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A plausible explanation of why the ferrous oxalate method is
unsuitable for the preparation of overexchanged Fe-ZSM-5 is pro-
posed on the basis of TG-DSC, FTIR, and ZIAl MAS NMR re-
sults. lron is precipitated onto the zeolite mainly as an FeC,04
complex, which blocks the pores and impedes a complete exchange
of the Na™ cations. Most of the precipitate is removed by extensively
washing the zeolite, whereas most of the remaining iron species is
transformed into iron oxide during the subsequent thermal treat-
ment. A small number of iron species may also occupy ion-exchange
positions (Fe/Al « 0.5). IR spectroscopy revealed the formation of
Brognsted acid sites, both during the exchange and upon drying of
the zeolite. These results suggest that overexchanged iron zeolites
cannot be prepared easily by conventional ion exchange in aqueous
solution. The effectiveness of this method does not seem to depend
on the source of the parent ZSM-5 used.  © 2000 Academic Press

Key Words: overexchanged Fe-ZSM-5; deNOy catalysts;
Brgnsted acid sites.

INTRODUCTION

Overexchanged Fe-ZSM-5, i.e., a zeolite with a Fe'/Al
molar ratio >0.5, has recently been shown to be a promis-
ing catalyst for the selective catalytic reduction (SCR) of
nitrogen oxides with hydrocarbons under lean burn condi-
tions (1, 2). Besides higher activities than Cu-ZSM-5 cata-
lysts and a remarkable durability under hydrothermal con-
ditions, the activity of overexchanged Fe-ZSM-5 was not
impaired by up to 150 ppm of SO, and 20% H,O in a simu-
lated vehicular exhaust stream (1). The ion-exchange pro-
cedure applied by Feng and Hall (1) for the preparation of
Fe—-ZSM-5 comprised the use of a ferrous oxalate solution
under exclusion of air. Their apparatus consisted of two
flasks containing the zeolite and ferrous oxalate, respec-
tively, connected through a fritted disk, which allowed ions
to freely pass from one flask to another but impeded the
passage of solids. Both chambers were flushed with N, or
Ar to exclude traces of O,. This device prevented the oxida-
tion of Fe'' into Fe''' and the ensuing precipitation of iron
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hydroxide which would cause the blockage of the pores
of the zeolite (3). The authors reported that the sodium
cations of the parent material were almost completely re-
placed with iron species whose nature, however, is still un-
clear. Subsequent reports, as well as our own studies, ques-
tioned the reproducibility of this preparation method (2, 4,
5). The performance of Fe-ZSM-5 prepared by the oxalate
method was shown to depend markedly on the synthesis
history of the starting material (2). In a more recent com-
munication, Hall and co-workers also accounted for these
problems in the preparation of Fe—-ZSM-5 (6). One way to
overcome these drawbacks has been suggested by Chen and
Sachtler, who reported the preparation of active Fe-ZSM-5
by the sublimation of FeCl; onto the proton form of a
ZSM-5 zeolite (2). The catalyst obtained with this method
exhibited somewhat lower activity for the SCR of NO with
i-butane than the catalyst originally prepared by Feng and
Hall, but the preparation method seemed to be less sen-
sitive to the origin of the zeolite. The sublimation method
was successfully applied by Kucherov et al. in the prepara-
tion of Fe-ZSM-5 as well as Fe-SAPO-34 (4). The results of
their in situ ESR investigation showed that Fe-exchanged
zeolites hardly chemisorb water above 200°C, which was
concluded to lead to the observed resistance towards wa-
ter vapor during the SCR reaction (1, 2). Additionally, they
observed the irreversible formation of an agglomerated fer-
romagnetic species induced by reducing condition on both
Fe-ZSM-5 and Fe-SAPO-34.

Ma and Grunert observed very good catalytic activity in
the SCR with ammonia on an Fe-ZSM-5, which was pre-
pared using a somewhat modified sublimation technique
(7). Their catalyst, however, exhibited lower activity in the
SCR with i-butane compared to that reported by Feng
and Hall and was also less active than Cu-ZSM-5. They
suggested that different sites might be active for the two
reactions.

Solid-state ion exchange (SSIE) was employed by Turek
and co-workers for the preparation of Fe-ZSM-5 in the
presence of air (8, 9). Although they did not apply oxygen-
free conditions during the catalyst preparation, the activity
of their catalysts was still remarkably high. Overexchange
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(i.e., Fe''/Al>0.5), however, was not reached by this
method regardless of the type and amount of Fe sources
and the conditions applied during the exchange (heating
in vacuo or inert atmosphere). Whenever the iron content
exceeded the ratio Fe''/Al = 0.5, precipitation of hematite
occurred, which was concluded to be inactive in the reduc-
tion of nitrogen oxides.

As of today the actual nature of the active species of these
catalysts has not been completely elucidated and different
models have been proposed. Feng and Hall claimed that
the Fe(OH)™* complex was the predominant species in the
ferrous oxalate solution used for the exchange and there-
fore replaced the Na* cations at ion-exchange positions (1).
This procedure was furthermore claimed to prevent also the
formation of Brgnsted acid sites, which were considered re-
sponsible for the hydrothermal breakdown of the catalyst
(10). On the other hand, Chen and Sachtler suggested an
oxygen-bridged binuclear complex as a plausible model for
the active species (2, 11). A third model was put forward
by Joyner and Stockenhuber, who prepared Fe—ZSM-5 us-
ing the conventional aqueous exchange procedure. From
EXAFS analyses they concluded that the active species was
present on the zeolite as clusters of iron and oxygen atoms
with a structure similar to that of Fe3S, (12).

The aim of the present paper is to contribute to the un-
derstanding of the peculiarity of the iron-exchanged ze-
olites, focusing mainly on the aqueous chemistry of the
iron ions. We will show results of our attempts at prepar-
ing an Fe-ZSM-5 catalyst through the exchange method
based on a ferrous oxalate solution. A large amount of
iron was found to precipitate onto the zeolite in the form
of iron oxalate complex. Upon extensive washing a small
fraction of the iron migrates to the ion-exchange sites, but
no overexchange was achieved. Formation of Brgnsted acid
sites occurred during both the exchange and the subsequent
washing. Through a renewed analysis of the distribution of
species present in a ferrous oxalate solution we could ac-
count for such results. The application of the method to an-
other ZSM-5 zeolite provided by a different manufacturer
led to similar results.

EXPERIMENTAL METHODS

Na-ZSM-5 samples were provided by CU Chemie
Uetikon (Zeocat PZ-2/40, Si/Al = 18) and Sud-Chemie AG
(Na-MFI1-46 P, Si/Al=20). The zeolites were calcined at
550°C overnight in static air under shallow bed conditions
prior to use, and then exchanged with a 1 M aqueous so-
lution of Na,SO, for 2 h under reflux conditions. The ion
exchange of the Na—ZSM-5 (Chemie Uetikon) with ferrous
oxalate (FeC,0,- 2H,0, Fluka) was carried out following
exactly the description given by Feng and Hall (1). In order
to avoid the presence of oxygen and therefore the oxidation
of Fe'linto Fe'"! a glass apparatus identical to that described
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in (1) was used. Two grams of zeolite was exchanged with
a saturated solution of ferrous oxalate (1 g of FeC,0, per
gram of zeolite) that had been previously purged with nitro-
gen. The pH during exchange reached values between 5-6
and was not corrected to neutrality to avoid exposure of the
preparation to air. After a 24-h exchange at ambient tem-
perature the sample (with a yellowish color) was repeatedly
washed with hot (50°C) deionised water (36 times, 500 ml
each). After each washing, the solutions were qualitatively
tested for the presence of iron cations using the following
reactions (13):

Fe* + o-phenanthroline — (Fe(Cy,HgN5)3)
red coloration (colorless with Fe**)

Fe®* + 3SCN~ — Fe(SCN),
red coloration (colorless with Fe?*).

Fractions of the sample were collected separately after 4,
9, 17, and 36 washings, and will be hereafter referred to as
Fe(CU)-4, Fe(CU)-9, Fe(CU)-17, and Fe(CU)-36, respec-
tively. After the washings, the zeolites were allowed to dry
in air at ambient temperature overnight.

The procedure was repeated using as starting material
the Na—ZSM-5 received from Siid Chemie AG. After the
exchange the zeolite was washed with hot deionised water
until no iron cations were detected in the washing solution
(16 washings, 500 ml each). Fractions of the sample were
collected separately after 4 and 16 washings, and will be
hereafter referred to as Fe(SC)-4 and Fe(SC)-16, respec-
tively. Since it has been suggested that the treatment in an
inert atmosphere rather than in air at an elevated temper-
ature prior to reaction would result in an active catalyst
(6), a part of the preparation (still wet) was separated af-
ter four washings, dried, and heated in He at 500°C for 2 h
(Fe(SC)-4-He).

The chemical composition of all zeolites was determined
by atomic absorption spectroscopy on a Varian SpectrAA-
10 after dissolution in hydrofluoric acid. The thermo-
gravimetric analyses combined with differential scanning
calorimetry (TGA-DSC) of the samples Fe(CU) were per-
formed on a Polymer Laboratories STA 1500H instrument
under air flow in the temperature range 25-800°C (heating
ramp, 10°C/min). For the samples Fe(SC) the thermogravi-
metric analyses combined with single differential thermal
analyses (TGA-SDTA) were performed on a TGA/SDTA
851e Mettler Toledo instrument under identical conditions.

Solid-state MAS NMR measurements were carried out
using a Bruker AMX400 spectrometer at a magnetic field
of 9.4 T. ¥’ Al MAS NMR spectra were recorded on fully
hydrated samples at a resonance frequency of 104.26 MHz.
The % Al chemical shifts were referenced to Al(H,0)3" ina
1 M aqueous solution of AI(NO3)s. For each spectrum 2160
scans were acquired with a recycling time of 10 s. Rotors
were spun at 5 kHz with pulse lengths of 1 us, corresponding
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to a flip angle <z /12. These parameters ascertained quan-
titative determination of Al species.

Infrared spectra of self-supporting zeolite wafers were
recorded atambient temperature on a Mattson Galaxy 6020
IR spectrometer equipped with a MCT detector at a reso-
lution of 4 cm™~2. Prior to IR measurements samples were
outgassed in situ at a pressure below 10~® mbar either at
150°C (1 h) in order to avoid decomposition of the ox-
alate species or at 500°C (overnight). For the calculation of
the distribution of Fe species in agueous solution the soft-
ware MINEQL+ from Environmental Research Software
was used. The thermodynamic data were either provided
directly by the software or taken from the literature (see
Table 2).

RESULTS

Elemental Analysis (AAS)

The results of the elemental analyses of the samples stud-
ied are summarised in Table 1. As for the Fe(CU) zeolites,
the most evident result is the decrease of the iron content
with the amount of water used for washing the zeolites. Dur-
ing the first 17 washings the amount of Fe present on the
zeolite strongly decreased from 3.8 to 2.3 wt%, whereas
the subsequent washing diminished the iron content less
markedly (2.0 wt% for Fe(CU)-36). Leaching of iron from
the zeolite in the form of Fe(l1) was confirmed by the qual-
itative test reactions carried out after each washing. No
Fe(l11) ions were detected in the washing solutions accord-
ing to the thiocyanate test, thus confirming the effectiveness
of the apparatus used for the exchange at preventing the ox-
idation of the Fe(l1) ions in solution. As indicated by the
residual sodium content of Fe(CU)-4, the exchange proce-
dure did not completely replace the original countercations
of the parent zeolite. However, replacement of Na cations
proceeded during the subsequent washing of the zeolite and
was complete on the sample Fe(CU)-36 (Na/Al < 0.05).

TABLE 1

Chemical Composition of the Zeolites Investigated

Fe/Al Na/Al Fe wt%? Calcd Fe wt%P
Na-ZSM5 (CU) — 0.9 — —
Na-ZSM5 (SC) — 0.9 — —
Fe(CU)-4 0.9 0.4 38 46
Fe(CU)-9 0.7 0.2 32 2.6
Fe(CU)-17 05 0.1 2.3 15
Fe(CU)-36 0.4 <0.05 2.0 1.2
Fe(SC)-4 0.3 0.4 11 0.6
Fe(SC)-16 0.2 0.3 0.8 0.3
Fe(SC)-4-He 0.3 0.4 11 —

2 Determined by AAS analysis.
b Calculated from TG patterns assuming the weight loss to be com-
pletely related to the decomposition of FeC,0,.

MARTURANO, KOGELBAUER, AND PRINS

exothermic

T 4.0 mCal/mol I

Fe0204-2H20

Fe(CU)-4

Fe(CU)-36
T T T T T T T T
0 100 200 300 400 500 600 700 800
Temperature (°C)
FIG. 1. DSC patterns for the samples Fe(CU)-4 and Fe(CU)-36 com-

pared with that of pure ferrous oxalate.

The AAS results for the Fe(SC) samples showed basically
the same trend as that observed for the Fe(CU) samples, the
only difference being the lower amount of iron introduced
into the zeolite (Fe(SC)-4, Fe/Al =0.3). After the exchange
the iron content was 1.1 wt% and it decreased upon further
washing (0.8 wt% for Fe(SC)-16).

Thermal Analysis

In Fig. 1 the results of the DSC analyses on the Fe(CU)
samples are shown. The curve of pure ferrous oxalate used
for the exchange is given as a reference. The similar ther-
mal patterns observed for Fe(CU)-4 and Fe(CU)-36 sug-
gest substantial amounts of iron oxalate to be present on
the zeolite Fe(CU)-4 and to a smaller extent on the zeo-
lite Fe(CU)-36. This result indicates that the iron hosted
in the zeolite pores formed a complex with oxalate anions.
In order to quantify the amount of iron oxalate present on
the various samples the weight loss curves, as determined
by TGA, were evaluated (Fig. 2). For all the samples three
main temperature domains could be distinguished: ambi-
ent temperature-150°C, 150-240°C, and 240-350°C. The
weight loss observed up to 150°C was due to the removal of
the water adsorbed on the zeolite. Between 150 and 240°C,
the removal of crystallisation water took place while above
240°C release of CO and CO, occurred upon combustion
of the oxalate anions (incidentally, the absence of weight
loss in the range 150-240°C on Fe(CU)-9 (Fig. 2¢) is due
to an evacuation treatment carried out at 150°C before the
measurement, which removed the crystal water without de-
composing the oxalate species). Beyond 350°C no further
weight loss was detected. From a comparison of the weight
loss of the samples with that of pure ferrous oxalate in the
temperature range 150-350°C an estimation of the amount
of iron present in the zeolite as ferrous oxalate was made
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FIG.2. TGA profiles of the samples: (a) FeC,0, - 2H,0, (b) Fe(CU)-
4, (c) Fe(CU)-9, (d) Fe(CU)-17, and (e) Fe(CU)-36.

(see Table 1). The effect of washing on the concentration
of different iron species in the ferrous oxalate-exchanged
ZSM-5 is depicted in Fig. 3.

The ferrous oxalate content calculated for Fe(CU)-4
(Fe = 4.6 wt%) was found larger than that determined by
AAS analysis (Fe = 3.8 wt%). This means that all the iron
present on the zeolite at this stage of the preparation was in
the form of ferrous oxalate. This result was accounted for in
Fig. 3 (full circles coinciding with open triangles). The ex-
cess weight loss could originate from other oxalate species.
The more extensively washed samples showed a decrease of
both the total iron content and the amount of FeC,0,4 com-
plex. However, in the samples Fe(CU)-9, Fe(CU)-17, and
Fe(CU)-36, FeC,0Q; still accounted for more than 50% of
all the iron present. The remainder of the iron, namely the
difference between the total iron content and the amount
of iron oxalate complex (closed triangles) could be any type
of Fe species. Nevertheless, even when it is assumed that all
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FIG. 3. Effect of washing upon composition of Fe(CU) zeolites: ()

Na content, (@) total Fe content, (A) Fe as FeC,04, and (A) other Fe
species.
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the iron that was not present as iron oxalate was located
at ion-exchange positions, overexchange was not achieved
and a maximum exchange ratio of only Fe/Al=0.2 can be
envisaged.

The negligible Na content of Fe(CU)-36 indicated that
complete exchange of Na was reached. From the maximum
possible amount of iron present at exchange positions on
Fe(CU)-36 (Fe(I)/Al = ca. 0.2) it was inferred that the re-
mainder of the cationic sites had to be occupied by protons.
Similar calculations carried out for the Fe(SC) samples re-
vealed that a low degree of exchange was also achieved
on this zeolite (Fe(11)/Al=0.15). In contrast to the case
for Fe(CU)-4, not all the iron could be accounted for as
oxalate complex, suggesting that some Fe ions may have
already been located at the ion-exchange sites during the
exchange. The ferrous oxalate that precipitated on the ze-
olite was also leached upon extended washing. The sodium
content decreased with washing as well, but replacement
of the sodium cations did not reach completion even after
extended washing (Fe(SC)-16, Na/Al = 0.3). Since the max-
imum total cation content (Na + Fe) accounted only for ca.
50% of all the available ion-exchange sites, the formation
of Bregnsted acid sites during the exchange was concluded.

FTIR Spectroscopy

In Fig. 4 the spectra of the Fe-exchanged zeolites in the
range 1250-2100 cm™! are shown. Spectra were recorded
at ambient temperature after the samples were outgassed
in vacuo at 150°C (1 h) in order to avoid decomposition
of the oxalate species. Besides the weak bands at 1880 and
2000 cm~! observed for all samples, which are the over-
tone bands of the vibration modes of the lattice T-O-T
units, for Fe(CU)-4 four bands were clearly distinguished
at 1314, 1359, 1467, and 1630 cm~. The broad absorption

1600
1314

I 0.5 Abs.

T T T T
2000 1800 1600 1400

Wavenumber (cm™)

FIG. 4. FTIR spectra at room temperature after evacuation at 150°C
(1 h) of (a) Fe(CU)-4, (b) Fe(CU)-9, (c) Fe(CU)-17, (d) Fe(CU)-36, and
(e) Na-ZSM-5 (CU).
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at 1630 cm~%, which is due to the bending mode of the O-H
bonds of the water molecules adsorbed on the zeolite, ex-
hibited a shoulder at about 1600 cm~1. The bands at 1314,
1359, and 1600 cm~* were already visible upon evacuation
at ambient temperature, whereas the band at 1467 cm™?
appeared only during the thermal treatment. We attribute
the bands at 1314, 1359, and 1600 cm~! to the stretching
vibration modes of oxalate species (v(C-C)=1314 cm™,
Veym(~CO2) = 1359 cm™, and vasym(-CO,) = 1600 cm™?),
while the band at 1467 cm™! is assigned to the doubly de-
generate va5ym(CO3) stretching mode of carbonate species
(the symmetric stretching modes of the carbonates species
are either IR inactive or show up around 1100-1300 cm™?,
which is beyond the frequency range of our instrument)
(14). Formation of carbonate species upon heating in vacuo
at 150°C of a mechanical mixture NH4,~Y/FeC,04 has been
also reported in the literature (15). Samples Fe(CU)-9,
Fe(CU)-17, and Fe(CU)-36 exhibited similar spectra, the
only difference being the intensities of the oxalate bands.
The signals at 1614, 1359, and 1314 cm~ decreased in inten-
sities with the extent of washing, becoming barely visible on
the sample Fe(CU)-36 (Fig. 4). The fact that the more the
zeolite is washed the more these species are leached out
suggests that the oxalate species are loosely bound to the
lattice, if at all.

In all Fe(CU) samples a band at 3612 cm~! was detected
as well. The presence of this band indicates the formation
of Brgnsted acid sites and, therefore, is clear evidence for
protons replacing sodium cations at ion-exchange positions.
The concentration of the Brgnsted sites slightly increased
on going from Fe(CU)-4 to Fe(CU)-36 (Fig. 5, spectrab, c, d,
and e). On Fe(CU)-36 the integrated intensity of the band
of the Brgnsted hydroxyls was roughly comparable with
that of the corresponding band in H-ZSM-5 (spectrum f).
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FIG.5. FTIR spectra at room temperature after evacuation at 500°C

of (a) Na-ZSM-5 (CU), (b) Fe(CU)-4, (c) Fe(CU)-9, (d) Fe(CU)-17,
(e) Fe(CU)-36, and (f) Na-ZSM-5 (CU).
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FIG.6. FTIR spectra at room temperature after evacuation at 150°C

(1 h) of (a) Fe(SC)-4, (b) Fe(SC)-16, and (c) Na-ZSM-5 (SC).

The Fe(SC) zeolites exhibited the same spectral features
as the Fe(CU) zeolites, although all the bands were some-
what shifted in frequency and much less intense (Fig. 6). The
bands at 1357 cm~! and the shoulder at 1620 cm™* were as-
signed to oxalate species, although the v(C-C) = 1314 cm™?
was not detected, probably due to the lower concentration
of oxalate anions on this zeolite. The band at 1461 cm™2, as
well as the two additional bands at 1380 and 1510 cm™2, in-
dicated the presence of carbonate species. The former band
(doubly degenerate) is due to carbonate species in which
the symmetry around COgs ions is retained (14). The latter
bands are due to carbonate species in which the symmetry
is not retained and the degeneration is therefore resolved
(14). Upon washing of the samples, the intensities of these
signals decreased. The band at 3612 cm~* again showed the
formation of Brgnsted acid sites whose concentration in-
creased with the extent of washing (Fig. 7). In this respect
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FIG.7. FTIR spectra at room temperature after evacuation at 500°C

of (a) Na-ZSM-5 (SC), (b) Fe(SC)-4, (c) Fe(SC)-16, and (d) H-ZSM-5
(SC).
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FIG.8. ¥AlIMASNMR spectra of (a) parent zeolite Na—ZSM-5 (SC)

and (b) Fe(SC)-4. Asterisks indicate spinning side bands.

it should be noted that drying and calcining the zeolite in
flowing He at 500°C after the exchange (still wet) (6) did not
prevent the formation of the Brgnsted acid sites, since the
spectrum of Fe(SC)-4-He (not reported here) was identical
with that of Fe(SC)-4 (Fig. 7, spectrum b).

ZIAl MAS NMR

In Fig. 8 the 2 Al MAS NMR spectra of the parent Na—
ZSM-5 (SC) zeolite and Fe(SC)-4 are depicted. A distinct
signal at about 54 ppm was detected on both Na-ZSM-5
(SC) and Fe(SC)-4 and attributed to tetrahedrally coordi-
nated Al atoms in lattice positions. Due to the quadrupo-
lar interactions of 2’Al nuclei, two additional spinning side
bands at 5 and 105 ppm, respectively, were detected on
the Na-ZSM-5 (SC) zeolite. For Fe(SC)-4 the anisotropy
of the spectrum was more pronounced and spinning side
bands were visible over a wider spectral range. This en-
hanced anisotropy, which is a direct consequence of the
paramagnetic nature of the iron nuclei present in the zeo-
lite, has already been observed in natural aluminosilicate
(16) and in MnAIPOS systems (17). The integrated inten-
sities of the peaks between 160 and —60 ppm were essen-
tially the same on both samples. The spectra of Fe(CU)-
ZSM-5 zeolites (not shown) were similar to those shown in
Fig. 8.

DISCUSSION

The attempts at preparing overexchanged Fe-ZSM-5 fol-
lowing the ferrous oxalate method described in the litera-
ture (1) were not successful. Low degrees of exchange were
obtained irrespective of the parent zeolite used. However,
based on the results of this study a plausible explanation
for the inadequacy of this method at locating iron at ion-
exchange positions can be put forward.
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As revealed by AAS analysis, a substantial amount of
iron was loaded onto the zeolite using a saturated ferrous
oxalate solution under anaerobic conditions. A large frac-
tion of the iron, however, was leached out by simply wash-
ing the preparation, which means that iron species were not
bound to the zeolite lattice at ion-exchange sites, right after
the exchange. The DTA patterns of the Fe(CU) samples,
being very similar to that of pure ferrous oxalate (Fig. 1),
show that iron was precipitated as FeC,0,4 on the zeolite.
The reason for such a precipitation is related to the for-
mation of dissolved iron oxalate complexes in the solution
used for the exchange (see below). The quantitative anal-
ysis of the weight loss curves revealed that in the case of
Fe(CU)-4 100% of the iron was present as FeC,0, after
the exchange (ca. 60% on the sample Fe(SC)-4). These find-
ings, together with the fact that a substantial amount of the
original sodium ions was replaced only during the washing,
strongly suggest that iron did not substitute at all sodium
counterions. Most likely the precipitate blocked the zeo-
lite pores, favouring the exchange of protons rather than
iron. Indeed, high concentrations of Brgnsted acid sites
were detected using IR spectroscopy on all the zeolites in-
vestigated. The presence of iron species at ion-exchange
positions, nonetheless, cannot be ruled out a priori. As a
consequence of the leaching of FeC,0,4 during the washing,
the zeolite pores became accessible again and further ex-
change of the sodium occurred. The fraction of iron that
is not in the oxalate form (Fig. 3, closed triangles) may
then have reached the ion-exchange positions and replaced
sodium cations. In this respect, it is worthwhile noting that,
even assuming that all the iron species were located at
the ion-exchange sites, overexchange would not have been
achieved. The maximum degrees of exchange that would
have been obtained were approximately Fe(Il1)/Al=0.2
and 0.15 on Fe(CU)-ZSM-5 and Fe(SC)-ZSM-5, resp-
ectively.

2IAl MAS NMR provided indirect confirmation of the
low degree of exchange attained with this method. We
have previously shown (5) that the signal at 54 ppm in
the 2’ Al NMR spectrum of overexchanged Fe-ZSM-5 pre-
pared by vapor-phase loading with FeCl; was almost totally
suppressed, probably as a consequence of Fermi contact
interaction and/or dipolar pseudocontact interactions be-
tween Al atoms and the paramagnetic iron nuclei. The same
type of modification of the spectrum was observed in the
case of sodalite zeolites containing paramagnetic species in
close vicinity to the framework Al atoms, namely at ion-
exchange positions (18). The small differences observed in
the 2’ Al NMR spectra of the Fe-ZSM-5 zeolites prepared
using the ferrous oxalate method and the parent Na—ZSM-5
(Fig. 8) therefore indicate that only a few iron species were
exchanged.

Thermal treatment of the zeolites impregnated with
FeC,0, carried out under different conditions can lead to
iron species of different natures. Most of the iron that is



466

hosted in the zeolite, however, is bound to be transformed
into oxide species. By analogy with the chemical transfor-
mation of pure ferrous oxalate, formation of Fe,O3 is ex-
pected during calcination in air already at relatively low
temperatures (T < 400°C), whereas Fe3O4, FeO, and metal-
lic iron are the products obtained when thermal treatment
is done in an inert atmosphere (above 630°C) (19). In any
case the formation of such oxide species cannot lead to any
further solid-state ion exchange, since their very low solubil-
ities and high lattice enthalpies markedly limit the mobility
of iron ions within the zeolite cavities (4, 20). Nevertheless,
secondary solid-state ion exchange may be promoted to a
certain extent by carrying out the thermal treatment in an
inert atmosphere or in vacuo. As reported by L&zar et al.
(15), during the treatment in vacuo iron is first transformed
into FeCOj; between 150 and 550°C and then, above 550°C,
into Fe3O,4 and metallic Fe. At T > 450°C ion exchange of
Fe(ll) species also occurred but only to a limited extent
(15% of the total iron loaded) (15). Mild conditions, such
as low heating ramps and long dwell times at low temper-
atures, may thus facilitate the migration of FeCO; towards
ion-exchange sites by stripping its coordinatively bonded
water without decomposition taking place. The solubility
of ferrous carbonate in water, which is low but still higher
than that of the iron oxides, may contribute to the exchange.
In this regard, the claims in the literature of enhanced SCR
activities of Fe—-ZSM-5 catalysts pretreated in an inert at-
mosphere seem to be in line with this hypothesis (6, 21).
To shed light on the reasons for the precipitation of
FeC,0,4 onto the zeolite, the distribution of species in a
saturated solution of ferrous oxalate was calculated using
the equilibrium reactions reported in Table 2. Equilibria in-
volving Fe(l11) species were not included since the device
used for the exchange assured a low concentration of oxy-
gen. The results of the calculation are reported in Fig. 9.
From the plot it appears that the Fe(ll) aquo ion is the
predominant species in solution in the range 4 <pH < 7. In
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FIG.9. Distribution of Fe species as a function of pH in a satu-
rated solution of FeC,0, at 25°C, calculated from the data of Table 2:
(@) [Fe(H0)]*", (b) [Fe(C204)(H20)alag) (€) [Fe(C204)2(H20)2]*",
(d) [Fe(OH)(H20)s]", and (€) Fe(OH)z(s).

the same pH range, however, a significant fraction of iron
forms complexes with the oxalate ions. Particularly, at pH
6 the uncharged species [Fe(C,04) (H,0)4] accounts for ca.
30% of the total amount of iron in solution and the nega-
tively charged complex [Fe(C,0.).(H,0),]%>~ for ca. 1.0%.
The formation of substantial amounts of dissolved iron ox-
alate complexes is most likely the reason for the massive
precipitation of FeC,0,4. During the exchange these iron
complexes come in contact with the zeolite crystals, which
may act as a crystallisation seed and cause the precipitation
of the iron species.

According to the calculation, the relative fraction of the
[Fe(OH)(H,0)s]™ species, which was reported to be pre-
dominant above pH 4 (1), was found to be negligible at
neutral pH and around 11% at pH 9. This result is in re-
markable contrast with the distribution of species reported

TABLE 2

Equilibrium Reactions Used for the Calculation of the Distribution of Species for a Saturated
Ferrous Oxalate Aqueous Solution

Eq. [1] [Fe(H,0)6]*" + C,02~ = FeC,0, - 2H,0 + 4H,0 Log K =6.68 (22)
Eq. [2] [Fe(H,0)]?" 4+ C,02™ = [Fe(C204)(H20)4]ag) + 2H20 Log K=3.05 23)
Eq. [3] [Fe(H,0)s]?* +2C,02" = [Fe(C04)2(H20),1>~ +4H,0 Log K=5.15 (23)
Eq. [4] [Fe(H,0)6]2" + H,0 = [Fe(OH)(H,0)s]t + H;O* LogK=-95 24
Eq. [5] [Fe(H,0)6]%* + 2H,0 = [Fe(OH)»(H20)4](ag) + 2H30 Log K=—20.6 24)
Eq. [6] [Fe(H,0)]?* +3H,0 = [Fe(OH)3(H,0)s]~ + 3H;0™ Log K=-31.0 (24)
Eq. [7] Fe(OH)ye 4 2H30% +2H,0 = [Fe(H,0)s]2* Log K=12.85 (24)
Eq. [8] C,02” +Na" = [Na(C,04)]~ Log K =0.49 (23)
Eq. [8] C,0% +H;0* = HC,0; 4 H,0 Log K=4.19 22)
Eq. [9] Cr02™ 4 2H30" = H,C,04 +2H,0 Log K=5.42 22)
Eq. [10] 2H,0 = H30" + OH~ Log K=—14.0 23)

Note. The number in the last column indicates the literature source of the thermodynamic constant.
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in Ref. (1), the reason being the different series of equilib-
rium reactions considered for calculation. In contrast with
Ref. (1), the possibility of formation of dissolved iron ox-
alate complexes was also taken in consideration, being sub-
stantiated by the rather high value of the formation con-
stants found in the literature (see references in Table 2).
Second, the log K value for Eq. [4] used in our calculation
differs by several orders of magnitude from that reported
in Ref. (1).2

The presence of Brgnsted acid sites seems to be in con-
tradiction with the distribution of species shown in Fig. 9.
Fe?* species, in fact, are largely available in solution and
their absolute concentration exceeds that of H* in the range
4 < pH < 7 by about 2 orders of magnitude (FeC,0, solu-
bility in water, ca. 10~3 M). Therefore, factors other than
the concentration of H* species must favour the forma-
tion of the Brgnsted acid sites with respect to the exchange
for iron species. Possible factors that can be envisioned are
the small dimension of protons and their particular mech-
anism of diffusion in solution (Grotthus or chain mecha-
nism) (25). The former would facilitate the formation of
Brgnsted sites in the presence of FeC,04, whose precipi-
tation blocks the pores of the zeolite and impedes the ac-
cess of the bulkier iron species to the ion-exchange sites.
The latter increases noticeably the diffusion rate of pro-
tons through the solution, as it does not involve the ac-
tual migration of H* species (the charge of the proton
is transferred from one point of the solution to another
just by reorientation of the surrounding water molecules).
Besides kinetic reasons, formation of Brgnsted acid sites
may be related to the mechanism of compensation of the
negative charge of the zeolite lattice. A double positively
charged ion, which in principle can replace two Na* ions
during the exchange, requires the presence of a sufficient
number of water molecules in order to delocalise the pos-
itive charge of the counterion (e.g., [Me' (H,0)2%]) (26).
Thermal treatments remove the hydration sphere of the
in-going species, which as a consequence become more lo-
calised. The associated electrostatic field of the bare ions,
therefore, may induce dissociation of the remaining coordi-
nated water molecules, producing hydrolysed species and
protons (e.g., Me' (H,0);" — Me" (OH)* + H* +5H,0).
Such a mechanism of formation of Brgnsted acid sites is
well documented on faujasite zeolites (26) and can be of
crucial importance in the preparation of overexchanged
zeolites. Whenever water is present during the exchange,
the hydrolysis takes place and overexchange can hardly be
achieved. Recent investigations by Turek and co-workers

2 The source of the thermodynamic constants for the equilibrium re-
actions (Skoog, D. A., and West, D. M., “Fundamentals of Analytical
Chemistry,” 2nd ed. Holt, Rinehart, Winston, New York, 1969) reported
in Ref. (1) was not available to us. Since also the subsequent editions of
the book do not report them, the values of the constants used for the
calculation were obtained from Refs. (22-24).
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of Fe—ZSM-5 zeolites prepared through solid-state ion ex-
change support this conclusion (8, 9), since they also only
reached a maximum degree of exchange of Fe''/Al=0.5.
Furthermore, the occurrence of water dissociation upon
drying of the catalyst suggests that the existence of stable
monovalent metal complexes in solution is a fundamen-
tal prerequisite to prepare metal overexchanged zeolites in
aqueous media. Alternatively, dissolved positively charged
polynuclear species may be considered good candidates to
achieve overexchange as they may satisfy simultaneously
more than one lattice charge, providing one Fe atom for
each Alsite. In Fe(l1) aqueous solutions, however, the pres-
ence of such polynuclear moieties can be neglected (24).

CONCLUSIONS

Preparation of overexchanged Fe-ZSM-5 using the fer-
rous oxalate ion-exchange method proposed in the liter-
ature (1) was not successfully attained. FeC,0O4 was pre-
cipitated from the solution onto the zeolite, thus blocking
the pores and preventing thorough exchange of the orig-
inal Nat countercations. A large part of the iron oxalate
complex was removed by washing the zeolite with water,
whereas the remainder was transformed into iron oxide
during the subsequent thermal treatment.

Precipitation was found to be related to the formation
of dissolved neutral [Fe(C,04)(H20)4] oxalate species, as
shown by the calculation of the distribution of species for
a ferrous oxalate solution. It could not be excluded that a
small amount of iron may also occupy the ion-exchange po-
sitions (Fe/Al « 0.5). Brgnsted acid sites were detected by
IR spectroscopy. These hydroxyl groups are formed both
during the exchange and upon drying the zeolite because
of the bivalent charge of the Fe species (26). These results
suggest that overexchanged iron zeolites can hardly be pre-
pared by conventional ion exchange in aqueous solution.
The results do not seem to depend on the history of the par-
ent ZSM-5 used since they were reproduced on the same
type of zeolite provided by different manufacturers.
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