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Abstract

The nature of the NO, species produced on NO adsorption and its co-adsorption with O, at room temperature on
zirconia-supported copper(Il) catalysts has been studied by means of in situ FT-IR spectroscopy. The samples were pre-
pared by impregnation of zirconia with aqueous solutions of copper(Il) nitrate and sulfate. The structural identification of
the surface NO, complexes exhibiting absorptions in the fundamental nitro—nitrato region was performed by analyzing the
combination bands of the nitrate species. In order to understand which factors control the selectivity of the catalysts in the
catalytic reduction of NO by longer chain hydrocarbons, the stability of surface nitro—nitrato species and their reactivity
toward adsorbed decane at various temperatures was investigated. The nitrates on the CuSO4/ZrO; catalyst are characterized
by significantly lower thermal stability than the nitro—nitrato species on the Cu?*/ZrQ, sample. The difference in the thermal
stability of the NO, ~ species (x is 2 and 3) parallels their reactivity toward the adsorbed decane. The sulfate-free catalyst
contains bidentate nitro species that are inert toward the hydrocarbon. The bidentate nitro species start to decompose to NO
at temperatures higher than 523 K. In contrast, the nitrate species formed on the CuSO4/ZrO; catalyst are able to oxidize the
adsorbed decane completely at 523 K producing acetates, formates, adsorbed CO and isocyanate species. It is proposed that
the presence of stable nitro species on the sulfate-free copper(Il)-zirconia catalyst is associated with its non-selective behavior
above 573 K in the reduction of NO with decane in an excess of oxygen reported in the literature.
© 2002 Elsevier Science B.V. All rights reserved.

Keywords: Adsorption of NO and NO/O3; In situ FT-IR; Cu2+/Zr02; CuS04/Z1rO;; NOy; Selective reduction by decane; Reactivity of
adsorbed NO, species

1. Introduction tures [11-17] and comparable catalytic behavior with
Cu-ZSMS5 in the decomposition of N,O [18-20].

Recent reports have shown that oxide catalysts The results of the structural investigations combined

based on copper-supported on zirconia or sulfated zir-
conia are promising in the selective catalytic reduction
of NO, with hydrocarbons (CH-SCR) and ammonia
in an excess of oxygen [1-10]. In addition, zirconia-
supported copper oxide catalysts possess very high
activity for NO reduction with CO at low tempera-

* Tel.: +90-312-290-2451; fax: +90-312-266-4579.
E-mail address: margi@fen.bilkent.edu.tr (M. Kantcheva).

with the performance of the CuO/ZrO; catalysts show
that isolated copper ions or small 3D clusters are the
active sites for the reactions of N,O decomposition
[18-20], reduction of NO by CO [16,17] and SCR
of NO with hydrocarbons [1-3,5-7,9,21] or ammonia
[10,21].

The performance of the CuO/ZrO, catalysts in the
SCR of NO with propene is comparable to that of
Cu-ZSM5 [1,2,7]. This catalytic system has a lower
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activity when propane is used as the reducing agent
[1,2]. However, in the presence of silver-promoted
CuO supported on mesoporous cubic zirconia (stabi-
lized by BaO), a high level of NO conversion has
been observed with both short- and long-chain satu-
rated hydrocarbons [9]. This oxide system approaches
the performance of the zirconia-based copper catalyst
containing sulfate ions in an amount corresponding to
monolayer coverage. The latter material exhibits high
activity and 100% selectivity in the reduction of NO
with decane up to 773 K [4-6]. In contrast, sulfate-free
CuO/ZrO; catalysts are active and selective at lower
temperatures (up to 600 K), but oxidize NO to NO, at
higher temperatures [4-6]. The observed dependence
of selectivity on the temperature suggests that SCR on
a CuO/Zr0;-S042~ catalyst with decane follows a bi-
functional mechanism: in the low-temperature range
the rate-determining step is controlled by the copper,
whereas, above 600 K the rate-determining step is an
acid-catalyzed reaction [5,6].

In order to understand which factors control the se-
lectivity of the catalysts in the CH-SCR of NO on a
molecular level, it is necessary to characterize the sur-
face intermediates and to study the elementary steps
they follow. The results of TPD of adsorbed NO,
species [22,23] and the IR data on the mechanism of
SCR of NO by hydrocarbons on various oxide cata-
lysts [24-31] reveal a reaction scheme that involves
interaction of strongly adsorbed NO, ~ species (x is 2
or 3) with the hydrocarbon. However, only a few stud-
ies using in situ FT-IR spectroscopy have appeared
on the identification of surface NO, species produced
during the adsorption of NO on copper(Il)-zirconia
catalysts, whereas, many reports have been published
dealing, for example, with copper-supported on zeo-
lites and alumina [31]. Delahay et al. [32] studied the
adsorption of NO on CuO/ZrO; catalysts. At room
temperature, they observed formation of mononitro-
syls coordinated to copper(Il) ions and nitrato and ni-
trito species. The nitrito species transform into nitrates
during high-temperature desorption. The sulfatation
of zirconia suppresses the formation of nitrito and ni-
trato complexes and leads to stabilization of copper(Il)
mononitrosyls [10,32]. Formation of Cut—NO species
has been reported on sulfate-modified samples with
high copper content [10]. To the best of our knowl-
edge, no IR data on co-adsorption of NO and O; on
copper(Il)-zirconia catalysts are available [31].

The aim of this study is to identify the surface com-
plexes formed on CuO/ZrO, and CuSO4/ZrO; cata-
lysts upon NO adsorption and its co-adsorption with
oxygen by means of FT-IR spectroscopy and to in-
vestigate the stability and chemical reactivity of the
adsorbed NO, species toward decane.

2. Experimental
2.1. Sample preparation

The zirconia support was prepared by hydrolysis
of ZrCly (Merck, for synthesis) with a concentrated
(25%) solution of ammonia according to a procedure
described earlier [33]. After drying the precipitate was
calcined for 4h at 773 K. The BET surface area was
69 m? g_1 and according to XRD, the substance was
predominantly monoclinic (94%).

The impregnated Cu?*/ZrO, catalyst was obtained
by grinding ZrO, (5 g) with Cu(NO3)2-3H20 (nom-
inal content of copper 2.5 wt.%). Addition of deion-
ized water (maximum 5 ml) yielded a dense suspen-
sion, which was dried at 393 K, calcined for 2h at
573K and then for 1h at 673 K. This material is de-
noted by CuZ and it contained 85% monoclinic and
15% tetragonal phases. The BET surface area was
75m> gL

The impregnated CuSO4/ZrO; catalyst was synthe-
sized in a similar fashion as to the catalyst CuZ keep-
ing the same nominal content of copper (2.5 wt.%),
but using CuSO4-5H>0 instead the nitrate salt. The
content of sulfate ions was 3.8 wt.% corresponding to
3.6 SO42~ nm~2, i.e. close to the theoretical mono-
layer of 4 SO4>~ nm~2 [34]. According to XRD, the
phase composition of the substance was a mixture of
monoclinic (68%) and tetragonal (32%) structures.
The BET surface area was 73 m? g~ !. This material
is denoted by CuZS.

2.2. Experimental methods

The BET surface areas of the samples (dehydrated at
523 K) were measured by nitrogen adsorption at 77 K
using a MONOSORP apparatus from Quanto Chrome.
XRD analysis was performed on a Rigaku Miniflex
diffractometer with Ni-filtered Cu Ko radiation un-
der ambient conditions. The crystallographic phase
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composition was calculated using the method of
Toraya et al. [35].

The FT-IR spectra were recorded on a Bomem
MB 102 FT-IR (Hartman and Braun) equipped with
a liquid-nitrogen cooled MCT detector at a resolution
of 4cm™! (128 scans). A specially designed IR cell
allowed recording of the spectra at ambient temper-
ature and catalyst activation at higher temperatures.
The cell was connected to a vacuum/adsorption appa-
ratus. Self-supporting discs (0.046 g cm™2) were used
for the FT-IR studies. These specimens were activated
by heating for 1h in vacuum at 673 K and in oxygen
(13.3 kPa, passed trough a trap cooled in liquid nitro-
gen) at the same temperature followed by evacuation
for 1h at room temperature. The spectra of the acti-
vated samples (taken at ambient temperature) were
used as a background reference. The spectra of the
samples that had been subjected to elevated tempera-
tures were recorded after the IR cell had been cooled
to room temperature. All of the spectra presented (ex-
cept those as shown in Fig. 1) were obtained by sub-
traction of the corresponding background reference.
The purity of NO gas was 99.9% (air products).

3. Results and discussion
3.1. FT-IR spectra of the activated samples

Fig. 1 shows the FT-IR spectra of the catalysts CuZ
and CuZS together with the spectrum of pure zirco-
nia. The spectrum of the support in the OH-stretching
region displays a weak band at 3744cm™!, a sharp,
strong band at 3650 cm ™!, and a broad absorption with
maximum at 3475cm™!. According to the literature
data [36-38] the former two bands are assigned to
terminal (3744 cm™!) and bridged (3650cm™') OH
groups coordinated to three Zr atoms. The broad band
centered at 3475 cm™! is attributed to H-bonded trib-
ridged hydroxyls [33].

The impregnation of zirconia with a concentrated
solution of copper(Il) sulfate (catalyst CuZS) results
in disappearance of the terminal Zr**—OH groups.
This accounts for their participation in the depo-
sition process. In addition, the copper-containing
samples are characterized by an absorption in the
3500-3300cm ™! region (better resolved in the case
of the CuZS sample), which can be attributed to
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Fig. 1. FT-IR spectra of the activated catalysts and zirconia support.
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Cu?*—OH groups. The band at 1370cm~! observed
on the sulfated sample corresponds to the v(S=0) vi-
bration of highly covalent sulfates coordinated to Zr*+
ions, whereas, the poorly resolved absorption between
1100 and 950cm™" is assigned to the v(S—O) vibra-
tions [39,40]. The broad absorption between 1250 and
1100cm™! (absent in the spectrum of sulfated zirco-
nia [33]) reveals the presence of sulfate ions attached
to copper sites [40].

The bands in the 16001300 cm™! region, detected
with variable intensities for all of the samples studied,
are assigned to split vz modes of surface carbonates.
Such residual species are often observed on zirconia
and copper oxide surfaces and cannot be removed by
high-temperature activation of the catalyst [19].

3.2. Adsorption of NO on CuZ catalyst

The spectra of adsorbed NO (0.67 kPa) at room
temperature taken after 40 min of contact with the
activated CuZ sample are as shown in Fig. 2. Un-
der equilibrium pressure of NO, a strong band

M. Kantcheva/Applied Catalysis B: Environmental 42 (2003) 89-109

at 1878cm™! is observed which is attributed to
Cu?t-NO species [32]. Bands of moderate inten-
sity at 2280, 2244 and 1180 cm~! with a shoulder
at approximately 1220cm™! are detected as well. In
the 1700-1300cm™! region a series of weak bands
appears. The majority of these bands have been ob-
served upon NO adsorption on pure zirconia [33]. The
bands at 2280, 2244 and the shoulder at 1220 cm ™!
are assigned to N>O [41] probably adsorbed on two
different surface sites. The absorption at 1180 cm™!
is due to anionic nitrosyl, NO~, which is produced
by disproportionation of NO with the participation of
the surface hydroxyls according to the equation [33]:

2NO + OH™ — HNO; + NO~

OH~

<> NO™ +NO, +H;0 )
Indeed, a negative band at 3637 cm™! and positive ab-
sorption in the region of the H-bonded OH groups are
detected. The other products of reaction (1) are iden-
tified as follows: cis-HNO, (1670cm™!, v(N=0)),

Absorbance

[ 3637
N I RN RN R R |

3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000

wavenumber [cm’']

Fig. 2. FT-IR spectra of NO (0.67 kPa) adsorbed at room temperature for a period of 40 min on the sample CuZ (a) and after evacuation
at room temperature for 10 min (b). The spectrum of the activated sample is used as a background reference.
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H,0 (1612cm™", §(H,0)), chelated nitro (1519 cm™!,
Vas(NO») and 1342 cm™!, vg(NO,)) and nitrito (1450,
1404 cm™!, v(N=0) and 1054 cm~!, v(NO)) species
[31,33,42].

Evacuation at room temperature for 10 min causes
an approximately two-fold decrease in the intensity of
the band due to Cu?>t—NO. The inset in Fig. 2 shows
that this band has a shoulder at about 1870cm™!,
which indicates the existence of a second Cu>*-NO
species. The weak absorption at 1763 cm™!, which
disappears after evacuation, is assigned to Cut-NO
mononitrosyl [43]. Probably, the Cu* sites are pro-
duced during the first step of activation of the sample
consisting of evacuation at 673 K. This reduction pro-
cess has been found to occur with samples contain-
ing hydrated Cu®* ions during dynamic evacuation at
temperatures higher than 473 K [43,44]. According to
Centi et al. [20], the Cu™ species formed on zirconia
are stable and are not readily re-oxidized during the
second step of the activation procedure by heating the
sample in oxygen at 673 K. Bordiga et al. [43] ob-
served Cu™-NO nitrosyls that are stable at room tem-
perature. These species are formed on Cu,O nanopar-
ticles dispersed on Cu-ETS10 and silica. An alterna-
tive assignment of the absorption at 1763 cm™! is to
adsorbed N2Oy4 [31]. However, this possibility should
be ruled out because this species is observed usually
upon NO and O; co-adsorption or during adsorption
of NO».

The presence of exposed coordinatively unsaturated
(cus) Zr** ions could be detected by the appearance
of a band at 1912cm™~! due to formation of Zr**—NO
species [33]. However, no such absorption has been
observed on the CuZ sample. This indicates that the
Cu?t—0?~ fragments are located in the vicinity of the
cus Zr** sites and complete their coordination sphere.
Finally, the weak absorption with a maximum at about
24702480 cm~! should be mentioned. At the equilib-
rium pressure of NO, the shape of this band is asym-
metric, with a maximum at 2470 cm™! and a shoulder
at about 2480 cm™! (Fig. 2, spectrum a). After evacu-
ation at room temperature (spectrum b) the absorption
at 2470 cm™! disappears together with the bands due
to adsorbed N> O and only the band at 2480 cm™! is ob-
served. According to the literature data [45], the band
at 2470cm™! is assigned to the first overtone of the
V(NO) mode of N>O. The latter appears in the spec-
trum as a shoulder at about 1220 cm™! of the band at

1180cm~!. The absorption at 2480 cm™! is attributed
to combination between the v(NO) mode of the an-
ionic nitrosyl at 1180 cm ™! and the band at 1342 cm™!
due to the v4(NO») mode of the nitro species.

3.3. Co-adsorption of NO and O on CuZ catalyst

Fig. 3 shows the FT-IR spectra obtained as a func-
tion of time during the room-temperature adsorption
of a gas mixture containing 1.07kPa of NO and
4.26 kPa of O, on the CuZ sample. The sharp bands
at 1896 and 1865 cm™! fall in the nitrosyl region and
can be attributed to two types of Cu>t-NO species.
The position of the former band (compared to that
of the high-frequency nitrosyl observed upon NO
adsorption only (Fig. 2)) is blue shifted by approx-
imately 20cm~!. This shift probably is due to an
induction effect from the NO, species formed in the
presence of oxygen. The position of the low-frequency
nitrosyl does not change. However, the intensity of
this band decreases with time, which indicates con-
version of the corresponding Cu?t-NO species to
other NO, adsorption forms. Early in the process
of NO/O, co-adsorption (spectra 0/—15"), the bands
in the 1300-1000cm™! region display a consider-
able growth. This spectral region is typical of NO,
species containing nitrogen in lower oxidation state,
e.g. NO™ and NO,™ [31,33,42]. Indeed, the broad
and unresolved absorption in the 1300-1050cm™!
region (detected immediately after the introduction of
the gases into the IR cell (spectrum 0') corresponds
to overlapping bands that belong to the anionic ni-
trosyl at 1178 cm~! (v(NO)) [33] and most probably
to chelated nitrito species at about 1200 (v45(NO»))
and 1120cm~! (v4(NO»)) [31,42]. The appearance
of the anionic nitrosyl implies that a process anal-
ogous to that described by reaction (1) takes place
leading to the formation of water molecules (band at
1612 cm’l), NO;~ (nitro, with bands at 1510 and
1337 cm™"), and nitrito species.

The weak band at 2480 cm ™! observed upon NO ad-
sorption appears also during the NO/O co-adsorption.

Keeping the CuZ sample in the NO/O, atmosphere
for a longer time (30-40 min) results in the appear-
ance of strong absorption in the 1650—-1400cm™!
region (Fig. 3, spectra 30" and 40’). At the same time,
a series of weak bands between 2900 and 2000 cm™!
region is detected. The former bands are typical of
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10' evacuation (RT)

Absorbance

2800 2600 2400 2200 2000 1800 1600 1400 1200 1000

Wavenumber [cm™]

Fig. 3. FT-IR spectra of adsorbed NO/O, mixture (5.33kPa; NO:O,, 1:4) on the catalyst CuZ at room temperature for various times. The
spectrum of the activated sample is used as a background reference. Spectrum 0’ corresponds to the spectrum taken immediately after

introduction of the gas mixture into the IR cell.

different kinds of surface nitrato (NO3™) species
[31,33,42,46,47], whereas, the latter are due to com-
bination modes of the NO3~ fundamental bands [33].
The nitrate species can form by disproportionation
of NO; (produced by oxidation of NO with O)
according to the equations [33,46,47]:

20H™ + 3NO; — 2NO; + H,0 + NO )
2NO, — NO; +NO* 3)

The latter process occurs on surface Lewis acid-base
pairs. Another possibility for the formation of sur-
face nitrates involves oxidation of the NO~ and NO, ~

species produced early in the co-adsorption of NO and
0,.

The inset in Fig. 3 shows the involvement of the
isolated OH groups of the CuZ catalyst in the process
of formation of surface NO,. The appearance of the
negative band at 3668 cm™! is accompanied by the
development of a strong positive absorption between
3600 and 2900cm™' (not shown) due to H-bonded
hydroxyls. The broad absorption at 2060 cm™!, which
grows with time and resists evacuation at room tem-
perature, could be assigned to NO™ ion. Consump-
tion of the isolated OH groups and formation of
NO™ species indicate that surface nitrates are formed
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Fig. 4. FT-IR subtraction spectra of the catalyst CuZ obtained from the spectra as shown in Fig. 3.

following Eqgs. (2) and (3). A similar process has been
observed to occur with pure zirconia [33].

In order to understand the dynamic behavior of the
NO, species produced during NO/O; co-adsorption,
the subtraction spectra were considered. Each spec-
trum in Fig. 4 was obtained by subtraction of the
preceding spectrum from the spectrum taken at a
given time of NO/O; co-adsorption. The spectra be-
low 1100 cm™! were of poor quality so, this region is
not shown.

Contact of the CuZ sample with the NO/Oy gas
mixture for 5 min (spectrum 5-0") leads to an increase
in intensity of the bands corresponding to anionic ni-
trosyl (at 1170 cm~!) and chelated nitrito species (at
1217 and about 1140 cm™!). The band at 2480 cm™!

appears also with enhanced intensity (the inset as
shown in Fig. 4). At the same time, a considerable
increase in the intensity of the band at 1613cm™!
is observed. A shoulder at about 1590cm™' and a
weaker band at 1280cm™! are detected. All these
bands are typical of nitrate species [31,33,42,46,47]
and their appearance in the spectrum indicates that
oxidation of NO starts to takes place simultaneously
with NO disproportionation. The Cu>*-NO nitrosyls
at 1860cm~! are involved in formation of surface
NO, species and they appear as negative bands. The
weak positive band at 1933 cm™! falls in the spectral
region typical of coordination of NO on strong Lewis
acid sites and it is attributed to nitrosyl most prob-
ably bonded to a zirconium(IV) site that has NO,
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species (NO™ or NO;7) in its coordination sphere.
Similar mixed NO, ~—-M"*-NO complexes (x is 1 or
3) have been observed on zirconia [33], titania [29]
and MnO,/TiO, [29].

The subtraction spectrum obtained after 10 min of
NO/O; adsorption (Fig. 4, spectrum 15'-5") contains
a negative band at 1140 cm™! due to Vs(NOy) of
chelated NO,~ species. The contaminant v,5(NOy)
band is overlapped by the strong positive absorp-
tion in the 1300-1200cm~! region. The decrease in
intensity of the band at 1140 cm™! shows that the ni-
trito species are not stable in the NO/O; atmosphere
and they undergo oxidation to nitrates. The anionic
nitrosyl, however, displays higher stability and the
intensity of its v(NO) band at 1180cm™! increases
correspondingly.

The absorption between 1622 and 1400cm~! and
the bands in the 1300-1200cm™! region are charac-
teristic of both nitrato and nitro species [31,42]. In the
high-frequency region (the inset as shown in Fig. 4,
spectrum 15'-5’) three weak bands at 2600-2580,
2425 and 2224 cm™! appear. These bands correspond
to (V(IN=0) + va5(NO2)), 2v35(NO2) and (vas(NO2)
+ vs(NO3)) combination modes of bidentate NO3™
species [33]. This allows assignment of the most
intense, positive bands at 1622 and 1232em~! to
v(N=0) and v,3(NO,) fundamental modes of biden-
tate nitrato species [33]. The very weak absorption
in 2850-2700cm™! is due to combination modes
(W(N=0) + va5(NOy)) of bridged NO3™~ species
[33]. The corresponding fundamental bands are not
resolved in the low-frequency region. The bridged
nitrates make a contribution to the intensity of the
combination band at 2224 cm™! [33].

The spectrum 30'-15" in Fig. 4 shows that extend-
ing the contact of the catalyst with the adsorbates
for 15min leads to disappearance of the NO~ and
the nitrito species (negative bands at 1178 and about
1210 cm’]). In the NO/O, atmosphere, the anionic
nitrosyl is unstable and can convert into nitrates [33].
Nitrates can be produced by oxidation of the nitrito
species as well. As a result, the intensities of the pos-
itive bands at 1640, 1589, 1515, 1274 and 1253 cm™!
increase considerably. The bands in the combination
region indicate that bridged and bidentate nitrates
are present on the catalyst surface. The fundamental
band at 1640 cm™! due to v(N=0) mode is assigned
to bridged nitrates. The bridged nitrates are of two

types producing combination bands at 2837 and
2789 cm~!. Taking this into account, the position
of the corresponding v,s(NO32) modes should be at
1230-1200cm~!. However, the positive absorption
expected in this region is offset by the negative band
due to oxidation of the NO~™ and NO,™ species.
There are also two types of bidentate nitrates (at 1620
and 1590-1580cm™!) because the corresponding
combination band at 2560 cm™! has a low-frequency
shoulder at about 2540 cm™"! (as shown also in Figs. 3
and 5). Since the existence of monodentate nitrates
cannot be revealed from the combination region [33],
they cannot be distinguished from the chelated nitro
species by using the corresponding fundamental bands
because of their overlap. In other words, the positive
absorption at about 1515cm™! in Fig. 4, spectrum
30'-15" can be due either to monodentate nitrates
and/or nitro species. Finally, the band at 1977 cm™!
appears when large amounts of surface nitrates are
formed and by analogy with the pure zirconia [33],
this absorption corresponds to a ON-Zr*t-NO3~
complex.

The disappearance of the NO™ species from the
spectrum 30'—15" should be accompanied by a neg-
ative band at 2480cm™! to which the ionic nitrosyl
makes a contribution. It can be assumed that the ex-
pected negative band is cancelled by the broad, posi-
tive absorption between 2530 and 2350 cm™! (due to
the (WV(IN=0) + v,3(NO>)) modes of the bidentate ni-
trate species), which appears in very close proximity
(as shown in Fig. 3).

Further increase of the adsorption time by 10 min
(Fig. 4, spectrum 40-30") causes some changes in
the envelope of the nitrate bands (as shown in also
Fig. 3) and it seems that the catalyst surface is close to
saturation. Evacuation for 10 min at room temperature
(Fig. 4, spectrum evacuation: 40') results in a loss of
nitrate and nitrosyl species.

The spectra in Fig. 4 shows that with time, the inten-
sity of the band at 1860 cm ™! due to Cu>**-NO species
decreases, whereas, the band at 1880cm™! shifts to
1900-1910cm™!. This behavior can be explained by
assuming that the former absorption belongs to NO
coordinated on associated copper(Il) sites and the lat-
ter to NO adsorbed on isolated copper(Il) sites. It can
be proposed that the nitrosyls on the associated cop-
per(Il) sites are involved in formation of surface NO, ~
species (x is 2 or 3) as well.
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Fig. 5. FT-IR spectra obtained after heating the catalyst CuZ containing adsorbed NO, species for 10 min in vacuum. The spectra are
recorded after cooling the IR cell to room temperature. The spectrum of the activated sample is used as a background reference.

There is a great resemblance between the spectral
features of the nitrates produced on pure zirconia [33]
and CuZ catalyst. A noticeable difference between the
two samples is that the concentration of the surface
nitrates on CuZ catalyst is much higher. This implies
that a larger amount of NO; is produced and indicates
that Cu®* ions catalyze the formation of NO, from
NO and O». A high concentration of surface nitrates
on CuO/ZrO, catalysts compared to pure zirconia has
been observed also by others [32].

The evacuation of catalyst CuZ at 423 K for 10 min
(Fig. 5) leads to disappearance of the nitrosyl bands
at 1975 and 1900cm™' and the absorption due to
the NO™ ion. The pair of weak bands at 1985 and

1909 cm~! and 1755 and 1702cm™! are due to the
split (vs(NO3) 4+ 6(ONO)) modes of the bridged and
bidentate nitrates [33], respectively. Compared with
the spectrum taken at room temperature, the shapes
and the relative intensities of the bands in the funda-
mental nitrate region have changed. The absorption
between 1600 and 1400 cm™~! increased in intensity
leading to the appearance of clearly distinguishable
shoulders at 1580, 1545 and 1470 cm™!. The former
band could be interpreted as the v,5(NO;) mode of
bidentate nitrate [31,33,42,46,47]. However, the spec-
trum in the combination region shows a decrease,
instead of an increase, in the intensities of the char-
acteristic combination bands of the bridged (2840
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and 2790 cm~!) and bidentate (2597 and 2580cm™!)
nitrates and no new bands are observed. It can be
concluded that the new species formed exhibits a vi-
bration that coincides with the v(N=0) mode of the
bidentate nitrate at 1580—-1590cm™!, but does not
produce combination bands. The bands at 1545 and
1470cm™! fall in the region typical of monodentate
nitrate species [31,33,42,46,47]. However, it is well
known that the monodentate nitrates have low thermal
stability and the increase in the temperature of dy-
namic evacuation cannot favor their formation. These
considerations lead to the conclusion that the bands at
1580, 1545 and 1470 cm ™! are due to v,5(NO») modes
of chelated nitro species [31,42]. The corresponding
vs(NOy) vibrations should fall between 1260 and
1180cm~! and are superimposed to the v,5(NO»)
modes of the nitrate bands. The nitro species can
appear during NO/O; co-adsorption at room temper-
ature, but their concentration increases significantly
after evacuation at 423 K. Obviously, the formation of
the nitro species takes place at the expense of bridged
and bidentate nitrates. In this process, the type of
coordination of the parent nitrate species is preserved.
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The weak bands in the combination region at 1985,
1909, 1755 and 1702cm™!, and the absorptions at
1580 and 1470 cm ™! in the fundamental region reveal
that the nitrates (bridged and bidentate) and the nitro
species are still present after evacuation for 10 min at
573 K. However, increase in the temperature to 623 K
causes their complete desorption. The thermal stabil-
ity of the NO, ~ species (x is 2 and 3) obtained on the
surface of CuZ catalyst is lower than that of the NO3 ™
species on zirconia [33]. In the latter case, the biden-
tate nitrates resist the evacuation at 673 K. In addition,
no formation of nitro species has been observed dur-
ing room temperature NO/O, co-adsorption on zirco-
nia, or during evacuation at higher temperatures [33].

The absorption bands observed on CuZ catalyst af-
ter exposure to either NO or a NO/O; mixture are
summarized in Table 1.

3.4. Adsorption of NO on CuZS catalyst
The adsorption of NO (0.67 kPa) for 40 min at room

temperature on the CuZS catalyst leads to the forma-
tion of a complex band in the nitrosyl region with
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Fig. 6. FT-IR spectra of NO (0.67 kPa) adsorbed at room temperature for a period of 40 min on the sample CuZS (a) and after evacuation
at room temperature for 10 min (b). The spectrum of the activated sample is used as a background reference.
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Table 1
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Assignments of the FT-IR bands observed during adsorption of 0.67 kPa NO and its co-adsorption with O (NO:O,, 1:4) at room temperature

on the CuZ sample

NO, species Band positions (em™h) Modes

N>;O (ads) 2280, 2244 V(NN)
1220 v(NO)
2470 2v(NO)

NO™* 2060 v(NO)

ON—Zr** —NO,~ (x = 1 or 3) 1977-1933 v(NO)

Cu?t-NO (two types) 1885-1880 v(NO)
1870-1865

Cut-NO 1763 v(NO)

cis-HNO, 1670 v(N=0)

H,0 (ads) 1612 S§(HOH)
3600-3000 v(OH)

NO;,~ (chelated nitro) 1519-1510 Vas(NOp)
1342-1337 vs(NO»)

NO, ™~ (monodentate nitrito) (two types) 1450, 1404 v(N=0)
1054 v(NO)

NO~ 1180-1170 v(NO)
2480 1180 + 1342

NO; ™ (chelated nitrito) ~1210-1200 Vas(NOy)

~1140-1120 v5(NO2)

NO;3;~ (bidentate) 1620-1622, 1590-1580 v(N=0)
1235-1232 V,s(NO2)
2600-2500 V(N=0) + v,5(NO2)
2425 2v,5(NO3)
2224 Vas(NO2) + v5(NO3)
1755, 1702 v5(NO2) + §(ONO)

NO3~ (bridged) 1640-1630 v(N=0)
1230-1200 Vas(NO2)
2850-2700 V(N=0) + v55(NO2)
1985, 1909 Vs(NO2) 4 6(ONO)

NO,~ (chelated nitro) (three types) 1580, 1545, 1470 Vas(NOp)
1260-1180 v5(NO)

maxima at 1912 and 1895cm™' (inset as shown in
Fig. 6, spectrum a). As in the case of the CuZ catalyst,
this reveals the presence of two kinds of Cu®* ions
giving rise to two types of nitrosyl species. However,
compared to the sulfate-free sample these bands are
blue-shifted by approximately 25cm™~! and the inten-
sity ratio between the high- and low-frequency nitro-
syls is reverse. This confirms the existence of sulfate
ions bonded to copper(Il) sites, thus completing their
coordination sphere (Section 3.1; Fig. 1). This makes

the latter inaccessible to NO adsorption. In addition,
the intensities of the nitrosyl bands on the CuZS
catalyst are not affected significantly by evacuation
for 10 min at room temperature (Fig. 6, spectrum b).
The higher frequency and the higher stability of the
Cu?t-NO species on the sulfated catalyst is consis-
tent with the increased positive charge of the copper
ions caused by the SO4>~ ions located in their vicin-
ity. A similar effect of sulfate ions on the position of
the Cu?t-NO band is reported also in [10,32].
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By analogy with the CuZ catalyst, the bands at 2245
and 1222 cm™! are assigned to adsorbed N»O and the
absorption at 1816 cm™! is attributed to Cut—NO ni-
trosyl [10]. The latter band is positioned at higher fre-
quency compared to that on the sulfate-free sample
(weak absorption at 1763cm™!, as shown in Fig. 2)
and like the Cu?>t—NO species, the copper(I) monon-
itrosyls display higher stability. The negative bands at
1405 and 1085 cm™! indicate that the sulfate groups
coordinated to Zr** sites are altered by the adsorbed
NO. Probably these are the topmost SO42~ ions, which
appear in the spectrum of adsorbed NO with reduced
order of the S=0O bond, giving rise to the band at
1315cm™!. The absence of negative absorption be-
tween 1200 and 1100cm™! (Fig. 1) indicates that the
sulfate groups coordinated to the copper(Il) sites are
not affected by adsorbed NO and probably the CuZS
sample contains a CuSOg4-like phase.

The weak bands at 1289 and 1262 cm™" can be as-
signed to nitrito species [31,42]. These bands are not
observed after evacuation at room temperature indicat-
ing that the corresponding species are weakly bonded.
Contrary to the CuZ sample, the adsorbed N, O is held
strongly on the sulfated catalyst and no alteration of
the surface OH groups is observed. This fact shows
that the process described by Eq. (1) does not take
place in the case of the CuZS sample. The reason for
this is the absence of terminal Zr*t—OH groups in the
CuZS sample (Fig. 1). The results of NO adsorption
on sulfated zirconia [33] demonstrated that these types
of surface hydroxyls are involved in reaction (1).

3.5. Adsorption of NO and O> on CuZS catalyst

The saturation of the surface of the CuZS catalyst
with NO, species upon adsorption of a gas mixture
(5.33kPa) of NO and O, (NO:O», 1:4) was reached
after 30 min. The spectrum taken after evacuation for
10 min at room temperature is as shown in Fig. 7
(spectrum 10’ evacuation (room temperature)). The
appearance of weak absorption between 2900 and
2750 cm™! and the band at 2600 cm~! are indicative
of the presence of bridged and bidentate nitrates. The
band at 1284 cm™' has a high-frequency shoulder at
about 1325cm™~! due to perturbation of the sulfate
groups (negative band at 1398 cm™!) caused by the
nitrate species. Analogous shift of the v(S=O0) mode
to lower frequency due to adsorbed nitrates has been

observed on sulfated zirconia [33]. In contrast to the
CuZ sample, the surface OH groups of the CuZS
catalyst do not participate in the formation of ni-
trate species and adsorbed water molecules are not
produced. Since the spectra of the OH groups are
noisy, they are not shown and this conclusion is
made based on the fact [33] that no absorption in
the 1120-1145cm~! region due to water-perturbed
sulfate groups is detected. The absence of terminal
Zr**—OH groups in the CuZS catalyst makes the oc-
currence of reaction (3) (in which surface Lewis acid—
base pairs are involved) as the only possible route for
formation of nitrate species. This conclusion is sup-
ported by the appearance of a broad, poorly resolved
band at approximately 2140cm™! due to NO* ions
[31,46,47]. This absorption is superimposed on the
band at 2248 cm~! corresponding to adsorbed N,O
[41]. The single band at 1912cm™! is attributed to
Cu”t-NO nitrosyl. Compared to the spectra of ad-
sorbed NO (Fig. 6), this band is positioned at higher
frequency. Analogous to the CuZ catalyst, this shift
is due to an induction effect from the NO3~ species
formed.

It was shown previously that study of the thermal
stability of the adsorption forms produced during
interaction of the catalyst with the NO/O, mixture
can help in distinguishing between nitro and nitrato
species. Dynamic evacuation in the temperature range
of 363-553K causes a gradual decrease in the in-
tensities of the bands in the 1650-1200cm™! region
(Fig. 7). This behavior is in strong contrast to that
observed for the sulfate-free copper catalyst: there is
no enhancement in the absorption between 1580 and
1400 cm™! after evacuation at 363 and 423 K (com-
pare with Fig. 5), which indicates that there is no
transformation of the bridged and bidentate nitrates
into nitro species. If the latter species could form
during the room temperature NO/O, co-adsorption,
their thermal stability should be low. Indeed, the
shoulder at approximately 1540 cm™! disappears af-
ter evacuation at 423K (Fig. 7). This band could
be assigned either to chelated nitro or monodentate
nitrato species [31,42]. Evacuation at 423 K causes
also almost complete decomposition of the bridged
nitrates: the absorption between 2900 and 2700 cm™!
nearly vanishes. The bidentate nitrates at 1620, 1580
(v(N=0)) and 1280, 1220-1255cm™! (v,5(NOy))
and combination bands at 2600-2615cm™! disappear
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Fig. 7. FT-IR spectra obtained after heating the catalyst CuZS containing adsorbed NO, species for 10 min in vacuum. The spectra are
recorded after cooling the IR cell to room temperature. Spectrum 10" evacuation (at room temperature) is obtained after adsorption of
NO/O; mixture (5.33kPa; NO:O,, 1:4) for 30 min followed by evacuation for 10 min at room temperature. The spectrum of the activated

sample is used as a background reference.

after evacuation at 553 K. This leads to restoration
of the original coordination of the sulfate groups: the
negative band at 1398 cm™~! is no longer present in the
spectrum. The adsorbed N,O, NOT and Cu?>T-NO
nitrosyls display higher stability and they survive
the evacuation at 363K (Fig. 7). In conclusion, the
thermal stability of the nitro—nitrato species on CuZS
catalyst is lower than that of the NO,™ and NO3™
groups on the CuZ sample and the nitrates on the sul-
fated zirconia—in the latter case, they decomposed
after heating at 673 K [33]. In contrast to the CuZ
catalyst, the amount of the NO,™ species (x is 2

and 3) is lower on the CuZS sample. These results
are in agreement with the NO-TPD measurements of
Delahay et al. [32].

Table 2 illustrates the absorption bands observed
during NO adsorption and its co-adsorption with O;
on catalyst CuZS.

3.6. Interaction of the NOy species with decane

3.6.1. Catalyst CuZ
Fig. 8A shows the spectrum of adsorbed NO/O,
(5.33kPa; NO:O;, 1:4) on the catalyst CuZ after
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Table 2

Assignments of the FT-IR bands observed during adsorption of 0.67 kPa NO and its co-adsorption with Oy (NO:O;, 1:4) at room temperature

on the CuZS sample

NO, species Band positions (em™h) Modes
N>O (ads) 2245 v(NN)
1222 v(NO)
NO* 2140 v(NO)
Cu?T-NO (two types) 1912 »(NO)
1895
Cut-NO 1816 v(NO)
NO, ™ (chelated nitrito) 1289 Vas(NO»)
1262 vs(NO7)
NO3~ (bidentate) 1620-1618, 1580-1576 v(N=0)
1284-1280, 1255-1220 Vas(NO2)
2600-2615 V(IN=0) + v4(NO2)
NOs3;~ (bridged) 1635 V(N=0)
1284 Vas(NO2)
2900-2750 V(IN=0) + v,5(NO2)
NO3;~ (monodentate) or NO, ™~ (chelated nitro) 1540 Vas(NO2)
1284 v5(NO2)

subsequent evacuation at room temperature for 30 min
(spectrum a). To the catalyst treated in this way, de-
cane vapor (0.07 kPa) is added and then evacuated at
room temperature for 10 min. The spectrum obtained
(spectrum b) contains bands in the v(CH) stretch-
ing region due to adsorbed decane corresponding to
Vas(CH3)) at 2955, v,s(CH) at 2930 and vg(CHy)
at 2853cm~! [48]. The CH, scissors (observed at
1453cm~! in gas phase) fall in the region of strong
nitrate bands. The bending modes of the CH3 groups
(at 1373 cm™!) are weaker and difficult to detect. The
adsorption of the hydrocarbon does not cause consid-
erable changes in the spectrum of the adsorbed NOj
species. However, heating (spectrum c) the closed cell
for 40 min at 453 K (without evacuation) leads to the
following changes (see also spectrum c-b in Fig. 8B):
(1) slight decrease in the intensities of the hydrocarbon
bands in the v(CH) stretching region; (ii) decrease in
the intensities of the bands at 1640 and 1210cm™!
corresponding to the bridged nitrates (characteristic
combination bands at 1980 and 1908 cm™" [33]); (iii)
decrease in the intensities of the bands at 1520, 1489,
1280 and 1264 cm™! assigned mainly to nitro species
(Section 3.3); (iv) appearance of a positive band at
1875cm™! attributed to Cu?>T-NO species (Fig. 2);

(vi) appearance of a weak, positive absorption in the
2800-2700cm ™! region typical of formate moieties
and a band at 1715cm~! due to v(C=0) modes most
probably of formic acid bonded to surface hydroxyl
groups [29,49,50]. This indicates that partial oxidation
of the adsorbed hydrocarbon takes place. The nega-
tive bands between 1650 and 1200 cm™' suggest that
in this process bridged nitrato and nitro species are
involved, although they undergo some decomposition
leading to formation of copper(Il) nitrosyls.

Heating for 15 min at 523 K (Fig. 8 A and B, spectra
d and d—c causes additional decrease in the intensity
of the decane bands with simultaneous disappearance
of the bidentate nitrates at 1613 and 1238 cm™~! (com-
bination bands at 2240 and 1760 cm™!) and the nitro
species at 1530, 1500 and 1275 cm~! (shoulder). As
a result of the interaction of the adsorbed hydrocar-
bon and nitro—nitrato species, the amount of formic
acid increased giving rise to the band at 1666 cm™!
due to the v(C=0) mode [29,49,50]. The shift in
the stretching frequency of the carbonyl group from
1715cm™! (spectrum c-b) to 1666 cm™! (spectrum
d—c) suggests that, in the latter case, the formic acid
is coordinated to a Lewis acid site [29,49,50]. The
intense positive band at 1385cm™! and the shoulder
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Fig. 8. (A) FT-IR spectra of the catalyst CuZ taken after adsorption of a NO/O, mixture (5.33kPa; NO:O,, 1:4) at room temperature
followed by evacuation for 10 min (a), after adsorption of decane (0.07 kPa) on the NO, pre-covered catalyst followed by evacuation for
10 min at room temperature (b), and after heating the closed IR cell for 40 min at 453K (c), for 15min at 523K (d) and for 15min at
623K (e). The spectra are recorded after cooling the IR cell to room temperature. The spectrum of the activated sample is used as a
background reference. (B) FT-IR subtraction spectra of the catalyst CuZ obtained from the spectra as shown in Fig. 8A. The negative
band at 1335cm~! marked by an asterisk is due to nitrate species adsorbed on the window of the IR cell.

at 1350cm™! are typical of 6(CH) and v ((CO27)
modes, respectively, of formate species [26-30,49,50].
The v,5(CO, ™) stretching vibration usually falls in the
1600-1550cm™! region and probably is covered by
the band at 1580cm™" (Fig. 8, spectrum d) and does
not appear in the subtraction spectrum d—c. The latter
band corresponds to v45(NO>) mode of chelated nitro
species, whereas, the vg(NO>) mode is positioned at
1270 cm™! (spectrum d). The band at 1580cm™! is
absent in the subtraction spectra c—b and d—c as shown
in Fig. 8B. This behavior indicates that this type of ni-
tro species (probably bidentate) does not interact with
the hydrocarbon under the experimental conditions.
Finally, the appearance of the weak band at 2119 cm ™!
characteristic of Cu™-CO carbonyl [7,18-22,43,51]
shows that the heating at 523 K leads to the forma-
tion of CO. Carbon monoxide can arise from partial

oxidation of the adsorbed decane and decomposition
of the formate species and formic acid. The absorption
at 1636cm™! belongs to adsorbed water molecules
(Fig. 8A, spectrum d). The band at 1455cm™! is at-
tributed to CH; scissors vibrations of the unconverted
hydrocarbon.

Increase of the temperature to 598 K for 15 min
(Fig. 8, spectra e and e—d) does not lead to any signif-
icant change in the intensity of the bands in the v(CH)
stretching region indicating that no further oxidation
of the hydrocarbon takes place. However, a signifi-
cant decrease in the intensity of the bands at 1580 and
1270 cm~! is observed with simultaneous appearance
of the band at 1875 cm™! corresponding to Cu?>*-NO
species (Fig. 2). Obviously, the bridged nitro species
(at 1580 and 1270cm™') do not react with the ad-
sorbed decane and under these conditions, they start to
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decompose producing NO. The latter, on lowering the
temperature to 298 K, forms nitrosyls bonded to the
Cu?* sites. The band at 2119cm™! due to Cut-CO
species disappears. Decrease in the intensity of the
band at 1636.cm™! is due to loss of molecularly ad-
sorbed water. No change in the intensity of the band at
1380cm™ !, assigned to formate species, is detected.

3.6.2. Catalyst CuZS

The reactivity of the NO, species that are strongly
bonded to the surface of the CuZS catalyst toward ad-
sorbed decane was followed by a similar experiment
to that described previously. The results are as shown
in Fig. 9. The adsorption of decane (0.07kPa) on
the NO, pre-covered catalyst followed by evacuation
for 10 min at room temperature Fig. 9A, spectrum b)
causes slight decrease in the intensity of the bands at
2242 and 1900cm™~! due to adsorbed N,O and NO,
respectively. The weak absorption at 1460cm™!' is

attributed to the CH, scissoring vibrations of the ad-
sorbed hydrocarbon. The band at 1232 cm™! is due to
sulfate groups perturbed by a small amount of water
contained in the decane (as shown later). Heating the
closed IR cell for 40 min at 453 K Fig. 9A, spectrum
c) leads to a strong decrease in the intensities of the
bands corresponding to the adsorbed hydrocarbon
and the NO3™ species (see also the subtraction spec-
trum c-b as shown in Fig. 9B). New bands at 2140,
1718, 1667 and 1424 cm™! are detected. The band at
2140cm™! is attributed to Cut—CO carbonyls. Here
again, the absorption at 1718 cm™! is typical of a car-
boxylic acid coordinated to surface hydroxyl groups,
whereas, the band at 1667 cm™! is assigned to a car-
boxylic acid coordinately bonded through the carbonyl
oxygen to a Lewis acid site. The band at 1424 cm™!
is characteristic of acetate moiety and corresponds to
the vs(CO,7) mode [26-30]. These facts show that
the nitrate species oxidize the adsorbed decane, which
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Fig. 9. (A) FT-IR spectra of the catalyst CuZS taken after adsorption of a NO/O; mixture (5.33kPa; NO:O,, 1:4) at room temperature
followed by evacuation for 10 min (a), after adsorption of decane (0.07 kPa) on the NOy pre-covered catalyst followed by evacuation for
10 min at room temperature (b), and after heating the closed IR cell for 40min at 453K (c) and for 15min at 523K (d). The spectra
are recorded after cooling the IR cell to room temperature. The spectrum of the activated sample is used as a background reference. (B)
FT-IR subtraction spectra of the catalyst CuZS obtained from the spectra as shown in Fig. 9A.
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results in formation of acetic acid and CO. The ex-
istence of a weak band at 2650cm~! suggests that
formic acid is formed as well. Under these conditions,
the most reactive NO, species in the oxidation of the
hydrocarbon are the bridged nitrates characterized by
the band at 1610 cm™!. This absorption is not observed
after heating at 453 K (Fig. 9, spectrum c) and appears
as a negative band in the subtraction spectrum c—b. The
bidentate nitrates at 1577 cm™! and the monodentate
nitrates or nitro species at 1550 cm™! display lower
reactivity and they are present in the spectrum with re-
duced concentration (Fig. 9, spectrum c). Under these
conditions, the adsorbed N> O and NO disappear (neg-
ative bands at 2242 and 1900 cm™!, spectrum c-b as
shown in Fig. 9). Probably they are replaced by the
products of hydrocarbon oxidation.

Increasing the temperature to 523 K leads to com-
plete disappearance of the adsorbed decane (Fig. 9,
spectrum d). The bands at 1577 and 1550 cm™! corre-
sponding to the less reactive nitro—nitrato species are
not observed and an intense absorption at 1562 cm™!
appears instead. The subtraction spectrum d—c shows
that the amount of carboxylic acids coordinated
to the Lewis acid sites decreases (negative band
at 1673 cm’l), whereas, the concentration of the
H-bonded acids does not change. The positive bands
at 1558 and 1450 cm™! attributed to v4(CO, ™) and
vs(CO»7) modes of adsorbed acetate ion increase in
intensity. The bands at 1335 and 1270cm™" are as-
signed to vs(CO, ™) stretching vibrations of formate
species coordinated to two different Lewis acid sites
[49]. The latter give rise to the broad, weak absorption
between 2800 and 2600cm™! corresponding to the
(vs(CO;5 ) + 6(CH)) modes. The formate ions should
contribute to the intensity of the band at 1558 cm™!
assigned to the v,(CO,7) stretching vibrations of
the acetate ion. The appearance of formate and ac-
etate species indicates that heating at 523 K causes
dissociation of the carboxylic acids formed. It can be
assumed that a process of recombination of the disso-
ciated acids takes place as the temperature is lowered
to ambient for recording of the FT-IR spectrum. This
results in a constant concentration of the molecularly
adsorbed acids (v(C=0) band at 1718 cm~! as shown
in Fig. 9, spectra ¢ and d).

It has been noted that in the formation of par-
tially oxidized hydrocarbon compounds from decane
at 523K the nitrate species at 1577 and 1550 cm™!

are involved. These bands do not appear as negative
bands in the subtraction spectrum d—c in Fig. 9 due
to superimposition on the positive absorption with a
maximum at 1558 cm™!. There is a slight increase in
the amount of adsorbed CO relative to that formed
at 453 K. The band at 2325cm~! of low intensity
reveals the presence of adsorbed CO;. According to
the literature data [27,31], the weak absorption at
2235cm™! is associated with isocyanate ion, NCO™,
coordinated to a copper site. These species can form
by direct oxidation of the decane with nitrates (or
more reactive nitro species) or by reduction of the ni-
trates with the acetate and formate species [26,27,29].
It has been suggested that the NCO™ species are
the final intermediates in the SCR of NO by decane,
leading to dinitrogen formation by interaction with
the surface nitrates [29]. The spectra in Fig. 9 shows
also that under the experimental conditions the sulfate
groups are not altered.

The fact that the surface nitro—nitrato species dis-
appear as the temperature of interaction with decane
increases and that no other adsorbed NO, species (e.g.
nitrosyls) are detected in the spectra can be used as evi-
dence that the nitro—nitrato species are reduced to dini-
trogen. Homogeneous interaction between the decane
and NO; (which could arise from thermal decompo-
sition of the nitrates) should be excluded because the
interaction of this hydrocarbon and NO + O, respec-
tively NO; in the gas phase, occurs at about 673-713 K
[52]. This, together with the facts reported, presents
evidence that the decane adsorbed on the CuZS cata-
lyst is oxidized by the surface nitro—nitrato species.

3.7. Interaction of the adsorbed decane with the
surfaces of CuZ and CuZS catalysts

The ability of the NO,-free surfaces of CuZ and
CuZS catalysts to oxidize the adsorbed decane has
been investigated as well. After adsorption of 0.07 kPa
of decane on the activated catalysts (followed by evac-
uation at room temperature for 10 min), the closed
IR cell was heated at 453 and 523 K. Both catalysts
displayed activity toward the oxidation of the hydro-
carbon. However, the maximum conversion of the
adsorbed decane is shifted to higher temperatures
compared to the NO, pre-covered catalysts. This is
illustrated by the spectra obtained for the CuZS cata-
lyst (Fig. 10). The absorption in the 3700-3500 cm ™!
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Fig. 10. FT-IR spectra of the CuZS catalyst taken after adsorption of decane (0.07 kPa) at room temperature followed by evacuation for
10 min at room temperature (a), and after heating the closed IR cell for 40 min at 453 K (b) and for 15 min at 523 K (c). The spectra are
recorded after cooling the IR cell to room temperature. The spectrum of the activated sample is used as a background reference.

region and the band at 1612cm™! observed after con-
tact of the catalyst with decane at room temperature
(spectrum a) are associated with water contained in
the hydrocarbon. The latter affects the symmetry of
the sulfate groups (negative band at 1385 cm™") lead-
ing to the appearance of positive bands at 1270 and
1138 cm™~!. A similar set of bands has been observed
upon adsorption of water on sulfated zirconia [39] and
is assigned to the split v3 mode of a bidentate sulfato
complex of Cp, symmetry. Heating of the closed IR
cell first at 453 K for 40 min (spectrum b) and then

at 523K for 15min (spectrum c) leads to decrease
in the intensities of the absorption bands correspond-
ing to the adsorbed hydrocarbon. This decrease is
more pronounced after the treatment at 523 K. In the
carboxylate region bands with growing intensities
are detected. The band at 1667 cm™! observed after
heating at 453 K corresponds to v(C=O0) stretching
vibration of the carboxylic acid [49,50]. This, com-
bined with the fact that there is an enhancement in
the absorption in the v(OH) stretching region, leads
to the conclusion that under these conditions, partial
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oxidation of the adsorbed decane has occurred. In-
creasing the temperature to 523 K causes a noticeable
increase of the intensity of the band at 1558 cm™!
(shifted to 1578 cm™!) and appearance of a band at
1420 cm™~!. The latter is partially masked by the neg-
ative absorption at 1385cm™! due to sulfate groups
perturbed by the water molecules produced (absorp-
tion at approximately 1640 cm™!). The bands at 1578
and 1420 cm™! are typical of acetate species [26-30].
However, formation of HCOO™ ions, which usually
display their v,3(CO>7) modes between 1600 and
1550 cm™! [26-30,49,50], cannot be excluded. The
vs(CO2 ™) modes could be offset by the negative band
at 1385cm™!. The weak absorption at 2138 cm™!
reveals formation of CO adsorbed on copper(I) sites
[7,18-22,43,51]. Since the experiment is performed in
the absence of gaseous oxygen, the observed oxidation
of the hydrocarbon is caused by surface oxide ions co-
ordinated to Cu?" ions. The spectrum in the carboxy-
late region obtained after heating at 523 K (Fig. 10,
spectrum c) has a great similarity to that detected
after interaction of decane at the same temperature
with the NO, pre-covered catalyst (Fig. 9). However,
the NO,-modified catalyst displays higher activity at
453K (by comparing Fig. 9, spectrum c and Fig. 10,
spectrum b) and, after heating at 523 K, oxidation of
the adsorbed hydrocarbon is complete. The activity
of the CuZ sample toward the oxidation of decane is
somewhat lower than that of the CuZS catalyst and
comparable to that of the NO,-modified CuZ sample.
These experimental facts demonstrate the role of the
surface nitro—nitrato species as key intermediates in
the reduction of NO by decane and the importance of
their nature in the activation of the hydrocarbon.

4. Summary

The results of the present investigation show that
the reactivity of the nitro—nitrato species formed on the
surface of the CuZ and CuZS catalysts upon NO/O,
adsorption toward the adsorbed decane is different.
The nitro—nitrate species on the sulfated catalyst are
able to interact completely with the hydrocarbon at
temperatures up to 523 K, whereas, the sulfate-free
catalyst contains quite stable bidentate nitro species,
which are inert toward the adsorbed decane even af-
ter heating at 623 K. The latter species are formed

most probably by transformation of the bidentate ni-
trates upon heating of the NO, pre-covered CuZ sam-
ple. Such a process is not observed to occur with the
CuZS catalyst. This difference in the behavior of the
surface nitrates can be associated with the different
history of the formation of the nitro—nitrato structures
on each catalyst. In the case of the CuZ sample, there
are nitrates that are obtained by disproportionation of
NO; (produced by oxidation of NO) with participa-
tion of the surface OH groups, whereas, this process
does not take place on the sulfate-modified catalyst.
Instead, only the surface acid—base pairs are involved.
This results in different localization, which in conjunc-
tion with the enhanced acidity of the adsorption sites
on the CuZS catalyst (due to presence of sulfate ions)
decreases the stability and increases the reactivity of
the NO3; ™ species.

It should be noted that despite the different meth-
ods of catalyst preparation, the thermal stability
of the nitro—nitrato species formed on the sur-
faces of pure and sulfated zirconia [33] and on the
copper-containing catalysts studied parallels their
activity in the SCR of NO with decane reported in
the literature [5,6]. No activity below 773 K was de-
tected on ZrO, and sulfated zirconia. In the case of
the Cu/ZrO, catalyst two temperature ranges have
been distinguished: below 573 K, where N, was se-
lectively formed and, above 673 K, where the main
product was NO;. In contrast, the conversion of NO
by reduction with decane in the presence of oxygen
on Cu/S042~-Zr0, is selective toward N in the tem-
perature range of 523-773 K [5,6]. The results of the
present investigation show that at temperatures up to
523K the nitrates and bridged nitro species formed
on the surface of the CuZ catalyst are involved in
oxidation of decane. Above this temperature, the
bidentate nitro species start to decompose without
the interaction with the hydrocarbon producing NO.
The latter, in presence of oxygen, can be oxidized
to NO;. This experimental fact can be related to the
observed temperature dependence of the selectiv-
ity toward dinitrogen in the case of the sulfate-free
copper-zirconia catalyst. It is suggested that the ab-
sence of stable nitro species on the surface of the
sulfate-modified catalyst and the formation of highly
reactive nitrates coordinated to Lewis acid sites with
enhanced acidity ensure good activity and selectivity
in a broader temperature range.
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5. Conclusions

The nature of the NO, species produced on NO
adsorption and its co-adsorption with Oy at room
temperature on catalysts obtained by impregnation of
zirconia with aqueous solutions of copper(I) nitrate
and sulfate has been studied by means of in situ FT-IR
spectroscopy. The adsorption of NO on both cata-
lysts leads to formation of copper(Il) nitrosyls. These
species are stabilized on the surface of the CuZS cat-
alyst through an induction effect from the sulfate ions
coordinated in the vicinity of the adsorption sites. In
addition, in the presence of the CuZ sample, dispro-
portionation of NO with participation of the surface
hydroxyl groups is observed to occur, leading to the
formation of adsorbed nitrous acid, water molecules,
nitro and nitrito species and anionic nitrosyls, NO™.
Due to the absence of terminal Zr**—OH groups, this
process does not take place on the CuZS catalyst.

On co-adsorption of NO and O, at room temper-
ature, various kinds of surface nitrates are observed
differing in the mode of their coordination. The
NO3™ species on the CuZ sample are obtained by
disproportionation of NO; (produced by oxidation of
NO) with participation of both surface hydroxyls and
Lewis acid-base pairs, whereas, in the case of the
CuZS catalyst only the latter sites are involved. This
results in different localization, and in conjunction
with the enhanced acidity of the adsorption sites on
the CuZS catalyst, affects the stability and reactivity
of the nitrates. Upon dynamic evacuation at higher
temperatures, part of the bidentate and bridged ni-
trates on the CuZ catalyst transform into chelated
nitro species. This process does not occur with the
sulfate-containing catalyst. The nitrates on the CuZS
catalyst are characterized by significantly lower ther-
mal stability than the nitro—nitrato species on the CuZ
sample. The difference in the thermal stability of the
NO, ™ species (x is 2 and 3) parallels their reactivity
toward the adsorbed decane. The sulfate-free catalyst
contains bidentate nitro species that are inert toward
the hydrocarbon. They start to decompose to NO at
temperatures higher than 523 K. In contrast, the nitrate
species formed on the CuZS catalyst are able to oxi-
dize the adsorbed decane completely at 523 K produc-
ing acetates, formates, adsorbed CO and isocyanate
species. It is proposed that the presence of stable
nitro species on the sulfate-free copper(Il)-zirconia

catalyst is associated with its non-selective behavior
above 573K in the reduction of NO with decane in
an excess of oxygen reported in the literature.
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