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Abstract

In view of an understanding of catalytic efficiency the electronic and magnetic state of iron in Fe/KL and the influence of Pt
on these properties in Pt-Fe/KL were investigated by superconducting quantum interference device (SQUID) magnetization
measurements and Mdssbauer spectroscopy. After calcination in air, iron is present oflyias&a both samples, mainly
in a paramagnetic state. There is also a small antiferromagnetic contribution, probably due to iron oxide and hydroxide particles
which precipitate on the outer surface of the zeolite crystallites during preparation. After reductigrtie Behavior of both
samples is predominantly superparamagnetic, but the presence of Pt increases both the saturation magnetization and the siz
of the residual hysteresis loop. At the same there remains a pronounced paramagnetic contribution which appears to be even
slightly higher than before reduction. The interpretation is that alloy particles of metallic Pt—Fe are formed on the outer surface.
Since small clusters inside the zeolite crystallites are most active for catalysis the alloy formation seems to be not of relevance
for an enhancement of sulfur resistance. It was also shown that during reduction a fracti&hisffBemned. The coordination
of the Fé* ions is clearly influenced by Pt and it seems very likely th&t"Hens are in close contact with Pt clusters. This
interaction is probably the origin of the enhanced sulfur resistance and catalytic activity in the reforming reactions.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction prevented its application in industf]. Vaarkamp
et al. [4] and McVicker et al[5] concluded that the

Pt/KL was found to be a highly active and selective high sensitivity of P/KL to sulfur poisoning is at-
catalyst for aromatizatio[i] and also for hydrogena- tributed to the loss of active surface by adsorption
tion reactions. Sulfur is a severe poison of metal cata- of sulfur compounds and also to the aggregation of
lysts because it forms compounds which are strongly small Pt clusters to larger particles which occurs due
chemisorbed on the metal surfd@$. Unfortunately,a  to the reduced interfacial interactions between neutral
mono-functional Pt/KL catalyst shows a much higher Pt clusters and the framework. Simon et[6]. inves-
sensitivity to sulfur poisoning than the conventional tigated the sulfur resistance of Pt supported on LTL
hydrogenation catalyst Pt—-Ref&s—Cl. This has  for benzene hydrogenation.

An improvement of the sulfur resistance of a metal
mpondmg author. Tels49-711-685-4490; is obtained by a modification of its electronic proper-
fax: +49-711-685-4495. ties[7]. For example, catalysts containing Lewis acid
E-mail address: e.roduner@ipc.uni-stuttgart.de (E. Roduner). metals reduce the electron density on the noble metal
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by bimetallic interactior{8,9]. In the present case, a Mdéssbauer spectroscopy is a sensitive tool for the
better sulfur resistance of Pt/KL is achieved by ad- investigation of the oxidation state of iron. The exis-
dition of iron. The effect is ascribed to two different tence of a chemical isomer shift (IS) produced by dif-
mechanisms: Fe ions (such as’Feact as chemical  ferent chemical environments was first demonstrated
anchors for the particles during reduction and catal- by Kistner and Sunygd 9] in 1960. It was shown that
ysis, and therefore they prevent the clusters from be- the chemical shift is related to the formal oxidation
coming highly mobile and forming larger aggregates state of the iron. Another parameter is the magnetic hy-
[10,11] Secondly, in its metallic state, a noble metal perfine interaction of the nucleus with magnetic fields.
is able to dissociate hydrogen. The H atoms can re- It is characteristic for the magnetic properties of the
duce Fét or F&t ions which are in close contact sample (i.e. ferromagnetisni20]. It causes a sextet
with the noble metal particle, to Fe(0), which results structure of a spectrum. For nanoparticles the time be-
in alloy formation[12]. In monometallic Fe zeolites tween two electron spins flips is size dependent and
there is no H atom formation, and consequently re- therefore, the hyperfine interaction is partly or com-
duction of individual iron ions to the metallic state pletely averaged oyR1].
is known to be more difficult than reduction of bulk Isomer shifts amount to typically 0.3-0.4 mmis
FeO3 particles since iron ions in zeolites are stabi- for high-spin Fét and to 0.7-1.5mmg for Fe?t,
lized by framework coordinatiofi3]. In zeolites, the For Pt—Fe alloy in zeolite catalysts, Woo et |2]
reduction to Fe(0) using hydrogen as reducing agent found a shift of 0.11-0.16 mnT$ relative to metal-
has been reported to be not possible, so that strongetic iron, and Kajcsos et a[23] reported 0.07 mmg'.
agents such as Na vapor or Nablre required14]. These are typical metallic isomer shifts, but there is
However, at temperatures higher than 693K the re- a controversy in literature about the interpretation of
duction to Fe(0) using hydrogen becomes possible doublet signals with a shift of about 0.3 mmisand a
[15]. quadrupolar splitting in the range 0.6—1.0 mm ¢hat

In a recent publicatiorf16] the influence of iron  were found in diverse catalysts containing a group VIII
as a co-impregnated second metal component on thenoble metal and iron. These parameters are nhormally
decomposition, dispersion and catalysis of the plat- characteristic of high-spin B¢, and several authors
inum amine complex in KL zeolite was investigated. [13,24-30]made this assignment in bimetallic cata-
By XPS it was demonstrated that?®tions migrate lysts. Other authors like Gart¢81], Lam and Garten
into inner sites of KL crystallites during calcination, [32], Vannice et al[33], and Garten and Sinfe]84]
whereas F& shows a pronounced surface enrich- favor the interpretation that this doublet corresponds
ment. It was also shown that the Pt particles are more to zerovalent iron atoms on the surface of alloy par-
electron deficient after reduction, owing to the par- ticles. Their conclusions are based on chemical argu-
tial electron transfer from Pt to Feions. This ef- ments. For example, in the case of Rh-Fe/Na¥,36]
fect can also be discussed in terms of the Sandersonand Pd-Fe/NaY12], evidence was presented that part
electronegativity for solid§17] which states that the  of the iron was reduced to the zerovalent state and
electronegativity of a zeolite is the geometric aver- alloyed to the noble metal, while the remaining frac-
age of the electronegativities of all atoms of the zeo- tion was reduced from Fé to F&+. Lam and Garten
lite [18]. In Pt-Fe/KL part of the K cations are re-  [32] explain these high isomer shifts by assuming that
placed by Fe cations. This increases the electroneg-the electron density on surface iron atoms is lower
ativity of the whole system and reduces the electron than for iron atoms in bulk alloy§able 1contains an
density on the platinum clusters. As a consequence, overview of Méssbauer parameters assigned to Pt-Fe
the bimetallic Pt-Fe/KL zeolite shows a higher perfor- alloys. The situation becomes in addition more com-
mance on both catalytic activity and sulfur resistance plicated by the fact that metallic Fe phases can show
in hydrogenation and aromatization reactions. Fe re- doublets or sextets depending on the Fe/Pt ratio, sup-
duction was clearly enhanced in Pt-Fe/KL compared port and temperature.
to monometallic Fe/KL, but it was not possible to de- The two interpretations of the doublet signal near
cide whether this results in the formation of%fe 0.3mms?! seem to be somewhat in conflict, and an
metallic Fe(0), or a metallic Pt—Fe alloy. investigation of the oxidation state of iron in Pt-Fe/KL
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Table 1

Overview of Mossbauer parameters found for Pt—Fe phases (isomer shifts relative to meialtig®

Sample IS (mmsl) QS (mms?t) HF (T) T (K) References
Pt-Fe/NaY 0.31 0.55 295 [36]
Pt-Fe/SiQ 0.28 0.46 295 [28]
Pt—Fe alloy 0.29-0.32 28.8-31.0 300 [37]
Pt-Fe/SiQ 0.11-0.16 0.22-0.32 523 [22]
Pt-Fe/SiQ 0.30 0.43 295 [38]
Pt-Fe catalyst 0.348 295 [39]
Pt—Fe 0.28-0.51 298 [40]
Pt-Fe/C 0.305-0.325 0.423-0.987 295 [41]

IS: isomer shift; QS: quadrupole splitting; HF: hyperfine splittiigtemperature.
a|S=0mms?, HF = 33.0T[20].

by another technique is highly desirable. The highly to baseline drifts continuos wave EPR is not very
sensitive SQUID magnetization measurements pro- sensitive to such broad lines. In addition the signal
vide information about the magnetic properties of intensity of forbidden transitions which are common
the samples and distinguish between diamagnetic, for Fe** depends on the local geometry.
paramagnetic, antiferromagnetic and ferromagnetic The aim of the present work is to compare results
or superparamagnetic states. In many cases the magof Méssbhauer spectroscopy and SQUID magnetization
netic behavior is a superposition of more than one measurements in order to obtain more clarity concern-
magnetic property. In our samples, the diamagnetic ing the interaction Pt and Fe in bimetallic Pt-Fe/KL
part is mainly a property of the zeolite framework catalysts. An answer to this question is a key to a fur-
and should thus be comparable to the diamagnetismther understanding of the enhanced sulfur resistance
of SiOy. On the other hand, in all common oxidation of bimetallic Pt-Fe/KL compared with monometallic
states (0,+2, +3) Fe bears at least one unpaired Pt/KL catalysts.
electron. Therefore, iron should show either paramag-
netic, antiferromagnetic or ferromagnetic magnetiza-
tion, depending on its oxidation state and dispersion. 2. Experimental
Ferromagnetic behavior is well known for pure metal-
lic iron or for iron alloys. Fe(ll) and Fe(lll) oxides 2.1. Sample preparation
are often antiferromagnetic (e.g. in k&, a-F&03)
but sometimes also ferromagnetic (e.gyHreO3 in 2.1.1. Preparation of °>’FgNOs)3
the temperature range below 260[KR]. As the vol- 30mg of ®’Fe (Chemotrade, enrichment 95.85%)
ume of a ferromagnetic particle is reduced, a size is were dissolved in 5ml of concentrated H{OThe
reached below which the anisotropy energy is smaller solution was evaporated just to the point before dry-
than the thermal energy. In that case, thermal fluc- ness in order to prevent the formation of insoluble
tuations cause the magnetic moment of the domainsiron oxides or hydroxides after prolonged heating. The
to fluctuate randomly between their energy minima; residue was then dissolved in an adequate amount of
hence the particles behave like a paramagg@it water to obtain a 0.0107 N'Fe(NGs)3 solution[44].

In principle the magnetic behavior of Fe can also
be determined by EPR spectroscopy. We performed 2.1.2. Preparation of Fe/KL and Pt-Fe/KL
such measurements in our previous w¢tlé], but KL zeolite (Si/Al = 3.0) was obtained from
a disadvantage is the dependence of the EPR signalCU Chemie Uetikon AG. Wet impregnation with
intensity on relaxation effects which may be temper- 0.0107 M°’Fe(NQ)3 (Aldrich) or °’Fe(NGs)3 was
ature dependent or even field dependent and thereforeperformed at 353 K to yield samples of 0.3wt.% iron
falsify interpretations. Furthermore, some EPR lines loading. For bimetallic Pt-Fe/KL catalysts, Fe()g)
of iron species are very broad. Due to limitations or °’Fe(NQs)s, respectively, andcis-Pt(NHz)>Clo
in the magnetic field modulation amplitude and due were co-impregnated to yield samples of 0.3wt.%
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iron and 1.0 wt.% platinum, giving a 1:1 Fe/Pt atomic (a) - D2 Fe(lll) octahedral
ratio (subsequently called Pt-Fe/KL for brevity). The — D1 Fe(lll) tetrahedral
products were dried in vacuum at room temperature — 1 D1Fe(lll) octahedral

and kept in a desiccator. For calcination in a high D3 Felll) octahedral

flow of O, (600 mlgtmin~1) in a packed bed reac-
tor the temperature was raised at 0.5 K rirfrom
room temperature to 573 K where it was kept for 1 h.
After purging with N, reduction was performed in
a Hp flow (180 mlg ! min—1) while the temperature
was raised at 8 K mint from room temperature again
to 573 K and kept at this level for 1 h. Samples were
always handled underNn a glove box[16].

2.2. QUID magnetization measurements

Superconducting quantum interference device
(SQUID) magnetization measurements were per-
formed using a Quantum Design MPMS-5S instru-

ment in the—30 to +30kOe external magnetic field ~ (® D1 Fe(lll) tetrahedral

. D3 Fe(lll) octahedral
range and the 3—400 K temperature m.terval. M_easure— —— D1 Fe(lll) octahedral
ments were performed at constant field varying the —— D2 Fe(Ill) octahedral

temperature or vice versa.

2.3. Mdssbauer spectroscopy

In a glove box, samples were sealed into Plexiglas
cells. Mossbauer spectra were obtained at 78 and
295K using conventional spectrometers (CM-2201
and WISSEL) operated in constant acceleration mode.
Isomer shifts are reported relative to metatligron.
In order to obtain better signal intensiti@ée en-
riched samples were used for measurements. Fitting
of experimental results was performed with an appro- 4+ 3 2 - 0 1 2 3
priate number of doublets and sextets. The criteria velocity [mms ]
for selecting best fits and the correct number of peaks
were the chisquared value and physically meaningful Fig. 1. Méssbauer spectra of calcined 1.0% Pt-0.3% Fe/KL catalyst
parameters, e.g. only positive line intensity. Due to at (@) 295K, (b) 78K.
large differences in spectra of different samples it was
not possible to use a single model to fit all spectra.

»

the Mossbauer parameters are presentet@ainle 2
Several doublets detected at both temperatures are as-

3. Results and discussion signed to tetrahedrally coordinatedfespecies, and
at least three different octahedrally coordinated’Fe
3.1. Calcined Fe/KL and Pt-Fe/KL species were detected. Some authors reported that

during calcination, the Nglligands of decomposing
Mossbauer measurements of Pt-Fe/KL samples, cis-Pt(NH3)2Cly can bind to any Lewis acidic site in
performed at 295 and 78K, are depictedFiy. 1, the zeolite and then reduce ions liké?P{45,46] or
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Table 2
Méssbauer parameters of calcined 1.0% Pt-0.3% Fe/KL at 295 and 78K and their assignments (D: doublet)

78K 295K

IS (mms1) QS (mms?) Signal area (%) IS (mnTs) QS (mms?) Signal area (%)

D1 Fe(lll) tetrahedral 0.23 1.47 1.03 0.24 0.90 12.86
D1 Fe(lll) octahedral 0.45 0.91 28.74 0.33 1.43 31.56
D2 Fe(lll) octahedral 0.46 1.33 47.93 0.35 0.49 9.99
D3 Fe(lll) octahedral 0.46 0.57 22.30 0.39 0.87 45.59

IS: isomer shift; QS: quadrupole splitting; HF: hyperfine splitting.

Fe*t [16,47] In our samples, isomer shifts typical Magnetization measurements of Fe/KL and Pt-Fe/
for FE* ions were not found, giving no evidence for KL catalyst samples were performed at constant field
reduction of F&" by the NH; ligands during calcina- (1 and 10 kOe) versus temperatufég, 2). Because
tion. In a recent publication we reported that the EPR commercially available zeolites always contain small
signal atg = 2.3 gains in intensity during reduction, amounts of iron impurities, magnetization measure-
and we interpreted this also in terms of partial reduc- ments were performed as well on untreated KL zeolite
tion of Fe& ions[16]. Taking our present results into  in order to take such iron impurities into account.
account, it can be concluded that in calcined Pt-Fe/KL  In first approximation the magnetization behavior
the PE* ions are located near Feions and therefore  of all three samples (calcined Fe/KL and Pt-Fe/KL;
influence the signal intensity. However, our present untreated KL) is paramagnetic, but there are additional
results do not exclude that autoreduction occurs, be- magnetic contributions.

cause F&" ions would be easily reoxidized during The small shift in the susceptibility curves be-
calcination. The accidental oxidation of &eions in tween 1 and 10kOe indicates the presence of small
reduced Fe/KL and Pt-Fe/KL samples in Mdssbauer amounts of ferromagnetic compounds in the cal-
cells which were not completely sealed (se&ctions cined Fe/KL and Pt-Fe/KL sampleBi@. 3), because

3.2 and 3.3seems to support this suspicion. the ferromagnetic saturation magnetization is the
0.20 -
0.154
s
£ 0.10-
3
£
Q,
= 0054
0.00 FoPeeeres
0 50 100 150 200 250 300
TIK]

Fig. 2. Molar magnetic susceptibility (with respect to the molar amount of iron) vs. temperature at 16kPDeal¢ined 1.0% Pt-0.3%
Fe/KL, (@) calcined 0.3% Fe/KL. The curves are obtained from field cooled measurements. The magnetization of 1.0% Pt-0.3% Fe/KL
is only slightly higher than for calcined 0.3% Fe/KL indicating that the oxidation state of iron must be the same.
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TIK

Fig. 3. Mass magnetic susceptibility (with respect to the zeolite mass) vs. temperature at<®k@ad( 10 kOe @) for untreated KL.
The curves are obtained from field cooled measurements. Note thatdkes shows the molar magnetization divided by the magnetic
field, thus without ferromagnetic contribution there should be no shift between curves measured at different magnetic fields.

only contribution that is independent of the applied these deviations. The effective magnetic moments
magnetic filed. The ferromagnetic magnetization cor- for Fe** derived from the Curie constant$aple 3

responds to only 7.5ppm (related #oiron with a

are about a factor 2-3 below the value of g

mass equivalent to the zeolite mass) of the saturation (« = g [s(s +1)]%/? ug) that is expected for high-spin

magnetization of metallic iron. Since the same shift

Fe* ions, whereg is the g-value of the unpaired

between the susceptibility curves for 1 and 10kOe is electrons in the system. As in EPR measuremgiiis
also present in magnetization curves of untreated KL the effective magnetic moment of £ein Pt-Fe/KL

zeolites, this feature should be attributed to a ferro-
magnetic impurity (small amounts of iron are present
in all commercially available zeolites), but not to iron
introduced into the zeolite by impregnation. Itis, there-
fore, not investigated in more detail.

is larger than in Fe/KL due to the influence ofPt
ions in the neighborhood of Bé ions. The increase
of the effective magnetic moment of ¥eis partly
due to an increase of thigvalue that is caused by the
additional coupling of the electron spin moment of

In high fields, the temperature dependence of the Fe** with the orbital moment of Bt. On the other

magnetization of the samples was fitted by the the-
oretical suceptibilityx (T) that includes paramag-

hand it seems also possible that this may only reflect
the limits of reproducibility of sample preparation.

netism, diamagnetism and ferromagnetic saturation Low spin Fé* carries a lower magnetic moment, but

magnetizationy (T) = C/(T — O©) + xdia+ Msay H

(C: Curie constant,ygia: diamagnetic susceptibil-
ity, Msgt ferromagnetic saturation magnetizatiatt,
magnetic field). The diamagnetic susceptibility of
untreated KL amounts t6-0.62 x 10-emug? and

is in good agreement with that expected for SiO
(—0.49x 108 emu mot1). The chisquared values for
the susceptibility fits of calcined Fe/KL and Pt-Fe/KL
are larger than for untreated KL even though there
was no serious systematic deviation. Small addi-
tional magnetic contribution may be responsible for

due to the weak ligand fields of the water, hydrox-
ide or framework oxygen ligands only the high-spin
ferric state is expected in zeolit¢48], and the re-
duced magnetic moment must be a result of partial
antiferromagnetic coupling between ¥eions that
results in canceling of magnetic moments. Another
argument supporting the antiferromagnetic contribu-
tion is the small negative value f@ (—3K) that is
obtained for a fit of the Iy curve by the Curie Weiss
law. The most common antiferromagnetic iron oxide
is a-Fe&03 (hematite), but the absence of a hyperfine
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Table 3
Magnetic parameters of investigated samples
Untreated KL Calcined Reduced

Fe/KL Pt-Fe/KL Fe/KL Pt-Fe/KL
C (emuK mol?) a 0.72 0.9#4 0.8 1.08
Peit (18) - 2.39 2.73 2.64 2.93
Msat (emu mot1) - - - 1543 644T
MsafMsat (bulk) at 50 K 7.5x 10-6de 7.5 x 10-6de 7.5 x 10-6de 013 0.34
Mrem (€mumot?) at 50K - - - 375 2600
Heoerc (O€) at 50K - - - 300 750
Cgia (emug?) —0.62 x 10769 9 9 9 9

C: Curie constanty gia: diamagnetic susceptibilityylsac ferromagnetic saturation magnetizatidir; magnetic field;pesi: effective magnetic
moment;Mem: remanent magnetizatiotcoers coercive field.

aThe Curie constant of untreated KL zeoliteds= 2 x 10°emu Kg! and is related to the entire sample mass. The exact amount
of iron impurities in KL zeolite is not known.

b Obtained from a fit ofx (T) = C/(T — @) + xdia + MsafH (Msa Was determined as described in footnote d).

¢ Obtained from a fit ofM (H) = Msar+ HC/T (for H > 10000 Oe).

4 Msat Was obtained from the displacement of the(T) curves obtained at 1000 and 10,000 Oe. For untreated and calcined samples
it is related to the zeolite mass since it is a property of iron impurities in commercially available zeolites and the exact amount of iron
impurities is unknown.

€ Relative to 12,286 emumot for bulk a-iron [47].

f Relative to 19,100 emu mot for bulk Pt—Fe (1/1 atomic ratio).

9 Related to the zeolite mass and assumed to hold for all samples.

sextet in Mdssbauer spectra does not support the presplace, but in addition precipitation of isolated g
ence of significant amounts of bulk antiferromagnetic particles occurs during impregnation when the pH
a-FeOg. However, for particles of-FeOs of the value of the Fe(N@)3 solution is too high to prevent
order of 5.0-7.5nm in diameter or life time of an ex- the formation of colloidal iron oxide or hydroxide
cited Méssbauer state (1®s) and as a consequence particles.
the magnetic hyperfine interaction is averaged out, The final parameter to consider is the Méssbauer
and the iron appears paramagnetic in the Mdssbauerspectral area that can sometimes give information
spectrum[21]. A quadrupole doublet can therefore about the relative amount of different iron species.
be indicative of smallk-Fe,O3 particles, because the However, its dependence on lattice dynamics can
hyperfine interaction is averaged out. complicate composition analysis, particularly in view
In conclusion, all iron in calcined Fe/KL and of the fact that the Debye temperature of Mdss-
Pt-Fe/KL is present as Bé, partly located on cation  bauer surface atoms can be as low as half of the
sites inside the zeolite crystallites where they substi- Debye temperature for bulk atonfal]. As a conse-
tute K+ ions. These F¥ ions do not interact with  quence, spectral areas of different iron species show
each other, and therefore their behavior is paramag- different temperature dependencies because the re-
netic. This part of the iron is corresponding to iron coilless fraction ofy-quantum absorption depends
ions dispersed atomically or as very small aggre- on the ratio between experimental temperature and
gates in the channels of the zeolite. The rest of the Debye temperature. For calcined as well as for re-
Fe*t ions forms antiferromagnetic oxides, probably duced Fe/KL, the relative spectral areas are indeed
a-Fe 03 (hematite) located mostly at the outer sur- temperature dependent. Thus, they provide primar-
face of the zeolite crystallites. Due to their small size ily information about the strength of bonding of the
these particles appear to be paramagnetic in Mdss-Mdossbauer atom to the solid matrix rather than about
bauer spectroscopy. During impregnation of KL with the sample composition. However, a rough estima-
a Fe(NQ@)3 solution the introduction of Fe ions or tion of the contribution of different Fe species is still
oxide or hydroxide particles into the zeolite takes possible.
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Table 4
Mdossbauer parameters of reduced 0.3% Fe/KL at 295 and 78K and their assignments (D: doublet, S: sextet)
78K 295K
IS QS HF signal IS Qs HF signal
(mms?1)  (mms? ) (%) (mms?t)  (mms?l) (T) (%)
D1 Fe(lll) octahedral 0.46 0.91 21.96 0.35 0.66 25.92
D2 Fe(lll) octahedral 0.59 2.69 33.93 0.34 1.12 45.94
D3 Fe(ll) octahedral 1.14 1.55 10.20
S1 Fe(0) metal 0.12 —0.0004 34.3 9.38 0.01 0.01 32.9 13.90
S2 Fe partially oxidized 0.54 -0.10 47.4 7.84 0.21 -0.31 34.6 4.04
S2 Fe(lll) compensation sextet 0.46 -0.01 39.6 26.89

IS: isomer shift; QS: quadrupole splitting; HF: hyperfine splitting.
3.2. Reduced Fe/KL

Mdssbauer spectra of reduced Fe/KL were recorded

at 295 and 78K and are depicted fing. 4. Table 4 (@) T S2 Fecompensation sextet
gives the parameters and assignments of the signals e B3 Fogl) mushedral

D1 Fe(lll) octahedral or PtFe

Doublets of at least two octahedrally coordinated
Fe3* phases (distribution of different distorted octa-
hedral sites) were found. In addition, measurements
at 295K indicated the presence of octahedrally co-
ordinated F&", but in later measurements either at
78 K or again at room temperature this phase was not
found again. Obviously the Mdssbauer cells were not
completely sealed, permitting slow oxidation offe

to a phase with an oxidation number betweehand

+3 for Fe. This partly oxidized phase is character-
ized by a sextet with parameters between those of Fe % T 3 T 5 3
and FgO4. Another sextet with an isomer shift of P —

0.12mms?t at 78K and 0 mm<s! at room tempera-

ture was detected, which clearly has to be assigned to

| I E— — — — 52 Fe compensation sextet

a ferromagnetic phase of metallic iron. As the volume (®) T T T T 1 S3Fe praly oxideed
. . . . — Tt L e melal
of a ferromagnetic particle is very small, a size may — D1 Fe{lll) octahedral or PtFe

D2 Fe(lll) octahedral or PtFe

be reached at which the magnetic anisotropy energy S . S
is smaller than the thermal energy. In that case, ther- VAT A )
mal fluctuations cause the magnetic moments of the
domains to fluctuate randomly between their energy
minima, hence at not too low temperatures the parti-
cles behave principally like a paramagnet. Because of
the large magnetic moments of the particles, this be-
havior is called superparamagnetic. The temperature
at which anisotropy energy and thermal energy are
equal is called “blocking temperature”. In order to ap-
pear superparamagnetic in Mossbauer spectroscopy ™
the fluctuations must be faster than the life time of an
excited Mossbauer state that is about38[43]. In Fig. 4. Mdssbauer spectra of reduced 0.3% Fe/KL samples at (a)
our case the iron phase is also ferromagnetic at room 295K, (b) 78K.

T T T 1

T -
-10 5 0 5 10 15
velocity [mm s™]
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temperature in Mossbauer spectroscopy. At 78 K an the metallic iron phase detected also by Mdssbauer
additional sextet called here a compensation sextetspectroscopy.
with an isomer shift of 0.46 mnT$ was found. The It is surprising to find metallic iron in monometal-
lines of this sextet were broad due to a fast electron lic Fe/KL samples, since it is generally accepted that
spin relaxation. The origin of the compensation sextet in zeolites, Fe ions cannot be reduced to metallic Fe
is not yet clear. Possibly, it represents another par- by Hy in the absence of noble metals. Reduction of Fe
tially oxidized Fe phase. A further possibility is that ions to metallic Fe is complicated in zeolites due to
this sextet does not represent a real Fe phase. In thisstabilization of Fe ions by framework oxygen coordi-
case the other doublets and sextets are not sufficientnation, and therefore stronger reduction reagents like
to describe the phases assigned to them. This meandNa vapor are require[d4] or higher temperatures are
that for example two doublets may be not sufficient required[15]. It can thus be concluded that metallic
to describe F& . iron is either located on the outer surface of the zeolite
SQUID magnetization measurements performed by crystallites or that it exists even as isolated particles.
varying the temperature at constant field are depicted Fe,O3 or iron hydroxide particles can be precipitated
in Fig. 5 whereas magnetization measurements in during impregnation of zeolites with a Fe(N)@ so-
dependence of the field at a constant temperature arelution due to a too high pH value. In contrast to iso-
shown inFig. 6. The magnetization of reduced Fe/KL lated Fe ions in zeolites, they are easily reducible. The
and in particular of Pt-Fe/KL samples (see next sec- amount of the superparamagnetic saturation magneti-
tion) is much higher than for calcined samples, and zation is 1543 emumotl (related to Fe) compared to
the behavior is mainly superparamagnetic, since therea saturation magnetization of 12,286 emu mofor
is only a minor hysteresis loop present. Because of the metallic a-iron [49]. It seems therefore reasonable to
differences in the measurement time (a few seconds conclude that about 12% of all iron introduced into
for SQUID and 108s for Méssbauer) the blocking  the zeolite is reduced to metallic iron, being in good
temperature for SQUID is lower than for Mdssbauer agreement with the amount that can be estimated by
spectroscopy, and consequently phases that behaveviéssbauer spectroscopyable 4.
as ferromagnets in Mdssbauer spectroscopy may be- There should be a broad distribution of iron par-
have as superparamagnets in SQUID measurementdicle sizes, because these particles are not localized
[43]. This superparamagnetic phase is attributed to in the pore structure of L zeolite, and therefore any
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Fig. 5. Molar magnetic susceptibility (with respect to the molar amount of iron) vs. temperature at 18KQed(ced 1% Pt-0.3% Fe/KL,
(@) reduced 0.3% Fe/KL. The high magnetization is due to superparamagnetic behavior. Curves from calcined samples are depicted for
comparison (lower curves).
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Fig. 6. Molar magnetic susceptibility (with respect to the molar amount of iron) vs. magnetic field at 50K of reduced 0.3% Fe/KL for the
full range (a) and an expanded range (b).

influence of the zeolite framework to prevent particles with 9.6 nm particles. This reveals a larger fraction of
to grow by sintering is missing. In this way a few unreduced iron in the present Fe/KL sample. Beside
particles reach a size that is large enough for ferro- the superparamagnetism as main magnetic feature of
magnetic behavior, and the small hysteresis curve thatthe Fe/KL sample also paramagnetism contributes to
remains should be attributed to these large particles. the magnetic behavior. The paramagnetic contribu-
By comparison of saturation magnetization and coer- tion is evidenced by the linear increase of th&H)

cive field at 50K with literature values on ultrafine curve when the superparamagnetic saturation field of
iron particles with oxide she[43] we estimate a par- about 10 kOe is exceedeHig. 6). The paramagnetic
ticle diameter of ca. 2.5nm. This value agrees well contribution can be assigned to¥eand F&" ions
with that of a direct determination using transmission which were also found by Mdssbauer spectroscopy.
electron microscopy on analogous samp&8]. In These ions must be located in the channels of KL
the Mossbauer spectra, however, the doublet charac-zeolite were they cannot interact with each other to
ter is more pronounced in the present work than in form superparamagnetic or antiferromagnetic phases.
literature where the reported spectra were obtained The amount of paramagnetic iron in reduced Fe/KL
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samples can be estimated from the slope of the 3.3. Reduced Pt-Fe/KL

linear part of the magnetization curvé (H). A
Curie constant of 0.9emuK mol compared with SQUID magnetization measurements performed by
varying the temperature at constant fields are shown

0.7emuKmot?! for calcined Fe/KL indicates that
of the paramagnetic fraction is conserved or even in Fig. 5and magnetization measurements in depen-

slightly increased during reduction. This confirms dence of the field at constant temperature are depicted

that reduction converts mostly the antiferromagnetic in Fig. 7. The magnetic behavior is again mainly
superparamagnetic as it is evidenced by the high

particles on the crystallite surface.
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Fig. 7. Molar magnetic susceptibility vs. magnetic field (hysteresis loop) at 50K of reduced 1.0% Pt-0.3% Fe/KL for a large range (a)

and a small range (b).
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magnetization and the small remanent magnetization (a)
T 1 1 T 1 S2Fecompensation sextet

and the small coercive field. Compared to Fe/KL, the —r—T—T—T— S1Fe(0) metal

H H § H 3 D3 Fe(ll) tetrahedral
saturation magnetization is enhanced by a factor 4, o i F:Em))gcﬁh‘;d’f; —
and also the hysteresis loop is slightly larger. Accord- — D2Fe(lll) octahedral or PtFe

ing to the Méssbhauer data the amount of non-alloyed
iron seems to be roughly the same in Fe/KL and in
Pt-Fe/KL, but according to the magnetization mea-
surements in the presence of Pt there is clearly an addi-
tional superparamagnetic fraction which gives rise to
the increased saturation magnetization. Therefore we
conclude that the bimetallic catalysts contains small
metallic Pt—Fe alloy particles. According to literature
[31-36] one of the Méssbauer doublets assigned tra-
ditionally to Fét should be associated with small 5 10 5 0 5 10 15
Pt—Fe alloy particles. Zheng et dlL6] found a di- velocity [mm s™]

ameter of Pt or Pt—Fe (they were not able to differ-
entiate between these two cases) particles of 2.1 nm.

. . ) X (b)
These small particle sizes are well consistent with thg T S2Fecompensation sexiet
present result that Pt—Fe behaves superparamagnetic T :g?ie garllalglomdlzed

. . . . T T 1 T 1 e(0) me
but not ferromagnetic. Probably there is a distribu- J ,ﬁ' D1Fe%!l)!)oclahedralorF'tFe
tion of particle sizes and the enlargement of the co- 0 D2fellhoatedral orPife

ercive field can be explained the influence of a small
fraction of larger ferromagnetic Pt—Fe particles, how-
ever, the largest fraction of Pt—Fe alloy particles is
superparamagnetic. The saturation magnetization of
bulk Pt-Fe (1:1 stoichiometry) is 19,100 emu mbl
[50]. This value is higher than the saturation mag-
netization of monometallic Fe (4904 emu md), and

as in the case of calcined samples this can be ex-
plained by spin orbit coupling between Fe and Pt

[51]. Although, the exact stoichiometry of Pt—Fe al- 5 10 B 0 5 1 1'5
loy particles in samples is unknown it seems reason- velocity [mm s™]

able that the magnetization of 4904 emu mokor-
responds to about 25% of the total iron in reduced
Pt-Fe/KL. Due to this strong evidence obtained from
SQUID magnetization measurements, it seems reason-
able that one of the Mdssbauer signals in the isomer
shift range between 0.3 and 0.4 mmtamust be as- respectively that they assigned to Pt—Fe alloy phases.
signed to Pt—Fe alloy particles. This result confirms the These isomer shifts are common for bulk Pt—Fe alloy
conclusions of Schiinemann et[@5] who proved for phases, and one may think that this is in contradic-
the first time unambiguously that the Mdssbauer sig- tion to the results of this work. On the other hand,
nal of a Rh-Fe/NaY catalyst is due to Fe(0), although the isomer shift is a result of the electronic environ-
its chemical isomer shift is similar to that of ¥e ment surrounding th&’Fe nucleus. In a Pt-Fe al-
As in the work of other author9,31-33]the com- loy phase, this should be strongly dependent on the
parison of the Mdssbauer results by another method electric charge of a Pt—Fe particle and on the mo-
gives strong evidence for a Pt—Fe alloy phase. Some lar ratio of Pt/Fe. Furthermore, it should be different
other authors found Méssbauer signals with an iso- for a °’Fe nucleus inside an alloy particle from that
mer shift of 0.11-0.16 mnTs [22] and 0.07 mnj23], of a °’Fe nucleus on the surface of an alloy parti-

Fig. 8. Mossbauer spectra of reduced 1.0% Pt-0.3% Fe/KL at (a)
295K, (b) 78K.
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Table 5
Mossbauer parameters of reduced 1% Pt-0.3% Fe/KL at 295 and 78K and their assignments (D: doublet, S: sextet)
78K 295K
IS Qs HF signal IS QS HF Signal
(mms1 (mms1) ©) area (%) (mms?Y  mmsl) (T area (%)
DI Fe(lll) octahedral or Fe(0)  0.48 0.99 30.79 0.37 0.75 12.88
in Fe—Pt alloy
D2 Fe(lll) octahedral or Fe(0)  0.62 3.16 2291 0.37 1.19 38.11
in Fe—Pt alloy
D3 Fe(ll) tetrahedral 0.88 2.29 8.96
S1 Fe(0) metal 0.10 —0.04 34.9 12.52 0.03 -0.01 335 20.39
S2 Fe partially oxidized 0.43 -0.21 46.9 3.82
S2 Fe(lll) compensation sextet  0.43 —0.18 35.9 29.96 0.57 0.38 31.6 19.66

IS: isomer shift, OS: quadrupole splitting, HF: hyperfine splitting.

cle [32]. Mdssbhauer spectra of reduced Pt-Fe/KL cat- 4. Conclusions

alyst were recorded at 295 and 78 K and are shown in

Fig. 8and the Méssbauer parameters are summarized The state of iron in Fe/KL and Pt-Fe/KL samples
has been investigated. The characteristic properties

As in the case of reduced Fe/KL samples, the para- and the mutual influence of Fe and Pt can be described
magnetic fraction is left mainly unaffected, and in as follows:

in Table 5

conclusion mainly iron oxides on the outer shell were

reduced to alloyed Pt—Fe and unalloyed Fe particles. 1. Only F€* ions were found after calcination of

On the other hand, it is reported that most active for

catalysis are not Pt clusters on the outer surface, but

clusters located in the zeolite channf8®,53] This
points out that, although bimetallic Pt—Fe clusters

are formed, this cannot be the main reason for an

improved sulfur resistance.

The amount of superparamagnetic saturation mag-

netization is not the only property that changes
between Fe/KL and Pt-Fe/KL catalysts. Mdssbauer

spectroscopy reveals that the coordination geom-

etry for F&* ions changes from octahedral for
Fe/KL samples to tetrahedral for Pt-Fe/KL catalysts.
Thus, it should be concluded that the coordination
geometry of Fé&" ions is influenced by the pres-
ence of Pt, and therefore such that*Feéons and
clusters are in direct contact. The effect of this
interaction between Fe and Pt might be the an-
choring of metallic Pt-Fe and Pt clusters by?Fe
ions to the zeolite framework. This inhibits further

aggregation and was proposed to be responsible
for the enhanced resistance of Pt-Fe/KL catalysts

against sulfur poisoninffl0,11] It seems likely that
this is the key factor for obtaining a high sulfur
resistance.

2.

3.

both, Fe/KL and Pt-Fe/KL catalysts. A fraction
with a lower limit of 35-40% occurs as isolated
spins and shows paramagnetic behavior, corre-
sponding to iron ions dispersed atomically or as
very small aggregates in the channels of the zeo-
lite. The rest is attributed to somewhat larger anti-
ferromagnetic iron oxide particles located mostly
at the outer surface of the zeolite crystallites. In
the presence of Pt the paramagnetic fraction was
slightly higher, but this may only reflect the limits
of reproducibility of the sample preparation.
Reduction leaves the paramagnetic fraction mainly
unaffected, which agrees with an earlier report stat-
ing that hydrogen cannot reduce isolated iron ions
which are stabilized by the zeolite framewdiid].
Hydrogen reduces the #@; particles at the outer
surface mostly to metallic iron, but some of it re-
mains partly oxidized as Pé. These reduced par-
ticles have a superparamagnetic or at 50 K to some
extent ferromagnetic character with a small hys-
teresis loop. The magnetic parameters are compat-
ible with a particle diameter of ca. 2.5nm which
agrees well with an earlier direct determination on
similar sampleg$16].
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the magnetic properties of the particles on the crys-
tallite surface. The saturation magnetization, the
coercive field and in particular the remanent mag-
netization are considerably larger, an effect that
is known also from bulk Pt—Fe alloys. It reflects

clearly an electronic interaction between the two
elements by which Fe acquires more orbital mo-
mentum. These results show that metallic Pt—Fe
alloy particles are formed in bimetallic catalysts,

and consequently one of the Mdssbauer signals
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