygen in the gas phase and the highest rate of 
NO conversion. During the latter stage, the 
main products are N,, CO, H,O, and also small 
amounts of CO, and i-C,H,N. It is worth 
noting that the amount of produced unsaturated 
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aIdehyde (i-C,H,O) decreases in the transition 
between the third and the final stage. Finally, 
the rate of NO conversion decreases. 

3.1.2. Su$ace analysis 
The catalytic test was repeated but stopped at 

four characteristic times of the reaction, marked 
A, B, C, and D in Fig. la: (A) when the 
combustion of i-C,H, begins, but NO does not 
decrease (stage 2); (B) when the conversion of 
NO is slow (stage 3); (C) when the conversion 
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Fig. 2. XPS spectra from Cu surface. A: i-C,H, combustion stage; B: slow NO conversion stage; C: maximum NO conversion stage; D: 
end of reaction. Same reaction conditions as in Fig. 1. 
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of NO is rapid (early period of stage 4); CD) at 
the end of the reaction when the conversion of 
NO is slow again (end of stage 4). 

Fig. 2 shows the Cu-2p, C-1s and 0- 1s XPS 
peaks, and the Cu-2p L2(3jM4,5M4,5 Auger lines 
in the four stages. 

In spectrum A (stage 2 of the reaction), the 
Cu surface appears purple-red, and the Cu-2p 
doublet can be fitted with two components for 
each line: Cu-2p,,, at 932.3 eV and 934.0 eV, 
Cu-2p,,, at 952.0 eV and 954.0 eV. Strong 
satellites are associated with the Cu-2p peaks at 
higher binding energies, clearly showing that 
the Cu surface is partially oxidized to Cu*+ 
[l&-21]. The L2(3jM4,5M4,5 Auger lines of cop- 
per are broad and exhibit a shift between 1.0 
and 2.0 eV with respect to the kinetic energy of 
metallic copper L2(3jM4,5M4,5 lines. Accord- 
ingly, the Cu surface at this stage can be inter- 
preted as supporting the coexistence of Cu*+ 
and Cuf [22,23]. The 0-1s peak results from a 
convolution of two peaks, one at 529.1 eV and 
another at 530.7 eV, which can be attributed to 
lattice oxygen in CuO and Cu,O, respectively 
[241. 

In spectrum B (stage 3 of the reaction), the 
catalyst color is changed to red-orange; the 
observed Cu L2oj M,,,MU Auger lines are 
shifted 2.0 eV to lower kinetic energies than 
those of metallic Cu, whereas the observed Cu- 
2p3,*,,,* peaks are at the same binding energies 
as those of metallic Cu. The copper sample at 
this stage is likely to be Cu,O [23,24]. The 
strong 0-1s at 530.7 eV can be ascribed to 
lattice oxygen in Cu,O, and C-1s at 285.5 eV, 
slightly shifted to high binding energies com- 
pared to hydrocarbon-type carbon on Cu,O [25], 
can be attributed to a combination of the carbon 
from hydrocarbon plus the oxygenated carbon 
of a surface allyloxy species (CH, =C(CH,)- 
CH,O-1 or from aldehydes [24,26]. Oxygen of 
the latter species would come out at a position 
close to the one of oxygen from Cu,O, but with 
a weak intensity. 

In spectrum C (early stage 4 of the reaction, 
NO conversion at a maximum rate), the Cu-2p 

and L2(3jM4,5M4,5 spectra appear to be the same 
as those of reduced Cu, showing the metallic 
copper state. The broad and weak 0- 1s peak 
can be fitted with two contributions at 530.9 eV 
and 533.0 eV, the latter superimposed on the 
copper Auger line [27]. The 0-1s peak at 533.0 
eV and the C-1s peak at 286.1 eV are attributed 
to carbon from oxygenated active species, prob- 
ably the aldehyde species [27-291. However, 
the existence of a surface intermediate contain- 
ing C, 0 and N atoms cannot be excluded. No 
N- 1s peak could be unambiguously detected, 
due to the overlap with the LMM Auger lines of 
Cu. Note that the 0-1s peak at 530.9 eV is more 
than ten times lower than the one at 530.7 eV in 
spectrum B, and can be ascribed to adsorbed 
oxygen or NO. 

In spectrum D (end of stage 4 of the reaction), 
a new C-1s peak at 284.2 eV is observed and 
dominating. This peak can be unambiguously 
attributed to carbon residues [28]. The same two 
0-1s peaks are present and appear as shoulders 
to the Cu Auger lines. In comparison with 
spectrum C, the 0-1s peak at 530.9 eV has 
almost the same intensity, whereas the 0-1s 
peak at 533.0 eV and the C-1s peak at 286.1 eV 
are weaker, indicating fewer active species on 
Cu at this stage. The copper is still zero-valent. 

Whether these XPS spectra are representative 
of only a restricted area of the sample, in other 
words, whether the surface is homogeneous or 
not, may be questioned. Worth noting is that we 
changed the sample position several times at 
each stage of the analysis and obtained identical 
spectra. 

3.2. In..uence of oxygen 

3.2. I. Kinetics 
The reaction of NO + i-C,H, was tested in 

the absence of oxygen; it is shown in Fig. 3. 
The rate of reduction of NO progressively in- 
creases throughout the reaction, with no clear 
transitions between slow and rapid stages. The 
total amount of consumed hydrocarbon is con- 
siderably reduced; it essentially leads to CO and 
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Fig. 3. Time course of a reaction run in the absence of oxygen in 
the reactant mixture, T = 770 K. 

N, and to a small fraction of K,H,N at the 
end of the reaction. Noticeable is the negligible 
formation of oxygenate, l’-C,H,O, without any 
correlation with the NO conversion profile. This 
experiment shows that, in the absence of oxy- 
gen, NO is mostly decomposed instead of react- 
ing with the hydrocarbon or with an oxygenate. 

The influence of P(O2) on the NO reduction 
was then measured at 770 K, in the 0.3 to 1.6 
Torr oxygen pressure range, with P(N0) and 
P( i-C4H8) equal to 1.0 and 1.1 Torr, respec- 
tively. In all these reactions, four stages could 
be identified similarly to what has been ob- 
served under standard conditions. The catalytic 
activity, i.e. highest rate, of NO conversion was 
not significantly influenced by the oxygen pres- 
sure, as is shown in Table 1. The activation 
period of the reaction was sensitive to P(0,). 
This is clear in Fig. 4 which shows the influ- 
ence of the partial pressure of oxygen upon the 

Table 1 
Catalytic activity for the NO conversion as a function of P(0, ) at 
170 K 

P(0, ) (Torr) 0.3 0.5 1.0 1.4 1.6 
Catal. activity (lo-’ mol/m*s) 1.3 1.1 1.4 1.4 1.1 

conversion of NO and 0,. It appears that the 
rapid conversion of NO is delayed by a high 
initial pressure of oxygen. 

It should be remembered that the maximum 
investigated pressure of oxygen, 1.6 Torr, still 
corresponds to reducing conditions. This is pos- 
sibly the reason why the increase in oxygen 
pressure did not favor the NO, formation as one 
would have expected [9,10]. 

3.2.2. &.&ace analysis 
The carbon and oxygen signals plotted in Fig. 

5(a, b) correspond to two reactions, one per- 
formed under ‘standard’ conditions as above 
and one performed in the absence of oxygen. In 
these analyses, the reactions were stopped when 
the rate of NO conversion was maximal (points 
C in Figs. 1 and 3). 

NO (1.4 torr 0,) 

-I 
0 20 40 60 80 100 120 140 160 

Time ( min.) 

Fig. 4. Time course of NO and 0, concentrations at different 0, 
initial pressures, P(i-C,H,) = 1.1 Torr, P(N0) = 1.0 Torr, Ar as 
balance gas, total pressure 5.0 Torr, T = 770 K. 
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Fig. 5. XPS spectra: C-l s and O-Is lines of the copper surface, 
reaction run in the absence of oxygen. 

The copper lines (not shown) were identical 
to the ones in Fig. 2(a, b), indicating also 
zero-valent copper in the active stage of the 
reaction. Some differences have to be noticed in 
the oxygen and carbon spectra: the 0- 1s line at 
533 eV and C-Is line at 286.1 eV, identified in 
a ‘standard’ reaction, have almost disappeared 
when no oxygen was admitted in the reaction 
mixture. Conversely, an intense carbon peak 

was observed at 284.3 eV, assigned to adsorbed 
isobutene or carbon residues. These findings are 
in good agreement with the very low amount of 
aldehydic intermediate detected in the gas phase 
when the reaction was initiated without oxygen. 

3.3. Influence of isobutene 

A series of catalytic tests were performed at 
770 K, with P(N0) = P(O,) = 1.0 Torr and 
P(i-C,H,) varying from 0 to 1.6 Torr. When 
P( i-C,H,) = 0, i.e., in the absence of hydrocar- 
bon, no conversion of NO was observed, and 
the copper sample color immediately changed to 
dark red. Conversion of NO is inhibited when 
the copper surface is fully oxidized. 

Table 2 shows the influence of the initial 
pressure of isobutene on the catalytic activity 
(NO conversion and C,H,O formation rates). 
The catalytic activity passes through a maxi- 
mum with P(i-C,H,) = 0.5 Torr and decreases 
when the initial pressure of i-C,H, increases 
further. It is remarkable that strong reducing 
conditions (from 0.5 to 1.1 Torr of i-C,H,) 
induce a low catalytic activity towards NO con- 
version, although the rate of formation of i- 
C,H,O remains roughly constant. 

Finally, some NO reduction tests have been 
performed in the presence of i-C,H,O, 2- 
methyl-2-propenal, or varying mixtures of i- 
C,H, and i-C,H,O in order to compare the 
reducing abilities of these two compounds. Since 
these reactions do not exhibit the same profiles, 
the catalytic activity was estimated from T,,*, 
the time at which half of the initial amount of 
NO is converted. The set of data summarized in 
Table 3 shows that the aldehydic organic com- 

Table 2 
Catalytic activity of the NO conversion and the I-C,H,O forma- 
tion rate as a function of P(i-C,H,) at 770 K 

P(i-C,H,) (Torr) 0 0.3 0.5 1.1 2.6 

Catal. activity (10e5 mol/m’s) 0 1.8 6.0 1.4 1.0 
i-C,H,O form. rate (ion cur. X IO-‘“) - 3.4 13 18 15 
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Time when half of NO amount is reduced, in the presence of various reductant mixtures 

Reactants NO + i-C,H, + 0, NO + i-C,H, NO + i-C,H,O 
(pressure (Torr)) (l/0.2/0.5) (l/0.5) (l/0.2) 

NO + i-C,H,O + I-C,H, 
(l/0.2/0.5) 

T, ,, (min) 40 122 36 36 

pound is a better reductant for NO than the 
corresponding alkene. 

4. Discussion 

The conversion of NO and isobutene in the 
presence of oxygen was shown to proceed via 
an oxido-reduction of the copper surface. Oxy- 
gen is necessary to initiate the conversion of 
NO, the partial oxidation of isobutene being an 
important step of the reaction. 

Note that the direct combustion of I’-C,H,, 
resulting from surface reactions and possibly 
also from gas-phase reactions, is the main pro- 
cess before the time when NO conversion starts 
(see stage 2 in Fig. 1). It takes place on a 
strongly oxidized surface of copper (Cu’ + 
Cu*+) in agreement with previous results in the 
literature. In propene oxidation on copper oxide, 
it was shown that oxygen-rich cuprous oxide or 
cupric oxide favor complete oxidation of the 
hydrocarbon to carbon dioxide and water; this is 
obviously not desired in the NO reduction pro- 
cess [30]. There is, at stage 2, no mild oxidation 
of isobutene and no, or very little, reaction 
involving NO, probably because of a too high 
occupancy of the surface by hydrocarbon and 
oxygen. 

The lattice oxygen (Cu,O), originating from 
either 0, or NO dissociation, reacts with the 
i-C,H, causing oxidation of the hydrocarbon 
and reduction of the Cu surface, It is already 
documented that the lattice oxygen is responsi- 
ble for the selective oxidation of hydrocarbons 
[32-341. This corroborates our conclusion that 
the aldehydic intermediate is essentially formed 
during stage 3 of the reaction, when copper is 
not totally reduced. We tentatively assume that 
the selective oxidation of isobutene, as the ini- 
tial step in the reduction reaction, occurs ac- 
cording to the following mechanism: formation 
of allyloxy species (CH, =C(CH,)-CH,O-), 
followed by the loss of the second hydrogen. 
This is consistent with the XPS data. In particu- 
lar, the C-1s peak, broadened towards high 
binding energies, which can be related to the 
oxygenated carbon of such species [26]. In the 
absence of initial oxygen in the gas phase, the 
formation of aldehyde could be hardly detected. 

Kharas suggested, in order to account for the 
observed requirement of oxygen for the reduc- 
tion of NO, an oxidative hydrogen abstraction 
of alkenes which would generate an ally1 inter- 
mediate; this intermediate would then react with 
NO [35]. In our case, a mechanism, leading to 
the formation of an oxidized surface species is 
preferred in view of C,H,O evolution. 

NO reduction starts during stage 3, corre- During stage 4 (Fig. la), the Cu(1) has been 
sponding to the XPS spectrum B Figs. 1 and 2, reduced to Cu(O), oxygen has practically disap- 
i.e. when the catalyst surface is in the Cu+ peared and a certain concentration of K,H,O 
state. At this stage, the active sites (Cu’> are has been reached in the gas phase. The C-1s 
mainly occupied by adsorbed alkoxide and hy- peak centered at 286.1 eV and associated with a 
drocarbon species. The blocking of the Cuf new 0-1s peak at a higher binding energy than 
sites, the latter being known to be responsible earlier, 533.0 eV, shows that adsorbed l’-C,H,O 
for the formation of N,O when NO is available is now the active species in the NO conversion. 
in the gas phase [31], accounts for the zero The absence of any C-1s peak at 284.4 eV 
concentration of N,O throughout the reaction. suggests that reduced Cu preferentially attracts 
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an oxygen-containing species compared to a 
hydrocarbon species, although the I’-C,H, con- 
centration in the gas phase is still high. It is 
known that aldehydes are more reactive than 
hydrocarbons [6]. The decrease of I’-C,H,O in 
the gas phase is attributed to a reaction of NO 
with that species rather than with 0, which is at 
a low level both in the gas phase and at the 
catalyst surface (Fig. 2d, spectrum Cl. The pres- 
ence of a weak C-1s peak at 286.1 eV (an 
oxygen-bearing carbon peak) excludes the sug- 
gestion that ‘coke’ deposited on the catalyst 
becomes the catalytically active surface [36]. 
During the last stage of the reaction, NO reac- 
tion with the aldehyde mainly contributes to NO 
conversion and leads to N,, H,O, l’-C,H,N, 
and little CO, as products. The direct decompo- 
sition of NO into N, and 0, is negligible in 
view of the low amount of oxygen in the gas 
phase. 

At the end of the reaction, when the concen- 
tration of I’-C,H,O in the gas phase has de- 
creased, the C-1s peak at 286.1 eV and 0-1s 
peak at 533.0 eV, are weaker than in stage C 
(Fig. 5(c, d), at C and D), and the Cu surface is 
poisoned by deposited carbon (C-1s at 284.2 
eV>. 

Our results bring evidence of the crucial role 
of oxygen. It is necessary to initiate the reaction 
of conversion of NO at an appreciable rate. It 
induces an oxidation of copper, leaving a sur- 
face active for the mild oxidation of the hydro- 
carbon, a key step of the reaction of NO reduc- 
tion. Once the rapid stage of NO reduction has 
been reached, no significant influence of P(0,) 
was noticed in the pressure range corresponding 
to reducing conditions. We also showed that 
oxygen in excess delays the reaction probably 
by forming CuO that needs to be reduced to 
activate the NO reduction process. Excess oxy- 
gen also results in a total oxidation of the 
hydrocarbon (curve not shown) from the begin- 
ning of the reaction. 

An important consequence is that a non-sup- 
ported copper catalyst may be oxidized to Cu*+ 
and becomes inactive under slightly oxidizing 

conditions. It indirectly proves that one role of 
the support in copper-based catalyst is to facili- 
tate the reaction under net oxidizing conditions, 
probably by preventing total oxidation of cop- 
per, providing an oxygen reservoir and allowing 
continuous exchanges of oxygen between cop- 
per and the support. In order to simulate the role 
of redox cycles of copper in the reduction of 
NO with a hydrocarbon, reducing conditions 
had to be chosen. 

In the absence of oxygen, NO dissociation is 
prevailing; it takes place at a lower rate than its 
conversion under standard conditions. Though 
the dissociation of NO provides oxygen, the 
mechanism via a partial oxidation of the hydro- 
carbon only slightly contributes to the conver- 
sion of NO. This may be ascribed to an initial 
site-blocking of the surface by carbon as shown 
by the XPS analysis. 

The role of isobutene is connected to the one 
of oxygen in the formation of a reactive inter- 
mediate. In this way, it also prevents the total 
oxidation of copper. Note that K,H,O is al- 
ways at a low concentration, < ca. 0.1 Torr 
according to our calibration, because precisely, 
it is a transient intermediate of the reaction. Its 
formation and its consumption play a determin- 
ing role in the NO reduction process. 

The influence of P(l’-C,H,) can be divided 
into two ranges: one in which an increase of the 
pressure promotes the reduction of NO by acti- 
vating the formation of intermediates, and one 
where the poisoning of the sample by carbon 
prevails and induces a loss of activity. 

The obvious conclusion is that a rapid con- 
version of NO can only be observed in a narrow 
range of the O,/HC ratio. A too high ratio 
leads to a deactivation by complete oxidation of 
the copper surface. A too low ratio blocks both 
the reaction of oxidation of the hydrocarbon and 
the conversion of NO. 

Our measurements do not permit an absolute 
differentiation of the fraction of oxidation of 
isobutene due to oxygen or due to NO. How- 
ever, in stages 1 and 2 of a standard reaction, 
the decreases of isobutene and oxygen concen- 
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trations are the main features of the reaction; 
moreover, in the absence of oxygen (Fig. 4) the 
stage of oxidation of I’-C,H, to l’-C,H,O disap- 
pears to the benefit of a long, equivalent to 
stage 3, period during which the consumption of 
isobutene is extremely slow. These two argu- 
ments are in favor of an oxidation of isobutene 
mainly by oxygen. 

Let us remark that, under reducing condi- 
tions, the hydrocarbon is not totally oxidized 
into CO, and we do not exclude the possible 
reduction of NO by CO as a side reaction. 

5. Conclusion 

The performance of pure copper as a catalyst 
for NO reduction in the presence of I’-C,H, and 
oxygen was studied by mass spectroscopy, com- 
bined with XPS surface analysis at different 
reaction stages. 

Working on a pure, non-supported copper 
catalyst brought new insights into, the under- 
standing of the reaction mechanism and the role 
of the metal. The post-reaction surface analysis 
led us to the following conclusions: when the 
catalyst surface is in the Cu+ state, an interme- 
diate (l’-C,H,O) is produced and the NO con- 
version is slow. The catalyst is then reduced to 
metallic Cu in the rapid NO conversion stage. 
The maximum rate of NO reduction correlates 
well with a 533.0 eV 0-1s peak and a broad 
C-1s peak centered at 286.1 eV, which identify 
the active species as being adsorbed I’-C,H,O 
on the metallic Cu surface. At the end of the 
reaction, the catalyst surface is poisoned by 
deposited carbon. 

The conversion of NO reaches an appreciable 
rate only in the presence of oxygen from the 
beginning of the reaction. 

Oxygen has two major roles: (i) it reacts with 
the hydrocarbon and forms an oxygenated sur- 
face intermediate, (ii) it keeps the surface clean 
by removing carbon deposits. 

We tentatively assume that a similar mecha- 
nism accounts for the reactivity of supported 

copper under slightly oxidizing conditions, pro- 
vided that the support can continuously ex- 
change oxygen with the metal, thus permitting 
the redox cycle of the latter. 
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