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Abstract

Two series of Mn- or Fe-promoted zirconia gales were prepared: (i) a series of sulfateefreference compoundsavto-precipitation of

aqueous solutions containing zirconium and the promoter cation and (ii) a series of catalysts via incipient wetness impregnation of a sulfatec
zirconium hydroxide. The promoter content was varied between 0 and 5 wt% metal. All promoter-containing materials were calcined at
923 K. The reference materials contained mainly isolated Mn or Fe species incorporated into the zirconia lattice as evidenced by stabilizatior

of the tetragonal zirconia phase, EPR (isolated ions in highly symmetric environment), and a shrinking unit cell volume (XRD) of the

tetragonal zirconia phase with increasing promoter content. Only the Mn-promoted catalysts showed such shrinkage in unit cell volume with
increasing promoter content. At 2 wt% promoter content, Fe could and Mn could not be detected by ion scattering spectroscopy on the

surface of the catalysts. The Fe-promoted catalysts containgdzHike surface species (EPR, XANES), which could at least in part be
removed by washing with oxalic acid. Catalysts were tested for isomerization at 338 K using:ibkigane in balance of N At 0.5 wt%
promoter content the maximum rates produced by the 0.5 wt% Mn- and Fe-promoted sulfated zirconia were about 80 and2Gpiol g
respectively. Mn was thus more effective as a promotenfbutane isomerization than Fe, despite the more extensive incorporation into the
zirconia lattice.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction combination of Mn and Fe [24]. Coelho et al. [24] and Gar-
cia et al. [28] reported that Mn alone is without effect, and
The activity of sulfated zirconia for skeletal isomerization Srinivasan et al. [17] inferred Fe to be better than Mn. Some
of alkanes can be increased by addition of first row transition promoted sulfated zirconia @ysts deactivate rapidly, and
metal cations. Hsu et al. firstrgsented a catalyst contain- the maximum activity may be missed under conditions of
ing 1.5 wt% Fe and 0.5 wt% Mn [1], and this combination high conversion. Analyzing suitable reaction profiles, Lange
has been studied in detail [2—-28] because of a possible syn-et al. [31] found the following trend in the maximum rates
ergy effect between the two promoters. However, there is for n-butane isomerization: Ms Fe>> Co>> Ni > Zn, i.e.,
a controversy as to which individual cations are promoters the promoting effect decreasédm left to right in the peri-
and which are not. Arata [29] found Mn and Fe to have a odic table. All promoted catalysare similarly selective and
positive effect, and Cr, Co, and Ni to have a negative ef- predominantly produce isobutane, with propane and pen-
fect for n-butane isomerization. Yori and Parera [30] ranked tanes as side products. The first row transition metal promot-
Ni > Co > Fe; Cr was also a promoter while Cu was an in- ers have thus qualitatively the same effect, which suggests a
hibitor. Ni has been claimed to be equally as good as the common yet unknown mode of operation.
The promoting effect of Mn and Fe (and others) on sul-
~ * Corresponding author. fated zirconia has been ascribed to the following: (i) an
E-mail address: jentoft@fhi-berlin.mpg.de (F.C. Jentoft). increase of acid strength [10,20], but some of these ex-
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periments were later proven misleading [11,15,16]; (ii) fa- ZrO,, are stabilized also at room temperature through the
cilitated formation and stabilization of carbenium ion and incorporation of Fe or Mn.
alkene intermediates on the surface [12,13], increased de- Whether such incorporation also occurs in the promoted
hydrogenation ability [7,30], strengthened interaction with sulfated zirconia catalysts @h are not co-precipitated but
carbenium ions [32], and stabilization of the transition state prepared by the incipient wetness method and calcined at
complex on the surface [7]; (iii) a redox trigger of the acid- moderate temperatures (823-973 K) has not been clarified.
catalyzed process [2], a different degree of synergism be-The phase stabilization effect would be obscured for sulfated
tween redox and acid sites [22], a combination of a redox- systems because the presence of sulfate during calcination
active metal site and an acid site in close proximity with leads to an increased fraction of tetragonal material in the
oxidative dehydrogenation as the initiating step [25]; and final product [52,53] in comparison to pure zirconia. Inter-
(iv) formation of “less oxidized” Zr species [33]. Many of ~esting is the question of whether promoter species in the
these suppositions point toward an interplay between redoxzirconia lattice and the resulting changes to the lattice are
and acidic sites, but no cleauipicture has evolved, and the relevant for the catalytic performance.
evidence for the promoter action is mainly indirect. The goal of this paper is to investigate the nature and loca-
Attempts have been made to characterize the promotertion of the two most promising promoters of sulfated zirco-
species in iron- and/or manganese-promoted sulfated zirco-hia. Catalysts with different Mn or Fe content were prepared
nia. Srinivasan et al. [17], Hino and Arata [34], and Tabora by the incipient wetness method, and a set of sulfate-free
and Davis [3] concluded that Fe was present as (small clus-reference compounds was prepared by the co-precipitation
ters or rafts of) FgO3, and it was stated [3] that there is no method to achieve incorporation of Mn and Fe into the zirco-
isomorphous substitution of Fe into tetragona| zirconia. Ac- nia lattice. EXperimentS were conducted to dissolve surface
cording to Tanaka et al. [4Jral Yamamoto et al. [5], Fe species of both catalysts and reference compounds. Sur-
formed an interstitial-type solid solution with ZsgOMiao face and bulk techniques, specifically ion scattering spec-
et al. [19] suspected that promoters may be present in thetroscopy (ISS), X-ray diffraction (XRD), X-ray absorption
form of oxide solid solutions or highly dispersed on the sur- SPectroscopy (XAS), and eleoh paramagnetic resonance
face. Scheithauer et al. [23] and Millet et al. [35] reported (EPR), were applied.
more than one species, i.e., (isolatedfFepecies besides
(nanometer-sized) E©3. Srinivasan et al. [17] assumed a
manganese oxide phase, and Tanaka et al. [4] and Yamamot@. Experimental
et al. [5] detected MnSgin sulfate-containing and Mi©3
in sulfate-free samples. Scheithauer et al. [23] reported well- 2.1, Preparation of catalysts
dispersed MA*. Jentoft et al. [18] identified an average Mn
oxidation state of+-3 in the absence of sulfate and of about Zirconium hydroxide materials were provided by MEL
+2.7 in the presence of sulfate, indicating mixed valences chemicals (XZO 632/03 and XZO 682/01), either sulfate-
for this element. Coelho et al. [24] and Garcia et al. [36] free or doped with an amount of ammonium sulfate corre-
suggested that Mn helps disperse Fe. In summary, the locasponding to 5-6 wt% Sg{manufacturer’s information, SO
tion and the state of the promoters is thus still a matter of content on the Zr@ content of 70-80%). For all prepara-
debate. tions [54], the precursors were dried for 21 h at 383 K and
Solid solutions are well-known in the sulfate-free sys- cooled in a desiccator. The promoter concentration was var-
tems Mn-Zr-O and Fe-Zr-O. Early systematic investiga- jed by varying the concentration of the Mn(N)@- 4H,0 or
tions were published by Stdcker [37,38], who prepared his Fe(NG;)3 - 9H,0 (both Merck, p.a.) solutions. The amount
solid solutions by rapid co-precipitation from a solution con-  of promoter added corresponded to nominal concentrations
taining cations of Zr and, e.g., Mn, Fe, or Ni, and subsequent of 0.5-5.0 wt% metal in the final catalysts. The amount of
heating in a reducing or oxidizing atmosphere, typically at liquid added was 4 ml per 10.9 g of dried precursor and only
873-1023 K. Mixing of Zr and Mn [39-44] or Fe [45] in  portions of this amount were used in the promoter addition
the solution stage has yielded solid solutions in many cases.step. The nitrate solutions were added dropwise under vig-
Impregnation of ZrQ@ with metal cation solutions followed  orous stirring in a porcelain mortar, the solution was added
by calcination produced supportedFe,Oz [46-49] with within 20 min, and then the mixture was stirred for an addi-
sometimes additional highly dispersed®Eespecies present  tional 5 min. The materials were dried at room temperature
[48,49] or accordingly supporteg-Mn,03 [50]. Solid so- and calcined in quartz boapdaced in a 29-mm i.d. quartz
lutions may also form through solid-state reaction between, tube, which was purged with a 200 ml mihflow of syn-
e.g., ZrQ and MnO at 1823 K in W [51]. Characteristic of  thetic air. The heating rate was 3 K mihand unpromoted
these solid solutions is their structure. While the monoclinic sulfated zirconia was treated 3 h at 823 or 923 K and pro-
phase is the thermodynamically stable structure for pure zir- moted sulfated zirconia for 3 h at 923 Kadipient wetness
conia at room temperature, the tetragonal or the cubic zir- prepared samples are denotedc&&SZiandxMnSZi with
conia phase, which are the high-temperature polymorphs ofx being the promoter content.
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2.2. Preparation of reference compounds 2.6. lon scattering spectroscopy

ZrO(NOs), - 2H,0O (Aldrich) and either Mn(NG@), - The powders were pressed between two sheets of indium,

4H,0 or Fe(NQ)s - 9H,0 (both Merck, p.a.) were dissolved which was freshly cut from a bar (Goodfellow, 99..999%),
in about 100 ml of distilled watr in amounts corresponding yielding a homogeneous sample layer embedded in .|nd|um.
to the desired stoichiometry. Rapid addition of a 25% aque- Spec”a! were acqwred'on a Leybold LHS 12 MCD instru-
ous solution of ammonia led to precipitation; as much of the ment with a hemispherical analyzer, using 2-keV*Hens
ammonia solution was added as was necessary to reach a pI§|nd aflood gun.

of ~ 9. The precipitate was filtered by vacuum, washed sev-
eral times with a 10% ammonia solution, and dried for about
24 h at 383 K. Calcination was performed in a 200 mImdin
stream of synthetic air; 3 g of sample was heated in a quartz
boat at 3 Kmin® to 923 K and was held at this temperature
for 3 h. The compositions of the samples were determined
by AAS after digesting the samples in HF in an autoclave.
Co-precipitated samples are denoteddnZc andxFeZg

with x being the promoter content.

2.7. X-ray diffraction

XRD measurements were taken in transmission geometry
with a STOE STADI-P X-ray diffractometer using Cu;K
radiation ¢ = 1.542 A) with a focusing Ge primary mono-
chromator. The diffracted ddation was measured using a
position-sensitive detector. The samples were measured in
part usinga-Al,03 as an internal standard, mixed in a 1:1
weight ratio with the samples. The zirconia lattice constants
were refined using the software PowderCell v2.4 [55]. For
2.3. Washing procedures for manganese—zirconia reference representation of the unit cell volume as a function of pro-
samples moter content, wt% Fe or Mn was converted into mol%
according to the following formula:

For the washing procedures with EDTA (HCI) solutions, 11,5106 s

0.2 g of sample was suspended in 5 ml of aqueous solution W% M

of 0.1 M Na&EDTA (1 M HCI) and stirred for 48 h at room —100x MW(Mlvt% _ .

temperature. After washing and drying, the samples were wioo v 1007 M= gy < 1.5XMW(O)
MW (M) MW (ZrOz)

measured by EPR.
M stands for metal (Fe or Mn) and MW for molecular

weight. This formula assumes an average promoter oxida-
tion state of+-3 and is valid for sulfate-free samples only.
For sulfate-containing samples, 4.5 wt% $S@as accounted
for in the total weight balance.

Bulk iron oxides treated in oxygen at high temperatures
are in general only partially soluble in mineral acids. The 2.8. X-ray absorption spectroscopy
iron-promoted samples, which potentially have iron present
on the surface as E@3 particles, were thus also subjected Fe K edge spectra were measured at Hamburger Syn-
to acidic digestion. The sample (0.25 g) was mixed with chrotron Radiation Laboratory (HASYLAB) at beamline E4
KHSO;4 (1.5 g) and heated first to 523 K for 30 min (clear in the fluorescence mode using a 5 element Ge detector at
melt) and then to 673 K for 15-45 min. The resulting gray 90° to the incident beam. The detector channels were ad-
mass was dissolved in diluted sulfuric acid; the solid residue justed to measure an approximately 600-eV energy range
was washed by water, centrifuged, and dried at 373 K. including the K, radiation at 6403 eV and excluding scat-
tered radiation with greater than 7000-eV energy. The sam-
ples (80 mg) were mixed with PE (120 mg) and pressed into
13-mm pellets. The XAS data are presented as the averaged
fluorescence signal divided by the incident beam signal. The
About 100 mg of sample was suspended in 5 mlof 0.1 M gpectra were energy-calibrated to the first inflection of a si-

oxalic acid and stirred at room temperature. All samples muyltaneously measured Fe foil (7112 eV), and a linear back-
were washed first for 2 h. Three out of four samples under- ground was subtracted from each file.

went a second washing step in 5 ml of fresh 0.1 M oxalic

acid after decanting of the initial washing liquid. The second 2.9. Electron paramagnetic resonance

washing step lasted 4 h 40 min, 20 h 40 min, or 44 h 40 min,

respectively. The samples were washed twice with 5 ml of  Continuous-wave EPR spectra were recorded dB@L
H2O and were then separated from the liquid by centrifuga- JES-RE2X system at X-band frequency and temperatures
tion and decanting before they were dried at 383 K. Washing from 293 to 130 K. The spectra were measured at a mi-
liquids tested positively for sulfate ions (precipitate forma- crowave frequency of ca. 9.05 GHz with a microwave power
tion with B&T). of 5 mW, modulation amplitude of 0.4 mT, time constant of

2.4. \Washing procedures for iron—zirconia reference
samples

2.5. Washing procedures for iron-promoted catalyst
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0.1 s, and a modulation frequency of 100 kHz. ghand A 1 02_0 30 40 50 & 0
values were calibrated using ¥th (nuclear spin/ = 5/2) 0'8_ 2.0MnSZi
embedded in MgO as standard and DPPH (2,2-diphenyl- 0'6_
1-picryl-hydrazil; g = 2.0036) as an additional standard. 0'4_
Experimental errors areAg = £0.002 andAA = +3 x '

0.2
10~* cmL. The influence of the atmosphere (vacuum) on

Intensity (normalized)

the EPR spectra of Mit was studied as follows: The sam- 1.03 1.36MnZc
ples were heated in high vacuum (fthPa) for 1 h at 423 K 0.8
in the EPR tube and then measured. Subsequent measure- 0.6
ment was performed after direct introduction of pure oxygen 047 ! |
at room temperature. 8'5“ : : : ‘ '
720 30 40 50 60 70

2.10. Catalytic tesis Diffraction angle Cu Ka. 26 / °
The test reaction, the isomerizationmebutane, was run  Fig. 1. Diffractograms of an impregtead Mn-doped sample 2.0MnSZi (top)
in a fixed-bed tubular plug flow reactor, employing 500 mg and ofgco-precipitated Mn-doped spie1.36MnZc (bottom). Normalized
of catalyst. The effluent stream was analyzed by on-line © ma&ximum intensity.
gas chromatography with flame ionization detection (Varian
3800, 60-m Chrompack Silica PLOT capillary column). The sample with 2 wt% Mn. For all Mn-containing reference
samples were activated at 723 K and then cooled to the re-samples, with between 0.27 and 3.53 wt% Mn, the dif-
action temperature of 338 K (promoted sulfated zirconia) or fractograms were devoid of contributions from the mon-
358 K (unpromoted sulfated zirconia), all in a 50 mlmin oclinic phase. Incipient wetness-prepared samples some-
flow of No. The feed was an 80 mimin flow of a mix- times showed traces of monoclinic Zr@t low Mn contents
ture of 1 vol%n-butane in N at atmospheric pressure with (0.5 wt%) but not for the higher contents. No reflections
about 20 ppm of isobutane as the only detectable impurity; indicative of any manganese oxides were observed (max-
the value of 20 ppm was subtracted from the isobutane con-imum Mn content of 5 wt%). A difference between the
centration in the effluent stream. co-precipitated, sulfate-free reference material and the pro-
moted catalyst material becosevident from the reflections
at around 35 and 60. The separation into two reflections,

3. Results which is indicative of the tetragonal phase, is clearly recog-
nizable for the catalyst while for the reference material there
3.1. Sample appearance seems to be only a single reflection as would be the case for

the cubic phase. It is reported in the literature that for highly
All samples deepened in colavith increasing promoter  disordered or very small crystallites the tetragonal and the
content. The uncalcined Mn-containing reference samplescubic phase are difficult to distinguish by X-ray diffraction
varied in color from pink via rosy brown (1 wt%) to reddish- and that the cubic fraction may be underestimated [56,57].
brown (> 3.5 wt%). After calcination, the samples were Because the peaks are still asymmetric, the diffractograms
bluish-gray (up to 0.5 wt%) to dark-brown (3.5 wt%). The

uncalcined Fe-containing satep displayed colors from off- 20 30 40 50 60 70
white (up to 0.5 wt%) via yellow-beige (up to 2.5 wt%) to 1.5 T ' ' > OFesZi
ochre (> 3 wt% Fe). The calcined reference Fe samples had 1.04 | i i .

more or less the same color as the uncalcined ones; some 0.51 H i o
were a shade darker. At an equal Mn content of 2 wt%, 0.0

SZ calc. 823 K

the freshly calcined co-predtpted reference sample was
slightly more bluish than the sulfate-containing incipient
wetness-prepared catalylt.the case of promotion with 2%

Fe, the sulfate-containing éipient wetness-prepared cata-

1.0
0.54
0.0

Intensity (internal standard normalized)

lyst was more orange-red thalmet corresponding reference 1.0 M f

sample. 051 1) ! * l . ! . &
0.0 T T i T T l

3.2. X-ray diffraction 20 30 40 50 60 70

Diffraction angle Cu Ka 20/ °
Diffractograms were recordashly of calcined samples.
Fia. 1 sh 9 | f diff ty taken f pM 7 Fig. 2. Diffractograms of an impregteal Fe-doped sample 2.0FeSZi (top)
Ig. 1 shows examples or difiractograms taken irom MNZC ., ot suifated zirconia calcined at 823 K (middle) and at 923 K (bottom).

(co-precipitated) and MnSZi (impregnated) samples, specif- asterisks indicate peaksom internal standard-Al,03. Normalized to
ically a MnZc sample with 1.36 wt% Mn and a MnSZi reflection at 43.2.
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were fit with the pattern of the tetragonal phase. However, E‘ 67-2$g ...... o o sz
a mixture of tetragonal and cubic phase cannot be excluded. g 67.04 o FeSZi
The size of the crystalline domains (tetragonal phase) in all 3 = FeZc
Mn-doped samples was within 100-120 A without any trend 2 66.8
with the Mn content. 8 666"

In Fig. 2, diffractograms of sulfated zirconia and 2% Fe- § 66.4 [
promoted sulfated zirconia (FeSZi) are presented; the nar- = Tem
row reflections in these patterns originate from an internal § 66-21
standarda-Al203. None of the diffractograms of the Fe- ?66.0- T m
doped samples, which ranged from 0.26 to 5 wt% in Fe E 65.8 e e e e e ..
content, exhibited reflections of the monoclinic phase. At an 0 1 2 3 4 5 6 7 8 9 10
Fe content of 5 wt% in the impregnated promoted sulfated Promoter content / mol%

zirconia,x-FeO3 was detected. Similar differences between _. . . .
) . d di ted samples were observed aFlg.4. Tetragonal unit cell volume vsgmoter content in mol% for sulfated
co-precipitated and impregnate p Sirconia (diamond), co-precipitatedeftloped series FeZc (full squares),

for the Mn-doped samples; i.e., the reflections at aad and impregnated Fe-doped series FeSZi (open squares).
60° were not clearly separated for the co-precipitated ma-

terials. The diffractograms were also fit \.Nith. the tetragonal pated samples. The data points of the impregnated samples
pattern. The size of the crystalline domains in the Fe-doped are in line with that of sulfated zirconia. Shrinkage of the unit
samples varied between 100 and 160 A without correlation cell volume is predominantly caused by a shortening along

to the Fe content. SZ calcined at 823 K contained no or only the ¢ axis. In principle, similar observations were made for
a small amount of monoclinic phase, while calcination at the Fe-containing co-precipitated reference compounds (see
923 K produces a predominantly monoclinic zirconia sample rig 4) which also showed shrinkage of the unit cell with
as shown in Fig. 2. Typically, the monoclinic fraction in-  jncreasing Fe content. For the Fe-doped sulfated zirconia
creases with increasing treatment temperature [S8-62] whenyrepared by the incipient weess method there was seem-
|n|t|ally_am0rphous material is calc_lned, and this is repro- ingly a slight shrinkage of the unit cell volume with the
duced in our results. In a comparison of unpromoted and promoter content; however, the change is smaller than the

promoted SZ, the presence of Fe or Mn clearly reduces the ncertainty. The data points were again in line with that of
amount of monoclinic phase that is formed during calcina- gtated zirconia.

tion at 923 K.
Fig. 3 shows the results of refinement of the lattice con- 3 3. Ejectron paramagnetic resonance
stants of tetragonal zirconia?@,/nmc) to the XRD data;
specifically, the unit cell volume of the tetragonal phase is  Ajthough a Mr#+ precursor was used, no signals were

plotted vs the promoter content. The largest unit cell vol- getected in the spectra of thacalcined co-precipitated Mn-
ume was observed for a promoter content of zero, i.e., for goped samples. It is not likely that Mn has changed to an
sulfated zirconia. Both the coprecipitated samples and the gpR silent oxidation state, but rather that an undefined en-
sulfate-containing incipient wetness samples show a more ofyironment of the MA* ions leads to a broad distribution of

less linear decrease of the unéll volume with increasing  crystal fields and thus fine structure parameters, ultimately
Mn content. The co-precipitated samples have a unit cell vol- yie|ding lines too broad to be observed.

ume that is about 0.5% smaller and decreases more rapidly The EPR spectra of all cateéd MnZc samples indicate
with increasing promoter content than that of the impreg- ihe presence of Mt (S = 5/2) in a distorted octahedral

- environment (Figs. 5 and 6). Depending on the’Mon-

< 67-2$ - o sz centration, the line widths of the signal at= 2.007 and

g 67.0 ° : MnSzi the resolution of the manganese hyperfine structure vary. For

3 6.8 T Mnze Mn contents< 0.5 wt%, the hyperfine structuré (°®Mn) =

= le 5/2) is well-resolved A(°°Mn) = 82 x 10~% cm™~1, assum-

§ 6661 e e ing isotropic contributions only, line widthA Bpp = 2 mT),

S 66.4- N o ?.e., the. Mrft centers do not show any mutual magnetic

T 6624 . interactions. As an example, spectra of 0.27MnZc are pre-

S . e sented in Fig. 5. The resolution of the spectra does not allow

£ 66.04 “‘\\g for identification of forbidden EPR transitiona gz = £1)

~ 65.8 e between the sextet lines; however, they cannot be excluded.
6 1 2 3 4 5 6 7 8 9 10 The EPR parameters are very similar to those foPMim

Promoter content / mol% an octahedral environment in the lattice of MgO. For Mn

Fig. 3. Tetragonal unit cell volume vsgmoter content in mol% for sulfated ~ contents> 0.5 wt%, the sigpal'arg = 2.007 iS'SUperim_'
zirconia (diamond), co-precipitated iviloped series MnZc (full circles), ~ posed by a broad symmetric line of Kin species domi-
and impregnated Mn-doped series MnSZi (open circles). nated by dipole—dipole broadening due to Mrspecies in
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'DPPH Mn?+ species do not represent surface species. In the second
a- vacuum series of experiments, documented by Figs. 5d and 6a—6c, it
was attempted to remove surface Mn species by suspend-
b - air ing the samples for 48 hin 0.1 M EDTA (or 1 M HCI). The
spectra of 0.27MnZc before (Figs. 5a—5c¢) and after washing
° (Fig. 5d) are very similar, as are the spectra of 1.36MnZc
- c-

2 before (Fig. 6a) and after the washing procedures (Figs. 6b,
6¢), indicating that the majority of Mn species was unaf-

d - air after EDTA fected. The two samples 0.27MnZc and 1.36MnZc were also
treated with HCI, a procedure which is reported to dissolve
MnO, MnxO3, Mn304, and MnNQ [44]. The solubility of

T o T T manganese oxide species will, however, strongly depend on
250 300 350 400 the temperature and duration of previous treatments and on
B,/ mT the crystallite size. For samples with low manganese content
(0.27 wt%) neither the signal intensity nor the spectral pa-
in different atmospheres: (a) after evacuationZat= 423 K for 1 h ramEtze_::S (.;hanged' The resolved hyperflne structure (sextet)
(10~4 mbar), (b) after exposure to air, (c) after exposure to pure oxygen of Mn=" did not change for the higher manganese content
at room temperature, and (d) after treatment with EDTA solution for 48 h. Sample (1.36 wt%). However, the broad linggat 2 super-
The spectra are superimposed by the?#fMgO sextet of the standard,  imposing the sextet changes its structure gngalue. This
small sharp lines. is due to restructuring of the coordination sphere around the
Mn?t species as a result of the treatment with HCI or EDTA
solution, respectively. The previously octahedral symmetry
around the manganese is increasingly disturbed, as is evi-
dent from the shift of a shoulder toward lower field and lower
g-values, indicating that these species are surface species.

rel

Fig. 5. X-band EPR spectra of MnZc samples (0.27 wt%lra¢ = 150 K

T
DPPH

a - 1.36MnZc

b - after EDTA EPR spectra of Mn-promoted sulfated zirconia with low
_ Mn content (0.5 wt%) showed the same features as the ref-
=2 erences samples, i.e., a well-resolved hyperfine splitting su-
c - after HCI

perimposed by a broader band (Fig. 6d). At a Mn content of
2 wt%, only a very broad signal was detectable.

d-0.5MnSZi Only an EPR signal ag = 4.1 was observed for the
uncalcined Fe-doped reference samples. All spectra of the
'250' " '3(|)0' — '350' T '4('30l calcined Fe-containing reference samples are a superposi-

tion of several signals with varying relative intensities aris-
B,/ mT ing from FE+ ions in different coordination environments
. (Fig. 7b, c). The spectral patterns are dominated by the fine
Fig. 6. X-band EPR spectra of Mn-doped samples record@@dt= 150 K. structure parameters D and E, which are strongly influenced
Co-precipitated reference sample after different treatments: 1.36MnZc (a) . .
before, (b) after 48 h of treatment with 0.1 M EDTA, and (c) after 48 h of by the symmetry of the paramagnetic centers. Accordingly,
treatment with 0.1 M HCI. Impregited Mn-doped sample (d) 0.5Mnszi.  F€* can give rise to a large variety of resonances over a
The spectra are superimposed by the?¥fMgO sextet of the standard, ~ wide range of effectivg-values [63]. The signal afes =
small sharp lines. 4.1 is assigned to isolated ¥ein cubic symmetry with a
strong rhombic distortion, with /O ~ 1/3. The broad and
close proximity. The spectra of the 1.36MnZc sample, which intense signal ag = 2.030 arises from antiferromagneti-
demonstrate such behavior, are shown in Fig. 6. cally coupled {Fé+—0?"} clusters (small D) or ¢-)Fe03
To distinguish surface from bulk species, two types of ex- particles; its intensity and line width varies expectedly with
periments were conducted. The first series of measurementshe iron content and particle size. However, this variation is
is given by the spectra in Fig. 5, which were obtained of the not simple. Increasing cluster sizes can have different effects
0.27MnZc sample in different environments, i.e., vacuum than the formation of crystalline antiferromagneti¢-e,O3
(Fig. 5a), air (Fig. 5b), and oxygen (Fig. 5c). If the Kin [64]. Accordingly, a quantitative interpretation of these spec-
ions were accessible to tlgaseous paramagnetic oxygen, tra will be difficult and can lead to misinterpretation.
the line widths should be broadened. This effect is expected For very low Fe concentrations(0.5 wt%) the signal
to be pronounced for isolated species showing well-resolvedat g = 2.030 is structured, indicating different #especies
hyperfine structure and narrow lines as the MnZc samplesin cubic symmetry (slightly distorted oxygen octahedron,
with lower manganese content do. The line widths did not smaller zero field splitting); signals gts ~ 2.6 (and 3.2)
change significantly in the spectra recorded of 0.27MnZ are also observed. In some cases a sharp signarap
in different atmospheres and vacuum, indicating that theseis present. To identify surfacend bulk species, different
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experiments were performed to dissolve iron species. Nei- of dissolution of the zirconia support, which can be brought
ther stirring in solutions of oxalic acid for several days nor into solution also by this procedure. Analogous effects were
acidic digestion with KHS@removed all iron species com-  observed for samples with 0.63 wt% Fe (Fig. 8d). The sig-
pletely from zirconia. Fig. 8 shows spectra of 0.26FeZc be- nal atg = 4.1 was not reduced at all by the oxalic acid or
fore (Fig. 8a) and after digestion at different temperatures KHSO, treatment. For higher iron contents the signals at
(Fig. 8b, 8c). Treatment at 673 K (Fig. 8b) did not visibly g = 2.030 andgest = 2.6/3.2 are partially reduced in in-
change the spectrum, i.e., no Fe was removed, while diges-tensity (EPR signal double integration) and their line widths
tion at 873 K (Fig. 8c) led to a decrease in all Fe signals. This were changed, indicating thénese species were located on
is due to the beginning of dissolution of the zirconia lattice, the surface.

and the reduced signal intensity is due to the small amount As already mentioned, for higher Fe contents wt%)

of catalyst that remained after all treatments. Obviously, the the quantitative interpretation of the EPR spectra of the
selective dissolution of the supported iron oxides by acid di- strongly magnetically interacting iron (oxide) species (as

gestion (KHSQ melt) did not succeed before the beginning in a-Fe0z) is very difficult. The removal of some smaller
iron oxide clusters or crystallites may not show remarkable

p— effects on the EPR line inteitg because the highest contri-
a-0.26FeZc bution originates from larger B3 crystallites, which are
uncalcined iop .
expected to be much more difficult to dissolve.
The incipient wetness-prepared Fe-doped samples

f b-0.26Fezc showed essentially the saneatures as the references sam-
ples; as an example the spectrum of a 2.0FeSZi sample is
c-0.63FeZc presented in Fig. 7d. Again, the signalgat 4.1, indicative

of isolated F&t, is present.

d - 2.0FeSZi

3.4. lon scattering spectroscopy

: , : , : _ Only the sulfate-containing incipient wetness-prepared
200 400 600 800 catalysts were analyzed with this method. All ISS spec-
B /mT tra showed intense signals of oxygen (broad signal around
0 815 eV) and zirconium (1675 eV). The signal of sulfur
Fig. 7. Typical X-band EPR spectra of Fe-doped samples recorded at (Ca. 1255 eV) was very weak and disappeared after the
Trec = 150 K for different Fe concentrations. Co-precipitated reference first few scans because the sample was being sputtered
i ot e Y S atrs T o Whle being analzed. The signals of Min and Fe, if de-
Zr(eersﬁzerimposéd t?y tﬂe ¥ih/MgO gtefof. the s.tandard., smallpsharp tECt,e_d’ were IOC,atEd in the range 1529_1525 eV. These
lines. positions are shifted by about 75 eV with respect to the
expected value as a result of charging. The top and the bot-
tom spectrum in Fig. 9 represent promoted sulfated zirconia
a-0.26Fezc samples containing 2 wt% Mn or 2 wt% Fe, respectively.
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Fig. 8. X-band EPR spectra of Fe-dapeoprecipitated reference samples
FeZc (0.26 and 0.63 wi%) &trec = 150 K before and after acid digestion Energy / eV
with KHSOy4 (melt; see text): (a) 0.26FeZc before and (b) after 45 min at
T =673 K in the melt and (c) 0.26FeZc after 30 minTat= 873 K in the Fig. 9. lon scattering spectra (2 keV'Hi of promoted sulfated zirconia

melt, and (d) 0.63FeZc after 45 min At= 673 K in the melt. The spectra catalysts prepared via impregnation with different Fe (2.0 wt%) and Mn

are superimposed by the ¥th/MgO sextet of the standard, small sharp ~ content (2.0 and 3.5 wt%): (top) 2.0FeSZi, (middle) 2.0MnSZi, and (bot-
lines. tom) 3.5MnSZi.
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At this promoter content, Fe was detected on the surface = 350

io

. ---- 8Z calc. 923K
i -0 0.5MnSZi
---@- 2.0MnSZi

0-3'0--0 004,
O
® OOOOOOOOOOOOQ
Aoomooi%&bmowmom

while Mn was not. At a nominal Mn content of 3.5 wt%, 2 3904
a weak Mn signal appeared in the spectrum (Fig. 9 mid- g
dle). 2 2504
S 2001
3.5. X-ray absor ption spectroscopy 'g 150-
[ H
Fig. 10a shows the near edge spectra of a calcined§ 100+
2.0FeSZi sample, and the same sample after 1-4 Washing:.g 50
cycles. After the first washing cycle the edge jump height o
is reduced by 23 3%, indicating a corresponding loss of @ O 0

Fe from the sample; after the second washing cycle the edge
jump height indicates that the sample has lost about 3%
of the Fe presentin the calcined sample. Further washing did

1 2 3 4 5 6
Time on stream / h

@)

not reduce the amount of Fe in the sample. The XANES "= 350
spectra of the calcined sample and those of the washed'®

samples do not match any reference Fe compound that we 2
have measured, viz. 84, F&03, Fe(NQ)3, FeSQ, and 2 250+

Fe(SOy)s.
Fig. 10b shows the differenspectra of the calcined sam-

Rate of isomerization / pmol
)
e

--0-- 0.5FeSZi
--m-- 2.0FeSZi
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ple minus the average of the spectra taken after the second 150
| |
0.20 ! L
50 / I—l~l~l—l-l-..._._._._-_._._._
/ 0-0-0-0-0-0-0-0-0-0-0-0-0-0- “0-0-0-0-0-0-0-
5 0.15- 0- ' i ' '
s non-washed| 0 1 2 3 4 5 6
:>; Time on stream / h
2 0.10- (b)
3
g 2 3 Fig. 11. Rate of:-butane isomerization vs time on stream for a set of sul-
g 0.054 H fated zirconia catalysts: (a) sulfated zirconia calcined at 923 K (diamonds)
i and Mn-promoted sulfated zirconia (des); (b) Fe-promoted sulfated zir-
conia (squares). Open symbols: 0.84y solid symbols: 2.0 wt%. Condi-
0.00 i —— — —— . tions: 500 mg of catalysk-butane partial pressure 1 kPa in nitrogen, total
7. 10 7.15 7.20 7.25 7.30 flow 80 mI min—1, reaction temperature 338 K for promoted sulfated zirco-
Photon energy / keV nia, 358 K for unpromoted sulfated zirconia.
@ third, and fourth washing cycles. The shape of the differ-
- 15 ence spectra is similar to that of the XANES spectra of
g FeO3 also shown in Fig. 10b, but not identical so that ad-
8 ditional iron compounds, for instance, sulfates, cannot be
8 10l excluded.
o v Fig. 11 shows the:-butane isomerization rate vs time
'g' on stream profiles for sulfated zirconia and a number of in-
i cipient wetness-prepared catstls. To obtain a measurable
c 054 rate unpromoted sulfated zirconia was tested at 358 K; the
-.§_ more active promoted materials were tested at 338 K. The
5 1 F e Difference spectrum activities of Mn-promoted catalysts (Fig. 11a) are within
38 — Fe,0; reference the same order of magnitude as those of Fe-promoted cat-
< 0-(7"10 792 714 716 718 7.0 alysts (Fig. 11b); the promoting effect of Mn is thus verified.
At equal promoter content, Mn actually produces a higher
Photon energy / keV maximum activity, and at a promoter content of 0.5 wt%
(b) much better long-term activity than Fe. Typical is the slightly

longer induction period of the 2 wt% Fe-promoted catalyst

Fig. 10. (a) Fe K edge X-ray absorpticspectra of impregnated sample
2.0FeSzi after a series of washing cycles in oxalic acid: before washing
(solid line), 1-4: after first throughotirth washing cycle (dotted lines);

in comparison to the corresponding Mn-promoted catalyst.
A promoter content of 2 wt% produces a higher maximum

(b) XANES difference spectrum of spectrum of unwashed samples and av- activity than a promoter content of 0.5 wt%, but is associated

erage of spectra 2—4 (dotted line) angBg reference spectrum (solid line).

with rapid deactivation.
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4. Discussion an increasing volume with foign cation content for cal-
cium, yttrium, and a large numbef rare earth elements, and

4.1. Reference samples: incorporation of Fe and Mn into a decreasing volume only for magnesium, germanium, and

the zirconia lattice scandium. Decisive parameters for increasing or decreasing

unit cell volume may be the sizéhe valence (lower valence

The reference samples wereepared following the pro-  may cause oxygen vacancies), and the location (substitu-
cedures described by Stdcker [37,38], i.e., the base wastional or interstitial) of the incorporated ion. As an example,
added rapidly to ensure preitation of Fe or Mn species Y3t is lower valent and larger than Zr; its local environ-
and Zr species at the same time. In this way, a zirconium hy- ment in the zirconia lattice [67,68] has been debated, and its
droxide raw material is obtained that is interspersed with Fe incorporation evokes an increase in the lattice parameter
or Mn cations. Incorporation of these ions into the zirconia with increasing content [67]. The Mh ion with an effec-
lattice as the sample crystallizes during calcination is then tive ionic radius of 0.96 A (coordination number GN 8)
facilitated. is larger than the 2t ion with 0.84 A (at CN= 8), while

Stabilization of the tetragonal and the cubic phase of Mn®t is smaller at 0.65 A (CN= 6), as is Fé* at 0.78 A
zirconia through solid solution formation has been inves- (CN = 8) [69].
tigated for a wide variety ofdreign cations. Particularly Stocker and Valigi heated their samples initially i H
yttria-stabilized zirconia is technologically important. The and obtained thus almost exclusively fnand a treatment
general trend for such a stabilization is that at low (a few in oxygen at 753 K oxidized more than 70% of the man-
wt%) dopant level the tetragonal phase is stabilized while at ganese to M#™ and Mrf+ [44]. As our reference samples
higher dopant level the cubic phase is stabilized [65]. Our were treated in an oxidizing atraphere, it is likely that man-
Mn- and Fe-doped reference compounds parallel this phaseganese is present not only as fas detected by EPR but
behavior with increasing promoter content, which is an indi- also in higher oxidation states, which are EPR silent. Prelim-
cation for incorporation. inary results from optical spadscopy indicate the presence

Phase analysis by X-ray diéfction has been used to fol- of Mn3t in the Mn reference samples. In Valigi's experi-
low the incorporation of first row transition metal cations ments, the slope for the shrinkage of the unit cell depended
into zirconia; Stocker [37,38], Valigi et al. [44], and Ke- on the Mn oxidation state [44] and was less steep fofMn
shavaraja and Ramaswamy investigated Mn [42]; Stéckerthan for Mr#+/Mn*+ [44]. Our slope (Fig. 3) is steeper than
[37,38], Navio et al. [45], Lépez et al. [43], and Boot et al. those reported by Valigi and that reported by Keshavaraja for
[47] investigated Fe. For Mn, all samples were prepared by zirconia with incorporated Mt but still only roughly 1/5
a co-precipitation method, andabilization of the tetrago-  of the slope created by incorporation of increasing amounts
nal phase at low Mn content and of the cubic phase at high of scandium, another representative of the first row transi-
Mn content was reported. Valigi et al. [44] found 100% cu- tion metals [66]. Comparison of Valigi's and Kesharavaja’s
bic phase at 7.8 wt% Mn, Stocker [37] already at 3 mol% slopes gives no trend with the Mn oxidation state, suggest-
MnO (= 1.35 wt% Mn). Lépez et al. [43] detected only the ing that consistency may be obtained only within one set of
tetragonal phase over a widenge of compositions (Mn:Zr  samples and that other factors influence the unit cell volume.
from 1:9t0 9:1). For Fe-doped samples prepared from mixed At low Mn concentrations (0.27 wt%), the EPR data in-
Fe, Zr solutions by co-precipitation or gelation, stabilization dicate that MA ions are solely present as incorporated and
of the cubic phase was reported by Stocker [37,38], and of isolated species (Fig. 5). The EPR spectra are very similar to
the tetragonal phase by Navio et al. [45] (at 3-5 wt% Fe). the spectra of Mfi" incorporated in ¥Os-stabilized ZrQ
Boot et al. [47] used a crystalline zirconia support and from crystals as presented by Sasaki and Maier [70]. The contribu-
their results excluded solid-state reactions between supportion of manganese surface species to the EPR spectra can be
and Fe phase. Okamoto et al. [49], using Mossbauer specneglected in their work due to the macrocrystalline (single-
troscopy, found Fe incorporated into zirconia only when the crystalline) character of the ZgO Sasaki and Maier also

sample was prepared by co-precipitation. stated that the EPR results do not depend on the morphology
Zirconia lattice parameters have been analyzed moreof ZrO,, as evidenced by identical results obtained for sin-
closely. Stocker reported shrinkage of the parametercu- gle crystals, polycrystals, and powder samples. Nishizawa

bic solid solutions of zirconia containing Fe and Mn [38]. et al. [71] who investigated Mn in calcia-stabilized zirconia
Stécker [37] and also Valigi et al. [44] reported a decrease of even concluded from the sharpness of the lines thattMn
¢/a with increasing dopant level in tetragonal zirconia stabi- should not be in interstitial sites because then a broad range
lized with Mn. We find corresponding behavior for Mn- and of local environments, equivalent to broadened EPR lines,
Fe-doped reference compounds, and consistent with Valigi'swould be expected. At a Mn content of 1.36 wt%, the well-
results, mainly is decreasing and not so muehShrinkage resolved hyperfine structure of the isolated Mn ions is super-
of the zirconia unit cell volume with increasing dopant level imposed by a broader signal (Fig. 6). Nishizawa et al. [71]
is rather rare. Yashima et al. [66], who investigated the valid- inferred that such a superimposed single broad line, which
ity of Vegard’s law for solid solutions of cubic and tetragonal increased with increasing caleh content in their samples,
zirconia, compiled data on the unit cell volume and found is characteristic of Mfi" in a cubic zirconia crystal. Alter-
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natively, dipole—dipole interaction of Mn ions in proximity

inside the lattice could be responsible for such a broad line.
The fact that washing has little effect on the EPR spectrum

of 1.36MnZc indicates a high degree of incorporation at this
Mn concentration.

For all calcined Fe-doped reference samples signals in-
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4.2. Evidence of incorporation of Fe or Mn in promoted
sulfated zirconia catalysts

For the Mn-promoted sulfated zirconia samples that were
prepared by the incipient wetness method, all data consis-
tently point toward incorporation of the promoters into the

dicating several different species are observed in the EPRzirconia lattice. XRD analysis reveals the stabilization of the
spectra, even at the lowest concentration of 0.26 wt% Fe tetragonal phase in comparison to Mn-free sulfated zirconia

(Fig. 7). The acid digestiorteempts conductkwith little ef-

that was calcined under thersa conditions (Figs. 1 and 2).

fect on 0.26FeZc and 0.63FeZc are somewhat inconclusiveA shrinking unit cell volume with increasing Mn content is
as it is not clear if incorporated or resilient surface species also observed (Fig. 3), although the slope is not as steep as

did not dissolve (Fig. 8). Taking into account all experimen-

for the Mn reference materials. This does not automatically

and parameter variation, line widths and line widths varia-

parameters influence the unit cell volume and the presence

tion), and literature arguments, one can conclude that only ©f Sulfate obscures the results. The intercept with ghe

the iron signal aiger = 4.1 corresponds to P& incorpo-
rated into the zirconia lattice. This e species is also the
only one found by Sasaki and Maier [70] forFeincorpo-
rated in Y203-stabilized ZrQ single crystals, polycrystals,
and powder samples.

With respect to the position and local environment of Fe
and Mn in the zirconia lattice, it should be mentioned that
not even for the well-investigated incorporation of yttrium
are all details known. The yttria—zirconia system is consid-
ered a substitutional solutioclustering of oxygen vacancies
and yttrium ions with the formation of Y§units that can

have near-octahedral coordination has been proposed [68]
but other authors report an eightfold coordination around yt-

trium inside tetragonal as well as cubic zirconia [67]. Our

EPR data are consistent with a highly symmetric environ-

ment for Mt and Fét; we are currently investigating the

exact nature of the surrounding by quantum-chemistry sup-

ported analysis of EPR spectra and fitting of EXAFS data.

Eor Mn, XRD -and EPR .data consisteqtly point toward' atmosphere, M, Mn3+, and Mrf-+
a high degree of incorporation: steady shrinkage of the unit
cell with increasing Mn content (Fig. 3), no success of wash-

ing experiments. Further support for incorporation of con-
siderable amounts comes from Valigi et al. who did not ob-

axis, i.e., the (projected) unit cell volume in absence of Mn,
is different for sulfated and non-sulfated samples (Fig. 3).
A strong argument for rather complete incorporation is given
by the ISS data; no Mn is detected by this highly surface-
sensitive method for lower Mn contents (2 wt% and less,
Fig. 9). Further evidence arises from Mn K edge XANES
spectra [18], which did not match the spectra of any of the
references, i.e., MNSOMnNS, MnO, Mn(NQ)2, MnCGOs;,
Mn304, MNOOH, MnpOs, or MnQ,, as would be expected
for a Mn species in the zirconia lattice. The average Mn va-
lence can be determined from the edge position [73], and
for 2.0MnSZi, a value of 2.7 was obtained. It is thus obvi-
bus that the MA" species in a well-defined environment,
which are detected by EPR and correspond to those detected
in the reference samples, regent only a fraction of the Mn.
Higher valent species are present but cannot be identified us-
ing XAS, which only delivers an average valence.Mmand
Mn** are likely candidates, and it was shown by Valigi et al.
[44] that after treatment of Mn/Zr£samples in an oxidative
can coexist inside the
zirconia lattice. In our incipienwetness-prepared catalysts,
Mn in different oxidation states seems to be largely incorpo-
rated into the zirconia lattice.

Little information is available in the literature on the state

serve (XRD) any manganese oxide at a content of 7.79 W% st \y in sulfated zirconia promoted with Mn alone [2,5,17—
Mn, butonly at 11.5 wt%. For Fe, the XRD data also reveal a 19 23 31]. Miao et al. [19] suspected oxide solid solutions
steady shrinkage of the unit cell (Fig. 4), but the EPR spectra o highly dispersed surface species on the basis of diffrac-

indicate extra-lattice Fe species.
It would be intriguing to use the correlation between unit

cell volume and promoter content as a calibration line to de-

termine the incorporated fraon of promoter in any catalyst
sample. However, for Mn the high likelihood for the simulta-

tograms that did not show a Mn phase. The Mn content in
the samples was only 1.5% metal, an amount most likely in-
sufficient for detection by XRD, and no further evidence was
delivered for solid solution formation. Srinivasan et al. [17]

proposed “manganese oxide” on the surface of zirconia from

neous presence of several oxidation states renders this nearlyG-DTA-MS results of the thermal decomposition of pre-

impossible. Additionally, a decrease ina was found at

cursors, and Yamamoto et al. [5] suggested surface-MnSO

constant yttrium content with decreasing particle size (tuned referring to Mn K edge XAS spectra, which changed upon

by treatment temperature) [72]. The unit cell volume thus

exposure of the sample igbutane, as evidence (0.27 wt%

depends on several factors and is no simple measure of thevin). Scheithauer et al. [23] assigned a weak peak at 641 eV

promoter content in the lattice. As the size of the crystalline

in the XP spectrum to Mt (1.8 wt% Mn). In mixed Fe,

domains in our reference samples did not have any particu-Mn-promoted sulfated zirconia, the Mn concentration is usu-

lar trend with the promoter content, the particle size effect
can be excluded.

ally chosen so low that only limited statements on the nature
of Mn can be made [3]. Scheithauer et al. [23] did not de-
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tect Mn by XPS and presented EPR spectra indicative of al. [2] identified sulfate- and OH-free, oxidized Fe species
isolated Mt (hyperfine splitting) in “unknown locations”.  (F€*t) as centers of activity. Miao et al. [19] argued in an
Benaissa et al. [27] could not find any Mn oxide particles analogous way for Fe as for Mn; i.e., the absence of peaks in
with HRTEM. the diffractogram (at 1.5 wt% Fe) was ascribed to the forma-

Miao’s [19] samples were ade by co-precipitation of  tion of a solid solution or highly dispersed species; similarly
mixed Zr, Mn solutions with a calcination temperature of Benaissa et al. [27] could not find any Fe oxide species with
923 K, Scheithauer [23] used the incipient wetness method HRTEM (at 1.5 wt% Fe). Yamamoto et al. [5] favored the
to introduce the promoters and calcined at 923 K, Be- idea of an interstitial-type solid solution of #ein zirconia
naissa [27] impregnated followed by calcination at 998 K, on the basis of XANES and EXAFS results, showing that Fe
and Yamamoto [5] applied the equilibrium adsorption tech- K edge spectra were unchanged upon admissianlaftane
nigue followed by calcination at 873 K. Variations in the to the reactor. The authors also pointed out that the forma-
preparation conditions may favor formation of surface or tion of a solid solution requires that zirconium hydroxide and
bulk manganese species and mixtures of both may be ob-not oxide is reacted with the Fe compound and that accord-
tained. A single technique such as XANES or EPR may not ing to the Fe-Zr—O phase diagram,,Bg (hematite) will
deliver sufficient information on all Mn species. Our results be formed at high Fe concentration. The referenced phase
are consistent with the EPR data in Scheithauer’'s work anddiagrams [74] however, cover temperatures of 1373 K and
the suppositions by Miao; the formation of Mng@annot higher. Millet et al. [35] combined Mdssbauer and XP spec-
be confirmed and may have been the result of the differenttroscopy and identified two Fe species, an isolatetf Fat
preparation conditions applied by Yamamoto. the surface or in the bulk near the surface of Zr@nd

For incipient wetness-prepared Fe-promoted sulfated zir- F&O3. In mixed Fe, Mn-promoted sulfated zirconia, Schei-
conia, again the tetragonal phase is stabilized in comparisonthauer et al. [23] and Tébora and Davis [3] are in agreement
with unpromoted sulfated zirconia (Fig. 2), suggesting in- on the presence of small rafts of#&& on the surface of zir-
corporation of Fe into the zionia lattice. The unit cell data  conia, whereby Tabora and Davis explicitly excluded solid
(Fig. 4) are, however, inconclusive in that there is no con- solution formation although they prepared their catalyst by
traction of the lattice with increasing promoter content. Most co-precipitation. While all thee studies agree on iron being
literature and all our data point toward Fe(lll) as the single trivalent, Wan et al. [26] proposed an Fe(IV) species. In light
oxidation state and accordingbther than for Mn, the unit  of the cited data and our data, it appears that incorporated
cell volume should be free from influence of different ox- Fe** species and an E©z-like surface species coexist, and
idation states. Evidence for incorporation arises from EPR the amount of each depends on the preparation conditions.
spectra (Fig. 7d), which show the presence of isolated Fe The differences in incorporation behavior of Mn and Fe
species in a highly symmetric environmegt=£ 4.1). The are interesting with respect to understanding mixed Fe, Mn-
EPR spectra also indicate oxidre surface species, and the promoted sulfated zirconia. Resasco and co-workers [24,75]
ISS data (Fig. 9) confirm a considerable Fe surface concen-and Garcia et al. [36] have claimed that the main function
tration. Incorporation is thus by no means complete. Con- of Mn is to help disperse Fe in these mixed promoted cata-
sistent with partial incorporation, and at variance with the lysts. These suppositions were made on the basis of a higher
results obtained for the reference compounds, the washingFe/Zr intensity [36,75] ratio in XP spectra in the presence
experiments succeeded immeving Fe (Fig. 10). About42%  of Mn. We believe that an alternative interpretation emerges
of the Fe could be removed by successive treatments; againfrom our findings: as Mn is more easily incorporated than Fe,
it is not guaranteed that all surface species dissolve in ox-it may be preferably incorporated, preventing incorporation
alic acid; i.e., the 42% represents a minimum amount for the of Fe and thus leading to a higher surface Fe concentration.
surface species. In agreement with EPR data, the differencdncorporation of Mn into the zirconia lattice in mixed pro-
spectrum representing the washed-off component resemblesnoted sulfated zirconia is also supported by data presented
that of FeOs; this interpretation is also consistent with the by Scheithauer et al. [23] who did not detect Mn with XPS,
reddish color of the samples. In comparison to Mn, Fe in- although 0.5 wt% Mn should be within the detection limit.
corporation into the zirconia lattice is less complete when XPS can thus easily mislead: usually, low promoter to sup-
the materials are prepared by the incipient wetness method. port signal intensity ratios are interpreted as poor dispersion

Fe as a single promoter has drawn more attention in the of the promoter on the surface, but if the promoter is incorpo-
literature than Mn because there is agreement on its pro-rated, XPS will also give a low promoter to support intensity
moting effect and because ittise major component in the ratio.
well-investigated mixed promoted Fe, Mn sulfated zirco-
nia (typically 1.5 wt% Fe, 0.5 wt% Mn) [2,5,17-19,30-35]. 4.3. Implications of the presence of bulk and surface
Hino and Arata [34] found an XPS signal of Fe-promoted promoter speciesfor catalysis
sulfated zirconia (2 wt% Fe) at 711.4 eV, which they rated as
close to that of Fg03; Ardizzone and Bianchi [33] assigned The paramount question arising from the characteriza-
a peak at 710.9 eV to E©s3. Srinivasan et al. [17] detected tion of the manganese- or iron-promoted sulfated zirconia is
FeOs in the diffractogram at 3 wt% Fe content. Morterraet whether surface or bulk species are responsible for the pro-



F.C Jentoft et al. / Journal of Catalysis 224 (2004) 124-137 135

moting effect. Unfortunately, the washing procedures per- are different they may all have a common function via incor-

formed on the FeSZi did remove not only the Fe surface poration. All these promoters feature stable oxidation states
species but also sulfate, so that the catalytic activity of thesethat are lower valent than zirconium in zirconia, meaning

materials would not reflect that of an Fe-promoted sulfated that their incorporation must lead to oxygen vacancies for
zirconia with only incorporated iron species. charge compensation. Accandly, the promoters change

Our catalysis results show that, at a content of 0.5 wt%, the structural and electronic properties of the catalysts’ bulk.
Mn has a stronger promotional effect than Fe (Fig. 11). At Near the surface such oxygen vacancies could create sites
a promoter content of 2 wt%, the Mn-promoted catalyst ex- with a high degree of unsaturation, i.e., strongly acidic Lewis
hibits higher activity than the Fe-promoted catalyst within sites. Such sites exist on the surface of unpromoted sulfated
the first hour, but after 5 h on stream the situation is re- zirconia, and the presence of promoters may increase their
versed. Differences in assessment of promoters in the liter-abundance.
ature, in part, result from this rapid change in performance. If the solid solution formation was crucial, one would
The higher maximum rate (conversion) that is achieved at hope for a correlation between catalytic performance and
high promoter content is of questionable benefit as long asbulk structural data. For the Mn-doped samples, the catalytic
it is accompanied by rapid deagttion. The decline iniso-  activity seemingly improves with increasing contraction of
merization rate may be a result of coking [76] and it has the lattice. With further increasing promoter content, this
been shown that high activity of promoted catalysts can be positive effect is eventually diminished as bulk promoter
conserved by addition of Pt to the catalyst ang td the oxides cover active surface sites. However, the data points
feed [77]. are few, and no such correlation is seen for Fe-doped sam-

At a Mn content of 2 wt%, no Mn is detected at the ples. Furthermore, catalysts that were made from the same
surface by ISS, yet we find a high maximum activity. Ei- raw material (same promoteowtent) by calcination in dif-
ther very few Mn surface atoms are responsible for a high ferently sized batches exhibit very similar unit cell para-
turnover or there is indeed some promoting effect through meters yet perform very differently in-butane isomeriza-

Mn that is incorporated into the zirconia lattice. The distri- tion [54, Hahn et al., in preparation]. It appears that there is
bution of Mn and Fe to surface and bulk is definitely very no simple correlation of cataig activity and unit cell para-
different; i.e., Mn is predoinantly incorporated while Fe  meters. However, as stated above, the unit cell volume is a
is to a significant extent present as surface species. With-function of several parameters and effects may cancel each
out knowing the role of the chemistry of the two elements, other out, yielding coinciding unit cell data.

identification of surface or bulk species as the origin of the = Experiments on the state of the promoters during or after
promoting effect is difficult; variation of the surface and bulk reaction may deliver information on whether the promoters
fraction of a single element would allow for more conclusive are directly involved in the isomerization reaction or not.
statements. Iron was found reduced to Fe after n-butane isomeriza-

An argument for a role of surface species in the promot- tion, and oxidative dehydrogenation to give alkenes was sug-
ing effect comes from Miao’s tests [19]. He prepared cat- gested as the promoting effe8g]. We have investigated the
alysts by co-precipitation, which should thus resemble our Mn valence by in situ XAS during-butane isomerization
reference materials with a high degree of incorporation, and and could not detect a change of oxidation state through-
he observed a weak promoting effect for iron and a nega- out the entire reaction profile [80, Jentoft et al., submitted
tive effect for Mn. On the other hand, some transition metals to J. Phys. Chem. B]. Yamamoto et al. observed a change in
(Cr) developed a good promoting effect despite the prepara-the Mn K edge data upon exposurestdutane while the Fe
tion method. Another argument for the relevance of surface K edge remained unaffected [5]. The accumulated data are
species arises from Arata’s [78] experiments, which showed contradictory. In principle, in situ techniques are a promising
that sulfated zirconia can hgromoted for butane isomer-  solution to the problem unless too many different promoter
ization by physically mixing it with FgO3. These mixtures  species hamper interpretation.
were calcined at 673 K and above. An inconsistent picture evolves from literature and our

A number of arguments speak for the promoting effect data as to which preparation method favors incorporation.
being caused by Mn or Fe species in the lattice. First of all, From our data, we would conclude that co-precipitation fa-
the stabilization of the tetragonal phase should have a pos-vors incorporation, which is supported by Miao’s [19] data
itive effect on the catalytic activity; the monoclinic phase and by Stocker’s [37] as well as Okamoto’s [49] remarks.
has also been reported as active, but less so [79]. It hasTabora and Davis [3] though also used this method and
been suspected that the praers act by generating alkenes claimed that there is no incorporation. Yamamoto et al. [5]
through oxidative dehydrogenation [25,35]. If this was in- reported incorporation for Fe and not for Mn, where our
deed the function of the promoters, then it would be remark- experience says that Mn should be incorporated more eas-
able that M ZrO; is used as an-butane oxidation catalyst ily. To achieve more consistent information on these pro-
and works best if a solid solution is formed [41]. Many first moted catalysts, the preparative potential needs to be ex-
row transition metal cations—Mn, Fe, Co, and Ni—are pro- hausted in that the promoters are added in a controlled man-
moters for sulfated zirconia and while their redox potentials ner.
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5. Summary

The promoters Fe and Mn are in part incorporated into
the zirconia lattice in promoted sulfated zirconia catalysts;
incorporation was concluded from XRD, EPR, ISS, and
XANES data, and from the comparison of these characteri-

zation data to those of a series of sulfate-free reference com-

pounds with deliberately incorporated promoters (via co-
precipitation). Mn and Fe gave rise to narrow, well-resolved
EPR lines indicative of isolated species in a highly symmet-

F.C Jentoft et al. / Journal of Catalysis 224 (2004) 124-137

[5] T. Yamamoto, T. Tanaka, S. Takenaka, S. Yoshida, T. Onari, Y. Taka-
hashi, T. Kosaka, S. Hasegawa, M. Kudo, J. Phys. Chem. B 103 (1999)
2385-2393.

[6] W.E. Alvarez, H. Liu, D.E. Resasco, Appl. Catal. A 162 (1997) 103—
1109.

[7] V. Adeeva, J.W. de Haan, J. Janchen, G.D. Lei, V. Schinemann, L.J.M.
van de Ven, W.M.H. Sachtler, R.A. van Santen, J. Catal. 151 (1995)
364-372.

[8] V. Adeeva, G.D. Lei, W.M.H. Sachtler, Appl. Catal. A 118 (1994)
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ric environment. Mn and Fe can be used as probes inside thd10] T.-K. Cheung, J.L. d'ltri, B.C. Gates, J. Catal. 151 (1995) 464-466.

zirconia lattice for better understanding of its bulk proper-
ties. In a typical catalyst containing about 2 wt% promoter

[11] A. Jatia, C. Chang, J.D. Macbd, T. Okubo, M.E. Davis, Catal. Lett.
25 (1994) 21-28.

[12] X. Song, K.R. Reddy, A. Sari, J. Catal. 161 (1996) 206—210.

metal, incorporated and surface promoter species may Coexi13] A. Sayari, Y. Yang, XSong, J. Catal. 167 (1997) 346-353.

ist.

At 2 wt% promoter content, ISS showed Fe at the surface
but not Mn, indicating a higher degree of incorporation of
Mn for our catalyst preparations. The extra-lattice Fe formed
an FeOgs-like species that accounted for at least 50% of the
Fe and could be removed by washing with oxalic acid as
shown by XANES.

The incorporation leads to a stabilization of the tetragonal
(or cubic) ZrG structure. The unit cell volume of the tetrag-

onal phase shrank with increasing promoter content for the

reference compounds and for Mn-promoted sulfated zirco-
nia; there was no clear trend fBe-promoted sulfated zirco-
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(1995) 23-30.
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B.C. Gates, B. Tesche, J. Catal. 177 (1998) 137-146.
[24] M.A. Coelho, D.E. Resasco, E.Sikabwe, R.L. White, Catal. Lett. 32
(1995) 253-262.
[25] M.A. Coelho, W.E. Alvarez, E.C. Sikabwe, R.L. White, D.E. Resasco,
Catal. Today 28 (1996) 415-429.

moter cations produce oxygen vacancies (defects) in the zir-[26] k.T. wan, C.B. Khouw, M.E. Davis, J. Catal. 158 (1996) 311-326.
conia lattice; near the surface such defects are equivalent td27] M. Benaissa, J.G. Santiesteban, G. Diaz, M. José-Yacaman, Surf. Sci.

surface cations with a high degree of unsaturation. In coop-
eration with sulfate groups such sites could be responsible

for the high isomerization activity of promoted sulfated zir-
conia catalysts.

Acknowledgments

The authors would like to thank Sophia Klokishner for
discussion of the EPR data, Edith Kitzelmann for assistanc
with the XRD measurements, and Edmund Welter and Kon-
stantin Klementiev for their support at Hasylab beamline E4.

References

[1] C.-Y. Hsu, C.R. Heimbuch, C.T. Armes, B.C. Gates, J. Chem. Soc.,
Chem. Commun. (1992) 1645-1646.

[2] C. Morterra, G. Cerrato, S. Di Qie, M. Signoretto, A. Minesso, F.
Pinna, G. Strukul, Catal. Lett. 49 (1997) 25-34.

[3] J.E. Tabora, R.J. Davis, J. Chem. Soc., Faraday Trans. 91 (1995) 1825—

1833.
[4] T. Tanaka, T. Yamamoto, Y. Kohno, T. Yoshida, S. Yoshida, Jpn. J.
Appl. Phys. 38 (1999) 30-35.

364 (1996) L591-1594.

[28] E.A. Garcia, E.H. Rueda, A.Rouco, Appl. Catal. A 210 (2001) 363~
370.

[29] K. Arata, Appl. Catal. A 146 (1996) 3-32.

[30] J.C. Yori, J.M. Parera, Appl. Catal. A 147 (1996) 145-157.

[31] F.C. Lange, T.-K. Cheung, B.C. Gates, Catal. Lett. 41 (1996) 95-99.

[32] E.C. Sikabwe, R.L. White, Catal. Lett. 44 (1997) 177-183.

[33] S. Ardizzone, C.L. BianchiSurf. Interface Anal. 30 (2000) 77-80.

[34] M. Hino, K. Arata, Catal. Lett. 34 (1996) 125-128.

[35] J.M.M. Millet, M. Signoretto, P. Bonville, Catal. Lett. 64 (2000) 135—
140.

e[36] E.A. Garcia, E.H. Rueda, A.Rouco, Appl. Catal. A 210 (2001) 363—

[37] H.J. Stocker, Ann. Chim. 5 (1960) 1459-1502.

[38] J. Stocker, R. Collongues, Compt. Red. 245 (1957) 695-697.

[39] A. Keshavaraja, A.V. Ramaswamy, J. Mater. Res. 9 (1994) 837-840.

[40] A. Keshavaraja, N.E. Jacob, A.V. Ramaswamy, Thermochim. Acta 254
(1995) 267-275.

[41] A. Keshavaraja, A.V. Ramaswamy, Appl. Catal. B 8 (1996) L1-L7.

[42] A. Keshavaraja, A.V. Ramaswamy, Chem. Commun. (1996) 397-398.

[43] E. Fernandez Lopez, V. Sanchezdgbano, C. Resino, J.M. Gallardo-
Amores, G. Busca, Appl. Catal. B 29 (2001) 251-261.

[44] M. Valigi, D. Gazzoli, R. Dragone, A. Marucci, G. Mattei, J. Mater.
Chem. 6 (1996) 403-408.

[45] J.A. Navio, M.C. Hidalgo, G. Col6n, S.G. Botta, M.I. Litter, Lang-
muir 17 (2001) 202-210.

[46] L.A. Boot, A.J. van Dillen, J.W. Geus, F.R. Van Buren, J. Catal. 163
(1996) 186-194.



F.C Jentoft et al. / Journal of Catalysis 224 (2004) 124-137 137

[47] L.A. Boot, A.J. van Dillen, J.W. Geus, F.R. Van Buren, J. Catal. 163 [63] F.E. Mabbs, D. Collins, Electron paramagnetic resonance of d transi-

(1996) 195-203. tion metal compounds, Elsevier, Amsterdam, 1992.
[48] Y. Okamoto, T. Kubota, Y. Ohto, S. Nasu, J. Catal. 192 (2000) 412— [64] K. Dyrek, Z. Sojka, W. Zabinski, Mineral. Polon. 26 (1995) 9-16.

422, [65] P. Li, I.-W. Chen, J.E. Penner-Hahn, Phys. Rev. B 48 (1993) 10063—
[49] Y. Okamoto, T. Kubota, Y. Ohto, S. Nasu, J. Phys. Chem. B 104 (2000) 10073.

8462-8470. [66] M. Yashima, N. Ishizawa, M. Yoshimura, J. Am. Ceram. Soc. 75
[50] L.A. Boot, M.H.J.V. Kerkhoffs, B.Th. van der Linden, A.J. van Dillen, (1992) 1550-1557.

J.W. Geus, F.R. van Buren, Appl. Catal. A 137 (1996) 68-609. [67] P. Li, I.-W. Chen, J.E. Penner-Hahn, Phys. Rev. B 48 (1993) 10074—
[51] G. Bayer, J. Am. Ceram. Soc. 53 (1970) 294. 10081. , _ _
[52] R. Srinivasan, D. Taulbee, B.H. Davis, Catal. Lett. 9 (1991) 1-8. [68] N. Ishizawa, Y. Matsushima, M. tyashi, M. Ueki, Acta Crystallogr.

) . B 55 (1999) 726-735.
53] C. Morterra, G. Cerrato, F. Ria, M. Signoretto, J. Catal. 157 (1995
53] 109-123 g ( ) [69] R.D. Shannon, Acta Crystallogr. A 32 (1976) 751-767.
: [70] K. Sasaki, J. Maier, Solid State lonics 134 (2000) 303—-321.

[54] ?3?::1:;8T Ressler, R.E. Jentoft, F.C. Jentoft, Chem. Commun. (2001) [71] H. Nishizawa, T. Tani, K. Matsuoka, J. Mater. Sci. 19 (1984) 2921—

2926.
[72] J. Luo, R. Stevens, J. Am. Ceram. Soc. 82 (1999) 1922-1924.
[73] T. Ressler, S.L. Brock, J. Wong, S.L. Suib, J. Phys. Chem. 193 (1999)

[55] W. Kraus, G. Nolze, Federal Institute for Materials Research and
Testing (BAM), Berlin, Germany, 200ttp://www.bam.de/service/
publikationen/powdercell_i.htm

6407-6420.

[56] J. llavsky, J.K. Stalick, Sti Coatings Technol. 127 (2000) 120-129. [74] T.S. Jones, S. Kimura, A. b&n, J. Am. Ceram. Soc. 50 (1967) 137—

[57] D.N. Argyriou, C.J. Howard, J. Appl. Crystallogr. 28 (1995) 206-208. 142.

[58] J.A. Wang, M.A. Valenzuela, J.ainones, A. Vasquez, A. Garcia-  [75] D.E. Resasco, M.A. Coelho, E.Kabwe, R.L. White, Poster presented
Ruiz, X. Bokhimi, Catal. Today 68 (2001) 21-30. at 14" NAM, Snowbird, Utah, June 1116, 1995.

[59] R. Srinivasan, T.R. Watkins, C.R. Hubbard, B.H. Davis, Chem. Mater. [76] R. Ahmad, J. Melsheimer, F.C. Jentoft, R. Schlégl, J. Catal. 218 (2003)
7 (1995) 725-730. 365-374.

[60] M. Li, Z. Feng, G. Xiong, P. Ying, Q. Xin, C. Li, J. Phys. Chem. B 105  [77] S. Kuba, B.C. Gates, R.K. Grasselli, H. Kndzinger, Chem. Commun.
(2001) 8108-8111. (2001) 321-322.

[61] B. Djuricic, S. Pickering, D. McGarry, P. Glaude, P. Tambuyser, K. [78] K. Arata, H. Matsuhashi, M. Hio, H. Nakamura, Catal. Today 81
Schuster, Ceram. Int. 21 (1995) 195-206. (2003) 17-30.

[62] L.N. Komissarova, Yu.P. Simanov, Z.A. Vladimirova, Russ. J. Inorg. [79] W. Stichert, F. Skiith, J. Catal. 174 (1998) 242-245.
Chem. 5 (1960) 687—689. [80] R.E. Jentoft, A. Hahn, F.C. Jentoft, T. Ressler, Phys. Scripta, in press.


http://www.bam.de/service/publikationen/powdercell_i.htm
http://www.bam.de/service/publikationen/powdercell_i.htm
http://www.bam.de/service/publikationen/powdercell_i.htm

	Incorporation of manganese and iron into the zirconia lattice  in promoted sulfated zirconia catalysts
	Introduction
	Experimental
	Preparation of catalysts
	Preparation of reference compounds
	Washing procedures for manganese-zirconia reference samples
	Washing procedures for iron-zirconia reference samples
	Washing procedures for iron-promoted catalyst
	Ion scattering spectroscopy
	X-ray diffraction
	X-ray absorption spectroscopy
	Electron paramagnetic resonance
	Catalytic tests

	Results
	Sample appearance
	X-ray diffraction
	Electron paramagnetic resonance
	Ion scattering spectroscopy
	X-ray absorption spectroscopy

	Discussion
	Reference samples: incorporation of Fe and Mn into the zirconia lattice
	Evidence of incorporation of Fe or Mn in promoted sulfated zirconia catalysts
	Implications of the presence of bulk and surface promoter species for catalysis

	Summary
	Acknowledgments
	References


