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Abstract

Copper cations present on alumina surface even in low concentrations (0.75 wt %) are characterized by a high heterogeneity. Thus, two kinc
of Cu' sites have monitored by CO adsorption and three kinds &f Gations by NO adsorption. Adsorption of NO also leads to development of
bands due to small amounts of nitro/nitrito and nitrato compounds. Introduction of oxygen to the@uMO system causes initial concentration
rise of the NQ~ compounds followed by oxidation of these complexes to nitrates. The nitrates thus obtained are stable up to 723 K. Surface coppe
nitrates begin to react withEl; at 573K, as a result of which isocyanate and cyanide species are formed. Simultaneously, oxidajtidn of C
on the catalyst surface proceeds, leading ultimately to the appearance of carboxylates. The mechanism of SCR by ethep@0ma€lddn
discussed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction reduce the nitrogen oxides. Other authors assume that the first
stage of the process is oxidation of {ilQ24—29] this leads to the
Selective catalytic reduction of nitrogen oxides with hydro-formation of NG [7,29] or nitro and nitrato complex¢24—28]
carbons (HC-SCR) is of great interest since it permits controlThese surface N(zompounds react with the hydrocarbons from
ling nitrogen oxide emissions from internal combustion engineshe gas phase, which results in the formation of the so-called
[1-4]. One of the most studied catalysts for this process is CuE—H—N-O deposif26—28] The decomposition of the latter is
ZSM-5[3-12] However, zeolites have some disadvantages suchssociated with formation of intermediate Chlnd NCO™ com-
as a low hydrothermal stability leading to catalyst deactivapounds on the surfa¢g@6—28,30] Analysis of the literature data
tion [1,9,13] This is the reason for developif§3—17]metal  [20,21]concerning the mechanism of selective catalytic reduc-
oxides-based SCR catalysts, which are more stable. In partition of nitrogen oxides with hydrocarbons on Cuw/@®k shows
ular, Cu/AbO3 has demonstrated activity in various reactionsthat the nature of intermediate compounds being formed during
of NO, conversion such as HC-SCR8] and NO decompo- the reaction has not yet been well established. The purpose of
sition [19]. That is why it is of interest to study the nature andthe present work is to study carefully, by FTIR spectroscopy, the
reactivity of the adsorption forms appearing after adsorption ohature of surface compounds formed on the Ce@3lsurface
nitrogen oxides on the surface of Cu@iz [20-22] In the lit-  during adsorption of NO and coadsorption of NO ance®well
erature, there are different opinions concerning the mechanisias to obtain data on the interaction between the species formed
of SCR of nitrogen oxides with hydrocarbons. Some author&nd ethene. In order to achieve more detailed information on
[11,23]believe that in presence of oxygen the hydrocarbons arthe state of the copper ions in the supported phase, the samples
partly oxidized forming HC, O, complexes which subsequently were also characterized by thermoprogrammed reduction, X-ray
photoelectron spectroscopy and FTIR spectroscopy of adsorbed
CO. On the basis of summarized results from these experiments,
* Corresponding author. Tel.: +49 30 8413 5772; fax: +49 30 8413 4401, SOMe new data on the mechanism of selective catalytic reduction
E-mail address: cvetomirvenkov@yahoo.com (T. Venkov). of NO, with ethene over Cu/AlD3; were obtained.
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2. Experimental
2.1. Reagents and materials

Alumina, which was used for the experiments, was a com-
mercially available Degussa product with a specific surface area
of 98P gL

The Cu/AbOs sample was prepared by impregnating®4
with a 0.05M L~ Cu?* solution. The latter was obtained by

dissolving Cu(NQ@)»2-3H,0 in distilled H,O followed by addi- 790 mi”-
tion of concentrated Nglto attain pH 9. After the synthesis, } . . pB1870K
the sample was calcined in air for 1 h at 673 K. The nominal sgp 600 700 800 900
concentration of copper in the sample was 0.75 wt.%. Temperature, K

Fig. 1. TPR (dotted line)-TGA (solid line) curves of Cu@l3 (10% H, in Ar
with 50 cn® min—1; heating rate of 10 K/min).

2.2. Instrumental methods
2.2.1. FTIR spectroscopy ) ) ~ the support while the registered processes at lower temperatures
The FTIR measurements were carried out using a Nicolefgsg K and about 715 K) could be ascribed to the reduction of

Avatar SGQ spectrophotometer with a r_esolutlon of 2¢rand ~more readily reducible copper speci@4].We could not assign
accumulating 128 scans. Self-supporting pellets were obtaingfle opserved shoulder in the DTG profile at about 860K to an
by pressing the powdery sample under a pressure Y%kR&.  aqgitional redox process because it is most probably due to the

The sample was treated directly in the IR cell connected to @hange of the dynamic temperature programmed regime into
vacuum apparatus with a residual pressure of about Pa. static heating at 870K.

Prior to the adsorption measurements, the sample was activated
by heating for 1 h at 673 K under oxygen and evacuation for 1 l}, 12 X-

ray photoelectron spectrosco,
at the same temperature. e P py

In order to obtain information on the initial state of the copper
ions on the Cu/AlOs surface, we studied the sample with X-
2.2.2. TPR-TGA measurements _ray photoelectron spectroscopy. The XP spectrum of G4

The TPR-TGA (temperature-programmed reductionyeyonstrated the presence of an intense signal (G2t
thermogravimetric analysis) experiments were performed witly3g o\ 510ng with one more lower-intensity satellite at 944 eV
a Setaram TGO2 instrument. Fifty milligrams of the sample iy 5 A possible criterion on the basis of which one may esti-

were p'aceo! na m|crobala}n3$ crucible and heated na flow o ate whether the signals observed are due to the presencé of Cu
10 _V0|'% Hp in Ar (50 cm'3 min )upto 873K at 10 K/mln and o c?* jons is the ratio between the intensities of the G2p
a final hold-up of 20 min. Prior to the TPR experiments, thegiq 5| ang its satellite observed at higher enerigigh The C#*
sample was treated in situ in a flow of air up to 673K at arat§,ng are characterized by a clearly visible satellite whose inten-
of 10 K/min followed by a hold-up of 2 h. sity is about twice as low as the intensity of the Cy2gignal.

In contrast to them, the satellite of the Cy2signal of the Cli
2.2.3. X-ray photoelectron spectroscopy ions is characterized by a negligible intensity. On this basis, we

The XPS measurements were made on an ESCALAB Mkllyjy e the peaks appearing at 935 and 944 eV 5 @ms on
(VG Scientific) apparatus using a radiation source with a Magie ALO; surface. More careful analysis of the Cy2signal

nesium anodenp = 1254.6 eV). The binding energy values Were i gicates that probably the peaks of several kinds t*Gons

corrected with respect to the C1s level (284.8 eV) of the carbon
impurities on the surface.

3. Results Cuzp,,

wn
200 ]

3.1. Sample characterization

3.1.1. TPR-TGA measurements
Fig. 1 shows the TPR-pattern of Cu/AD3. The reduction

of the copper species proceeds in the interval of 560-870 K.

The TPR-profile of the sample is characterized by several redox

processes which could be ascribed to the reduction of copper

oxide species with different reducibility. The observed results ‘ ‘ ‘ ' ' ] ' \
: S 925 930 935 940 945 950

suggest the presence of certain heterogeneity in the state of the Bindi

! . . . inding Energy (eV)
copper species. The reduction maximum at 790 K characterizes
the presence of isolated copper ions strongly interacting with Fig. 2. Photoelectron spectrum of Cugd.
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overlap. This is also confirmed by the results from TPR of thehand at 2186 cm! vanishes and only the band with a maximum
sample which again evidence heterogeneity of the copper iong 2105 cn! remains along with a low-intensity shoulder at
on the AbOg3 surface. It should also be noted that due to thep120 cnr? (Fig. 3 spectrum g).

width of the two signals the probability for the appearance of The bands at 2120 and 2105 chare assigned to two kinds

peaks produced by Cuons is not to be excluded. of Cu*—CO specief36—38] In fact, CY—CO species could aslo
be observed at these frequencies, but they are characterized by
3.2. FTIR spectroscopic studies a very low stability[34,38,39]
The band at 2186 cnit is characterized by a low stability
3.2.1. Background spectrum and disappears from the spectrum at temperatures close to the

The IR spectrum of activated 403 in the region of O-H  ambient. This band may be due to botFAICO and C&*—CO
stretching modes exhibits four bands with maximaat3790,377%arbony|s_ The two types of complexes are observed in the
3734 and 3675 cm' (spectra not shown) characterizing differ- same spectral region and are characterized by a low stability,
ent OH group$33-37] The band at 3733 cnt is absent from  which makes their spectral differentiation difficult. According
the spectrum of the activated Cup@3 sample and the bands to the literature[34,38], one might expect partial reduction of
at 3790 and 3734 cnt are much less intense than are those ofthe C#* ions to Cd in a CO atmosphere. In order to estab-
the support. This is an indication that during the synthesis théish the nature of the band at 2186 thithe sample was cooled
copper ions have displaced the protons and have been localizggain under CO. The results obtained (spectra not shown here)
on the oxygen atoms from the hydroxyl groups on the supporévidenced reappearance of the band at 2186'¢this indicat-
surface. These observarions are in line with the already notelg it to be due to At*—CO carbonyl complexes. A similar band

heterogeneity of the copper ions on the sample surface. at 2186 cnm! was also observed after CO adsorption on pure
Al 03, which confirmed the above hypothesis. The absence of
3.2.2. Low temperature CO adsorption bands for C&4*—CO carbonyls indicated the activation of the

To avoid eventual reduction of tiions by CO, adsorption  sample to result in autoreduction of the®Cions to Cuf'. How-
has at first been carried out at a low temperature. Introducever, it is also probable to the €lions from the surface to be
tion of CO at 100K (260 Pa equilibrium pressure) to the acti-coordinatively saturated or to possess too low electrophilicity to
vated sample produces four bands with maxima at 2186, 215%rm carbonyl species.
2120 and 2105 cmt (Fig. 3, spectrum a). The band at 2155 is
assigned to H-bonded C{38]. Indeed, it changes in concert 32 3 Adsorption of NO

with a red shift of the initial OH bands to ca. 3570cth(spec- Adsorption of NO (570 Pa equilibrium pressure) on the sam-
tra not shown). With the increase of temperature, the remainyje under investigation leads to the appearance of a series of
ing bands at 22002100 cth also display an intensity drop phands with maxima at 1915, 1895, 1877, 1591, 1467, 1319, 1227
(Fig. 3, spectra b—f). When room temperature is reached, thgnqg 1073 cm? (Fig. 4, spectrum a). The intensity of the bands
at 1591, 1467, 1319, 1227 and 1073¢nincreases with time
whereas the bands at 1915, 1895 and 1877'caow almost
no changekKig. 4, spectra b—i).

The bands with maxima at 1467, 1227 and 1073 tman
in general be attributed to nitro and/or nitrito compounds while
0.z the bands at 1591 and 1319 chare most probably due to sur-
face nitrate$40]. The corresponding; vibration of the NQ~
complexes is probably masked by the band at 1073'cm
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Fig. 3. FTIR spectra of CO adsorbed at 100 K on Cu@®. Equilibrium pres- Fig. 4. FTIR spectraof NO (670 Pa equilibrium pressure) adsorbed on £4Al
sure of 670 Pa (a), after gradual heating in presence of CO up to 293K (b—g).(a) and development of the spectra with time (b—i).
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The bands in the region 1920-1870cthare typical of nitro-  is observed. Similarly to the band at 1227 ¢mthe 1071 crmt
syls[40,42] It is known that AP* ions on alumina do not form  band shows an initial intensity rise up to a maximum value fol-
nitrosyl specie435]. Nitrosyls on alumina are only detected lowed by a drop Fig. 5, spectra a—c). The bands at 1227 and
after formation of surface nitrates enhancing the Lewis acidityl071 cnt! have an analogous behaviour, which indicates that
of adjacent Af* cation. However, in our case after NO adsorp-they belong to the same compound. Simultaneously, two more
tion the sample surface is covered with negligible amounts obands are distinguished at 1044 and 1014 tmnd found to
anionic nitrogen—oxo compounds due to which it is not likely develop with time. With increasing amount of introduced oxy-
that the above complexes have modified the surface. In addgen up to 400 and 930 Pa, respectively, the intensities of the
tion, none of the nitrosyl bands change in concert with band(shands at 1630, 1590, 1565, 1298, 1266, 1044 and 1014 afso
characterizing nitro—nitrito compounds. This indicates that thencrease Fig. 5, spectra f-h), a maximum saturation degree of
bands in the 1920-1870 cthregion are produced by nitrosyls the bands being achieved on introducing 3.3 kPa oxyBien 6,
formed with the participation of copper ions from the depositedspectrum i).
phase[41-48] We exclude the probability for them to arise  In the presence of NO and excess oxygen one can expect
from Cu"—NO species since the latter are observed at lower freformation of nitrates. Due to lowered symmetry, themodes
quencies (1820-1740 crh) and have been usually registered at of surface nitrates splits into two componentgandv;. On this
low temperature§47,49] In addition, it is known that in pres- basis and according to literature df48], we ascribe the bands
ence of NO, the Cliions are oxidized to G, which should ~ with maxima at 1630, 1590 and 1565 Thto v} vibrations, and
be accompanied by disappearance of th&-®lO nitrosyls and  those at 1298 and 1266 cth to v vibrations of surface nitrates.
appearance of bands produced by GINO complexe§40,47] The avrages frequency is higher tharg of symmetric nitrates
This allows us to conclude that on the surface of the sampl€1380 cnt1) which is indicative of the change of the N-O bond
under consideration there are three types of'Gans. These order during the coordination of nitrates. The bands with maxima
results are also supported by the data obtained in the TPR ard 1044 and 1014 crt are due to the correspondimg modes
XPS studies of the sample where again a certain heterogeneif$0].

of the C#* has been assumed. In the 2000—-1800 cm region, with the introduction of the
bands at 1915, 1895 and 1877<chuisplay a slight intensity
3.2.4. Coadsorption of NO and O, increaseffig. 5, spectra b—e). With increasing amount of intro-

After the introduction of small amounts of(J133 Pa ini-  duced oxygen the bands overlap, as a result of which a broad
tial equilibrium pressure) to the cell containing NO (1.3 Pa),band with a maximum at 1890 and a shoulder at 1880%cm
the bands in the region 1600—1000chincrease in intensity (Fig. 5, spectra h and i) are formed. Bands characterizing the
(Fig. 5, spectrum b). After a prolonged contact of the sam-v(N=0) vibration of adsorbed §D3 (formed after oxidation
ple with the gas mixture, the band at 1550¢chsplits into  of NO) can appear in this regio@0]. On this basis and in
three components with maxima at 1630, 1590 and 1565'cm agreement with literature daf85,40] the bands at 1890 and
(Fig. 5 spectrum f). On reaching maximum intensity, the band1880cnt! are attributed to the(N=0) vibration of NO3
at 1227 cm! begins to decrease in intensity and is convertecadsorbed on the surface of the sample investigated.
into a band with a maximum at 1266 ct (Fig. 5, spectra ¢ Additional data facilitating the interpretation of separate
and d). These facts indicate oxidation of the NGtomplexes bands as due to nitrate or nitro—nitrite compounds can be
(1227 cn1) to compounds containing nitrogen of an oxidation obtained by analysis of the overtones and the combination modes
degree higher than +3. Simultaneously with the formation of th¢35,40] After the introduction of small oxygen amounts to the
band at 1266 cmt, an intensity increase of the 1298 thband ~ system, three low-intensity bands with maxima at 2877, 2629
and 2552 cm? are formed Fig. 5, spectrum f). With increasing
oxygen amount, the above bands gain somewhat in intensity and
two other bands with maxima at 2918 and 2893 ¢r(Fig. 5,
spectra h and i) appear. The nature of the complexes which are
responsible for these bands will be discussed in what follows.

In the 3900-3000 cm' region, three bands characterizing
v(O-H) vibrations of isolated surface hydroxyl groups o @

(with maxima at 3700, 3770 and 3730 ch) decrease in inten-
sity, while a broad band with a maximum at 3543cnmand an
intensity increasing with time (spectra not shown here) becomes
- , ‘ ‘ , . visible. The band at 3543 cm characterizes hydrogen-bonded
3000 2800 2600 2400 2000 1800 1600 1400 1200 1000 hydroxyl groups and may be due to both interaction 6fADH
Wavenumber, cm™ groups with adsorbed compounds and water being evolved dur-

. . ing the processes.
Fig. 5. FTIR spectra of NO (1.3kPa equilibrium pressure) adsorbed on

Cu/Al,O3 (a), after addition of @ (133 Pa initial equilibrium pressure) (b), . .
and development of the spectra with time (c—e), addition 9{4D0 Pa initial 3.2.5. Interaction of the surface NOx compounds with NO

equilibrium pressure (fand g), addition 0§ (®30 Painitial equilibrium pressure The differentiation between the NO and NG~ complexes
(h), addition of @ (3.3 kPa initial equilibrium pressure) (i). on the basis of their spectra is a complex problem. One of

Absorbance, a.u.
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Fig. 6. Stability of the nitrates formed on ADs (A) and Cu/AbOs (B). Coadsorption of NO (2kPa equilibrium pressure) andZkPa initial equilibrium pressure)
followed by evacuation for 10 min at room temperature (a), 373K (b), 473K (c), 573K (d), 673K (e) and 723K (f).

the methods proposed for that purpose is their interaction witla higher intensity as compared to the same band registered in the
NO [40]. Reactive surface nitrates can be reduced by nitrogespectrum of A}O3. Hence, it can be assumed that at 1296 &m
oxide, which lowers the intensity of their characteristic band.in the spectrum of Cu/AO3 there is overlapping of the bands of
In contrast to them, surface compounds in which nitrogen ididentate nitrates coordinated to (i)&ions from the supported
of oxidation degree +3 do not react with nitrogen ox|de]. phase and (ii) AI* ions from the support surface. Probably the
However, it should be noted that nitrates of a low reactivity carcorresponding’; vibration of the copper nitrates is masked by
show no trend to react with NO either. Adsorption of NO (930 Pathe intense bands of Ai—(NQs), complexes.
equilibrium pressure) on a sample pre-treated under NO and O
causes a slight intensity decrease of the bands at 16_30, 158592.7. Adsorption of ethene
1562, 1296 and 1261 cm (spectra not shown here). Simulta-
neously, the spectrum exhibits a new band at 1891'criihe during interaction of surface nitrates and ethene, adsorption
latter characterizes /D3 which is formed as a result of inter- of CoHa on the clean sample was first studied. Ethene was
action between the nitrates adsorbed on the sample surface airrmoduced into the IR cell and, as a result, additional bands
NO from the gas phase: due to gaseous 44 were only seen: at 3125, 3089, 3010 and
2NO3~ +4NO —> 3N,Og+ 0% 2963 cn?, due tov(C—H) stretching modesF{g. 7, spectrum
a). With rising temperature of heat-treatment up to 573K, a
The results obtained indicate that (i) the bands with maxima aeries of bands with maxima at 1593, 1470, 1386 and 135% cm
1636, 1589, 1562, 1296, 1261 and 1040¢crare due to surface  appearedfig. 7, spectrum b). After evacuation of the sample at
nitrates and (i) the nitrates appearing on the surface are reactiygom temperature, the bands at 1600-1350tmere present
towards nitrogen oxide. in the spectrum, which evidenced them to be due to compounds
strongly bound to the surfac€if. 7, spectrum c), The bands at

In order to identify the nature of the compounds formed

3.2.6. Stability of the NO, compounds formed

Comparison of the spectra registered with maximum nitrate
coverages on A3 and Cu/AbOs, reveals no special differ-
ences. The bands characterizing ;N\Ccompounds appear in
both cases at analogous frequencies and have the same shape 0.05
thisindicating that on the Cu/AD3 surface mainly nitrates coor-
dinated to A?* ions on the support are formed. Eventual copper
nitrates are masked by the strong bands due to nitrates formed on
alumina. We studied the thermal stability of the nitrates hoping
to use it as a criterion for discriminating between copper and
aluminum nitrates.

Fig. 6 presents the spectra registered during the study of the
thermal stability of surface nitrates on A3 (pannel A) and
Cu/Al;O3 (pannel B). With rising evacuation temperature, the
bands of the surface nitrates decrease in intensity, to disappear Wavenumber, cm”!
completely a_t 723KKig. 6. A more careful analysis of t_he Fig. 7. FTIR spectra of Cu/ADz3 after introduction of GH4 (5.3 kPa equilib-
bands behaviour at 12961256 chshows that after evacuation yjum pressure) (a), heating under ethene at 623K (b) and evacuation at room
of Cu/Al,0z at 373 K, the band at 1296 crhis characterized by  temperature (c).
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.o face nitrates and, only after their consumption, witt? Cions
0005 2122 3BY g8 o3 on the sample.
< o T
s ﬁ ZN\—/ 3.2.9. Reactivity of nitriles and isocyanates
g \ ’/M The bands at 2234, 2157 and 2122¢rhowever, are absent
g J\/ from the spectra registered after adsorption of ethene alone,
2 M which means that they are formed due to the presence of nitrates
< | 2157 M and probably arise from species containing nitrogen. The band at
. 1463 2122 cnt! could be assigned to C4CO carbonyls. However,
— h A N 1386 — it possesses a much higher stability than do the-@Q© species.
2200 2100 1800 1600 1400 1200 We assign the bands at 2157 and 2122 &to Cu*—CN species
Wavenumber, cm”’ [40]. The band at 2234 crit is associated with NCOspecies

coordinated to Al* sites[50]. The results show that the bands

Zig"?b Interaction of ‘)h: nsélgzcigzr?’r“le"vgh eltgfni C‘;z‘s’:orrs)“?:”‘;f ’\(‘2‘3 (b2 kPt the 2250—2100 cmt region are stable after evacuation of the

ulliprium pressure nit uilipbriu u W . . .
e\q/acuation gt room temperature (a), adso?ption of etl;ene (6.7 kPa initial Z}quﬁampl%at ,573 K, which indicates a bc?”d Strength petween the
librium pressure) (b), heating under ethene at 423K (c), 473 K (d), 573K (e),Cu+ (AlI°*) ions and the CN and NCO' ligands coordinated to
623K (f), evacuation at room temperature (g) and at 573K (h). them. In order to study the reactivity of the Cldnd NCO™ com-
plexes, we followed the behaviour of the bands at 2234, 2157
and 2122 cm? in presence of NO and NO +Qrespectively
(spectra not shown here). The results showed that the intensities
of these bands did not change in a NO atmosphere whereas the

1595 and 1470 cmt can be attributed ta,COO) ands(COO)
vibrations of surface carboxylat§®l] obtained during ethene

oxidation. introduction of small amounts of oxygen to the Cy/@—NO
system led to an intensity drop of the bands followed by their

3.2.8. Interaction of the NOy surface compounds with disappearance.

ethene

Coadsorption of NO (2kPa equilibrium pressure) angd O 4. Discussion
(2 kPa initial equilibrium pressure) on the sample followed by
evacuation at room temperature produces a series of bands with Since a lot of bands were registered during the experiments,
maxima at 1625, 1595, 1562, 1290 and 1252 ¢émue to sur-  for the sake of facility their interpretation was summarized in
face nitratesKig. 8, spectrum a). Introduction of ethene into the Table 1
system causes practically no intensity change of the bands at
1700-1000 cm? (Fig. 8 spectrum b). Four low-intensity bands 4.1. Localization and coordination state of the copper ions
with maxima at 3125, 3089, 3010 and 2963¢ncharacter-  on Cu/Al; 03
izing v(C-H) vibrations of ethene in the gas phase appear at
3200-2900 cm?. To identify possible intermediate compounds ~ Comparison of the spectra of AD3 and Cu/AbOs in the
appearing during the interaction between the surface nitrataggion of v(O—H) stretching modes shows a reduced intensity
and ethene, we heated the sample at various temperatures in thfethree of the hydroxyl groups (3790, 3773 and 3734 ¢&m
presence of gH,. With increasing temperature of interaction up on the copper-containing sample. This indicates that the copper
to 423 and 473K, respectively, the bands at 1625, 1595, 156%ns form bonds with coordinatively unsaturated oxygen ions by
1290 and 1252 cmt displayed a slight intensity drop. At 573K replacing the proton from the corresponding hydroxyl groups of
the bands characterizing surface nitrates disappeared, and né&Os. In this case, the copper ions will be characterized by
bands at 1597, 1463, 1386 and 1351 ¢r(Fig. 8 spectrum e) different surroundings which may be one of the reasons for their
became visible. Simultaneously, two bands with maxima at 223teterogeneity. These results are in agreement with the data from
and 2157 cmt as well as a low-intensity shoulder at2122¢m  the TPR-TGA characterization of the sample where again three
(Fig. 8, spectrum e) were observed. With temperature rise up tsignals due to reduction of three kinds of<ions to C are
623K, the intensity of the 2122 cm band slightly increased observed. The heterogeneity of the copper sites on the GD4AI
while the remaining bands did not change their intensitg.(8, surface is also confirmed by the formation of three types of
spectrum f). After sample evacuation at 573K, the 2122%km Cu?*—NO nitrosyls characterized by bands at 1915, 1893 and
band intensity showed a significant increase whereas the bardi@®77 cn! after the adsorption of nitrogen oxide on the sample
at 2157 et slightly decreased in intensityFig. 8, spectrum  (Fig. 4).
0)- The results on CO adsorption on Cug@k are rather contro-

The new bands at 1597, 1463, 1386 and 1351 were alreadsersial. Thus, some authors have reported a nitrosyl band around
registered after ethene adsorption on a sample not coverd@76-1873 cm?! only[43,44] Fu et al[41] have observed two
by nitrates. In contrast to these bands, however, the bands bands at 1888 and 1862 cth Similar to our results have been
2300-2100 cm! are new, which indicates they correspond toobtained by Lokhov and Davydoj61,52] The authors have
products of the interaction of the surface nitrates with ethenedetected the presence of three types of sites on the surface of
These results indicate that ethene interacts preferably with su€u/Al,O3 and have ascribed them to (i) isolated copper ions
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Table 1
Assignment of the bands observed after adsorption of CO and NO and after coadsorption obN®©weN as of on NO + @+ C,H4 on Cu/ALO3
Band (cnt?) Formation conditions Species Assignment Site Note
Assignment of bands observed after adsorption of CO
2186 co AB*—CO »(C-0) AR* Low stability
2156 CcoO H-bounded CO v(C-0) H Low stability
2120 co Ci-CO v(C=0) cu Decomposes at=373K
2105 Cco Ct-CO v(C=0) Cu Decomposes &=373K
Assignment of bands observed after adsorption of NO
1915 NO Cé*-NO v(N-0O) Ccuw* Low intensity
1895 NO Céd*-NO v(N-0) cw* Low intensity
1877 NO Cé*-NO v(N-0) Cu* Low intensity
1591 NO Bidentate nitrates A Al3* or CUP* Increases in intensity in the presence of O
1467 NO Nitro compounds vas(NO2) Cuw* Disappears at excess 0O
1319 NO Bidentate nitrates 4 Al3* or CUP* Increases in intensity in the presence of O
1227 NO Bridging nitrito compounds vs(NOy) Al3* Disappears at excessO
1073 NO Nitro compounds vs(NOy) cuw?t Disappears at excessO
Assignment of bands observed after coadsorption of NO gnd O
2918 NO+Q Bridging or bidentate nitrates ~ v{+ v} Cw* or AI®*  Also observed with AIO3
2893 NO+Q Bridging or bidentate nitrates  v{+ v} Cu?* or AIR* Also observed with AIO3
2629 NO+Q Bridging nitrates G +v1) Cuw?*or AI3*  Also observed with AIO3
2552 NO+Q Bidentate nitrates VG +v1) Cuw?* or AIR* Also observed with AIO3
1890 NO+Q N20s3 v(N=0) CWw* or AI3* Disappears after evacuation
1880 NO+Q N20s3 v(N=0) CUw* or AI3* Disappears after evacuation
1630 NO+Q Bridging nitrates A Cuw? or AI3* Decomposes at= 723K
1590 NO+Q Bidentate nitrates A cuwt Decomposes &=723K
1565 NO+Q Monodentate nitrates A Cw* or AI3* Decomposes af = 723K
1298 NO+Q Bidentate nitrates and4®D3 v3 andvag(NOy) Ccuw?t Decomposes &=723K
1266 NO+Q Bridging nitrates vy Cu?* or AI3* Decomposes aft= 723K
1044 NO+Q Bidentate nitrates v Cu?* or AIR* Decomposes at=723K
1014 NO+Q Bridging nitrates vy Cu? or AI3* Decomposes at= 723K
Assignment of bands observed after coadsorption of NOar@@l GH4
2234 NO+Q +CoHy AI¥*-NCO v(C—N) AlS* Appears after interaction at 573K
2157 NO+Q + CyHg Cu'-CN v(C-N) cu Appears after interaction at 573 K
2122 NO +Q +CyHy Cu*-CN v(C-N) Cu Appears after interaction at 573 K
1597 NO +Q +CyHy Carboxylates vas(COO™) Ccu* High stability
1463 NO +Q + CyHy Carboxylates vs(COO7) Cu* High stability
1386 NO +Q +CyHy Organic nitro compounds vs(NOy) Cuw* High stability

(1920 cn1), (i) copper ions localized on a segment of the sur-low temperatures, which results in the corresponding(CQ);

face characterized by a Cuf, spinel structure (1900 cnd)

complexes. Similar results have also been observed with other

and (iii) CuO clusters (1875 cnt). However, adsorption of NO  copper-containing zeolites such as Cufs¥], Cu-MOR|[55]

on a CuAbO4 sample has revealed appearance of a band dtc. In contrast to them, the Cions on the surface of some

1876 cnm ! only [45]. Based on this observation, we assign theoxides possess one less coordination vacancy, which is an indi-

band at 1877 cm! (observed by us) to NO attached to coppercation that they are coordinated to more oxygen atoms from

ions from a CuA$O4 phase. The bands at 1915 and 1895¢m the support surfacfs6,57] Recently Scarano et gb6] sug-

are assigned to NO adsorbed on two kinds of isolated* Cu gested that the Cuions in Cu/SiQ can coordinate two CO

sites, respectively. Indeed, similar frequencies are typical of N@nolecules atlow temperatures, which shows them to possess two

adsorbed on isolated Elications in zeolite§40,47,48] effective coordination vacancies. Studying low-temperature CO
It is well known that, while NO is selectively adsorbed on adsorption on Cu/Ti@we have also established formation of

the C#" sites, the Ctisites form a strong bond with C[21]. Cu*(CO), dicarbonyls, which evidences that the copper ions in

In addition, the C&" ions are partially reduced to Cun the  this sample are also characterized by two coordinative vacancies

presence of CO. Our results indicate that the" @ns thus  [57]. In contrast to Cu/Si@and Cu/TiQ, the Cu ions on the

formed can coordinate one CO molecule only, as a result ogurface of Cu/AJOz can coordinate only one CO molecule. This

which the corresponding linear G4CO carbonyls (2120 and evidences a low coordinative unsaturation of ©a alumina.

2105 cnt1) appear. Analysis of the literature d#34,38]shows

that the Cti ions situated on other supports are characterized by.2. Formation of surface nitrates

a lower coordination number as compared to the copper ions

of Cu/Al,Os. Thus, Zecchina et a[53] have found that the Nitrogen oxide adsorption on Cu/#D3 leads to the for-

Cu'" ions of Cu-ZSM-5 can coordinate three CO molecules aimation of negligible amounts of nitro and/or nitrito surface
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compounds (1467, 1319, 1227 and 1073 ¢ nitrato com-  4.3. Interaction of the surface nitrates with ethene

pounds (1591 cmt) and C#*—NO nitrosyls characterized by

bands at 1920-1875 cmh (Fig. 4). The introduction of small Investigations of ethene adsorption on Cy@¢ show that
amounts of oxygen to the Cu/#D3—NO system results in an C2Ha is adsorbed very weakly on the sample surface. With ris-
initial increase in concentration of the nitro/nitrito and nitrato ing temperature, however, the spectra display new bands due
surface compounds, the bands at 1591, 1467, 1319, 1227 afRiva{COO) andvs(COO) vibrations, respectively, of carboxy-
1073 cn1! increasing in intensityKig. 5, spectra b,c). With lates, this indicating ethene oxidation by the’Caations on the
rising oxygen amount, the NO compounds are oxidized to surface of Cu/AJO3. However, in contrast to the case of ethene,
nitrates which are identified by bands at 1636, 1590, 1565the surface nitrates are tightly bonded to the active sites of the
1298, 1266, 1044 and 1014 ch (Fig. 5). For the sake of surface and are stable up to 723/d. €). On this basis, it may
facility, in the discussion of these bands we will denote bybe assumed thatunder NO 4+ ®C;Ha atfirst nitrates appear on

V5 the band characterizing the nitrates in the 1650-1550tcm the sample surface and, under suitable conditions, they would
region, whilev will be used for the band of nitrates in the interact with the ethene from the gas phase producing nitriles
13001250 crn? region. The two bands§ andvj) are due to ~ and isocyanate species.

splitting of thevs vibration of the free nitrate ion as a result ~ The CN and NCO species are considered as important SCR
of a decrease of its symmetry during its coordination to surintermediates. Itis generally believed that these species are pro-
face cationg40]. Depending on the way of coordination of duced after decomposition of the so-called H-N-C-O deposit
the nitrate ion to the active sites, the nitrates can be classformed during the interaction of surface nitrates with hydro-
fied as bridged, bidenate and monodenfd. On this basis carbons. In our case, we have detected no H-C-N-O deposit,
and in agreement with previous stud[85], we attributed the ~Which indicates that it is very easily decomposed on the sur-
bands at 1630 and 1266 chto bridged, and those at 1590 face of Cu/AbOs. Studying the mechanism of SCR of nitrogen
and 1298 cm?, to bidentate nitrates. The band at 1565¢ém oxides with GHg and GHsOH over Cu/ZrQ, Li et al. [30]
characterizes thej vibration of monodentate nitrates, the cor- observed the appearance of two bands with maxima at 2190
responding/ probably overlapping with the bands at 1298 andand 2140 cm’. Using isotope exchange, the authors proved
1266 cn. The three types of surface nitrates are characterizethese bands to be due to NC@nd CN™ compounds, respec-

by bands at 1045-1014 cth due tov; modes[35,40] With tively. Similar results were obtained by Shimizu et[all] who

a view to a more precise interpretation of the nature oENO observed aband at 2150 chand ascribed itto CN complexes.
compounds, some authors proposed using the analysis of the These results confirm the opinion existing in the literature
bands at 3000-2400 cth where overtones or combination fre- [26—28,30]Jabout CN" and NCO' as intermediate compounds
quences of the anionic nitrogen—oxo compounds may appe&ppearing after interaction of the surface nitrates with ethene and
[36]. In a previous worK35], on the coadsorption of nitrogen decomposing to the final reaction products in aé@nosphere.
oxide and oxygen upon ADs we observed bands with maxima

at 2918, 2893, 2624 and 2546 thand ascribed them to com- 5. Conclusions

bination frequences of nitrates coordinated td*Asites. On this

basis and in agreement with literature d&®,59], the t_Jands at o Copper cations on a Cu/#D3 sample prepared by impreg-
2.624.cn‘r1 observed inthe present paper can be deflneq as com- pation with Cu(NH),(NO3); solution are heterogeneous. At
bination frequences/ +v1) of bridged and bidentate nitrates,  |east some of them have exchanged protons from the origi-

respectively, while the bands at 2918 and 2893 tiprobably nal A—OH groups. Evidences of isolated cations and cations
correspond to thevg+v3) vibrations of bridged or bidentate  from a CuAbO, phase are found.
nitrates. Adsorption of NO on Cu/AlOz leads to formation of smalll

[ ]

The possibility of formation of surface nitrates during coad- gmounts of NG~ surface compounds which are oxidized to
sorption of NO and @are three: (i) oxidation of a surface cation;  nitrates in the presence of oxygen. The surface nitrates thus
(if) disproportionation of NO, or (iii) displacement of another  gptained are characterized by a high stability and decompose
anion, usually a hydroxyl group. Our results permit rejecting after evacuation of the sample at 723 K.
the first possibility because even in a NO atmosphere the Cu, pyring reduction of the nitrogen oxides with ethene over
cations are oxidized to Gil. Analysis of the spectrain the region Cu/Al,03, NCO™ and CN- complexes are formed as inter-
of O—H stretching modes permits the assumption that the major mediate compounds, while the deeper reduction of the support
part of the nitrates are formed after interaction with the surface (egyitsin carboxylates. The nitriles and isocyanate complexes
hydroxyl groups, e.g. areinertwith respectto NO butreadily interactwitha NOz O

mixture.
20H" +N203+ 02— 2NO3~ +H>0
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