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Abstract

In this work, the application of the Co/ZpCratalytic system was studied as catalyst for the reaction of selective reduction of nitrogen
oxides with propane in oxygen presence. Particularly, the influence of the preparation method on the catalytic activity of these materials was
studied. It was possible to observe that the activity depends, markedly, on the physicochemical properties of the material and these ones on
the preparation method. The catalyst that shows higher activity is the one that presents a crystalline structure, preferably, monoclinic, where
the cobalt is present as €wspecies occupying tetrahedral sites and these cobalt species do not present reduction upo 1000
© 2004 Elsevier B.V. All rights reserved.

Keywords: Co/ZrO, oxide; Chemical synthesis; Crystal structure

1. Introduction the most known and widespread system, for which the SCR-
activity is correlated, in detail, with the structural feature

During the last decade, chemical research has been driver{5,12,13] However, oxide systems based on the Co presence
towards the development of new routes to improve our qual- are not so particularly studied from the point of view of the
ity of life through the protection of the natural environment. matrix structural behaviour. In this sense, it is observed that
In this context, the use of hydrocarbons as reducing agentsthe effect of active Co in the oxide lattices depends strongly
for the abatement of nitrogen oxides seems to be an avail-on the composition of the support and on the preparation
able clean technology to solve a part of the urgent environ- method of the catalyst. An increase of the metal loading does
mental problem. The reaction, known as selective catalytic not always lead to the formation of a more active phase for
reduction (SCR) of NQ by hydrocarbons is based on the the SCR reaction which can lead to the competitive hydro-
use of a wide variety of oxidic catalysts with different com- carbon combustion reactigh4]. So, it is necessary to know
position and structurfl—3]. Hence, promoted alumina and well the nature of the metal-support interaction (including
alumino-silicates (zeolites and clays) as well as binary sys- metal-diffusion processes) to analyze the effectiveness of the
tems (ZrQ-TiO, SIO,—TiOy, etc.) and mixed oxides con-  catalysts. In this aspect, the TPR technique seems to be a very
taining transition metals are widely used as SCR catalystsuseful tool to know the reducibility and so the magnitude of
[4—10]. Transition metals as Cu, Ni and Co improve the cat- the interaction.
alytic performancgl1]. The exchanged Co-zeolite is one of In this broad context, the activity of the Co/ZfGystem

for the SCR reaction has been recently studigd0,15]
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E-mail addresseseponzi@quimica.unlp.edu.ar (E.N. Ponzi), effect of structural changes according to the synthesis con-

botto@quimica.unlp.edu.ar (I.L. Botto). ditions (starting materials, temperature, pH, reaction time,

0254-0584/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.matchemphys.2004.09.023



328 I.D. Lick et al. / Materials Chemistry and Physics 92 (2005) 327-332

heating steps, etc.), can affect the availability and activity of =~ Temperature programmed reduction (TPR) measurements
cobalt. For this reason, it seems to be interesting to analyzewere performed in homemade equipment. The reactor was
this catalytic system from the point of view of the support fed with a H/N210:90 mixture and the heating rate was
structural behaviour including the study of some Co physico- 10°C min~ from 50 up to 1000C.
chemical properties in the different ZsGtructural types. The In order to supply more information about cobalt species
catalysts are applied to the SCR reaction by using propanepresent in the catalyst, diffuse reflectance spectroscopy anal-
as reducing agent in oxygen presence, while their charac-yses (DRS) were carried out in a Cintra equipment. Spectra
terization of catalysts has been done with the aid of X-ray of finely milled catalysts were recorded between 200 and
diffraction (XRD), diffuse reflectance spectroscopy (DRS), 800 nm.
as well as thermal techniques (differential scanning calorime-
try (DSC), thermogravimetry (TGA) and temperature pro- 2 3. Catalytic measurements
grammed reduction (TPR)).
Catalytic reactions were evaluated in a reactor of fixed
bed constructed in quartz (i.d.=0.8 cm), heated electrically.

2. Experimental The temperature was measured by means of a thermocouple
of the K-type in contact with the catalytic bed. The reac-
2.1. Catalyst preparation tion mixture was obtained from four feed lines individually

controlled: NO/He, @Hg/He, O,/He and He to close the bal-

The Zr&-nH,0 (named the precursor) was obtained by ance at 1 bar. The reaction flow contained 1500 ppm of NO,
hydrolysis of ZrOC}-6H,O (p.a. Fluka) with NHOH to 2000 ppm of GHg and 2.5% of @. The total flow rate was
reach pH=-10. The product was filtered and washed un- 50 ml min~1. The used catalyst mass was 0.200 g whereas the
til the complete elimination of chloride ions. Then, the solid space velocity was 30,000k (based on the Zr@apparent
was dried at 100C for 24 h. bulk density of 2 g cm?d).

A first way to obtain the catalyst was the treatment of Reaction products were monitored with a gas chromato-
the Zr&-nH,0O precursor with the adequate Co(R)@ so- graph Shimadzu model GC-8A provided with a thermal con-
lutions by means of a rotavapor equipment, for 6 h at room ductivity detector. The separation of products was performed
temperature. Nominal concentrations of 0.2 and 2 g Co/100 gWwith a concentric column CTRI of Altech. This system per-

catalyst were selected. These catalysts heated @06y mits the identification and quantification of peaks of 8>,

2 h were named Ca)/ZrO, (rotavap) (wherx=0.2 and 2,  N20, CQ,, C3Hg, CO and NO.

respectively). Conversions were calculated from the following reactions:
A second way of catalyst preparation was from the 1

ZrO2-nH20 precursor, previously treated at 60D for 2 h. NO + 302 — NO2 (1)

This thermal treatment aIIow§ the for'mation of a crystalline 10NG; + 2C3Hg — 5N + 6CO;, + 8H,0 2

ZrOy. The catalyst was obtained by impregnating the crys-

talline phase with Co(Ng)2 solution in an ammonium  CzHg+ 50, — 3CQO;, + 4H,0 3)

medium. The nominal Co concentration was 0.2 (% Co). This ) ]
Co-precursor was again thermally treated at 8D@or 2 h. The conversion for the NO reduction (E()) was calcu-

This catalyst was identified as Co(0.2)/Zr@nonoclinic). lated in terms of M production asXn, = 2[N2J/[NO]. The
propane conversion originated by the hydrocarbon combus-

tion with oxygen (Eq.(3)) was calculated aXco,comb=
2.2. Catalyst characterization 1/3[COy]/[C3Hg] where [N;] and [CQy] are gas-phase con-
centrations after reaction and [NO],{B8g] are feed concen-

The cobalt content was determined by the atomic absorp-trations. The carbon balance was always better than 98%.
tion spectroscopy (AAS) using an ILL equipment. All sam- The propane selectivity is defined as the ratio of the amount
ples were thermally treated at 600. of propane reacted with nitric oxide to the total amount of

The surface area of catalysts was determined in a Mi- propane consumed.
cromeritics Accusorb 2100E equipment using the BET
method for its estimation.

X-ray diffraction (XRD) was performed on an X-ray 3. Results and discussion
diffractometer (Philips PW 1732/10) using CuxKadiation
and operated at 40 kV and 20 mA. The scan range was 20-65 3.1. Catalysts characterization
and the scan speed wasrin=1.

Transformations occurring during calcination of hydrous It is well known that zirconia can exist in the monoclinic,
zirconia, Zr@-nH>O and of precursors of catalysts were tetragonal, orthorhombic and cubic (fluorite) structure. The
studied using differential scanning calorimetry (DSC) and monoclinic polymorph, commonly named baddeleyite, is sta-
thermogravimetry (TGA). ble up to~1200°C, and transforms to the tetragonal phase as
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the temperature increases. On cooling, this high-temperature e o == T ** a .
tetragonal form transforms to the monoclinic phase with a
large hysteresis so that the tetragoraimonoclinic transfor- "
mation occurs between 1100 and 9@ On the other hand,

high-temperature tetragonal phase gives the cubic fluorite- A M ' .
type form by heating at~1900°C. However, the polymor-

phism of ZrQ is very interesting because the stabilization of NM b

a low-temperature tetragonal phase (or metastable tetragonal I

phase) is observed when zirconia has been doped with cations MMWM
and eventually with anion, depending also on the experimen- . : :

tal conditions of crystallization. This tetragonal phase, re- 25 35 45 55 85
sembling a distorted fluorite structure, results in high surface 2 - Theta

areas and good thermal stability. The formation of metastable 0. 1. XRD patterns of support and catalysts: (a) Z/®) Co(0.2/Z10
tetragonal phase can be attributed to the presence of an'on"(Fn?onocnnic),cm) Co0.2) /Z%’(mtavap) - dy( D CoayzZrirotaver. &)
vacancieg9,16] Tetragonal phase an@®] monoclinic phase.
Likewise, the literature shows abundant information re-
lated to the structural stabilization of the tetragonal phase
by the effect of guest cations such as K(I), Na(l), Ca(ll), The estimation of the Zr@structural types has been made
Mg(ll), Y(lI), La(lll), etc. generating a “disordered anion- by means of the semiquantitative XRD analysis given by
deficient fluorite-type structure”. The defect clusters in the Garvie and Nicholsofl8] and more recently modified by
MO2_x compounds correspond to tightly bound vacancies Su et al[19]. So, the proportion of tetragonal (PDF 881007)
along a body diagonal (11 1). So, the central cations are coor-and monoclinic (PDF 881451) forms depend on the prepara-
dinated by six oxygen atoms. The geometry of these clusterstive method.
depends on the guest cations and account for the wide range XRD patterns of catalysts are shown Fg. 1 The
of stability. The strong ordered effects in theQz—ZrO, pure ZrQ is obtained by heating the ZphH,O precur-
and CaO-Zr@ systems are not only attributed to a vacancy sor at 600C. Regarding catalysts, Co(0.2)/Zr@mono-
model, the possible formation of microdomains of ordered clinic) prepared by impregnation of the crystalline zr@nd
superstructures has also been suggd4t@dThe key mech- Co(0.2)/ZrG (rotavap), obtained from impregnation of the
anism is the monolayer of the active component put on the precursor gel, show the XRD typical lines of the monoclinic
gel surface. Thus, during calcination, the growth of grains, ZrO, phase (PDF 86-1451). The crystallinity of the former
the sintering between the grains and the possibility to trans-is slightly increased by effect of the heating time.
form to the monoclinic form are all repressed. Oncethe metal  As it is known a dopant presence influences the 2ZrO
loading exceeds the dispersion threshold, the surplus salt ophase composition favouring the formation of tetragonal
oxide will remain as a segregated crystalline phase. Higher polymorph. The Co(0.2)/ZreXrotavap) and Co(2)/Zr&ro-
values of divalent cations lead to the mixed oxide formation tavap) catalysts, both prepared from the impregnation of pre-
of different structural types. cursor, clearly show the tetragonal metastable stabilization,
Table 1gives the Co content, the specific area and the whichis surely originated by the Co(ll) incorporation into the
majority crystalline phase (from the XRD analysis) for the precursor during the first step of the thermal treatment. The
studied catalysts. Pure Zg@atum in similar experimental  process, strongly dependent on the Co(ll) content, reveals
conditions is included with comparative purposes. that the Co(2)/Zr@ (rotavap) catalyst adopts predominantly
The impregnation of precursor leads to materials with sim- the tetragonal crystalline structure. The fact that no additional
ilar surface areas, comparable to that obtained from undopedines of segregated cobalt-oxides are observed because of the
precursor (in similar experimental conditions). The lower sur- low cobalt content.
face area observed in the Co(0.2)/Zrnonoclinic) can be The transformation of the ZronH»O (gel) into the crys-
attributed to the thermal treatments (the first one associated tatal is a complex and cooperative process entailing dehydra-
the support crystallization and the second one to the catalysttion, dehydroxylation, olation, oxolation and nucleation steps

preparation). by the growth of the nuclei to form observable crystallites
[20,21]
Table 1 Fig. 2 shows the DSC thermal behaviour of the precur-
Physicochemical properties of catalysts sor, without and after treatment with solution of cobalt-salt,
Catalyst Cobalt (%) Sget % monoclinic including that of Co(N@)2-6H20 as comparison. This last
(AAS) (m?g~?) phase one shows a series of successive endothermic signals up
Zr0; (pure) - 49.5 84 to 300°C. Patterns of the precursors of catalysts are char-
Co(0.2)/ZrQ (rotavap) 0.2 50.1 68 acterized by a series of low temperature endothermic sig-
Co(2)/zrQ (rotavap) 2 48.0 25 nals (water loss), whereas the exothermal effects, associ-
Co(0.2)/Z2rG (monoclinic)  0.17 35.1 89

ated to crystallization processes, prevail above°&0The
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$Em port. In general, all samples show low, Honsumption.
ZrO, sample (mainly monoclinic) shows very weak sig-

v Enda nals ranged between 530 and 880that can be attributed
to the formation of oxygen vacancies. TPR pattern of
| d Co(0.2)/zrG shows no appreciable TPR signal. The weak

reduction peaks observed in the support are neither observed.

1~ This effect could be assigned to a strong cobalt—support

| interaction.

1 \a/_/_/\_/ The Co(0.2)/ZrQ (rotavap) catalyst shows a TPR signal

1 at a~650°C, attributed to the reduction of Co species in the

; . ; ; : zirconia matrix. It is also known that the Zr(IV) density in

0 100 200 300 400 500 600 the 111 and 101 preferential planes of the tetragonabZrO
Temperature [°C] is lower than that of the monoclinic form, leaving available

species for the breduction[22].

Unlike the TPR behaviour observed in the above cata-
lysts, the Co(2)/Zr@(rotavap) presents two TPR signals (up
to 350°C) which can be related to the Co (Il I} -€eeduc-
tion of the segregated and disperses@p oxide [23,24]

For this reason, a cobalt concentration higher than 2% would
not improve the stabilization process by increasing the seg-
regation of cobalt oxide. A similar behaviour is observed

in the CuO-ZrQ system for higher contents of impregnat-

DSC [mW]

Fig. 2. DSC curves of catalyst precursors: (a) Co(2)Z(tavap), (b)
Co0(0.2)/ZrQ (rotavap), (c) Zr@-nH,0 and (d) Co(N@)2-6H,0.

corresponding TGA analysis (do not show here) presents, in
all cases, a gradual mass loss up to 8D0The patterns a,
b and c are quite similar in shape, showing exothermic sig-
nals between 350 and 50Q. However, the introduction of
cobalt reduces the amplitude of these signals and shift them

to a higher temperature. It is interesting to remark that the : .
thermal behaviour of pure ZegnH20 clearly show splitting Ing Copper SOI”“Q'{QS’%]' Other TPR signals are OPse'Tved
above 400C assigned to the reduction of Co species inter-

of these signals that is not observed in the doped samples: ) )
The first exothermic signal at 37€ can be associated to acted with the support. Two types of factors are responsible

the oxolation of hydroxyl groups to form embryonic oxide for the enhancement of the cobalt reducibility: the structural
nuclei and the second one can be attributed to the crystal@f@ngement of the majority tetragonal phase and the syn-

growth proces$21]. Although the dopant presence retards ergism from the low temperature reduction products of the
significantly the nucleation process (from 378 to 4&3or Co304 segregated phase.

pure ZrG-nH,0 and Co(2)/Zr@ (rotavap) precursors, re- DRS spectra are showniig. 4. As itis Iarggly r.eporFed,
spectively) the growth of embryonic oxide is only slightly Co(ll) octahedral and Co(ll) tetrahedral species in oxide en-
affected (444 and 45°C, respectively). vironment can be distinguished by the presence of strong

The stabilization of tetragonal zirconia as increasing Co aPSorption bands centred in the 500 and 600 nm, respectively

loading can be related with a complex arrangement process,[27]' .

which is different from the kinetic point of view than that Whereas the Co(0.2)/Zgqmonoclinic) presents a very

observed in undoped zirconia. broad band (rapged between 400 and .80(.)nm) centred
Regarding the reducibilityFig. 3 shows TPR pro- at ~605nm, typical of tetrahedral coord!natlo_n, the C_o

files of all catalysts including that of the ZpOsup- (0.2)/2rQ, (rotavap) shows a lower absorption with a maxi-

’5 _M
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= [
g L g
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wn b el
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™
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Fig. 3. Hydrogen TPR profiles of Co catalysts Zr€ipported: (a) Zr@ (b)
Co0(0.2)/Z2rG@ (monoclinic), (c) Co(0.2)/Zr@(rotavap) and (d) Co(2)/Zr9 Fig. 4. DRS spectra: (a) Co(0.2)/Zs@monoclinic), (b) Co(0.2)/ZrQ(ro-
(rotavap). tavap) and (c) Co(2)/Zr®(rotavap).
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Table 2
Catalytic performances of catalysts
T(°C) Conversions of NO to N%(C3Hg to COy(x) %)

Co0(0.2)/ZrQ (rotavap) Co(2)/Zr@ (rotavap) Co(0.2)/Zr@(monoclinic)
325 1(1) 2(12) 4(2)
375 2(2) 6 (42) 13 (4)
425 8(4) 7 (76) 27 (20)
475 15(10) 6 (98) 37 (42)
525 21 (30) 8 (100) 35 (65)
575 24 (57) 10 (100) 31 (76)
625 17 (86) 2 (100) 20 (86)

mum at 520 nm, revealing the predominance of Co(ll) octa- 3.2. Catalytic results
hedral species over the tetrahedral of233.

Inthe DRS spectrum of Co(2)/Zgdrotavap) catalyst, two Table 2shows the NO conversion toNby using propane
signals centered at 750 and 500 nm, respectively, can be sugas reductor agent. The propane conversion ta 8@hown
gested. The first one can be attributed to the Co(lll) speciesbetween brackets. The studied catalysts are active for the NO
from segregated G@, oxide[27], whereas the second one reduction and the activity depends on their physicochemical
is typical of Co(ll) in octahedral coordination. This last one properties. The Co(0.2)/Zgdmonoclinic) catalyst presents
has also been observed in Co(0.2)/Zi@tavap) catalyst. the highest activity: a NO conversion of 37% is reached at

From the obtained results it is evident that the prepara- 480°C with a good space velocity (GHSV = 30,000%. It
tion method determines the structural characteristics of theis interesting to remark that this value can be increased if
catalysts. In fact, both, the ZgGstructural type and the Co  results were expressed in function of the surface area (in
environment in the host lattice can be modified by the syn- particular, because this material presents the lowest area).
thesis. The Co incorporation into the Zr-precursor leads to This catalyst is the one that presents a crystalline structure,
crystalline materials with a higher proportion of Zr@trag- preferably, monoclinic, where the cobalt is present as Co(ll)
onal structure. species occupying tetrahedral sites and these cobalt species

At higher Co loading, the presence of Co(lll) is observed, do not present reduction up to 100D. In this sense, the
associated to segregatedsCq [27] This means that there  another catalysts reach lower conversion at higher tempera-
is a limit for the incorporation of guest species. The forma- tures: The Co(0.2)/Zr&)(rotavap) and Co(2)/Zr&)rotavap)
tion of spinel phase (G@®,) is favored by two factors: the  catalyst show a NO/plconversion of 24 and 10% at 576
formation of Co superficial clusters as the cobalt content in- respectively. These lower conversions can be associated to
creases and the ability of cobaltions to be oxidized to Co(lll) the lower availability of Co ions for the Co(0.2)/ZsQro-
upon exposure in an oxidant atmosphere. On the other handtavap) or to the presence of g, segregated phase for the
Co(lll) incorporation in the zirconia lattice is less probable Co(2)/ZrQ (rotavap) which increases the propane combus-
due to the very low ionic radius (0.5435. tion.

For the Co(0.2)/Zr@(monoclinic) catalyst, the cobalt ef-
fect on the support surface is surely governed by topological 4. conclusions
effects. This can be related to the shifting ¥ Qons of the
ZrO7 polyhedrato give a superficial close packing. The Co(ll) The activity of the Co/ZrQ catalysts for the NO reduction
cations can be arranged in the holes left by the anions in aby means of propane in the presence of oxygen depends on
tetrahedral coordination. So, this environment, suggested bytheir physicochemical properties which are markedly associ-
DRS, can be theoretically supported by the crystal field the- ated to the preparation method.
ory (d7 Co(ll) configuration). The close packed arrangement  Catalyst based on the Co impregnation on the monoclinic
could explain the no reducibility of Co(ll) surface species.  ZrO,, where the cobalt is present as Co(ll)species occupying

From the physicochemical characterization, the principal tetrahedral sites, results to be more active than that obtained
difference between the catalysts (prepared fromxzanB,0 from the amorphous ZrenH,0. The Co role in the zirconia
precursor and from the crystalline monoclinic 2)@s asso- monoclinic matrix is related to the presence of strongly in-
ciated to structural features of the matrix. Whereas the formerteracted “CoQ" isolated units, which show an unreducible
is stabilized as tetragonal phase due to the Co-doping (in oc-behaviour in the whole range of temperature (up to @0
tahedral coordination), the second one has not the possibility
of structural re-arrangement from the pre-established mono-acknowledgements
clinic form. Slight changes only at superficial level could be
suggested, because the bulk structure is not affected accord- Financial support for this project has been obtained from
ing to XRD data. Similar behaviour has been reported on the CONICET, UNSL and UNLP. Nestor Bernava is acknowl-
Cu/ZrO; system[25]. edged for thermal analysis.
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