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Abstract

Isomorphously substituted [Fe,AlJMFI zeolites enriched wifFe isotope were synthesized with varying iron (0.075-0.6 wt%) and alu-
minum (0-1.1 wt%) concentrations. The as-prepared zeolites underwent sequential post-treatment steps (i.e., calcination, transformatic
to H-form, and steam treatment), making them active in the one-step oxidation of benzene to pheneiQuith dkidant. Through’Fe
Méssbauer spectroscopy, and transmission electron microscopy (TEM) as a complementary technique, we followed the evolution of the
physico-chemical states of iron during the different post-treatment steps. In general, the extent to which iron is removed from framework to
extra-framework positions, during different post-treatments, is higher for [Fe,Al]JMFI zeolites containing high iron and aluminum concentra-
tions. For all steamed [Fe,Al]MFI zeolites with an aluminum contentdf.1 wt%, iron was predominantly present in the high-spiﬁ*Fe
state (ca. 90% based on spectral contribution). This extraordinarily high concentratio%*%;ﬁa:ies is significant, since the presence of
Fe*+ was correlated to the formation efsites, which were reported to be responsible for the direct oxidation of benzene to phenol [1]. For
[Fe,AlJMFI with less aluminum £ 0.6 wt%), a mixture of F&" (at least 30%) and P& ions was observed, whereas for the aluminum-free
sample, only iron in the Fe state was obtained.
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1. Introduction tracted attention because of their use in the one-step oxi-
dation of benzene to phenol with,® as oxidan{8-11].
Iron-containing MFI-type zeolites, or [Fe,AlJMFI, have Currently phenol is produced industrially via the three-step
been widely used for many catalytic reactions, such as thecumene process. However, this process has innate disadvan-
selective catalytic reduction (SCR) of NJ2-5] and the  tages (i.e., low efficiency in benzene consumption, the pres-
direct decomposition of PO [6,7]. Recently they have at-  ence of a hazardous intermediate, and production of acetone
in a 1:1 molar ratio), which makes a direct route of benzene
msponding author. oxidation to phenol more attractive. Panov and co-workers
E-mail address: j.b.taboada@iri.tudelft.nU.B. Taboada). [8,9] were the first to report the remarkable catalytic activ-
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variation of Al steps.>’Fe Mossbauer spectroscopy is the ideal method for
constant 7Fe = 0.6 wt% . . .
the study of the valence, coordination, and magnetic proper-

@ ties of the iron species in the [Fe,AlJMFI catalyst because,

Sample Matrix

unlike in electron paramagnetic resonance (EPR), there is

no form of iron that is Modssbauer-silent. Moreover, the
@:E aS['FS:”;\t]']"e;Efd observed spectrum is the sum of different subspectra cor-

responding to iron in different environments, thus provid-

[F?::":;‘fjl’ﬂ ing richer information compared with bulk-averaging tech-

@E : niques such as magnetic susceptibility.

[FS;;IC)]rTFIFI 5’Fe Mossbauer spectroscopy is based on the recoilless

; emission and absorption of-ray photons. The resonance
@ g steamed window (i.e., the Mdssbauer effect) has a very high energy
[FeAll MFL resolution that enables us to measure the hyperfine interac-

variation of 7Fe tions [14], which provide chemical and structural informa-
constant Al = 11wt tion for a sample. Three important hyperfine interactions
Fig. 1. Schematic representation of the sample matrix showing the varia- measured in a Mdssbauer spectrum are (1) isomer shift,
tion of iron and aluminum concentrations. The inset shows the sequential which indicates the oxidation state; (2) the quadrupole in-
post-treatment steps to activate the catalyst. teraction, which is a measure of the symmetry distortion,
and thus the coordination state; and (3) the magnetic hyper-
ity and selectivity of [Fe,Al[MFI in the one-step oxidation fine interaction, which renders the magnetic properties of the
of benzene to phenol. They later ascribed the catalytic per-sample.
formance of [Fe,Al[MFI to extra-framework iron complexes Iron concentrations were systematically varied; the high-
stabilized in the zeolite channels, generating a new form of est was 0.6 wt%. This amount appears to be the limit
surface oxygenda-oxygen) from NO [12]. at which iron can be isomorphously incorporated into the
Following the pioneering work of Panov and co-workers, MFI framework[15]. Because of low iron loading (0.075—
some of us reportedll] the catalytic performance of 0.6 wt%) of the samples, we enriched the zeolite with iron
[Fe,AlIMFI prepared by hydrothermal synthesis of isomor- isotope®’Fe to render it more sensitive #8Fe Méssbauer
phously substituted [Fe,Al]MFI followed by calcination and spectroscopy. Aluminum concentrations were also varied
subsequent treatment by steam at 873 K. This catalyst provegrom ~ 1.1 wt% (as with most [Fe,Al]MFI) to no aluminum
to be active in the direct oxidation of benzene to phenol (i.e., Fe-silicalite).
with a selectivity of> 99% and phenol yields up to 27%.
A detailed physico-chemical characterization of this catalyst
reveals a broad distribution of extra-framework iron species 2. Experimental
ranging from isolated mononuclear iron to large Z nm)
iron oxide particled13]. Although the catalytic properties 2.1. Preparation of [ Fe,Al]MFI
of steamed [Fe,Al]MFI are well established, the structure
and nature of the active site remain unclear. This is mainly  Isomorphously substituted [Fe,Al][MFI zeolites enriched
due to the diversities in synthesis route, the chemical compo-with >’Fe isotope were prepared by hydrothermal synthe-
sition, and post-treatment conditions that further complicate sis with varying iron (0.075-0.6 wt%) and aluminum (0—
the debate on the nature of the active site of the catalyst. 1.1 wt%) concentrations, which was described in a previous
In this study, we systematically varied the iron and alu- publication[15]. There we mentioned that rotation of the
minum concentrations in the MFI zeolite, using lower iron autoclave during hydrothermal treatment is crucial in ob-
concentration to prevent the formation of large iron oxide taining [Fe,AlJMFI zeolites containing iron and aluminum
particles, which are known to be inactive in benzene-to- concentrations similar to those of the starting solution gel.
phenol; we also varied the aluminum concentration to study This is important specifically in the preparation of a set of
its influence on the formation of various iron sites. The as- zeolites where there is a systematic variation of the iron
prepared zeolites underwent sequential post-treatment stepand aluminum concentrations in the MFI structufable 1
(i.e., calcination, transformation to H-form, and steam treat- gives a summary of all as-prepared samples with their cor-
ment), making them active in the one-step oxidation of ben- responding molar ratio both in the synthesis gel and in the
zene to phenolFig. 1 shows the schematic of the sam- zeolite crystal. To remove the organic template in the as-
ple variation and the post-treatment steps. The different prepared zeolites, the samples were calcined in static air at
post-treatment steps have previously been shown to causé23 K for 10 h. The calcined zeolites were then transformed
the migration of iron from framework to extra-framework into the H-form by three consecutive exchanges with 0.1 M
positions, creating various iron sites. UsiAgFe Moss- ammonium nitrate overnight and subsequent calcination at
bauer spectroscopy, we probed the evolution of the physico-823 K for 5 h. Finally, the samples were heated to 873 K in
chemical states of iron during the different post-treatment 30 mimin—! of He and steamed (water partial pressure of
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Table 1

ICP-OES results of thas-synthesized FeMFI zeolites

Sample Si Al Fe Si/Al Si/Fe Si/Al Si/Fe

(Wt%%)2 (Wt%)2 (Wt%%)2 (mol mol~1)P (mol moi~1)P (mol mol~1)¢ (mol moi—1)¢

[Fe, AlIMFI (1:32)as 390 12 0.08 31 1018 36 1200
[Fe,AlJMFI (1:16)as 39.0 115 014 33 558 36 600
[Fe, AlIMFI (1:8)as 390 116 028 33 279 36 300
[Fe AlIMFI (1:4)5d 390 11 056 33 141 36 152
[Fe, AlIMFI (1:2)as 400 063 060 62 135 70 152
[Fe, AlIMFI (1:1)as 410 0.22 047 176 175 152 152
[Fe,AlIMFI (1:0)as 397 - 05 - 154 - 152

& Weight percent in the crystalline samples.

b Molar ratio of the crystalline samples.

¢ Molar ratio of the solution gel.

d Used as reference sample in the systematic variation of iron and aluminum concentrations.

300 mbar and 30 mImint of He flow) at the same temper-

ature for 5 h, making them active in the one-step oxidation 4.80 -
of benzene to phenol with XD as oxidant. For all samples,
calcination and steam-treatment steps were carried out with 465 L
a temperature ramp of 5 K min.
al 300 K
2.2. Characterization techniques 430
w2
The elemental analysis of the as-prepared zeolites was 5 825
carried out by inductively coupled plasma optical emission @8
spectroscopy (ICP-OES) (Perkin—Elmer Plasma 40 (Siyand < 800
Optima 3000DV (axial)). -
Transmission electron microscopy (TEM) was performed § 7.75 |- b] —_
with a Philips CM30UT electron microscope with a field fl_é

emission gun as the source of electrons operated at 300 kV. 325

We mounted samples on Quantifoil carbon polymer sup-

ported on a copper or gold grid by placing a few droplets

of a suspension of ground sample in ethanol on the grid; this

was followed by drying at ambient conditions.

5’Fe Mdssbauer spectra were measured on a constant-

acceleration spectrometer in a triangular mode with a c] 42K

57Co:Rh source. Spectra for the different [Fe, A[MFI sam- 46 12 B8 4 0 4 & 12 16

ples were obtained at 300 K (both in air and in high vacuum, Doppler velocity [mms]

10-% mbar), and 77 K and 4.2 K in high vacuum. The spectra pp

were fitted with Lorentzian-shaped lines to obtain the MGss- Fig. 2.57Fe Massbauer spectra of [Fe, AMFI (L:dtaken at (a) 300 K in

bauer parameters (i.e., isomer shift [IS], quadrupole splitting air, (b) 77 K in 10" mbar vacuum, and (c) 4.2 K in 18 mbar vacuum.

[QS], and hyperfine field [HF]). Isomer shift values are re-

ported relative to sodium nitroprusside. The magnetically degree of crystallinity. These results suggest that we have

split lines were fitted with several components to simulate successfully synthesized [Fe,AlJMFI zeolites with the ap-

a distribution of hyperfine fields. Thus, the hyperfine field propriate variations in iron and aluminum concentrations.

reported here is the average value. For discussion purposes, the as-prepared, calcined, H-form,
and steamed [Fe,Al[MFI samples are denoted by the sub-
scriptsas, cal, H, andstm, respectively, and the given ratio

3. Results in parentheses indicates the relative molar ratio of iron to
aluminum (sedable J.

A summary of the ICP-OES results for the as-prepared

[Fe,Al]MFI zeolites is given inTable 1 For all samples, the  3.1. As-prepared [Fe Al] MFI zeolites

relative molar concentrations of silicon, aluminum, and iron

in the zeolite crystal are comparable to those in the solution  The Mdssbauer spectrum of [Fe,Al]MFI (1:4at 300 K

gel. X-ray diffractograms of these materials (not shown) af- in air (Fig. 2a) exhibits a broad singlet with an isomer shift

firm that all have the MFI-type zeolite topology with a high of 0.52 mms?. This indicates the presence of tetrahedrally

2.99 -
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7.35 Table 2
57Fe Mossbauer hyperfine parameters and relative intensities for FeMFI
(4:1) at different treatments
7.00 Spectrurd  [IS] [QS] [HF] Relative Oxidation
(mms?1) (mmslH intensity (%) state
665 L al 300 K 2a 052 100 Fét
' 2b 059 34 Fét
— 0.59 069 11 Fét
e 250} 0.59 531 55 Fet
3 2c 061 29 Fé+
iy 0.61 072 10 Fé+
S 240 0.61 537 61 Fé+
g 3a Q54 0662 41 Fét
= b 300 K 054 59 Fet
s 230F ] (hv) 3b 054 0874 34 Fa+
k| 0.58 66 Fét
147 | 3c 062 091 17 Fé+
0.66 492 83 Fet
6a Q67 096 24 Fét
111 - 0.54 76 Fé+
6b 061 109 56 Fét
1.30 275 6 Fet
104 c] 77K 0.54 38 Fét+
T T T T T T T 6C 069 126 44 Fé+
-16 -12 -8 -4 0 4 8 12 16 1.68 205 7 F&t
Doppler velocity [mm's™] 077 498 49 Fé*

& Spectrum numbers correspond to the numbers of their respective fig-
Fig. 3.57Fe Mossbauer spectra of [Fe, AlJMFI (1:4) taken at (a) 300 K ures.

in air, (b) 300 K in 10°® mbar vacuumv), and (c) 77 K in 105 mbar
vacuum,

300 K in air (Fig. 3a) shows a slightly broadened peak com-
pared with the spectrum of the as-prepared sample recorded
under the same conditions. The presence of an unresolved
doublet indicates that a fraction of iron ions in [Fe,Al]MFI

the broad component in the spectra at 300 K resolves into a(l:4)°a' is exhibiting a faster electron relaxation time due

six-line pattern (sextuplet) with a maximum hyperfine field [0 @n énhanced spin—spin interaction between Fe ions as a
of 53.1 T at 77 K and 53.7 T at 4.2 K. The presence of result of reduced Fe—Fe ion distances. This suggests that a

the hyperfine field at low temperatures is attributed to para- fraction of framework iron has migrated to extra-framework
magnetic hyperfine splittinfL8] and suggests large Fe—Fe positions durmg_ caIc_:maan, allowing it to move freely and
distances typical for homogeneously well-distributed*Fe closer to otherlllron ions, in both the framework and extra-
ions. The spectra at 77 K and 4.2 K were fitted with three framework positions.
components corresponding to the three Kramers’ doublets Under high-vacuum (1® mbar) conditions, the dou-
(S. = £5/2, £3/2, £1/2) for high-spin F&" with different blet becomes more pronounced, as showirign 3b, and
electron spin relaxation timesg). an increase in the quadrupole splitting of the doublet from
The Méssbauer spectra for the other as-prepared [Fe,Al]0-66 mms* (recorded in air) to 0.87 mm's is observed
MFI zeolites are comparable to those for [Fe AlJMFI (L&) (seeTable 3. The increased contribution of this doublet has
(not shown for brevity). All spectra show a broad singlet been interpreted as being due to an increased interaction
at 300 K with an isomer shift close to 0.52 mms This of the extra-framework Fe to the zeolite lattice. Evac-
indicates that iron in all as-prepared zeolites is present asuation to high-vacuum conditions leads to the removal of
ferric (FEt) ions that are tetrahedrally coordinated in the physisorbed water (since all samples were unavoidably ex-
MFI framework and are homogeneously well distributed. ~ posed to air after calcination for considerable time, i.e., days
to weeks) from the zeolite pores, which will give rise to
3.2. Calcined [Fe Al]MFI zeolites an increased electrostatic interaction between the positively
charged ferric ions and the negatively charged zeolite lattice.
Calcination of the [Fe,Al]MFI (1:4)to remove the tem-  The increased interaction between extra-framework ferric
plate results in small but significant changes in the zeolite ions and the zeolite lattice results in an increased recoil-free
structure, as shown in the Méssbauer spectra Ksge3). fraction of this component, as evident from an increase in
The Mdossbauer spectrum of [Fe,AlMFI (1¢4) taken at total resonant absorption area from 6.6 to 7.0 units.

coordinated high-spin B& ions[16,17], affirming the incor-
poration of iron into the MFI zeolite framework. The broad
singlet is typical of paramagnetic #eions with slow elec-
tron spin relaxation. At low temperatureSid. 2b and 2§
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Fig. 4.57Fe Mossbauer spectra of (a) [Fe,AlIMFI (1;4) (b) [Fe,AlJMFI (1:8)cq, (c) [Fe,AlIMFI (1:16).4, (d) [Fe,AlJMFI (1:32)4, (e) [Fe,AlIMFI (1:2).4),
(f) [Fe,AlIMFI (1:1)¢q), and (g) [Fe,AlIMFI (1:0)4, taken at 77 K in 106 mbar vacuum.

At 77 K (Fig. %), the Mdssbauer spectrum exhibits a both iron and aluminum concentrations are increaBag.5
well-resolved doublet and a broad, magnetically split com- shows the increase in the intensity ratio of the high-spin
ponent. The doublet has an isomer shift of 0.62 mand Fe** doublet to the broad magnetic component, together
a quadrupole splitting of 0.91 mm&. Based on literature  with the increase in quadrupole splitting as a function of
data[16,17], we attribute the doublet to octahedrally coordi- iron and aluminum concentrations. These suggest that iron is
nated extra-framework B¢ ions in the high-spin state. The  most likely to migrate from framework to extra-framework
presence of a broad magnetic component at 77 K is mostpositions during calcination if the framework iron concen-
likely due to paramagnetic hyperfine splitting of isolated tration is high, and in the presence of aluminum.

Fe*t ions. The other possibility, the presence of very small

iron oxide particles just below the superparamagnetic block- 3.3. H-form [Fe Al]MFI zeolites

ing temperaturg¢l9], was ruled out because of the absence

of a superparamagnetic high-spin®fedoublet at ambient For the [Fe,AlIMFI (1:4y, the Mdssbauer spectrum
conditions. This was further confirmed by TEM, which did taken at 300 K in airKig. 6a) shows a broad asymmetri-
not reveal any traces of any iron oxide-related phase (i.e., cal doublet that is fitted with two components: a quadrupole
for [Fe,AlJMFI (1:4)cq and for the rest of the other calcined doublet and a broad component. Based on spectral para-
samples). In addition, the broad magnetic component has ameters (se@able 2, the quadrupole doublet is attributed
hyperfine field of 49.2 T, which is lower compared with the to octahedrally coordinated £e ions. This indicates that
value obtained for the as-prepared zeolite (53.1 T). This is at least a quarter of the iron in the [Fe, AlJMFI (1;4has
explained by an increased relaxation due to reduced para-migrated from tetrahedrally coordinated framework to octa-
magnetic Fe—Fe ion distances, further affirming the removal hedrally coordinated extra-framework positions. The broad
of a fraction of the paramagnetic iron in the framework po- component, which partially resolves into a magnetically split
sition to extra-framework iron species. component at low temperature (77 K), is attributed to para-

The spectral characteristics discussed above were also obmagnetic isolated Fe ions most likely in both framework
served for samples with varying iron and aluminum concen- and extra-framework positions.
trations. When their corresponding spectra at 77 K are plot- At 300 K under high-vacuum condition£if. 6b), the
ted togetherKig. 4), we observe an increase in the intensity Mdssbauer spectrum shows a well-resolved doublet with an
ratio of the quadrupole doublet to the broad magnetic com- increased quadrupole splitting. Similar to the situation of
ponent, and an increase in the quadrupole splitting, whenthe calcined zeolites (vide supra), but much more prominent
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[QS] (mms!) D/MC [QS] (mm-s!) D/MC
1 0.25 1 0.25
I constant Al (1.1 % w/w)
08 T 4—| 102 0.8 4 02
06+ 1 0.15 0.6 4 015
04+ 1 0.1 0.4 4 0.1
02+ L. 1 0.05 0.2 +4 0.05
constant Fe (0.6 % w/w) |
0 L 1 L } L L L L t L L I I 0 O ! 1 1 L 1 } L 1 1 1 } 1 0
0 0.2 0.4 0.6 0 0.5 1

Fe content (% w/w) Al content (% w/w)

Fig. 5. Relative increase in quadrupole splitting and the intensity ratio of the quadrupole doublet to the magnetic component (D/MC) as a frorcton of i
aluminum concentrations.

0.99 |- iron in [Fe,AlJMFI (1:4)4 is present as high-spin Feions

(6% based on the spectral fitting shown in table).
0.94 |- At 77 K (Fig. €c), the spectrum is composed of a better-
resolved high-spin Fé doublet together with the high-spin
0.90 Fe*t doublet and a broad, magnetically split component.
a] 300K The high-spin F&" and the high-spin F& doublets are
both attributed to extra-framework iron species. It has been
0.70 - known that framework iron is difficult to redud@0], and
therefore F&' ions are most likely in extra-framework po-
0.67 - sitions. For the high-spin P& doublet, the spectral parame-
ters indicate octahedrally coordinated ferric ions, and thus
0.63 the ions are in extra-framework sites, since framework iron
b] 30(?“1() ions are tetrahedrally coordinated. The broad magnetic com-
127 L ponent with a hyperfine field of 49.8 T is attributed to para-
magnetic hyperfine splitting of isolated ferric ions in both
framework and extra-framework sites. Similar to the cal-
cined samples, the presence of a magnetic component at
77 K could not be due to small iron oxide particles, since no
111 traces of them were observed by TEM for all H-form sam-
c] 77K ples.
16 _1'2 _;3 _'4 (') “1 é 1'2 16 For samples with vqryiqg iron conc_entrati_on ($8g. 7a—
Doppler velocity [mm-s] _7d), the spectral contribution of_thg h|gh-sp|n3Ff_edoubIet

is largest for [Fe,Al]MFI (1:4), indicating the highest de-
Fig. 6.57Fe Mossbauer spectra of [Fe,A[MFI (1i#taken at () 300 K gree of clustering of extra-framework iron to small oligonu-
in air, (b) 300 K in 10°® mbar vacuum/v), and (c) 77 K in 108 mbar clear or oxo-Fe-species, as expected for samples with high
vacuum. iron concentration. However, for ferrous ions, the relative

intensity of the high-spin P& doublet appears to have an

here, evacuation to high-vacuum condition leads to (1) an OPtimum with a decrease in iron concentration (see &so
increase in the recoil-free fraction of the extra-framework ble 3. Moreover, the intensity of the spectral contribution of
Feg‘i‘ ions due to the removal of physisorbed water (as evi- the hIgh-Spln F@ doublet diminishes with the decrease in
dent from the increase in total resonant absorption area fromaluminum concentration (séég. 7a and 7e—7cand is ev-
6.45 to 8.49 units) and (2) a further increase in the elec- idently not observed in the [Fe AlJMFI (1:4)sample that
tron spin-relaxation rate due to the proximity of neighboring does not contain aluminum.
Fe** ions. In addition, because of the increase in the recoil-
free fraction a weak shoulder is observed at the high-energy3.4. Steamed [ Fe, Al]MFI zeolites
side of this doublet that is fitted with a second doublet with
IS=1.30 mms?!and QS=2.75 mms?. The spectral pa- For the samples with varying iron content, steam treat-
rameters of this second doublet suggest that a small part ofment leads to [Fe,AlJMFI catalysts that contain’Eeons

Intensity [10° counts]
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Fig. 7.57Fe Mdssbauer spectra of (a) [Fe,AlIMFI (14)(b) [Fe, AIIMFI (1:8)y, (c) [Fe,AlIMFI (1:16)4, (d) [Fe,AlIMFI (1:32)4, (€) [Fe,AlIMFI (1:2),
(f) [Fe,Al]MFI (1:1)y, and (g) [Fe,Al]MFI (1:0), taken at 77 K in 108 mbar vacuum.

Table 3

1.67 mms?, QS=3.19 mms?), thatis, ca. 90% based on

57Fe Mossbauer hyperfine parameters and relative intensities for spectra inspectral contribution (seEable 4.

Fig. 7
Spectrur?  [IS] [QS] [HF] Relative Oxidation
(mmsly (mmsl) (T) intensity (%) state
7a Q69 126 44 Fét
1.68 295 7 F&+
0.77 498 49 Fé+
7b 074 117 34 Fé+
1.64 299 8 F&t
0.85 514 58 Fet
7c Q70 100 35 Fét
1.62 306 20 Fét
0.87 496 45 Fet
7d 054 15 Fé+
1.60 320 5 Fe&t
0.77 522 80 Fet
7e Q71 114 45 Fé+
1.75 282 5 Fé+
0.72 510 50 Fet
7f 0.56 30 F&+
0.75 095 18 Fét
0.68 477 52 Fét
79 057 124 51 F&+
0.66 49 Fét

@ Spectrum numbers correspond to the numbers of their respective fig-
ures.

exclusively (seeFig. 8a—8d independent of iron concen-
tration (i.e.,< 0.6 wt% with constant 1.1 wt% aluminum).
All spectra were fitted by a high-spin £e doublet (1IS=

Although steam treatment of [Fe,Al[MFI with varying
iron concentration leads to the formation of extra-framework
iron in the divalent state, steam treatment of [Fe,Al[MFI
with varying aluminum reveals a distinct influence of alu-
minum on the oxidation state of irorkigs. 8a and 8e—
8g show the spectra of [Fe Al[MFI (1:4)n, [Fe,AllMFI
(1:2)stm, [Fe,AlIMFI (1:1)stm, and [Fe, AlIMFI (1:0)m, re-
spectively, taken at 4.2 K. As described above, [Fe,Al]MFI
(1:4)stm, containing the highest amount of aluminum among
the series, is mainly characterized by a high-spifiFéou-
blet. For [Fe,Al[MFI (1:2}m, containing roughly 50% less
aluminum, the spectrum is a mixture of a high-spirfFe
doublet (IS= 1.66 mm s, QS= 3.26 mm s1), a high-spin
Fe*t doublet (IS= 0.88 mms?, QS=0.92 mms?), anda
broad magnetic component with a hyperfine field of 50.1 T.
The spectral contribution of the divalent iron decreases even
further when the aluminum content in [Fe, AlJMFI (1)
is lowered. However, it is worth mentioning that this spec-
trum (Fig. &) generates a complicated magnetic part of the
spectrum that is not fully understood at the moment. To ex-
tract the spectral contribution of the high-spirfEeloublet,
the spectrum was fitted with several magnetic components
(which may not have any physical significance); only the
outermost hyperfine field value is reportedTiable 4 For
[Fe,AllJMFI (1:0)stm containing no aluminum, only contri-
butions from Fé&* ions were observed together with a broad
sextuplet with a hyperfine field of 51.4 T. Based on spec-
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(1:2)stm. (f) [Fe, AlIMFI (1:1)stm, and (g) [Fe,AlJMFI (1:0m, taken at 4.2 K in 108 mbar vacuum.

Table 4

the steamed samples with varying aluminum concentration,

57Fe Mossbauer hyperfine parameters and relative intensities for steam-the absence of any traces of iron oxide particles by TEM

treated samples iRig. 8

Spectrurt  [IS] [QS] [HF] Relative Oxidation
(mmsy (mmsl) (T) intensity (%) state
8a 167 319 92 Fét
0.96 521 8 Fet
8b 167 324 90 Fé&+
0.98 520 10 Fet
8c 167 323 83 Fé+
0.92 520 17 Fet
8d 165 324 95 Fét
0.92 520 5 Fet
8e 088 092 16 Fé+
1.66 326 37 Fét
0.66 501 47 Fet
af 0.67 139 23 Fé+
1.63 315 18 Fét
0.60 510 59 Fet
8e 069 094 25 Fé+
0.64 514 75 Fet

indicates that the presence of a magnetically split compo-
nent with an average hyperfine field of 51 T at 4.2 K is
due to paramagnetic hyperfine splitting of isolated extra-
framework Fé* ions. This is also confirmed by our Méss-
bauer measurements with an applied external magnetic field,
where paramagnetic hyperfine splitting was observed, rather
than magnetic behavior of superparamagnetic iron oxide
particles.

4. Discussion
4.1. As-prepared to calcined [Fe Al] MFI zeolites
For all as-synthesized [Fe,Al]MFI zeolites with varying

iron and aluminum concentrations, Mossbauer spectroscopy
confirms that all iron in the zeolite is present as ferric ions

@ Spectrum numbers correspond to the numbers of their respective fig- that are tetrahedrally coordinated in the framework position

ures.

tral contributions, the amount of #e decreases from 92%

in [Fe, AlJMFI (1:4)sim to 37% in [Fe,AlJMFI (1:2)}m, 18%
in [Fe,AlJMFI (1:1)stm, and 0% in [Fe, AlJMFI (1:03im.
TEM shows that no large Fe oxide particles are presentiron after calcination is the increase in quadrupole split-
in any steamed sample, as evident from the absence of anying of the high-spin F& doublet and the increase in total
iron-related phase at high magnification (d&g. 9). For

of the zeolite lattice. Calcination of the as-prepared zeolite at
823 K to remove the organic template induces a small frac-
tion of framework iron to migrate to extra-framework posi-
tions, which is in agreement with our previous reguB].
Compelling evidence for the presence of extra-framework

resonant absorption of the spectra measured under high-
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Fig. 9. TEM micrographs of steam-treated [Fe,Al]MFI zeolites: (a) [Fe,AlJMFI (1s82)(b) [Fe, AlIMFI (1:16)%tm, (c) [Fe,AlIMFI (1:8)stm, (d) [Fe,AlIMFI
(L:4)%stm, () [Fe,AlIMFI (1:2)tm, and (f) [Fe,AlIMFI (1:0ktm.

vacuum conditions. The increase in quadrupole splitting can that transformation to the H-form of [Fe,AlJMFI (1:4) in-
be interpreted as an increase in electron spin interactionduces further migration of Fé ions from framework to
caused by the movement of extra-framework iron closer to extra-framework positions, some of which are present in the
other iron in both the framework and extra-framework posi- reduced F&' state. It has been showa1-25] that extra-
tions. In addition, the increase in quadrupole splitting is also framework iron is able to undergo self-reduction offfe
likely due to the presence of distorted octahedrally coordi- to FE* ions upon heat treatment in an inert atmosphere or
nated Fe ions in the extra-framework positions. Nonetheless,vacuum, in a process called “autoreduction.” However, the
since the average isomer shift (0.54 mm)sof the cal- extent to which extra-framework iron is present as high-spin
cined sample recorded at room temperature in air is closeFe** ions appears to be a function of the iron and aluminum
to the isomer shift of the as-prepared sample (0.52 mi)s  concentrations, as illustratedfig. 7. As mentioned earlier,
the majority of the iron ions= 80%) are still tetrahedrally  the relative intensity of the high-spin £e doublet appears
coordinated in isolated framework positions. Based on the to increase to an optimum with the decrease in iron concen-
spectral contribution of the high-spin ¥edoublet and its  tration (see alsdable 3. A possible explanation for this
quadrupole splitting, it appears that iron is most likely to observation could be that for the zeolites with the lower
migrate from framework to extra-framework positions dur- jron concentration the extra-framework iron ions are mainly
ing calcination if the iron and aluminum concentrations are present as isolated species. From earlier work, we know that

high. the smaller iron species in the MFI zeolites are the ones that
reduce most readili26]. Thus, the high-spin P& ions ap-
4.2. H-form[FeAl]MFI zeolites pear to increase to an optimum with the decrease in iron

concentration. However, for the zeolite with the lowest iron
Transformation of the calcined zeolites to their H-forms concentration (i.e., [Fe,Al]MFI (1:32) hardly any reduc-
induces further changes on the zeolite, as deduced fromtion to F&* is observed. This indicates the necessity for at
the Méssbauer spectra. It is evident from the above resultsleast one neighboring B& ion to form dimers, which would
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then autoreduce in a way similar to what has been suggestednent to the proposition of Hensen and co-work88. They

for CU?t ions[27,28] have shown that the performance of Fe-substituted silicalite-
For samples with varying aluminum concentration, the 1 (similar to [Fe,Al[MFI (1:0)) in the benzene-to-phenol
spectral contribution of the high-spin #edoublet dimin- conversion becomes substantial only after a post-synthesis

ishes with the decrease in aluminum concentration and evi-dispersion of aluminum. Our work in this field (structure—
dently is not present for [Fe,AlJMFI (1:@)that contains no  activity relationship) is currently in progress and will be the
aluminum. This could imply that the presence of aluminum subject of our next publication.

either promotes the autoreduction offfdons to F&* (in

the H-form), or the lack thereof enhances the stability of

framework iron against migration to extra-framework posi- 5 Conclusion

tions.

From the Moéssbauer data, we have shown that iron in
the as-synthesized [Fe,Al]MFI zeolites is present as para-
magnetic F&" ions that are tetrahedrally coordinated in
the MFI framework regardless of iron and aluminum con-
centrations. Calcination of the as-synthesized [Fe,Al[MFI
zeolites causes part of the framework iron to migrate into
extra-framework positions. The extent of migration is more
pronounced in samples with high iron and aluminum con-
centrations. Transformation to the H-form of the calcined
[Fe,Al]MFI induces further migration of iron from frame-
work to extra-framework positions. [Fe,Al]MFI with a very
low iron content & 0.6 wt%) tends to have P& ions in
isolated extra-framework positions that are easily reduced to
its divalent state. In addition, the presence of aluminum en-
hances the formation of Eé ions. Finally, steam treatment
of [Fe,Al]MFI completely removes iron from framework
to extra-framework positions. All steam-treated [Fe,Al[MFI
samples with ca. 1.1 wt% aluminum contain iron exclu-
sively in the divalent state. In the steam-treated [Fe, Al]MFI,
however, with low aluminum contents, the quantity of the
trivalent iron increases. Since the presence éf Reas cor-
related with the formation o#-sites that was claimed to
be responsible for the direct oxidation of benzene to phe-
nol [1], it appears that the presence of aluminum is essential
for the formation of active iron sites in the [Fe,Al]MFI cat-
alyst. These samples will therefore form an excellent basis

4.3. Seam-treated [ Fe Al]MFI zeolites

Steam treatment of isomorphously substituted [Fe,Al]
MFI has been shown to have a profound influence on the cat-
alyst activity in the selective oxidation of benzene to phenol
and NbO decompositiofi29,30] It has been showji 3] that
steam treatment of [Fe,Al]MFI leads to complete removal of
Fe** ions from the zeolite framework, which form mononu-
clear and small oligonuclear oxo-iron complexes, where a
small fraction of Fé" was reduced to the divalent state, and
larger iron oxide particles ca. 2 nm in diameter.

It is remarkable that [Fe, AlIMFI (1:4)n, [Fe AlJMFI
(1:8)stm, [Fe,AlIMFI (1:16)tm, and [Fe,AlIMFI (1:32)m
contain almost exclusively B¢ ions after steam treatment.
Since hardly any divalent iron was observed in previous
studieq11,13] this emphasizes the importance of the steam-
ing conditions for the final state of the catalyst. For the
method presented here, steam treatment of [Fe, Al[MFI with
iron concentration of 0.6 wt% leads to a complete removal
of iron from framework to extra-framework positions, of
which 90% is reduced to Fé. This could be essential in
the benzene-to-phenol reaction, since the presence?sf Fe
in the starting material has been correlatedwith the for-
mation of the active sites in the [Fe,Al]MFI catalyst.

The parameters of the high-spin®tedoublet are strik-
ingly similar to those reported by Panov and co-workers __ . . . o
[31], which they assigned to binuclear iron complexes simi- for structure-activity relgtlon studies of the direct oxidation
lar to those present in methane monooxygenase (MMO), for of benzene to phenol with0.

which almost equal Méssbauer parameters have been ob- Furthermore, the absence of iron oxide particles (which
tained[32]. In MMO the iron sites are identical, meaning are known to be spectator species in the direct oxidation of

that the iron ions should give fully identical components in penzene tq phenol with4D), in the steamgd and specifically
the Mossbauer spectra. However, we observed that the high-'n,the calcmed ar?d H-form samples, affirms that the relax-
spin F&+ doublet splits up in different components upon _anon behawor of iron at Iovy temperatures (77 Kand.4.2 K)
exposure to different gases (He op)N26], thus implying in the qusbauer spectra is caused by pa_lra_lmagngtlc hyper-
that the F&* sites in the [Fe, AJMFI catalysts are not iden- f!ne splltt!ng rather than superparamagnetic iron-oxided par-
tical. In other words, we strongly doubt the conclusion by ticles. This illustrates very well the complementary nature of

Panov and co-workers that the active sites resemble the iron] EM @nd Mossbauer spectroscopy.
sites in MMO.
We have stated earlier that the presence df Fa the
starting material could be essential to the benzene-to-phenofAcknowledgments
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