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Abstract

The formation of nitrous oxide in the selective catalytic reduction of,\vith ammonia was studied in nitric acid plant exhaust gas under
low-temperature conditions. The important role played by the support in this process was evidenced by a comparisgn-Af £Q#ind
CuO/TiO, monolithic catalysts. Textural properties and CuO crystal phases were analysed. Temperature-programmed desorpgtion of NH
NO, and NG and X-ray photoelectron spectroscopy (XPS) after in situ adsorption of NO andeX@eriments were carried out. Even
at low temperature, MO generation takes place at a greatte for the catalystsupported on titania than for those on alumina. In the
case of alumina, the §O concentration detected was independent of the CuO content. For the Cy@¥Etem it was associated with the
active phase configuration. After in situ adsorption of NO andbNeCband associated with nitrate species was identified in the XPS spectra.
Adsorbed NQ@™ species seem to be responsible for the;NO, and G desorbed products detected in the NOPD. The results suggests
that NO, 44 @long with NH, (344 Species, were involved indO formation at low temperature.
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1. Introduction (NO:NO2 = 1) reduction with ammonia at low tempera-
ture [4]. Wolberg and Roth identified three phases in CuO/
The selective catalytic reduction (SCR) of nitrogen ox- Al203 catalysts by X-ray adsorption edge spectroscopy:
ides, with ammonia as a reductant, to produce nitrogen andisolated Ctd?, copper aluminate surface phase, and crys-
water is one of the most widespread technologies for, NO talline CuO[5]. The effect of the NiO incorporation on
abatemenfl]. Nitric acid plant flue gas releases high con- the CuO/ApO3 system was studied by Knozinger et al.
centrations of NQ@ into the atmosphere. The low tempera- [6,7]; Nit2 tends to occupy the octahedral sites in subsur-
ture at which the effluent must be treated (180-2Z50 and  face layers and in the bulk. Thus, Nileads to a Cti
the high concentration of N{present in the flue gas (250-  redistribution, with an enhanced segregation of copper on
500 ppm) make this a singular case amongN@tionary  the surface. Previous studies carried out by Blanco et al.
sources. with CuO/Al,O3 catalysts maodified by the addition of small

Copper oxide-supported catalysts have shown excel-quantities of NiO have shown superior performance in.NO
lent activity for NO. abatement with different reducing  glimination from the tail gas in nitric acid plani,9].

agents, such as C[3], hydrocarbon$3], or ammonia. Re- The role of the support for the N® NH3 + O, reaction
cently, Blanco et al. have demonstrated the excellent perfor-, - analysed by Centi et 410], who studied copper ox-
mance of a CuO/NiO—-AD3 monolithic catalyst in the NQ ide supported on ADs, TiOy, SiO,, and ZSM-5 catalysts:

at 200°C CuO/TiQy and CuO/ZSM-5 presented the highest

* Corresponding author. Fax: +34-91 585 47 60. conversion, whereas that based on@d was the most ac-
E-mail address: ssuarez@icp.csic.€S. Suarez). tive at temperatures above 350.
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Although many articles concerning N@batement can
be found in the literature, very few consides®l formation
as a product of the SCR reactifftil—13] even though it is
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green bodies were subsequently dried and heat treated at
500°C for 4 hin air to produce monolithic supports with the
following geometric dimensions: square cell size 2.53 mm,

a strong greenhouse gas and contributes to the depletion ofvall thickness 0.89 mm, geometric surface 8.6°cm 3,
the stratospheric ozone layer. At present there is no legisla-and cell density 8.54 cell cn.

tion concerning MO concentration limits, although this is
expected to change in the near future.

According to Odenbrand et dlL4], the three parameters
that influence NO formation on \bOs/TiO2>—SIO, catalysts

Two series of catalysts were prepared by impregnation
of titania andy-alumina monolithic supports with aque-
ous solutions of copper and nickel nitrates (Panreac, purity
> 99.9 wt%), while maintaining the [Cu@INiO] ratio at

are temperature, active phase content, and the presence df0/1 (wt%). The role of nickel was to increase the dispersion

H20 in the stream. An exponential relationship between
temperature and M0 formation on vanadium catalysts,
reaching a selectivity for pbD around 40% at 45TC, was
shown by Turco et al[15]. Delahay et al[16] observed a
linear relationship betweenJ® formation and @ concen-
tration in the feed.

The influence of the operating conditions on copper
and vanadium oxide monolithicatalysts supported on alu-
mina and titania, was analysed in a previous artjt/é]:
high temperatures and [NJY[NO] and [NHz] /[NO, ] feed
ratios promoted BO formation; a direct relationship be-
tween the presence of NGand NO production, studied

of copper. After impregnation, the precursors were dried at
room temperature for 24 h, and then at 2@0for 12 h, and
finally treated at 500C in air for 4 h.

2.2. Catalyst characterisation

Copper content was determined by inductively coupled
plasma (ICP) optical emission spectroscopy of acid solutions
of the ground catalysts in a Perkin—Elmer Optima 3300DV
apparatus.

Surface areas were measured by nitrogen adsorption/de-
sorption, with a Sorptomatic 1800. Samples were outgassed

by temperature-programmed surface reaction, was also re-overnight at 250C to a vacuum ok 1 x 102 Pa to ensure

ported.

This work is the third in a series of studies in which the
formation of NO during the SCR reaction is analysed at
low temperaturd4,18]. Typical nitric acid SCR unit con-
ditions were selected: [NQJNO,] = 0.5, [NHz]/[NO,]

a clean, dry surfacélhe pore volumes were determined by
mercury intrusion porosimetry (MIP) with a CE Instruments
Pascal 140/240 apparatus. By starting from vacuum and rais-
ing the pressure to 200 MPa, pore diameters from 150 pm
down to 7.5 nm can be determined. The Washburn equation

around 0.8 (to minimise the ammonia slip), and temperatureis applied to transform the applied pressure into an equiv-

T = 200°C, similar to those studied in the previous arti-
cles. As the NO formation may be affected by mass transfer

alent diameter; the recommended values for the mercury
contact angle and surface tension are°laid 484 m NmL.

phenomena, it was considered convenient to carry out the X-ray diffraction (XRD) patterns of ground samples of
study with catalysts in the same monolithic configuration as the monolithic catalysts were recorded on a Seifert 3000P
the ones used in the industrial SCR units. For this reasonpowder diffractometer, with the use of CugKradiation

monolithic supports were prepat with the use of sepiolite,
a natural magnesium silicate, as a bind&,20]

The aim of this work was to analyse the role of the sup-
port and the metal oxide content in the®! formation in
the SCR reaction at low temperature over Cu@@y and
CuO/TiO; monolithic catalysts. Temperature-programmed
desorption (TPD) experiments of NHNO, and NQ and

X-ray photoelectron spectroscopy (XPS) after in situ adsorp-

tion of NO and NQ were carried out with these catalysts in
order to relate the adsorbed species witt©Nbroduction.

2. Experimental

2.1. Catalyst preparation

Two monolithic supports were manufactured by extru-

(A =0.15406 nm).

X-ray photoel ectron spectra were acquired with a VG Es-
calab 200R spectrometer fitted with a monochromated Mg-
K, radiation ¢u = 12536 eV, 1 eV= 1.6302x 10°1°J)
120-W X-ray source and a hemispherical electron analyser.
The powdered samples were placed on a sample rod, intro-
duced into a pretreatment chamber, and degassed°a 25
and 10°3 Pa for 5 h prior to being transferred to the analy-
sis chamber. Samples were treated in situ with NO opbNO
at 200°C for 30 min in the pretreatment chamber. Resid-
ual pressure during data acquisition was maintained below
3x 10~7 Pa. The energy regions of the photoelectrons of in-
terest (Al 2,2, Ti 2p3/2, Si 2p, Mg 2p, Cu 2g2, N 1s) were
scanned a number of times in order to obtain an acceptable
signal-to-noise ratio. Accurate binding energie¢2 eV)
were determined by referring to the C 1s peak at 284.9 eV.

Temperature-programmed desorption experiments of

sion of doughs prepared by kneading boehmite (Condea) orNH3, NO, and NQ were carried out over the selected cat-
anatase (Millenium) powders, with sepiolite (Tolsa S.A.) as a alysts, which were placed in a stainless-steel micro-reactor,

binder and water as described previoydly They-Al>Oa:
silicate and TiQ:silicate ratios after heat treatment at 3@
were 23 and Y1 by weight, respectively. The monolithic

with an internal diameter of 1 cm and a length of 15 cm,
operating at GHSUNTP) = 20,700 ' and P = 114 kPa.
In order to fix the monolith of one cell in the centre of the
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reactor, the space between the two bodies was filled with sili- 0.54,[NH3]/[NO, ] = 0.77,[O2] = 4 vol%, andN>] to bal-
con carbide consisting of 0.84-mm particles. The connection ance.
between the mass spectrometer and the reactor was a steel
capillary 1/16 inch in diameter heated to 200 to avoid
condensation. The vacuum on the system was maintained aB. Resultsand discussion
3 x 10~* Pa with a total sample flow for the measurement of
10 mLmin L. 3.1. Characteristics of the prepared catalysts

The gases at the micro-reactor inlet and the desorbed
products were detected and quantified by mass spectrome- We prepared two series of CuOA); and CuO/TiQ
try (Balzers Omnistar), with the use of a Channeltron de- monolithic catalysts while varying the CuO/NiO content.
tector. The following masses were evaluated: (®8), NO The metal oxide content andkteiral and mechanical proper-
(30), NO (46), O» (16), NoO (44), NH; (15,17). The mea- ties of the alumina and titania supported catalysts are listed
sured ion currents were input to a solution matrix, and the in Tables 1 and 2respectively. The number that appears in
individual concentrations of the components in the gas were the label of each catalyst makes reference to the CuO con-
determined via calibration factors. A Quantitative Analysis (€nt. The surface area of the supports was _16@711' forthe
Module was used with a calibration factor library. For each aluminaand 110 g~ for the titania monoliths. As the ac-
component that is included in a calibration matrix, this li- tve phase content increases, a sI.|ght decrease in the surface
brary contains the calibration factors and the corresponding@'€@ and pore volume of the solids was observed, particu-

mass numbers, allowing the estimation of the overlap from !@rly for high-CuG/NiO content samples.
different masses. The ratio between the CuO content and the surface

The catalysts were pretreated with oxygen (3 vol%) at &r€a was calculated by considgring thgt copper was selec-
500°C, with Ar as a gas balance. After cooling in argon tively impregnated on the alumina particles and not on the
to 180°C, the gas (NH, NO, or NOy) was adsorbed until binder[4], and assuming a similar behaviour for the tita-
no signal variation of the gas was detected, and was subsei&: The values obtained for this apparent surface density
quently purged with argon until no reactant was detected in ©f CUO in the catalyst are listed ifables 1 and Znd ex-

the outlet. Finally, the tempature was increased at a rate of pressed eﬁ micrpmqles of 0“91 per square meter of alumina
59C min-1 from 180 to 500C. (210 n? g~1) or titania (75 M g~1), respectively.

) . 3.2. Catalytic activity
2.3. Catalytic activity tests
The NO, conversion and NEislip as a function of the

Activity measurements of the monolithic catalysts were CuO content for the CuO/AD3 (AICu) and CuO/TiQ
carried out in a continuous tubular glass reactor that operated(TiCu) catalysts and pD produced during the SCR reaction
at an integral regimen close &mn isothermal axial profile.  at 200°C are represented Figs. 1a and 1lrespectively. For
The reactor was 75 cm long and had an internal diameter of AICu catalysts the N@ conversion curves passed through
2.54 cm. Ammonia was fed directly into the reactor bed to a maximum that coincided with the minimum ammonia
avoid the formation of ammonia sa[&1]. Monoliths 20 cm
long with nine cells were used; the gap between the catalystTable 1
and the reactor wall was filled with silicon carbide consisting S0mPosition and textural properties of CyGAl 203 monolithic catalysts
of 0.84-mm particles. Name [CuQ] [NIO]  SeT Pore volume CuO surf. density

The inlet and outlet NO and Nxoncentrations were de- (wi%e) (wi%) (m*g) (Mn'g) 4, (umolnr?)
termined by chemiluminescence with a Signal NONO> (e ) (alumina)

analyser (Series 4000). Analysis op® and NH; was car- ﬁ:gﬂ:g i'g 8’2 igg 822 ‘71'2
ried out by IR spectroscopy with a Signal 7000FT GFC acu6 64 06 157 061 96
Analyser and with an A.D.C. Double Beam Luft Type Infra- aicu-s 81 0.8 156 056 121
red Gas Analyser, respectively. The evolution of the gas con-AICu-10 99 10 142 053 148

centration at the reactor outlet was recorder by a Multichan-
nel analogic-digital Register Yokowaga (Model 436006). Tpe 2

The concentration data were acquired under steady-statecomposition and textural properties of CuO/Fi@onolithic catalysts
conditions, after approximately 90 min of stabilization for

Name [CuQO] [NiO] SgeT Pore volume  CuO surf. density
each point. Wt%)  (wt%e) (m2g~l) (MIP) (umol m—2)
The operating conditions for the experiments were as fol- em*g™h (titania)
lows: gas hourly space velocity at normal conditions GHSV TiCu-1 14 0.1 108 071 47
(NTP) = 10,200 h™1, lineal velocityv, = 0.98 ms1, pres- Egu-i 421?) 8'421 igi 8;5 1;3
o H 1CU- 3 A
sure P = 120 kPa, temperatur& = 200°C. The gas in- TicuT 74 07 p 064 ou8

let compositions wergNO, ] = 1000 ppm,[NO]/[NO, ]| =
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Fig. 1. (@) NQ conversion and N4l slip, and (b) MO in the out-
let as a function of the CuO content foh( A) CuOk-Al,03 and
(®, O) CuO[TiO, monolithic catalysts. Feed compositions: [NO=
1000 ppm, [NOJ[NO,] = 054, [NHg]/[NO,] = 0.77, [O;] =
4vol%, [Np] = balance. Operating conditions: GHSV (NTB
10,200 1,y =0.98 Nms1, 7 =200°C, P = 120 kPa.

TiCu-7
TiCu-4

concentration at the outlet. The highest N©onversion TiCu-

(ca. 75%) was close to that expected for the FNHNO,]

ratio employed (maximum theetical value of 77%). The
major difference between the AlICu and TiCu curves was the
copper oxide content at which this conversion was achieved:
2.2 wt% for the titania catalyst and 6.4 wt% for the alumina
catalyst. For both series the SCR activity was lower at higher
CuO contents.

Even at this low reaction temperature;®lwas detected
at the outlet as a secondary product. In spite of the low
N2O selectivity observed (lower than 10% in all cases),
the two series of catalysts digged significant differences
with respect to their tendency towards@® formation. For
CuO/AlL O3, the selectivity remained practically constant;
however, for CuO/TiQ a progressive increase in the®
concentration with the CuO content was observed. These re- ] ) .
sults indicated that the nature of the support and CuO oxide3-3. X-ray diffraction analysis
loading were key factors in theJ® selectivity.

In a previous study18], the behaviour of these two cat- The crystal phases formed in the AICu and TiCu series
alysts for NH; oxidation reaction in the temperature range studied by X-ray diffraction in the@= 32°-40 range are
180-450C was reported; the CuO/AD3 catalyst(CuO= shown inFig. 2 The variation in the reflexion intensity at
6.4 wt%) was inactive atl’ = 200°C, P = 120 kPa, and 36° and 39 for CuO/AlL O3 catalysts with a CuO content
GHSV (NTP) = 15,000 b1, with a feed composition of  lower than or equal to 6.4 wt% were ascribed to the alu-
[NH3z] = 1000 ppm and @ = 3 vol%. Nevertheless, the mina phase. At higher metal oxide concentrations two peaks
CuO/TiO;, system [CuQ] = 2.2 wt%) displayed an ammo-  centred at 2 = 35.5° and 387° appeared. According to the
nia conversion around 12% under similar conditions. Results ASTM 05-0661, these peaks were assigned to a CuO tenorite
in Fig. 1 show how the ammonia balance was satisfied for crystal phas§22—24] The effect of Ni as a dispersive agent
AlCu catalysts, whereas for TiCu the ammonia slip data cor- is obvious from a comparison of the concentration at which
roborate the superior tendency of this system towards thethe CuO crystal phases started to appear with that previously
NH3 oxidation reaction, especially at high CuO loading. Al- reported by Friedman et al.

TiCu-1

i,

30 35 40
Angle 20

Fig. 2. X-ray diffraction patterns of (a) Cu@/Al,03 (b) CuO/TiG, cata-
lyst with different CuO content in the rangé 2 30°-40°.

though the NO concentration detected in the outlet could
arise from this reaction, thexamonia balance indicates that
a different reaction path is involved, since to produce 1 mole
of N2O, 2 moles of NH are required.



S Suérez et al. / Journal of Catalysis 229 (2005) 227-236 231

o
S
o

When the catalytic activity result§&ig. 1) and the XRD
diffractograms of the samples=if. 2a) were correlated,

a clear relationship between the N@onversion decrease
with the appearance of a CuO crystal phase could be es-
tablished. The values of CuO concentration at which the
reduction in catalytic activity was observed corresponded to
8 wt% for the alumina and 4 wt% for the titania catalysts,
AICu-8 and TiCu-4, respectively. Similar values of copper
surface density (12.1 and 13.4 umol CuO4yrespectively)
were obtained for the two samplegaples 1 and R This re- 333,
sult indicated how the surface area of the support affected 180 220 260 300 340 380 420 460 500
the active phase dispersion and the formation of the copper
oxide crystal phase.

With respect to the PO formation Fig. 1b), a relation
between the presence of a CuO crystal phase ait@l fidr-
mation could be assumed for TiCu. However, from the re-
sults obtained for AICu systems, other parameters probably
related to the nature of the support, or copper site density
might also be involved.

0.10

0.05

Desorbed products, pmol/g.,; s

0.15

0.10 -

Desorbed products, umol/g.y s

3.4. Catalyst behaviour after NH3z, NO, and NO» 0.05 4
adsorption
. 1
The species generated on the catalysts’ surfaces were 0.00 ~&XZqecoma : 3
studied by TPD. The measurements were carried out with 180 220 260 300 340 3530 420 460 500
the AICu-6 and TiCu-2 systems, since they displayed the Temperature, °C
highest catalytic activitiesHg. 1). The reactants Nj NO: Fig. 3. Temperature-programmed desorption of N&fter adsorption at
a_nd NG (1000 ppm) were adsorbed at 18D over an oxi- 180°C for (a) AlCu-6 and (b) TiCu-2 monolithic catalysts. Desorp-
dised catalyst, with the use of an 8-cm-long monolith of one tion products: ¢) H,0, @) NHs, (x) Ny, (O) NO. Feed composi-
channel. tion: [NH3] = 500 ppm, [Ar]= balance. Desorption operating conditions:

GHSV (NTP)= 20,000 i1, v, = 0.76 ms 1, [A] = 100 vol% and
3.5. NH3: Temperature-programmed desor ption 7'=180-500°C ata rate of 5C min .
between the N desorption profiles of the two catalysts is
the initial temperature at which\started to desorb. Even at
a temperature as low as 180, TiCu-2 produced nitrogen,
indicating that NH ag9 Species generated on the titania cat-
alyst are more active than those produced over the alumina
system.

The total amount of desorbeNH>0, NHz, and NO was
calculated by integration of the areas under the curves in the

Temperature-programmed desorption curves recorded
after NHg adsorption over alumina and titania copper-
supported catalysts are showrHig. 3a and 3brespectively.

At the starting temperature of 18C and after the gas purge,
only chemisorbed NEklwould remain on the catalyst sur-
face. Broad ammonia desorption bands betweer? C8ind

420°C, with a maximum at 250C characterised the des-

orption profiles of both catalysts. At higher temperatures temperature range between F&and 500C (Table 3. Na

N2, NO, and BO were desorbed. . e .
These results indicated the presence of at least two typesand NO are selectively produced by oxidised copper species

of acid sites where Nkican be adsorbed. The first type, char- (dispersed or aggregated) according to the equations
acterised by the Ngldesorption band centred at 250, was 2NHz 4+ 6CuO— Ny + 3H,0 + 3CwO0, 1)
ascribed to Brgnsted acid sites of the support. This band was
also observed in the NHTPD of alumina, titania, or mag- 2NHg + 10CuO—~ 2NO+ 3H,0 + 5C0. (2)
nesium silicate without active phased incorporafi. From the TPD experiments and considering the reaction
The second type, responsible for the, M>O, and NO stoichiometry of Equation$l) and (2) we evaluated the
desorption curves, was assigned to dissociatively adsorbedCut? species accessible to react with ammd@aj. The re-
ammonia species such as NKk = 0-2) that could react sults obtainedTable 3 point out that although metal oxide
with lattice oxygen to produceNH»0, or even small quan-  content on the AlCu-6 catalyst (6.4 wt%) was three times
tities of NO (Fig. 3a). The NH TPD pattern of the supports  larger than that over TiCu-2 (2.2 wt%), the copper species
(figure not included) showed nosNlesorption, which im-  accessible in the latter wasdhier (93 vs 73%), thus ex-
plied that the oxygen necessary to produce eitheoiNH,O plaining the similar performance towards N©@onversion
was provided by the active phalgb]. The major difference  displayed by the two systemBig. 1a).
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3.6. NO and NOy: Temperature-programmed desor ption the NO TPD curves (not shown) obtained for raw alu-
mina, titania, and magnesium silicate materials treated at
500°C. The results obtained in these previous experiments

TPD experiments were carried out in order to determine showed that the magnesium silicate presents a NO des-
the adsorption capacity of the catalysts towards NO and orption band centred at 25C, and the alumina or tita-

NO,. Experiments were conducted with the procedure as nia desorbed the NO together with,®, NO,, and G

used for Nk TPD. The product desorption curves after NO around 420C and 380C, respectively. Thus, iffFig. 4a

or NO; adsorption for AICu-6 and TiCu-2 and those for the the first band centred at 248, observed for both Al/Sep

corresponding supports are showrFiigs. 4 and Srespec-  and AICu-6, was assigned to the silicate NO adsorption

tively. sites. This band remained unaltered when the active phase

The supports and catalysts displayed a NO desorp-was added to the support, indicating that the NO ad-
tion curve with two bands centred at different temper- sorption sites over the magnesium silicate remained un-
atures. Bands were assigned according to the shape othanged.

» 0.03 4 » 0.80
° kS a
S =
£ g 0.60 -
= 0.02 - 3
%) [%)
5 B
=} > 0.40 -
8 g
a —
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g g 0.20
o —_
2 2
0O g0 & 0O .00 SR Grtris et o
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Fig. 4. Temperature-programmedegabrption of NO after adsorption Fig. 5. Temperature-programmed desorption of JN@fter adsorption
at 180°C for supports (filled) and catalysts (empty). (a) AlCu-6 and at 180°C for supports (filled) and catalysts (empty). (a) AlCu-6 and
alumina support, (b) TiCu-2 and titania support. Desorption products: alumina support (b) TiCu-2 and titania support. Desorption prod-
(m,0) Oy, (A,A) NOy, (@,0) NO, (@,) N»O. Feed composi- ucts: (A,A) NOp, (B,0) Oy, and @,0) NO. Feed composition:
tion: [NO] = 1000 ppm, [Ar]= balance. Desorption operating conditions:  [NO2] = 1000 ppm, [Ar]= balance. Desorption operating conditions:
GHSV (NTP)= 20,000 i1, vy =076 ms 1, [Arf] = 100vol% and GHSV (NTP)= 20,000 i1, v, = 0.76 ms ™1, [Ar] = 100 vol% and

T = 180-500°C at a rate of 3C min~— 1. T =180-500°C at a rate of 3C min~—1.

Table 3

TPD results from 180-500C after ammonia adsorption at 183G

Name NH; \P) H,O NO NH3(ads) CuO
(umol g1 (umol g1 (umolg1) (umolg 1) dissociatively accessible

(umolg1) (%)

Al/Sep 135 - - - - -

AICu-6 57 78 274 21 177 73

Ti/Sep 91 - - - - -

TiCu-2 51 43 121 - 86 93




S Suérez et al. / Journal of Catalysis 229 (2005) 227-236 233

Table 4 thors assigned the high temperature band to the transfor-
Desorbed products after NO or N@dsorption at 180C mation of C'—ONO™~ into Cut—ONQG;~ species. At high
Gas Catalyst NO NO, 0, N,O temperatures the nitrate cphex is decomposed into NO
adsorbed (umolg™!) (umolg™?) (umolg™?) (umolg) and O, reducing the Cti to ClP. Centi et al.[32,33]also
NO AlCu-6 50 5 17 2 identified nitrates species adsorbed to copper catalysts.
AllSep 41 9 10 10 Considering the results obtained in this work for cata-
1:/%;5 gg ﬁ 112 2(; lysts and supports, it could be suggested that nitrate species
M"+—(O-NG)~, where M is Cu, Ni, Al, or even Ti, could
NO; 2:/CSU-6 Zi 22332 1122 151 be responsible for the NO and@esorption bands observed
e ) .
Tic“_g At 102 a3 13 in the NO TPD, according to E¢3)
TilSep 23 92 61 18 NOz <> NOg) + Ozg. 3)

Nevertheless, in order to explain the formation ofON
and that of NQ in the supports, other reactions should be
considered. One psibility is the NO autooxido-reduction
reaction yielding N@ + N2O, as shown in E4). Accord-
ing to this reaction the [Ng}/[N2O] ratio is 1, which is
consistent with the data reportediiable 4

The second NO desorption band observed at higher tem-
perature (428C) for the Al/Sep system and associated
with different nitrogen oxides and oxygen was character-
istic of Al,O3. Copper and nickel oxide incorporation on
alumina/silicate system causa decrease in the desorption
temperature to 360C and produced a relative increase in
the oxygen desorbed fraction. The bond strength of the NO 3NO « NOz(g) + N2O(g). (4)
in the catalyst was modified because the sites of NO ad- ] ]
sorption on the alumina were altered by the metal oxides '€ product desorption curves for AlCu-6 and TiCu-2
or because aluminium sites were blocked by copper/nickel Catalysts after N@adsorption are displayed ifig. 5, to-
sites. The desorption profiles at high temperature show that9ether with those for the supports. The systems show a
the support presented a higher tendency to produg@, N hlghera(:!sorptmn capacity for NGhan forNO, particularly
which was drastically reduced by incorporation of the metal the alumina supported catalysts. Along with the Nand,
oxides. N2O, NO, and Q were also observed. Although the®

In Fig. 4b the results obtained for the TiCu-2 system and Pand seems to be negligible (because of the graph scale), the
the Ti/Sep support are shown. The curves display a behay-data quoted infable 4clearly indicate that O was also
iour similar to that found for the alumina system. The band Produced, and it is especially promoted over F&ystems.
corresponding to the magnesium silicate was also observed! N€ reaction described in E(#) could explain this nitrous
at low temperature, and the band centred aroun¢@as ~ °Xide formation. _
attributed to the NO adsorption of the titania surface. In this  COPPer/nickel oxide incorporation led to a greater quan-
case, when the active phase was incorporated over the Ti/Sefity of desorbed N@ and a decrease in the desorption band
there was a large decrease in the band intensities, along witHfeémperature. As discussed above for NO TPD, ;jQ
a shift to lower temperatures, indicating a reduction in the SPecies could justify the NO and ,Cdesorption in an
number of NO adsorption sites and a weakening of their €quimolecular ratio. However, an excess oxygen concen-
strength. That the reactivity of the NO adsorbed species ontration was observed in all systems, indicating that other
the catalyst based on TiQvas higher than the reactivity of reactions that involve oxygen production are taking place.
the species on the catalyst based opOy was clear from ~ Apostolescu et al[28] have recently studied the adsorp-

a consideration of the shift of the high temperature band. ion of NO over alumina by thermal decomposition of the

In the former the peak appeared at 3¢5 whereas in the ~ SPecies fo'rmed. Thgy sugggsted that this process takes place
latter the band was centred at 3€% Moreover, the results ~ Via formation of nitrite species, which are subsequently ox-
show that the magnesium silicate NO adsorption sites were!dized by NG to yield NO;~ and gaseous NO. Thermal
also modified by the addition of CuO/NiIO, suggesting that trgatment leads to dgcomposmon of nltrqte species in the
the active phase impregnation process was not selective fof'igh temperature region. The latter reaction results in the
TiO,, and there was a partial deposition of the metal oxide formation of NGg) and Gygas)in the molar ratio of 4 and

in the silicate. the reformation of the AlO3 surface, according to the fol-

The quantities of desorbed NO, NOO,, and NO for lowing reaction:
supports and CuO/NiO catalysts are summarisekalrie 4 _ 2
The capacity of these systems to adsorb N@sg. 4a and 2NOs(aqy <> 2NOzxg +0.50; + Oy ©)
4b) was significantly lower than their capacity to adsorb am- However, the experimental data givenTiable 4show a
monia. The NO adsorption studies carried out on previously NO2/O, ratio of only about 1.5. The complex mechanism
oxidised CuO/AO3 catalyst by Kndzinger et a[27] dis- that takes place in these systems seems to indicate that the
played two desorption bands centred at 220and 400C, nitrate decomposition to NO ancb@Eq. (3)) and its decom-
respectively. Taking into account the FTIR spectra, the au- position to NG and G (Eq.(5)) may occur simultaneously.
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Thus, considering the oxygen desorbed as a sum of the two  After NO or NO, treatment, a chemical shift of 0.8 eV

contributions, a good fit may be obtained. towards higher binding energy was observed, suggesting that
N, O, species, strongly adsorbed to cupric ions, modified the
3.7. X-ray photoelectron spectroscopy results density of the electronic cloud, producing a variation in the

charge distribution of the complex. In the case of TiCu-2 the

. shift was observed only after N@dsorption.
In order to determine the nature of the @), adsorbed In all cases, the intensity of the ¢& main peak for

species, XPS experiments weasarried out oyerthe se-lect.ed TiCu was higher than the intensity of the peaks for Cu-Al.
catalysts. Fresh samples and samples subjected to in situ ad-., - A : . .
his may be indicative of the higher dispersion of copper

tsoGCtlozn of NSQZandMN(z)ZwerAel ZtUd'ed'_r_-.hze N1s,in Iadd||t|on species in the former (corroborating the data obtained by
0 LU 2Ry2, Sl dpf' ?Ij"Cp’ A %/ZA% I6 P32 C?re ?r\f S)'(PS NH3z TPD) or symptomatic of the higher porosity of the alu-
were measured for Tit.u-c an u-o sampies. The mina support, where copper species may be located inside

bind.ing energy (BE) valugs fo.r copper an.d nitrogen and the the mesopores, where they would be inaccessible to the XPS
N/Si, N/Cu surface atomic ratio are compiledTiable 5 All technique

values are related to the C 1s binding energy of 284.1 eV. The N 1s spectra are represente8ig. 6. The spectra are

The main XPS feature of the CuAl-6 sample was the ap- o4 cterized at least by two bands, centred around 400 and
pearance of spin-orbit split Cu gp, and 2,2, along with 407 ey The former peak may be assigned Nr NO ad-
their shake-up satellite, indicating the characteristic peaks of ¢ 5 e q species, whereas thttdacoincides with that of the

Cufz. The spectra revgal that copper species are in an OXi'NaNO3 spectra, suggesting that NO species may be gen-
dation state of C#, attributed to the large peak with amax- g rated in the adsorption procd8s]. The existence of these
imum around 934.5 eV and thatellite peak at a binding  pands even in the fresh samples has been attributegd@y N
energy around 10 eV high¢f,23]. The ratio between these  remainders from the copper and nickel nitrate salts used for
two peaks was about 2. The presence of reduced species Wagatalyst preparation. With increasing oxidative power of the
ruled out, because of the oxialeconditions used in the cata-  adsorbed molecule, the bands at lower binding energy dis-
lyst treatment. Furthermore, the intensity of the satellite peak appear, becoming more important those centred at higher
did not show any modification with the gas pretreatment.  BE. These observations are reflected in the contribution of

The Cu"2 main peak presented a shift to a higher bind- each band to the total area under the curiable 5. The
ing energy (934.5 eV) with respect to the theoretical peak N/Sj atomic ratio increased accang to the series: no pre-
corresponding to CuO (933.5 eV). According to Friedman treatment< NO < NO,. The results suggest that strongly
and Freemaf®3], this is due to the formation of a CuAD4 adsorbed N@~ species are generated on the catalyst sur-
spinel phase. Moreover, the deconvolution of this peak in- face after exposure to nitrogen oxide, especially,NThe
dicates two contributions, one centred at 933.6 eV and theNO and NQ pretreatment produces a shift of the band at
other at 934.5 eV. Thus, the presence of both CuO and407 eV with respect to the fresh sample. This effect is in ac-
CuAl204 spinel phases defines the catalyst structure. cordance with the shift detected in Cuspectra Table §

For CuTi the same general trend was observed. TWo?Cu  and corroborates the idea that soft electronic effects pro-
phases were detected in the XPS analysis. The deconvoluduced by nitrate species adsorbed on€sites may shift
tion of the Cu 2g,» peaks centred at 934.5 eV indicated the the electronic cloud towards timitrate speciggyenerating a
presence of a CuO phase (933.0 eV), and that at 935 eV corNOs~ (§—) and Cu2 (5+).
responded to a Cu—O-Ti phase, as previously described for The influence of the support is reflected when theC

CuO/TiO, catalysts by Cordoba et §29]. atomic ratios of the two catalysts are compared. THEN

Table 5

Binding energies of core electrons, and3\ surface atomic ratio, for the fresh sample, and after adsorption of N@, &Q00°C

Pre-treatment Cu 2p Cu2p/2 N 1s N/Si N/Cu

satellite

(a) AlCu-6 fresh catalyst 938 9435 3993 (60) - -
4079 (38)

NO 9353 9434 3992 (33 0.031 Q032
4071 (67)

NO, 9355 9434 4004 (14 0.051 Q43
4072 (86)

(b) TiCu-2 fresh catalyst 938 9431 3998 (61) 0.041 Q42
4077 (39)

NO 9345 9430 4001 (26) 0.051 Q052
40638 (74)

NO» 9353 9436 3999 (25 0.098 Q99

4069 (75)
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AlCu-6

Count per second, a.u.

I+~ 1 7 I ~ 1T "1 " 1.7 I 1
396 398 400 402 404 406 408 410 412

Binding Energy, eV

TiCu-2 NO

Counts per second, a.u.

vacum

396 398 400 402 404 406 408 410 412

Binding Energy, eV

Fig. 6. N 1s core level spectra for fresh samples and after adsorption of NO,
and NG at 200°C.

235

appear at relatively higher temperatures than those corre-
sponding to the AICu-6 catalyst.

Based on the results obtained by XPS after SCR reac-
tion in the presence of Nfcatalyst, Blanco et al. proposed
a Langmuir—Hinshelwood mechanism for CuG/@} [31].

In the studied system, copper remains as thé Gpecies
under steady-state conditions, and these species are more
easily reoxidised by N®@than they are by ©@or NO. The
proposed mechanism involved dissociatively adsorbed am-
monia on Cd2-forming NH, species and a reduced site.
Nitrogen dioxide can be transformed to NO according to
the process GID + NO; — 2CuO+ NOgs) leading to a
high concentration of NO adsorbed to the surface. Centi et al.
[32,33] who analysed the behaviour of CuO catalysts sup-
ported on AbO3 and ZSM-5 by ESR, UV-vis, etc., proposed
the formation of ammonium nitrates species, generated by
the transformation of nitrites to nitrates in CuO and in the
presence of @and NH, gy, as intermediates to JD for-
mation. For CuO/ZSM-5 samples, Mizumoto et [84,35]
suggested that MO formation is related to the SCR reac-
tion and to reduced copper sites. For P#@4 Yamaguchi

et al.[36] proposed that Nidqs) species, along with NO or
reduced sites, are responsible faixO\formation. Otto et al.
[37] pointed out that reduced sites generated by the disso-
ciative NHg adsorption reacted with two NO molecules to
produce NO. Meier and Guf38] put forward the reaction
between NO and Nglas responsible for the 40 forma-
tion. In the NO/NQ TPD experiment carried out in this
work, the NO desorption was negligible and occurred at
a higher temperature than the SCR reaction. Thus it may
be assumed that theo® does not come from the NO or
NO; alone. But the oxidation state of the catalyst was dif-
ferent under a NQ or SCR atmosphere, where ammonia
was also present. In fact, Mizumoto and Otto et al. sug-
gested that reduced sites may be involved in th® Nor-
mation.

The results obtained in this work point out the important
role of the support in the formation ofJ as a secondary
product during the SCR reaction. For alumina samples, the
N2>O concentration detected the reactor outlet was inde-
pendent of the CuO/NiO loading. The ammonia oxidation
reaction or even the reaction between N&hd NH; were
excluded as a possible way to producglN In fact, when
the NO; conversion started to decrease, no appreciable in-
fluence of the MO amount was observed. Over catalysts
supported on titania, a progressive increase in th® for-
mation with the metal loading was observed, suggesting
that properties related to active phase configuration are in-
volved in the MO formation process. The '\st adsorbed
species generated in the presence of a NQ/Ig&s mix-
ture observed by XPS and responsible for the;NO, and

atomic ratios are higher over the titania-based catalysts thanO, desorption of the NO/N®@TPD could react with NH
for the alumina-based catalysts. These observations are irspecies (and was more reactive in the case of CuTi catalysts)

good agreement with the NO'PD results, where the NQ
NO, and Q desorbed bands of TiCu-2 were less intense and

to produce NO, according to the mechanism proposed by
Centi et al.
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4. Conclusions

The influence of the support and CuO/NiO content in the
N2O formation during the SCR reaction at low temperature
was studied. For this purpose CuO-NiO/%i@nd CuO-
NiO/y-Al>,03 monolithic catalysts were analysed, with the
use of magnesium silicate as a bindesONformation is a
complex process in which different intermediates may be

involved, especially when supports of several components

are used. The studied supports had a tendency towa@s N
formation in the presence of NO/NQand this ability is

strongly affected by deposition of the active phase. The cat-

alytic activity results indicate that the ammonia oxidation re-
action was not the main path for the® formation, even at

high metal oxide loading under the selected operating condi-

tions. The existence of N{ s species in the catalyst after
adsorption of NO or N@was demonstrated by NO or NO
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