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Abstract

FeQ./ZrO, samples, prepared by impregnation with Feg\Owere characterised by means of DRS, XRD, FTIR, redox
cycles and volumetric CO adsorption. Volumetric CO adsorption, combined with FTIR, showed that 45% of iron in the sample
containing 2.8 Fe atoms nrA was capable of forming iron carbonyls. DRS evidencesOzen samples with Fe-content
2.8 atoms nmZ. The selective catalytic reduction of NO withKs in the presence of £was studied with a reactant mixture
containing NO= 4000 ppm, GHg = 4000 ppm, @ = 2%. The dependence on iron-content suggests that only isolated iron,
prevailing in dilute FeQ/ZrOs, is active for NO reduction, whereas iron on the surface of small oxide particles, prevailing in
concentrated Fe@ZrO,, is active for GHg combustion. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction frequency (NO molecules converted per second per
Cu-atom) was nearly independent of Cu-content and
For the abatement of NO with hydrocarbons in the almost equalled that of Cu-ZSM5 [3,4]. In a more re-
presence of @ transition metal ion (TMI) exchanged cent study we found that the same result holds for
zeolites are generally more active than the relevant Co0Q,/ZrO, where isolated cobalt was as active as iso-
supported catalysts [1,2]. A possible reason for their lated CG* in ZSMS5 [5].
higher activity is that zeolites disperse the active TMI Some papers have previously addressed preparation
at atomic level, whereas on supported catalysts TMI and characterisation of Fe@rO, [6-8]. In agree-
dispersion strongly depend on the support, metal load- ment with Boot et al. [7], Okamoto et al. [8] reported
ing and calcination temperature. that on FeQ/ZrO,, three kinds of iron species were
Using propene as the reducing agent in the presencepresent, depending on concentration: isolated'Fe
of Oy, we found that the activity of TMI supported on  most abundant below 2.8 Fe atomsTimsmall Fé+
ZrO, depended on metal dispersion. On GO, oxide clusters (diametet8 nm), anda-Fe,O3 parti-
catalysts containing up to 2.5 CuatomsTinnamely cles above 4 atoms nm.
below the limit for high copper dispersion, the turnover For the present investigation, using the same ap-
proach we used before in studying CUZrO, and

fal-cf;gesenggig%aumor' Tek+39-6-4991-3381, Co00,/Zr0O; [3-5], we prepared Fe@ZrO, catalysts
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studied their catalytic activity and selectivity for NO were reduced with bl (50 Torr) at 653 K, evacuated
abatement with propene in the presence gf O at 773K, and heated inQat 773 K. The amount of
H, consumed gave the reduction-extent, electron per
iron atom, (¢/Fe),, and the @ consumed gave the

2. Experimental o
oxidation-extent(e/Fe), .

2.1. Catalysts preparation
2.4. Catalytic tests

The zirconia support was prepared by hydroly- . o _
sis of zirconium oxychloride with ammonia. Before ~ The catalytic activity was measured in a flow ap-
its use as a support, the material was calcined at Paratus at atmospheric pressure with GC analysis of
823K (BET surface area 53%g~1). XRD spectra reactants and products. Unless otherwise specified,
showed that Zr@ was in monoclinic phase. The the reactant gas contained N©4000 ppm, GHe =
FeO,/ZrO, catalysts were prepared by impregnation 4000ppm, and @ = 2%, with He as balance. The
with Fe(NQs)3-9H,0O aqueous solutions. All spec- total flow rate was 50 cASTP/min and space veloc-
imens were dried at 383K in air for 24h, ground ity (GHSV) was 24,000h'. Before catalytic exper-
into fine powder and thereafter heated in air at 823K iments, a portion of catalyst (0.25g) was pretreated

for 5h. FeQ/ZrO; catalysts are designated as ZFe in a flow of 2% Q/He mixture (100 criSTP/min)
wherex gives the analytical iron-content (atomic ab- at 793K for 30 min. NO conversion was determined

sorption,x = 0.5, 1.9, 2.8, 3.8, 5.7 Fe atoms nA). from the Nb and NbO produced. Reaction rates were
Two samples were also prepared as mechanical mix- calculated from the following reactions:

tures by grinding Zr@ and FeOs in an agate mortar ~ CzHg + 2NO+ %Oz — N2 + 3H,O + 3CO;, (1)
and are designated as Zfm), wherex = 2.8,

5.7 Fe atoms nie. C3He + 2NO+40; — N2O +3H0+3CO;  (2)
C3Hg + 30, — 3H,0 + 3CO, (3)

CzHg + 30, — 3H,0 + 3CO (4)

2.2. Spectroscopic characterisations

The XRD patterns were obtained with a Philips PW

1729 diffractometer using Ni-filtered Cucktadiation. 1€ rate of NO abatementyo, was calculated from
The DRS spectra were recorded in the wavelength N2 + N2O molecules produced in reactions (1) and
range 200-2500 nm using a Cary 2300 spectrometer.(2). The rate of the total consumedsis, rcghs,
FTIR spectra were recorded at RT on a Perkin Elmer Was calculated from total GO+ CO molecules
2000 spectrometer, collecting 4-20 scans at a reso-Produced. The rate of 4lg combustion, reomn,
lution of 4cnT . Powdered materials were pelleted Was calculated ascyhg — NO- All rates were ex-
(1.5 x 10*kg cm2) in self-supporting disks of about  Pressed as (moleculess=g=7). The percent se-
20mgcnt2 and 0.1-0.2mm thickness. Disks were [€ctivities, Sscr (NO reduction rather than 4Bl

placed in an IR quartz cell allowing thermal treatments Ombustion), S, (N2 rather than NO), and Sco,
in vacuo (10°°Torr) or in a controlled atmosphere. (CO, rather than CO) were calculated as follows:
Before experiments, samples were heated in grg0~ SSCR = 100Nz + N2O/CsHg converted, Sy, =
793K for 1 h, and evacuated at the same temperature 100N2/N2 +N20), Sco, = 100(CG,/CO; + CO).
for 1 h (standard oxidation, s.0.).

3. Results
2.3. Volumetric measurements

3.1. DRSand XRD characterisation

CO adsorption measurements and redox cycles with

H, or O, were performed in a silica reactor con- DRS spectra of ZFe samples consisted of a strong
nected to an all-glass circulation apparatus. From the band in the region 40,000-30,000 chathat increased
pressure decrease we calculated the total amount ofin intensity with Fé*-content up to 3.8 atoms nrA.
adsorbed CO, consumeag dr consumed @ ZFe s.o. Higher metal contents induced no further increase.
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Very weak bands were also detected at about 21,000,[12] (Fig. 1, spectrum 1). On ZFe samples, heated in

18,800, 12,000 cmt, the latter two only on samples
with Fe¢t-content> 2.8 atoms nm?2. All these bands
are typical of Fé* complexes [9]. Bands in the re-
gion 40,000-30,000 crt have been previously ob-
served in zeolites and assigned to"Feboth isolated
and in small iron oxide clusters [10,11]. DRS spectra
of mechanical mixtures, ZFe(m), markedly differed
from those of ZFe. In particular, the strong band in
the region 40,000-30,000 cth was absent. ZFe(m)

dry oxygen at 773K, cooled at RT in the presence
of dry O, and evacuated at RT, CO adsorption at
RT yielded the same bands as observed on s.o. ZFe,
showing that iron underwent no reduction during the
treatment in vacuo at 773 K. On s.0. ZFe reduced with
H, at 653 K and evacuated at 773 K, CO adsorption at
RT yielded more intense Fe—CO bands than those
observed on the relevant s.o. samples, two bands at
2036 and 1994 cmt, tentatively assigned to a small

spectra consisted of a continuous absorption starting fraction of F€—CO, and extremely weak (or absent)

at about 18,000cm', and bands at about 15,500,
12,000 cn, the intensity of all these bands increas-
ing with F&O3-content. The comparison with ZFe in-
dicated the presence of #&3 particles only in ZFe
with Fe-content> 2.8 atoms nm?2. XRD spectra of
all ZFe samples showed ZgGnonoclinic reflections
only, indicating that FgO3 particles, when present,
were smaller than 5nm.

3.2. FTIR characterisation

On s.0. Zr@, CO adsorption at RT yielded
two bands at 2190 and 2185ch assigned to
o-coordinated CO on two ZF Lewis acid sites, in
agreement with early reports [4,5]. On all s.0. ZFe
samples, in addition to 2¥—CO species, CO adsorp-
tion at RT yielded: (i) bands of iron carbonyls in the re-
gion 2200-1950 cmt, assigned to various Fe—CO
and (ii) intense bands in the region 1800-1000¢ém

carbonate bands (Fig. 1, spectrum 2).

On both s.0 and reduced samples, the integrated
intensity of iron carbonyls markedly increased with
iron-content up to 2.8 atoms nrA, continued to in-
crease, but less markedly, up to 3.8 atomsAnand
decreased on the sample with 5.7 Fe atomsfim

On all s.0. ZFe samples, NO adsorption at RT
yielded: (i) a very intense band at about 1820¢m
consisting of unresolved components assigned
to various F&t—NO, (i) bands in the region
1250-1000 cm?!, assigned to nitrites species, and
(i) a weak band at 2245cmt, reversible at RT,
assigned to MO adsorbed on the ZrOsurface. On
s.0. ZFe samples reduced with bt 653 K and evac-
uated at 773K, NO adsorption at RT yielded the
same nitrosyl bands but more intense than those ob-
served on s.o. samples. On all ZFe, containing up
to 3.8 Fe atoms nnt, the band had nearly identical
shape (Fig. 2), whereas on the sample ZFe5.7, the

assigned to monodentate and bidentate carbonatesand shape was more asymmetric, with a tail towards
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Fig. 1. IR spectra of carbonyls and carbonates formed on ZFe2.8 by CO adsorption at RT (80 Torr). After s.o. treatment (spectrum 1);
after heating in I at 653K and evacuating at 773K (spectrum 2).
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Fig. 2. IR spectra of iron nitrosyls formed by NO adsorption at
RT (20Torr) on s.0. ZFe samples: ZFe0.5 (spectrum 1); ZFel.9
(spectrum 2); ZFe2.8 (spectrum 3); ZFe3.8 (spectrum 4); ZFe5.7
(spectrum 5). Inset: integrated intensity of iron nitrosyls (&

as a function of iron-content (atoms nA).

lower wavenumbers (Fig. 2, spectrum 5), indicating
a different distribution of iron species, consistent
with the presence of E®3. On s.0. ZFe samples,
the integrated intensity of nitrosyls proportionally
increased with the iron-content on samples up to
2.8 atoms nm?, increased further, but less markedly,
up to 3.8atomsnm?, and decreased on the sample
with 5.7 Fe atoms ni? (inset in Fig. 2).

The linear dependence of the integrated intensity
of iron carbonyls and nitrosyls on the iron-content in
samples containing up to 2.8 Fe atomsTnsuggests
that in these samples a large fraction of iron was highly
dispersed on the Zrixsurface. This result is consistent
with DRS data showing that in ZFe samples with an
iron-content> 2.8 atoms nm? Fe,Oz particles form.

3.3. Redox cycles and volumetric CO adsorption

The ZFe2.8 s.0. sample consumed no oxygen on

heating in Q at 773K, (¢/Fe)o, = 0. Hence evacu-
ation at 773K of ZFe samples did not reduce’Fe
Heating the sample with Hat 653 K reduced all F&
to Fet, (e/Fe®)n, = 1+ 0.1. A subsequent heating
with Oz a 773 K restored the Pg, (e/Fe)o, = 140.1.

S. Tuti et al./Catalysis Today 75 (2002) 373-378

The adsorption of CO at RT was measured on s.o.
ZFe?2.8 after reduction with fHat 653 K. As assessed
by IR, CO adsorption on reduced samples yielded only
iron and zirconium carbonyls: no carbonates formed.
The amount of Fe—CO, calculated from the amount of
adsorbed CO, corresponded to 45% of analytical iron.

3.4. Catalytic activity for NO reduction with CzHg
in the presence of Oy

In the temperature range 473-773K, all catalysts,
including pure ZrQ, were stable and active as a func-
tion of the time on stream throughout experiments
lasting up to about 10 h.

Pure ZrQ was active above 623K (Fig. 3a and b).
As the temperature increased from 623 to 773K, the
selectivity Sscr decreased from 80 to 50%. At tem-
perature above 673 KSn, was higher than 90%. Up
to 673K, Sco, was 100%, but at higher temperature
it decreased to 60%.

ZFe samples were active above 523 K. On all ZFe
samples, NO conversion reached a maximum as a
function of temperature. As the iron-content in the
sample increased, NO reached the maximum conver-
sion at a lower temperature. NO conversion slightly
increased with Fe-content in the region 523-623K,
whereas it markedly decreased in the region 623—
773K (Fig. 3a). Conversely, the 38g conversion
monotonically increased with temperature, reach-
ing 100% at the temperature yielding the maximum
NO conversion (Fig. 3b). Accordingly, the selec-
tivity Sscr, decreased with temperature and with
iron-content. In particular, on ZFe0.8gcr = 60% at
573K and 20% at 773K, and on ZFeX¢cr = 40%
at 523K and 10% at 723 KSy, was nearly indepen-
dent of Fe-content and increased with temperature
from 70% at 523K to 100% above 623 K. Whereas
ZrO, produced a large amount of CO at temperature
above 673K, on all ZFe samples with Fe-content
above 1.9 Fe atoms nm, Sco, was always 100%. On
ZFe0.5,Sco, increased from 80% at 523K to 100%
at 723 K.

3.5. The dependence of rates on iron-content
The rate ryo increased with iron-content up

to 2.8atomsnm?, and increased only slightly
at higher iron-content (Fig. 4a). The rat®omb
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Fig. 3. NO conversion (a) andsElg conversion (b) as a function of temperature. Catalysts:»Zi@®); ZFe0.5 ); ZFel.9 (J); ZFe2.8
(O); ZFe3.8 (); ZFe5.7 @A). Reactant mixture: NG= 4000 ppm, GHg = 4000 ppm; Q = 2%.

increased nearly exponentially with Fe-content up to 4000ppm, @ = 2% atT = 548 or 623K. The
2.8 Featoms nm?, and increased no further on more rate of NO abatement linearly increased as thel&
concentrated samples (Fig. 4b). Active sites for NO partial pressure increased from 0 up to 4000 ppm (re-
reduction apparently differ from those for propene action ordern = 0.9-10), and increased little as the
combustion. The dependence on iron-content suggestsCzHg-content increased further.

that only isolated iron, prevailing in dilute ZFe, is The dependence of NO andldgs conversion on the
active for NO reduction, whereas iron on the surface O,-content in the mixture, was studied using a mix-
of segregated iron oxide, prevailing in concentrated ture containing @ from 0 to 4%, NO= 4000 ppm,

ZFe, is active for GHg combustion. C3Hg = 4000 ppm. In the absence of,OZFe cata-
lysts were highly active for the 4 + NO reaction.

3.6. The dependence of catalytic activity on the The activity, however, decreased with time on stream

composition of the reactant mixture because carbonaceous deposits formed on the catalyst

surface. In agreement, we detected C@roduc-
The dependence of NO conversion on the tion on heating these samples inp @t 773K, after
CsHg-content in the mixture, was studied using a CsHg+ NO experiments. In the presence of,@he

mixture containing @Hg from O to 6000 ppm, NG= catalytic activity for the NO abatement was somewhat
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Fig. 4. Rates of NO abatement (a) angHg combustion (b)  (moleculess'g=1)) as a function of iron-content (atomsnA) at
T =548K (O), andT = 573K ().
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