Catalysis Letters Vol. 78, Nos. 1-4, March 2002 (© 2002) 111

A sol—gel derived Cu@QAI,Os—ZrO, catalyst for the selective
reduction of NO by propane in the presence of excess oxygen
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Copper catalysts supported on alumina-doped zirconia were prepared by sol-gel processing followed by supercritical drying or aging
in the mother solution at 100C. After drying and calcination, the catalyst supports were impregnated with a copper(ll) nitrate aqueous
solution by the incipient wetness method to achieve a Cu loading of about 2%. The samples-s0#etlO conversion at 350-40C.

The catalytic performance of these systems appears to be determined by the degree of clustering of copper cations as probed by FTIR
spectroscopy of adsorbed CO.
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1. Introduction 2. Experimental

During recent years zirconia has attracted much attentiérd.. Catalysts preparation
in heterogeneous catalysis due to its chemical and thermal ] -~ ) ] ] ]
stability and the simultaneous presence of both acidic and T "€ @lumina-modified zirconia supports with an alumina
basic surface sites. However, the application of a pure zfontent 1 or 5 wi% were prepared by co-hydrolysis and co-

conia as a catalyst support is limited due to the transformfzRndensation of aluminureec-butoxide (97% solution in

tion of metastable tetragonal and cubic phases upon heaﬁ%butanol, Aldrich) and zirconium butoxide (80% solution

into the monoclinic phase which is the stable phase beldiyPutanol, Aldrich) under Ar in the presence of a Pluronic

1443 K and possesses a low surface area and a poor dg;pé:k copolymer, as previously described [8]. The obtained
structure [1,2]. gels were subjected to either (i) supercritical drying at@0

The lattice of ZrQ can accommodate a variety of cati-2nd 100 bar, using C&as fluid, after solvent exchange with
i C for 48 h (catalyst support 1; alumina

ons forming so-called partially stabilized zirconias in whicf{auid CO2 ag 10°C for 48 I por
the sintering and phase transition is suppressed [3]. It wa@ntent 1 wt%) or (i) aging in the mother liquid (pH 5) at

also shown that alumina addition delays the crystallization09°C for 8 h, followed by decanting of the supernatant lig-

increases the specific surface area and pore volume, andéfl.;Phase (catalyst support 2; alumina content 5 wt%). After
hances the surface acidity of zirconia [4,5]. either treatment the samples were dried atZ€or 2 h and

High surface area mesoporous zirconia partially stafidicinéd at 500C for 6 hiin air. o
lized by alkaline-earth cations was shown to be a good syp- | '€ CUQ/AI203-Zr0; catalysts were prepared by incip-
port for copper cations ensuring their high performance |gnt wetness impregnation of the supports with a calculated

the selective reduction of NCby hydrocarbons in an exces2Mount of an agueous solution of Cu(j@ All samples
of oxygen [6]. were then dried at 383 K and calcined in air at 773 K for 2 h.

This paper reports the use of copper oxide supported Eﬂr comparison, a prewously used ng' 20 catalyst [9.]
alumina-modified zirconia with a low crystallinity and highVaS Prepared by impregnation of alumina (Al type) with a
surface area in the selective catalytic reduction of,Ni9 specific surface 180 ffg (catalyst 3).
propane. Since copper cations clustering was earlier shown L
to affect the catalytic properties appreciably [6,7], FTIR of -4 Smple characterization
adsorbed CO was used to characterize the state of the supg, tace area and pore structure investigations were per-

ported copper species. formed by nitrogen adsorption at 77 K on a Micromeritics

*To whom correspondence should be addressed. E-mail: sadykofePAP 2010. Before measurements, each sample was de-
catalysis.nsk.su gassed at 200C under vacuum for 4 h. The surface area and
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Table 1 Table 2
Pore structure of copper oxide on alumina-modified zirconia samples affe activation energy and specific rates of NO reduction and propane ox-
calcination at 500C idation on catalyst 1 and 2 (0.1% N 0.13% propanet 1% O, in He,

GHSV = 4 x 103/h)
Catalyst AbO3 Cucontent Sget Integral pore Mesopore surface

number content  (Wt%)  (Rig) volumeVs?@ areaAme? Catalyst Reduction of NO Oxidation of propane
(Wt%) (cPlg) (m?/g) Ea Wa 1014 Ea Wa x10-14
1 1 2 74 0425 81 (kcal/mol) - (molec. NO/fis) (kcal/mol) (molec. gHg/m?s)
2 5 2 133 0.154 142 1 20 6.0 23 30
3 100 1 180 - - 2 17 2.7 17 0.6
#The values of the integral pore volume and mesopore surface area We{p is the reaction rate calculated at 38D and related to the surface unit
calculated by the comparative method [10]. of the catalyst.

porosity data were analyzed by the BET method and th@nstant normalized to the surface area unit with a reagent
comparative method [10] (table 1), the latter being an e¥pncentration (table 2).

tended modification of Sing's¥s-method” [11] based on the

comparison of the experimental adsorption isotherm with the

standard isotherm measured for a nonporous or macroporgufResults and discussion
system.

XRD patterns were recorded on an automatic PhilipS:1. Sample characterization
Goniometer PW-1050/80 powder diffractometer in the range
20 =10°-8C° in the continuous scan mode. A graphite TEM data (not presented here) for both alumina—zirconia
(002) monochromator and Cu,Kradiation ¢. = 1.5406 A) supports showed that they consist of agglomerated primary
were used. The average particle size was calculated frgarticles with typical sizes in the range of 5-10 nm. The sur-
the width of the reflections by the Debye—Scherrer equace areas were relatively high (table 1). The analysis of the
tion. The profile of the reflections was approximated by @itrogen adsorption isotherms revealed that micropores are
Gaussian function without correction, assuming a symmegtractically absent, which agrees with the close values of the
ric profile. SgeT and mesopore surface area. The porosity of sample 1

The 2’Al MAS NMR data were obtained on a Brukerdried in the supercritical conditions is nearly three times as
DRX 400 spectrometer at 104.22 MHz. The spectra wehégh as that for sample 2, while the specific surface area is
acquired by using a 0.8s pulse length (equivalent to/20 twice as low. The last feature can be explained by the differ-
pulses measured on AlgIn H20), 2000—-3000 transients,ent content of alumina. In sample 2 with a higher aluminum
and a 1 s relaxation delay. The spinning rate was 10 kHzontent, the alumina clustergide infra NMR data) can be
Chemical shifts were recorded relative to [AfB)s]*+ as situated between zirconia particles thus preventing their sin-
an external reference. tering.

The surface properties of the copper catalyst species werg-or both alumina—zirconia supports a broad pore size dis-
probed by Fourier transform infrared (FTIR) spectroscopy dfibution without any apparent maxima or clear distinctions
adsorbed CO (Bruker IFS 113V). The samples were press&dpores situated in aggregates and between them was re-
in wafers with densities 4.4-22.7 mg/émand pretreated in vealed. Traditional estimation of the mean mesopore sizes in
the IR cell first with 100 Torr of @, then in vacuum at the frame of the cylindrical pore model dge = 4Vs/Ame
400°C for 1 h. CO was adsorbed at 77 K first by introducgives 5.2 nm for sample 1 and 4.3 nm for sample 2. Hence,
ing several doses (each CO dose correspondingitemol), the mean size of mesopores is somewhat bigger for sample
and finally setting the CO pressure to 10 Torr. dried in the supercritical conditions.

The steady-state catalytic activity for the NO reduction The dried samples of catalyst supports were amorphous
by propane in an excess of oxygen was determined by usixgcording to XRD investigations. After calcination, the
0.5-2.5 cm of catalyst loaded in a quartz plug—flow reacdiffraction patterns corresponded to that of the metastable
tor. A standard reaction mixture comprising®xpm of NO, tetragonal or cubic zirconia phase [12-14]. The diffrac-
1.3 x 10° ppm of GHg, 10 ppm of & and a He balance tion peaks for catalyst support 2 (xerogel) were distinctly
was fed at a total flow rate of #&m?/h, giving a gas hourly broader than that of catalyst support 1 (aerogel). From the
space velocity (GHSV) of & 10° h—1. The analysis of the line broadening, average zirconia particle sizes of 9.6 nm for
feed composition was carried out by GC. catalyst support 1 and 4.4 nm for catalyst support 2 were

At conversions 0f<50%, the effective rate constant carcalculated. No crystalline alumina phase was detected. The
be calculated according to the equation of the first-order rateorporation of alumina into zirconia thus helps to stabilize
reaction for the plug—flow reactdr,= — In(1— X) /¢, where its metastable tetragonal structure at least up to°&0énd
k is the reaction rate constar, the conversion of NO or its transition into the low-surface area monoclinic phase is
CsHg andr is the relative contact time (chratalysts/cr-  prevented. No copper oxide phase (XRD) or separate cop-
gas). The rates of NO reduction and propane oxidation wegser oxide particles (TEM) were found in the copper-loaded
calculated at 350C by multiplication of the reaction rate samples annealed in air at 5T0.
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The 2’Al MAS NMR spectrum of catalyst support 2 1004
showed a strong resonance at about 2 ppm typical for octahe- |
drally coordinated aluminum, and a weaker signal at about © 804
30 ppm, assigned to 5-coordinated Al. The spectrum was & ]
very similar to the?’Al MAS NMR spectra of alumina pre- 2 601
pared by sol-gel processing [15-17] and thus indicates that E 40_'
the aluminum atoms are not evenly dispersed in the zirconia 8
matrix but instead aggregated in the form of aluminum oxide % 20_'
clusters. These results help to explain the difference between
the surface area values of samples 1 amndd(supra). L . : . . . .
300 350 400 450 500 550 600
3.2. FTIRdata T,’C

Figure 2. Temperature dependence of NO conversion intoriNcatalyst 1
The. spectral'features of adsorbed .CO on Cugs- angd 2, and CupO//QI03 (curE)/e (3)). Reaction mixture: 0.1Q% N® 0.3/3%
ZrO, differ considerably from those typical for CuO/#D3 propanet 1% O, in He, GHSV= 4 x 1G3/h.
with a similar amount of supported copper [18-20]. While
for the latter system the band at 2145cheorresponding to 3.3. Catalytic performance
CO complexes of flat (two-dimensional) copper oxide clus-
ters with strongly bound bridging oxygen dominates [19],

zirconia-supported copper oxidic species are characterize].
by a band shifted to lower (2110-2120 chy frequen- m%gures 2 and 3. In no case was®l detect_ed among the_
cies [20]. As a typical example, figure 1 demonstrates suBﬁOduc_ts' The decreasg of the NO conversion after reaching
a spectra for one of the CuO/ADs—ZrO, samples consid- a maximum at a certain temperatu@nég is usually ex-
ered here. This implies that, similarly to other zirconiaplalned either by hydrocarbon depletion [7] or desorption of

supported systems [20,21], three-dimensional copper oxi iacactwi,_ srt]rongly bounqt?lltr;te—tﬂmattla s?_eues dfro;r_m thefSI\LI’g
species dominate in the CuOM&:—ZrO, samples with a ace, which are responsible for the seiective reduction o

reasonably high copper content. Those species are eag?(ghydrocarbons [9,22]. For the samples discussed in the
reduced by CO even at 77 K yielding €ications which present work, the latter reason appears to be the most essen-

. jal, since the propane conversion is lower than 60%ak.
form strong complexes with CO [19,20]. The surface cove?— . o . 0
age of those centers by CO nearly attains saturation afte{3 g:'g) hv'g;ef;uancé“;gf égglcstn\l/er?ﬁg tg;';:b ?eu;?s?)/; Eéws
doses of CO. The bands in the 2150-2190 &megion cor- yst . P

respond to relatively weak CO complexes, and their intensiI € gi\?vri]tisé L?tié):;ﬁmﬁgecgﬁitﬁ?gﬂa Ihr: tﬁ; (;i?; (?(: ;?;2'
strongly inclreases with the CO dosage/pressgre. The ban %E conversior? of NO is nearly unchangegd (but the rate of,
;yz dlriiﬁgr[lgc%]e_sgﬁgdbsefr? d(;C;{Zi?ggxle;gg::fzz:lér;act%e NO re(_juction is only half of that for samp_le 1), while the

assigned to CO complexes with coordinatively unsaturat nsumpt|0|_1 of propane drops mquedly (f'|gures 2 and 3,
C?+ cations, while a shoulder at a higherZ195 cnt?) able 2). This feature can be tentatively assigned to a lower

frequency is due to coordinatively unsaturate@Zcations degree of copper C'US‘QY'”Q for catalys; 2, which has a higher
surface area and contains more alumina than sample 1. In-
of the support [19,20].

corporation of alumina into zirconia could create additional
12- acid centers for the deposition of the copper clusters. As a

The temperature dependence of the NO conversion into
and the propane oxidation into G@nd HO is presented

> matter of fact, the turnover frequency of hydrocarbons com-
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Figure 1. FTIR spectra of the catalyst 2 after adsorption of 1 (spectrum (Ufjgure 3. Temperature dependence of propane conversion into water and
4 (spectrum (2)) and 9 (spectrum (3)) doses of CO (each dose is equatapbon dioxide on catalyst 1 and 2, and CuQ@d (curve (3)). Reaction
4 umol) at 77 K finally setting the CO pressure to 10 Torr (spectrum (4))mixture: 0.1% NO+ 0.13% propane- 1% O, in He, GHSV= 4 x 103/h.
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bustion for copper/zirconia catalysts usually increases wittas in part supported by the Fonds zur Férderung der
the size of copper oxidic clusters [21], which is in accomissenschaftlichen Forschung (FWF), Vienna, and INTAS
dance with our results. (grant 97-11720).

For comparison, copper oxide supported on alumina (fig-
ure 2, curve (3)) shows a lower maximum value of NO con-
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