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Chemical vapor deposition (CVD) of Fehas been used to deposit®Faons on the surface of sulfated
zirconia §2) and silica-alumina SA). Upon exposure to Feg€Vapor most Brgnsted acid sites and silanol
groups are replaced by Fe, as evidenced by IR. \8iththe concentration of the acid sites and thus the
retention of Fe increase with the sulfate loading up-#b6% of a monolayer, followed by an abrupt decrease

at higher loadings. This indicates condensation of sulfate groups to polysulfates, which is in line with a lower
number of Brgnsted sites per sulfate. Release of HCI due to the reaction of Brgnsted sites witheBkE|

at 85°C for SZ but only at 345°C for SA. After replacing CI by OH™ and calcining, the materials were
tested as De-NOx catalysts and characterized by temperature-programed reduction (TPR) avitB(H
Mononuclear and dinuclear oxo-ions of Fe coexist with Fe oxide particles in calcin8d Fesulting in a

low selectivity for NQ reduction. During reduction of F8A up to 800°C, a significant fraction of the Fe
forms a chemical compound witBA, possibly an aluminate. In F8Z the Fe dramatically increases the
reducibility of the sulfate groups, from 57% partial reduction to,3®the absence of Fe, to 90% deep
reduction to & ions in its presence. Formation of Fe sulfide is indicated by the enhanced sulfur retention
upon reduction. F&Z is active for NQ reduction with isobutane. Catalysts with low Fe content that are
prepared by controlled sublimation are superior to those prepared by impregnation. A& 460 GHSV=

30 000 h?, 65% of NQ is reduced to Min excess @

Introduction CVD technique using Feglapor interacting with the acid sites

of H-MFI leads toy = 1.0, a value easily obtained experimen-

Heterogeneous catalysts, exposing transition metal ions asyy\y a5 |R data confirm that all Brensted protons of H-MFI
active sites on high-surface-area supports, are usually prepared, o swiftly replaced by [Feg]l* ions:

by impregnation, coprecipitation, or ion exchange from agueous

solution. In recent years two novel techniques, chemical vapor Ht
deposition (CVD) and solid state ion exchange (SSI), have been zeo
added to this toolbok? They have mainly been applied to
zeolites, for instance, Fe/MFI and Co/MFI (the MFI zeolite is
often called ZSM-5), which are remarkably active and selective
catalysts for the selective reduction of NO and NON, with
hydrocarbons as reductast$. As these catalysts operate in an
atmosphere containing;@nd HO vapor in large excess over
NOy, the demands on activity and selectivity are very high. Since
it would be desirable to achieve a similar performance with o1 treatment transforms [Feft ions to Fe-hydroxo ions
supports of higher thermal stability, the question arises whether,,ich can reorganize themselves during calcination to oxo-ions,
the same preparation techniques are also applicable to high+g gxide nanoparticles, and bare ions. Techniques exist to limit
surface-area supports such as siiefumina or sulfated zirco-  he formation of the usually undesirable oxide particles far below
nia. The present paper addresses this issue. the amounts obtained by conventional impregnatid@xo-

For zeolites it is certain that catalysts prepared by CVD or jons and oxide particles are also formed on amorphous supports
SSI expose sites that are qualitatively different from those such as AlO;z when using traditional impregnation, but they
obtained by ion exchange from solution or by impregnatié.  readily form solid solutions or aluminates which make it
As the number of exchange positions in a zeolite is given by jmpossible to distinguish the oxygen ligated to the active metal
the number of Al-centered tetrahedN(Al), conventional ion  from that of the support. For CVD-prepared Fe/MFI catalysts,
eXChange of an F¢ solution with a Na-zeolite is limited to a however, isotope exchange with gased%z distinguishes
ratio of Fe to Al ionsN(Fe)N(Al) =y = 1/3. In contrast, the  clearly between the oxygen atoms in oxo-ions and those of the
zeolite lattice'® In addition to the higher value of, this

TPart of the special issue “Michel Boudart Festschrift”. propensity that zeolite-supported oxo-ions have their own
E_r:]aciﬁ”\?viﬁ’ﬁgg?]gr";‘#weos’t-e':::%’éi: (847) 491-5263. Fax: (847) 467-1018. gyygen ligands which are not shared with the supporting oxide

§ present address: Nano Dynamics Inc., 901 Fuhrmann Blvd., Buffalo, COuld be a major cause of the specific catalytic qualities of CVD-
NY 14203. prepared transition metal/zeolite catalysts. An objective of the
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I+ (Fecli)vapor_) [FeC|2]+zeoI+ HCIvapor (1)

As most zeolites have lattice imperfections and silanol groups
leading to additional acid sites, the experimental valug wfll
exceed unity. This confirms that for the CVD technique the
strong Brgnsted acidity characteristic of zeolites is not required,
which is an additional argument for exploring the potential of
applying this preparation technique to less strong solid dcids.
Exchange of the Clions against OH groups by hydrother-
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present study is to find whether similar catalytic qualities can

Henao et al.

For comparison, two F8Z samples were prepared by

be attained with nonzeolite systems by preparing them with the impregnation. In this case, iron was loaded as iron(ll) oxalate

CVD technique.

The notable Brgnsted acidity of siliealumina makes this
material suitable for anchoring iron by CVD. Varying the silica/
alumina ratio permits modification of its acidity and catalytic
activity 11713 Sulfated zirconia is an even stronger acid; both

dihydrate (Aldrich, 99%) dissolved in water; 0.3 mL of this
solution was dosed per gram of solid. The materials were dried
overnight and calcined in an @low at 600°C for 2 h. These
samples will further be labeled as B&-1-1 and FeSZ-5-I;
their Fe content is equal to that of the CVD-prepared samples

Lewis and Brgnsted acid sites are exposed. One OH group perFe/SZ-1 and FeBZ-5, respectively.

sulfate is bound through its H atom to a surface oxytfewhile
sulfur retains its oxidation state of6.1°> Sulfated zirconia is
usually prepared by impregnation of Zr(QHYyith (NH4)2SOy
or H,SQ, followed by drying and calcination at 56050°C.16
The structure, texture, and catalytic activity 92 depend on
the pH used to precipitate Zr(OH)the source of the sulfate
and its concentration in the solution, and the calcination
temperaturé/—1°

In the present work, the CVD technique is used in the
preparation of F&EZ and FeBA. Temperature-programed

reduction, FTIR, and XRD have been used to characterize the
anchored iron and other structural elements related to the

catalytic activity. Catalytic tests were done on the reduction of

NOy with isobutane in the presence of excess oxygen and water

vapor.

Experimental Section

Catalyst Preparation. Commercial silica-alumina GA)
(Aldrich, 76% SiQ, 13% ALO3) with a BET surface area of
475 nt/g has been used as a support. Sulfated zircd®# (
was prepared by stirring a slurry of 32 g of Zr(QKilagnesium
Elektron Inc., 70.4% Zr@ BET area 100 r#ig) and 25 mL of
an aqueous solution of sulfuric acid (Mallinckrodt, 96.1%) at
80 °C until a dry powder was obtained (usually after 1 h). Seven
samples were prepared by varying theSBy concentration
while keeping the amount of Zr(Okifonstant. The materials
were dried overnight at 11%C, then calcined in @at 600°C
for 4 h. At this temperature tetragonal Zr@ formed, while
decomposition of the SQOgroups is preventet:2!

Temperature-programed surface reaction (TPSR) runs were

done withSA andSZ to establish the temperatures for maximum
rate of iron deposition from the FeQyapor. An amount of 1

g of either supportA or SZ) was loaded in a U-shaped quartz
reactor and heatedrfd h at 550°C in an Ar flow. After cooling

the sample to room temperature, 0.5 g of Re@s loaded in
the opposite side of the U-shaped reactor. Under a flow of Ar
through both beds the reactor was heated from 25 to°&00
with a ramp of 5°C/min. The HCI produced was quantified by
using a Dycor M200 mass spectrometer (MS).

SA and severSZ samples of different sulfate content were
submitted to isothermal CVD of Feglat the previously
determined optimum temperature. Typically, 10 g of sample, 3
g of FeC}, and 120 mL/min of Ar were used. While [Fef't

Characterization. FTIR was used to determine the effect of
iron deposition on the acid sites; data were acquired with a
Thermo Nicolet Nexus 670 FTIR spectrometer equipped with
a DTGS detector by recording 150 scans with a resolution of 1
cm~L. Sample wafers of-810 mg/cn? were placed into a flow-
through quartz cell sealed with NaCl windows. They were
calcined in Q at 450°C before analysis; spectra of materials
at different stages of preparation were collected in the transmit-
tance mode in a dry He flow at room temperature.

In order to identify the oxidation state of the ironp-HFIPR
and CO-TPR measurements were performed. FoTIPR the
samples were put in a quartz reactor, calcined in flowin@O
500°C for 2 h, and then cooled to room temperature. Flowing
oxygen was then replaced by Arrfa h before admitting the
reducing mixture (5% bIAr at 40 mL/min). The sample was
heated under this reduction gas from 25 to 8Q0at a rate of
8 °C/min, while the H consumption was monitored with a Gow-
Mac thermal conductivity detector (TCD) located downstream
of a cold trap. For F&Z ann-pentane/Ntrap (—131°C) was
used to retain b5 and SQ, whereas a dry ice trap(78.5°C)
was used to retain the water generated by reduction @Ae/
CO-TPR was only done with F8A; the sample was first
calcined in Q at 500°C for 2 h, cooled to room temperature,
purged with He, and then contacted with a CO/Ar (2%) flow at
75 mL/min. A Dycor M200 mass spectrometer (MS) was used
to monitor the consumption of COme = 28, 14) and the
evolution of CQ (m/e = 44, 28), HO (m/e = 18), and H (m/e
= 2), while the temperature was increased from 25 to 460
at a ramp of 8C/min. The contribution of C@to them/e =
28 signal was subtracted before calculating the CO consump-
tion.?2 The TCD and MS detectors were calibrated foradid
CO consumption by using known amounts of CuO. Tempera-
ture-programed oxidation (TPO) in an/Be (5%) mixture was
carried out between 25 and 76C to quantify any carbon
deposits.

XRD patterns were recorded in a Rigaku DMAX diffracto-
meter, using Ni-filtered Cu K radiation ¢ = 1.540 598 A);
scanning was conducted fron® 2= 5° to 20 = 70° at a scan
step of 0.2. Surface areas were determined with a Micromeritics
ASAP 2010 liquid nitrogen analyzer, after degassing the samples
overnight at 0.1 Pa and 35C.

Catalytic Tests. Catalytic reduction of NQwith isobutane

ions were formed at the surface, the released HCI was absorbedvas studied in a microflow reactor using a 200 mL/min feed

in an NaOH solution. The reaction stopped when all reactive
protons were replaced by [Feft ions; the excess FeQlapor
passed through the solid bed without being retained.

gas containing 0.1% of a N& NO, mixture (from a cylinder
that originally contained pure N 0.1%i-C4H10, 2% O, and
1% H,O. The actual NO/N@ratio at the catalyst depends, of

The Fe-loaded samples were washed with 2-fold deionized course, on the temperature and will be higher at high temper-

water to replace Clions by OH™ groups, then dried at 11T
and calcined in flowing @at 500°C (600°C for SZ) for 2 h.
Due to the different sulfate loads in each of tB& samples,
their capacity to retain iron during sublimation was found to
be different. We will refer to them as F&Z, with j = 1, 2,

ature. Catalytic data will, therefore, be expressed in terms of
NOy conversion and blyield, with NOx = NO + NO,. The
catalyst was either 550 mg of B¥ or 200 mg of FeBA,
resulting in a GHSV of 30 000H. In a typical test, the sample
was loaded in a U-shaped quartz reactor, calcined in flowing

..., 7. Inductively coupled plasma atomic emission spectroscopy O, at 500°C for 2 h, then cooled to 158 before feeding the

(ICP-AES) shows that the Fe/S ratio in the F2kamples varies
between 0.10 and 0.75, whereas the Fe/Al ratio irBRekas
~0.25.

reaction mixture. The effluent gas was monitored while the
temperature was raised stepwise from 250 to 850Sampling
was performed 30 min after reaching each preset temperature.
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Figure 1. HCI generated by CVD of Fegbnto (a)SZ-1 and (b)SA as determined by TPSR experiments. MS signal normalized per unit surface
area.

Reaction products were analyzed on-line by GC-TCD using 4 P 60
Alltech 13X molecular sieve and Porapak Q columns. To

prevent water condensation, all lines were kept at 800 °C 2 T%0
by means of heating tapes. An ieater trap was positioned
before the GC to condense most of the water vapor and protect
the packed columns. The;lield was calculated from the N
formation, while the hydrocarbon combustion was quantified
from the amounts of CO and GO
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of FeCk onto SZ or SA, preliminary TPSR runs were carried 0 . . . . o
out by mass spectrometrically monitoring the HCI that is 10 15 20 25 30 35
produced when Feglapor reacts with surface protons. The
results are shown in Figure 1; the features are characteristic of
the reactivity of the acid sites toward FgC8ulfated zirconia
displays two types of H sites: one type is very active at a
relatively low temperature; sites of the other type are less active TABLE 1: Chemical Composition of Catalysts Prepared by
but much more numerous, giving the dominant TPR peak at CVD and Impregnation

285 °C. The width of the feature between 60 and 2UD molar ratio
suggests a rather wide distribution in reactivity of the former

10° mol Sig catalyst

Figure 2. Effect of sulfur content on (a) sulfated zirconia capacity to
retain iron and (b) sulfate surface coverage.

. - . . sample wt (%) Fe FelS ZrlS Fe/Al

sites. The TPSR profile oSA is dominated by one large,
asymmetric feature, peaking at 3%5; the shoulder at 300C E:ggj 8'%2 8'%2 %2'1
is representative of the Brgnsted sites. FeBZ-3 0.46 0.25 241

On the basis of these results, sulfated zirconia and silica FeSzZ-4 0.50 0.75 65.4
alumina were exposed to FeGlapor at 285°C and 345°C, FeSz-5 0.61 0.54 39.2
respectively. Saturation was attained afieh for SA and after Fe/SZ-6 0.64 0.44 30.4
4-5 h for SZ. The capacity 0o5Z samples to retain iron from FeSZ-7 0.74 0.45 23.6

. . . FelSz-1-1 0.16 0.05 12.4
the vapor depends on their sulfate load. Once saturation is 25 ¢ | 0.59 0.19 132

achieved, no further uptake of iron or change in color is  fFega 241 0.24
registered, even if exposure to the Fe@por is continued for

4 additional hours. Values of the ICP-AES chemical analysis, band in different spectra reflect, in part, different thicknesses
including the impregnated samples, are compiled in Table 1. of these wafers and should not be used for quantitative

Figure 2 shows how the sulfate contentSZ is crucial for evaluations. The bands corresponding to the OH groups vanish
its capacity to retain iron. The iron uptake increases with sulfate after CVD, indicating complete substitution of'Hby [FeCh]*,
content; it reaches a maximum at 30 10> mol SQ2? /g both in SZ and SA. Trace a in Figure 3A shows the spectrum

catalyst (0.96% S) but precipitously decreases at higher sulfatefor SZ-1 after calcination at 450C in flowing O,. It exhibits
concentrations. At this stage the surface coverage of zirconiathe characteristics typical of sulfated zirconia and metal-
with sulfate is 45% of the monolayer coverage calculated for a promoted sulfated zirconi&;?®24the band at 3645 cmi is
size per sulfate group of 0.25 #mHigher coverage of the  assigned to its strong Bragnsted acid st#fe®In Figure 3B trace
surface with sulfate results in much lower retention of Fe from a shows the spectrum &A, where the band at 3743 crh
FeCk. represents free hydroxyl groups, while the broad band between
IR results are shown in Figure 3. As each spectrum was 3690 and 3530 cmi is due to the Brgnsted acid sité7.28
measured with a different wafer, different intensities of a given Exposure to FeGlaffects both the Bragnsted sites and the
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Figure 3. Infrared spectra 08Z-1 (Panel A) andSA (Panel B): (a)
fresh, (b) after CVD, and (c) after CVD and hydrolysis. All samples
were calcined at 450C in O, flow.
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Figure 4. H,-TPR profiles of (a)SZ-1, (b) FeSZ-1 after calcination
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Figure 5. XRD patterns of (a5Z-1, (b) Sz-7, (c) FeSZ-1, and (d)
Fe/Sz-7 after calcination in @flow at 600°C.

TABLE 2: H, Consumption in TPR Experiments over SZ-1,
SZ-7, Fel/SZ-1, and Fe/SZ-7 Samples

Fe St to S ST to - peak temp
sample (wt%) H,/(St+Fe) (%) (%) (°C)
SzZ-1 0 2.1 57 43 738
Sz-7 0 2.1 57 43 732
FeSz-1 0.19 3.2 10 90 499
FeSz-7 0.74 2.8 11 89 486

reduction of the sulfate groups, as previous experiments showed
that no reduction of unsulfated zirconia takes place in this
temperature regioft. In the presence of Fe this peak is shifted
to lower temperature by more than 200, indicating that Fe
strongly catalyzes the reduction of sulfate groups. The peak
positions for FebZ-1 and FebZ-7 (see Table 2) suggest that
the reduction temperature varies with the Fe load and is lower
for higher iron loads. This has been confirmed for otheSZe/
samples not shown here.

Integration of profiles a and b, and those not showsaf7
and FefZ-7, provides the data in Table 2. WhieZ-1 and
SZ-7 consume roughly four H atoms per S atomy/&i= 2.1),
the hydrogen consumption in B2-1 and Fe5Z-7 is much
higher, suggesting complete reduction of thé'Hens and most
of the sulfate to sulfide. As previous work showed that,SO
and S~ ions are preferred reduction products of sulfate groups
in SZ, the results are rationalized by assuming that no other
reduction products are formed. This leads to the result that
sulfate groups ir8Z-1 andSZ-7 are reduced by-57% to SQ
and by 43% to sulfide ions. Upon applying the same assumption
to the samples loaded with iron, it follows tha90% of the
surface sulfate groups are reduced o Bns.

XRD patterns for iron-free and iron-dop&¥-1 and SZ-7
in Figure 5 indicate that both supports were present in the
tetragonal modification @ = 30.3); a small amount of
monoclinic zirconia (2 = 28.7°) was also detected in F&Z-

terminal silanol groups, lowering their band intensity to almost 1. Formation of FeS©(20 = 18.1°, 19.8), Zr(SQy), (20 =
zero, as is clear from traces b in Figure 3. Subsequent washingl3.6’, 20.5), hematite (2 = 33.3, 35.7), wustite (ferrous
and calcination regenerates the OH sites. In the case of sulfatecPXide; 2 = 36.1°, 41.9), or magnetite (2 = 30.T°, 35.4)

zirconia, a new band arises at 3770 ¢nsee Figure 3A, trace
¢) which is similar to that of the terminal OH groups (3780
cm™1) on sulfate-free zirconig®3® This suggests that upon

was not apparent from the XRD data. The CVD method is
known to prevent the formation of large iron oxide clusters.
The XRD patterns for the samples prepared by impregnation,

washing some OH groups are formed that are similar to thosethat is, Fe6Z-1-1 and Fe5Z-5-1, have the same characteristics

on sulfate-free zirconia, which is a weaker acid tigh
Figure 4 shows the HTPR profiles ofSZ-1 and FebZ-1;

as those of Figure 5.
H,-TPR profiles of FEBA are shown in Figure 6. Profile A

they are representative of the set of sulfated zirconias used indisplays six overlapping peaks, some of which may be due to
this study. The profile 08Z-1 displays one large feature starting stepwise reduction of a given species in the original sample.
at 500°C and peaking at 738C; this peak is attributed to  Blank experiments confirmed the absence of any TPR peaks
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Figure 6. H,-TPR profiles of fresh F&A (Panel A) and CO-reduced
FeSA (Panel B). Fresh FBA calcined in Q flow at 500 °C before
reduction.

Figure 7. CO consumed (Panel A) and G@enerated (Panel B) by
CO-TPR of fresh FSA. Fresh FeBA calcined in Q flow at 500°C
before reduction.

result of such a second,HPR run is shown in Figure 6B.

for SA. Formation of iron oxide nanoparticles that are not The difference between profiles A and B in that figure illustrates
detectable by XRD is indicated by the TPR data. To get more the abundance of oxo-ions in calcined $&/ A tentative
information on the nature of the iron species, we decided to assignment of the peaks will be presented in the Discussion.
also use CO-TPR, as this method discriminates between Fe oxo- The materials were probed as catalysts in the reduction of
ions (and oxide particles) and bare Fe ions. Reduction of bareNO, with i-C4sH1 in a “wet” feed. Figure 8A shows the
Fe ions by H implies removal from Fe of positive charge which  temperature dependence of thgylield for the samples prepared
ends up in protons. Reduction of neutral oxide particles implies by CVD while Figure 8B compares the activities of 5&/and
removal of oxygen only; this can be done either by hydrogen the iron-impregnated samples. B&/is found to have a very
or by carbon monoxide. Reduction of Fe oxo-ions requires low catalytic activity for this reaction, but some of the S&/
removal of both oxygen and charge. These two phenomena carsamples display higher 2¥ields. While yields are lower than
be separated by first using CO-TPR to remove oxygen, followed those observed with good Fe/MFI catalysts, it is of interest that
by H,-TPR to remove the charge. the FeBZ with the lowest Fe content converts 65% of NO

Figure 7 shows the CO consumption and the,@®mation N, at 450°C. The N yield at 300°C is comparable to that
during CO-TPR. The results indicate the presence of large achieved with Fe/MFI. This could mean that in $&/1 some
amounts of oxo-ions, indicating dinuclear (or multinuclear) Fe is present in a structure similar to that identified for Fe/
oxygen-bridged species in which two¥eare easily reduced  MFI, prepared by sublimation, but more research will be needed
to Fe* by removal of the bridging oxygen. An inherent to check this. The selective nature of the N@duction is also
complication of the CO-TPR technique is that water gas shift manifest from the C@CO ratio in the product as evidenced
and the Boudouard reaction will also consume CO and produceby parts A and B of Figure 9. The selective catalyst3zel
CO.. In the present work the temperature was kept below the produces a significant amount of CO; even at 860the CQ/
value where the Boudouard reaction is known to take place. CO ratio remains near unity. This is typical for selective catalysts
Formation of B was monitored, and it was found that the peak with very low concentration of Fe oxide particles which are
at 527°C is largely caused by water gas shift; this peak will selective for deep oxidation to GOBy contrast, over th&Z-
further be disregarded in the analysis of the oxidation states of supported catalyst with the highest metal loading,S2e7,
iron. The first two peaks correspond to true reduction of iron combustion to C@is significant. Over this catalyst the GO
oxide particles and iron oxo-ions. contains less than 30% CO at 400 and even less at higher

As reduction of Fe oxide particles with CO will give ¥e  temperature, signaling a catalytic signature reminiscent of Fe
but that of Fe oxo-ions will create bare Fe ions, one can oxide. Comparison of F8Z-1and Fe5Z-1-l is quite relevant.
discriminate between both types by-fPR after CO-TPR. The  Table 1 shows that both have a very similar iron content, but
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Figure 8 reveals that below 35 the catalyst prepared by a small number of sites release HCI at much lower temperature.
sublimation gives a blyield near 50%, while the Nyield of The pattern reflects the microscopic heterogeneity inherent to
the impregnated sample remains below 20% at this temperaturethe impregnation process of zirconium hydroxide wits5.

A new finding is that a very high surface coverage of sulfate
Discussion groups on zirconia leads to an abrupt drop of its propensity to

Whereas a very high acid strength seems not to be aretaln Fe from FeGl This suggests that at surface coverages

prerequisite for the deposition of Fe from FeQhe present above 45% neighboring sulfate groups undergo condensation

data show that acidity does matter. Deposition of Fe and releasereacnons of the type

of HCI take place at a lower temperature on the support with —S—OH + HO— S— — —S-0-S— + H,0 )

the higher acidity, sulfated zirconia, than on silica alumina. The

former solid acid exposes a small number of strong acid sites This type of chemistry is known for phosphate groups, which
that are apparently responsible for Fe retention and HCI releasechange from ortho via meta to pyrophosphate, and for chromates
below 100°C. Silica—alumina is able to retain more Fe at higher giving dichromate. We are not aware of previous reports of such
temperature, in agreement with its high surface concentration condensation of adjacent sulfate groups decorating the surface
of active OH groups. The IR spectra in Figure 3B confirm that of zirconia. That such condensation takes place is also in line
the terminal hydroxyl groups itfSA contribute most to the  with the IR data (not shown) 08Z-1 and SZ-7, that is, two
production of HCI during CVD. These groups appear at a higher materials with a high and a relatively low sulfate loading (see
wavenumber (Figure 3B) and release HCI from Rehigher Figure 2). With the use of the band-af.025 cnT? of the Os—o
temperature (Figure 1). Integration of trace a and of the stretching mod¥ as an internal standard, the relative concentra-
deconvoluted trace b in Figure 1 shows tB&-1 has roughly tion of Brgnsted sites¥3645 cnT?) per sulfur can be calculated
twice as many Brgnsted sites per unit are&asthe surface for both materials. This estimate shows that the number of
density of silanol groups 08A is roughly equal to that of the  Brgnsted sites per sulfur atom is lower by a factor of 23dr1
Brgnsted sites 08Z-1. The presence of two well-defined peaks (with high sulfate loading) than foiSZ-7 (see Table 5),

for sulfated zirconia in Figure 1 indicates that two kinds of indicating that appreciable condensation of adjacent sulfate
Bransted sites are present. It has been propgégdethat the groups takes place at the sulfate coverage where the Fe retention
remarkable acidity o652 is due to the existence of Brgnsted from FeCk decreases precipitously.

and Lewis site pairs; their density reaches a maximum at a The effect of iron on the reduction of sulfated zirconia is
Bragnsted/Lewis ratio near unify.In addition to these groups, rather dramatic and very similar to that of platinum ingz£*
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TABLE 3: Normalized H, and CO Consumption from TPR
Experiments over Fe/SA

H./Fe or CO/Fe (mol ratio)

experiment sample peak| peakslV peaks \/~VI
H,-TPR fresh 0.05 0.51 0.41
H>-TPR CO reduced 0.28 0.44

peak | peak Il peak Il
CO-TPR fresh 0.06 0.23

a Refer to Figures 6 and 7 for peak labeling.

TABLE 4: Effect of H , Reduction on Sulfur Content of
SZ-1 and Fe/SZ-1

before H-TPR after H-TPR
sample FelS Sizr FelS SizZr
Sz-1 0 0.08 0 0.02
FelSz-1 0.10 0.05 0.13 0.04

TABLE 5: Brgnsted Sites Per Sulfur Atom on SZ-1 and
SZ-7

peak area (absorbansecm1)

ratio
sample 1025 cmt 3645 cmt Bransted/total sulfate
Sz-1 181.4 67.1 0.4
Sz-7 135.8 106.8 0.8

aNormalized by using the area of the peak afl025 cnt?,
corresponding to the o stretching mode(s) of all surface sulfagés.

In both systems reduction of the transition metal facilitates
dissociative chemisorption of JHHWhereas reduction by 4-0f
Fe-freeSZ-1requires a high temperature and transfora®s %

of the sulfate groups to S®ut only~43% to S, the presence

of Fe induces a spectacular effect on the temperature and th
extent of reduction, as-90% of the surface sulfate groups in
Fe/SZ are reduced to® ions. The fact that His reversibly
adsorbed on zirconia without any bond cleavghustrates

the high resistance of that material against chemical reduction.
This situation is completely changed when Fe is present; both
the position of the TPR peaks and the level of sulfate reduction

are strongly affected. As with 2,36 dissociation of H takes
place, followed by surface migration of atomic hydrogen leading
to reduction of sulfur 8 to & (see Table 2). The relative

position of the peaks in Figure 4 indicates that once sites are

formed where H molecules can dissociate, swift reduction of
nearby sulfate groups will follow.
Reducing sulfur in sulfate ions to sulfide ions os3Hresults
in a high hydrogen consumption ratio oS = 8:
SO + 4H,—~ 4H,0+ S €©)
which is much larger than theitonsumption per Fe (&h.dFe
= 3) in the reduction of F£3
Fe,0; + 3 H, —~ 2Fe+ 3 H,0 4)
It is, therefore, not meaningful to derive a value for the final
oxidation state of Fe from the TPR data. However, the fact that

Fe strongly promotes the reduction of the sulfate groups in a

way similar to platinum shows that a significant fraction of the
iron must be present as ¥er as an iron sulfide that is capable
of dissociating H molecules. Chemical analysis 8Z-1 and
FelSZ-1before and after HTPR (see Table 4) shows that with
SZ-1 much sulfur has been removed (mainly as,5®ut in
FelSz-1, 70—80% of the sulfur is retained. This indicates that
with Fe/SZ-1, iron sulfide is formed. As dissociative chemi-
sorption of B will have a lower activation energy than migration
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the overall reduction will increase with decreasing distance
between Fe (or Fesulfide) clusters and sulfate groups and thus
with increasing Fe loading, as is indeed observed.

This could have important consequences for the durability
of such catalysts. It is well-known that sulfate groups protect
the metastable tetragonal phase of zirconia against transforma-
tion to the more stable, but for catalysis less desirable,
monoclinic modification:61720 |f catalysts are reduced and
subsequently reoxidized, the sulfur which is retained can
continue to exert its protective function. Likewise, the acid sites
associated to sulfate groups will be regenerated. If, however,
sulfur escapes as $@uring a reducing cycle, the protective
function of the sulfate and its effect on catalyst acidity will be
permanently lost.

As to FeBA, six deconvoluted HTPR peaks in Figure 6
indicate six discernible states of Fe, some of which may be the
result of stepwise reduction of one original species. The CO-
TPR data show that after calcination most of the iron is present
as oxide particles and/or oxo-ions. As to their nature, it is known
that dinuclear ions [HOFe—O—Fe—OH]?" can be easily
reduced to [HG-Fe—-O—Fe—OH]J?", but mononuclear [Fe
O]" ions, if isolated and immobile, would give highly unstable
Fe*. We therefore assume that such ions are only reducible if
they can migrate and dimerize or, more probably, dock on other
Fe oxide or Fe metal particles. As ion migration over the surface
of an oxide is known to be strongly facilitated by,®
ligands37-39 such reduction of docked [FeO]" ions is expected
to be more facile under conditions o, HPR when HO is
formed than under CO-TPR conditions. This is confirmed by
the present data. The TPR data in Figures 6 and 7 can be

etentatively interpreted on this basis. We assign the peaks at 376

and 434°C in Figure 7 to the reduction of (1) oxide nanopar-
ticles to F& and (2) dinuclear oxo-ions to bare#¥dons. The
larger number of peaks in Figure 6A then shows that besides
these two species there are baré'Fns that can only be
reduced by H There also appear to be mononuclear Fe oxo-
ions present that require water or OH ligands to migrate and
dock before they can be reduced td.Fe

Figure 6B can be deconvoluted to three peaks at 381, 454,
and 597°C, which we tentatively attribute to the reduction of
(1) bare Fé&" ions, (2) F&" ions that were created by the
preceding CO reduction of dinuclear ¥eoxo-ions, and (3)
mononuclear Fe oxo-ions that cannot be reduced by CO because
they are immobile in the absence of hydroxyl or water ligands.
Admittedly, this interpretation is speculative and requires
independent verification.

Adding up the H/Fe ratios in the first row of Table 3 gives
a value of 0.96, whereas a value of 1.5 would be expected for
the total reduction of all Fe from Eeto F&. This finding shows
that a significant fraction of the Fe i8A remains unreduced.
Apparently this Fe is stabilized in the support; a solid state
reaction takes place either with the silica or the alumina or both.
From the standard Gibbs free energy it appears that formation
of an aluminate is more favorable than formation of a
silicate#°

Fe,SiO, + 2Al,0, = 2FeAlLO, + SiO,,
AG®= —11 kcal/mol (5)

It is well-known that AbOs provides octahedral holes in the
oxygen sublattice which are attractive for transition metal ions
such as G in gems. We therefore assume that this escape
route protects the Fe against reduction t8. Rhase diagrams
show that solid solutions exist of Fef,; and FgOy; the

of the H atoms over the surface of sulfated zirconia, the rate of formation of this aluminate and similar Co and Cu aluminates
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has been reported by BditFormation of Cu aluminate in Cu/  the group of catalysts prepared by sublimation the materials
ZSM-5 was shown by Yan et 443 with low Fe content perform best. Results confirm that some
As to the catalytic activity for NQreduction, the data show iron sites selectively catalyze N@eduction to N, Other sites,
the behavior expected for catalysts containing a variety of Fe such as Fe oxide particles, promote the combustiarH;o.
species. It is well-known that Fe oxide particles catalyze the Sulfate appears to enhance the selectivity of catalysts with low
combustion of hydrocarbons and, therefore, display a low Fe load.
selectivity for NQ reduction in the presence of oxygen in Under redox conditions th8Z materials that are decorated
excess. With Fe/MFI our previous work showed thatyi¢lds with Fe are expected to display a better durability than those
exceeding 80% have been obtained near 350 dinuclear without a transition metal, because in the reduction mode sulfur
oxygen-bridged Fe ions are believed to be responsible for thisis better retained and thus will exert its protective function
selective catalysis. The present data show that witBAdte against transformation to monoclinic zirconia in the oxidation
maximum N yield is 10% at 350C. To understand this striking ~ mode.
difference two points should be considered: First, comparison On silica—alumina, the CVD technique deposits iron in the
of the H-TPR and CO-TPR spectra in ref 44 and the present form of dinuclear and mononuclear iron oxo-ions, in addition
paper reveals significant differences in the population of Fe sites. to oxide particles. Upon reduction at elevated temperature some
With Fe/MFI a sharp B TPR peak at 400C identifies dinuclear 36% of the Fe forms a solid compound, presumably iron
oxygen-bridged Fe sites, and a second peak aboveG0as aluminate, in which F& is stabilized against further reduction.
been ascribed to Fe oxide clusters. The CO-TPR pattern of The low N, yield with FeSA contrasts strongly with the high
calcined Fe/MFI shows one predominant sharp peak af@p0  Yyield, exceeding the 80% obtained with Fe/MFI tested in the
ascribed to the same dinuclear oxo-ion as thelAR peak at same lab with the same equipment. Clearly, applying the same
400°C. The H-TPR pattern of FSA in Figure 6 of the present  CVD technique is no warranty for obtaining catalysts with
work is markedly different; its deconvolution reveals six Fe similar performance. A probable chemical cause for the strik-
species of potentially catalytic relevance. The second point is ingly different performance of Fe catalysts using crystalline or
the escape of some Fe complexes from the surfa&Adb its amorphous supports is suggested by the TPR data. In the case
interior. The present data suggest that the most selective site®f Fe/MFI they show that one type of site prevails; the physical
preferentially disappear, when Fe aluminate is formed. As the characterization by a number of research groups suggests that
catalytic tests were done at a rather high partial pressure of waterthe selective centers are dinuclear oxo-complexes of iron. In
and the catalyst was held at each temperature for considerablghe case of F&A, however, the TPR data in the present paper
time, it makes sense that under these conditions elusive oxo-show a wide variety of Fe sites. The inferior catalytic selectivity
complexes react with the support and form a stable aluminate,for NOy reduction is presumably due to the high reactivity of
whereas in the case of the crystalline support that solid statethe most selective sites which form an aluminate with the
reaction will have a much lower rate. support or agglomerate to oxide particles. It thus seems that
The catalytic data of theSZ-based materials display a the higher stability of the crystalline support and the fairly
different picture. Samples with high Fe loading appear, again, localized nature of the acid sites in zeolites are favorable factors
to display a signature typical of Fe oxide particles. In contrast, for the highly selectivity of catalysts of this type.
the FeBZ catalysts with low Fe loading show a remarkable
selectivity for NQ, reduction and deserve further study. Some ~ Acknowledgment. This work was supported by the EMSI
of the samples have a yield of 65%. The fairly high selectivity Program of the National Science Foundation and the U.S.
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