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The state of Fe dispersion in Fe–H–ZSM-5 was investigated
by means of infrared spectroscopy of adsorbed NO, temperature-
programmed desorption (TPD) of NO, TPD of NH3, and H2

temperature-programmed reduction (TPR). For samples with a low
loading of Fe [e.g., Fe/Al ratio≤ 0.56], Fe cations exchange with
Brønsted acid protons on a one-to-one basis, while at Fe/Al ratios
above this level small particles of FeOx are formed. Results of H2

TPR and NO uptake experiments on Fe–ZSM-5 samples following
a He pretreatment suggest that the primary form of Fe present on
samples with an Fe/Al ratio less than or equal to 0.19 is Fe3+ [i.e.,
Fe3+(OH−)2]. An increase in the Fe loading above this level results
in an increase in the concentration of Fe2+ cations formed via the
autoreduction of Fe3+(OH−)2 which is present at highly reducible α
sites in ZSM-5. Three types of Fe2+ sites are observed on Fe–ZSM-5
during the room temperature adsorption of NO. They are defined
as type I, II, and III sites. Type I sites adsorb NO as mononitrosyls
(1767 cm−1) and dinitrosyls (1917 and 1806 cm−1). Types II and III
sites adsorb NO solely as mononitrosyl species (1876 and 1856 cm−1,
respectively). While types II and III sites are found to be relatively
resistant to oxidation and reduction, type I sites are significantly af-
fected by these pretreatments. The most notable change occurs for
the high-weight-loaded Fe–ZSM-5 sample in which CO reduction
results in the redispersion of FeOx to type I sites. c© 1999 Academic

Press
INTRODUCTION

The performance of metal-exchanged ZSM-5 catalysts
for the reduction of NO by hydrocarbons in the presence of
excess O2 is generally inhibited by the presence of water. It
has been determined recently, however, that Fe exchanged
into ZSM-5 is active for NO reduction by isobutane in the
presence of H2O vapor at concentrations as high as 20%
(1–4). The preparation of Fe–ZSM-5 with a high loading of
iron has proven to be a challenge. While Feng and Hall (1,
2) reported that an Fe/Al ratio up to 0.93 could be achieved
by ion exchange of Na–ZSM-5 using a saturated aqueous
solution of ferrous oxalate (1, 2), attempts by Chen and
Sachtler (3, 4) to use this procedure were unsuccessful in
achieving such high exchange levels. Moreover, these lat-
ter authors noted that differences in catalyst performance
were observed which appeared to be related to subtle differ-
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ences in zeolite history. Reproducible performance could
be achieved, though, using dry exchange of H–ZSM-5 with
FeCl3. In a related study, ion exchange with Fe(NO3)3 was
carried out with ZSM-5 (5).

Only limited characterization of Fe–ZSM-5 has been re-
ported to date. Microbalance analysis of samples following
O2/H2 redox cycles has shown that a reversible oxidation–
reduction process occurs with a redox couple equivalent to
1 electron/Fe for catalysts treated at or below 1223 K, sug-
gesting a cycle between Fe2+ and Fe3+ (2). When the same
experiment was performed at 1323 K, the results showed
a redox couple of approximately 2 electrons/Fe. Evidence
for the positioning of Fe cations in the ion-exchange posi-
tion has been obtained from both 1H NMR (2) and infrared
spectroscopy (3). In both cases, no evidence for Brønsted
acid protons was observed after exchange to an Fe/Al ra-
tio approaching unity. Evidence for nanoclusters of iron
oxide obtained by EXAFS has been reported, though, for
Fe–ZSM-5 prepared by aqueous ion exchange from ferric
nitrate (5).

The preceding work suggests that different forms of iron
can exist in Fe–ZSM-5 and that iron is not present in a sin-
gle oxidation state but can be oxidized and reduced. The
goal of the present work was to determine the effects of Fe
loading on the state of Fe in Fe–ZSM-5 prepared via solid
state ion exchange. It was of particular interest to determine
the degree to which Fe is present in cation-exchange posi-
tions versus iron oxide clusters, and the oxidation state of
Fe cations following different forms of pretreatment. The
samples of Fe–ZSM-5 were characterized by infrared spec-
troscopy of adsorbed NO, temperature-programmed des-
orption (TPD) of NO, TPD of NH3, and H2 temperature-
programmed reduction (TPR).

EXPERIMENTAL

Fe–ZSM-5 was prepared via a solid state ion-exchange
method similar to that described by Chen et al. (3, 4). Na–
ZSM-5 (Si/Al= 25) obtained from Alsi-Penta was first con-
verted to the NH+4 form by aqueous ion exchange with am-
monium nitrate. About 10 g of the zeolite was added to a
120-ml solution of 1.0 M ammonium nitrate. This mixture
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TABLE 1

Sample Characteristics

Sample wt% Fe Fe/g (µmol/g)

Fe–ZSM-5 (0.14) 0.49 87.7
Fe–ZSM-5 (0.19) 0.67 120.0
Fe–ZSM-5 (0.37) 1.26 225.6
Fe–ZSM-5 (0.56) 1.94 347.4
Fe–ZSM-5 (0.85) 2.61 467.3
Fe–ZSM-5 (0.96) 2.86 512.1

was stirred at 298 K for 12 h, then filtered, and washed. To as-
sure complete displacement of Na+ by NH+4 , the exchange
procedure was repeated two more times. NH+4 –ZSM-5 was
then transformed to H–ZSM-5 by calcining at 823 K for
8 h in air. The calcined H–ZSM-5 was then transferred to
a glove box without contacting air and mechanically mixed
with the appropriate amount of FeCl3 required for the de-
sired exchange level. While still in the glove box, this mix-
ture was placed into a sealed reactor. The reactor was then
removed from the glove box and placed in a furnace. A
flow of He was passed through the reactor as it was heated
at a rate of 0.25 K/min to 583 K, the sublimation temper-
ature of FeCl3. Upon the temperature reaching 583 K, the
reactor was held at this temperature for 4 h. The sample
was then cooled to room temperature, removed from the
reactor, and washed with water until the precipitation of
AgCl was not detected upon the addition of AgNO3 to the
residual water. Finally, the Fe–ZSM-5 was dried in an oven
overnight at 393 K. Elemental analysis was performed on all
samples and the results are shown in Table 1. The samples
are denoted as Fe–ZSM-5 (x) where x is the Fe/Al ratio. All
samples exhibited a residual Na/Al ratio of less than 0.05.
The properties of Fe–ZSM-5 were compared with those of
silica-supported Fe and bulk Fe2O3. Then, 3.3 wt% Fe/SiO2

was prepared by incipient wetness impregnation using an
aqueous solution of Fe(NO3)3 · 9H2O with a liquid/solid ra-
tio of 2.2 cm3/g followed by calcination at 773 K for 3 h in air.
Bulk Fe2O3 (Matheson, Coleman and Bell) was used as is.

Temperature-programmed desorption of NH3 was per-
formed to determine the residual acidity in the Fe–ZSM-5
samples. Prior to use, the samples were heated at 773 K
for 1 h in He and then cooled to room temperature in He.
NH3 was adsorbed for 1 h at room temperature on 0.1 g of
sample sieved to 35–60 mesh from a gas stream containing
2% NH3 in He (Airgas). Following adsorption, the sample
was purged in He for 1 h, and then a temperature ramp of
10 K/min was initiated from room temperature to 873 K.
The concentration of NH3 in the effluent was detected by a
thermal conductivity detector.

Temperature-programmed reduction in H2 was per-

formed using the same system as that described for the
temperature-programmed desorption of NH3. Then, 1% H2
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in Ar (Matheson) was passed over the sample at room tem-
perature for 10 min prior to initiating a temperature ramp
of 10 K/min. Water formed during the reduction of Fe was
removed by a dry ice–methanol trap located downstream of
the reactor and ahead of the TCD. The response of the TCD
to flowing H2 was calibrated by performing a temperature-
programmed reduction of a known amount of CuO.

NO uptake was determined by performing temperature-
programmed desorption of NO and quantifying the total
amount of NO adsorbed by summing the nitrogen products.
Experiments were carried out with 0.1 g of catalyst sieved
to 35–60 mesh and placed in a quartz microreactor. The
NO (Matheson, 1% in He) was further purified by passage
through a molecular sieve trap to remove residual water.
The NO was diluted to 5,000 ppm NO in He and was then
adsorbed on the zeolite at room temperature. The sample
was purged with He for 1 h to remove weakly adsorbed
NO, and then a temperature ramp of 8 K/min was initiated.
NO was desorbed into He flowing at 100 cm3/min; desorbing
species were monitored via mass spectrometry (UTI 100 C).

For infrared spectroscopy of adsorbed NO, the Fe–ZSM-
5 was pressed into a 20- to 50-mg self-supporting wafer and
placed into an infrared cell similar to that described by Joly
et al. (6). Spectra were recorded on a Digilab FTS-50 Fourier
transform infrared spectrometer at a resolution of 4 cm−1.
Typically, 64 scans were co-added to obtain a good signal-
to-noise ratio. A reference spectrum of Fe–ZSM-5 in He,
taken at the same temperature as the experimental spec-
trum, was subtracted from each spectrum. NO (Matheson,
5% in He) was passed through a molecular sieve trap for
additional purification prior to entering the flow manifold.
Prior to adsorption on the zeolite, the NO was diluted to a
concentration of 5,000 ppm.

A separate cell and spectrometer were used to observe
the hydroxyl stretching region of the zeolites. For these ex-
periments, spectra were recorded using a Nicolet Magna
Series II Fourier transform infrared spectrometer. The cell
design for this spectrometer limits the maximum sample
temperature to 523 K; hence, the sample had to be pre-
treated ex situ in a separate reactor. Prior to each experi-
ment, the sample was heated at 773 K in He for 1 h and
then cooled to room temperature. The sample was then re-
moved from the reactor and pressed into a 20- to 30-mg
wafer that was then put into the infrared cell. To remove
water adsorbed during sample transfer, the zeolites were
treated by heating the sample in He for 1 h at 523 K and
then cooling to 323 K prior to obtaining the spectrum. Each
spectrum was obtained from 256 scans taken at a resolution
of 4 cm−1 and was normalized by sample weight.

Unless otherwise specified, prior to each experiment,
the catalyst was given one of the following pretreatments:
(1) helium (H), heat at 773 K for 3 h in He and cool to room

temperature in He; (2) oxidative (O), heat at 773 K in 10%
O2 for 2 h, heat at 773 K in He for 1 h, and cool to room
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TABLE 2

Description of Catalyst Pretreatments (Steps (1) and (2)
Performed at 773 K)

Symbol Pretreatment Step (1) Step (2) Step (3)

H Helium He, 2 h He, 1 h cool in He
O Oxidative 10% O2, 2 h He, 1 h cool in He
R Reductive 4.2% CO, 2 h He, 1 h cool in He

temperature in He; and (3) reductive (R), heat at 773 K
in 4.2% CO for 2 h, heat at 773 K in He for 1 h, and cool
to room temperature in He. Table 2 summarizes each sam-
ple pretreatment protocol. Note that for the experiments
involving the uptake of NO and infrared spectroscopy of
adsorbed NO these pretreatments were conducted consec-
utively on the same sample, while a fresh sample was used
for each H2 TPR experiment.

RESULTS

The temperature-programmed desorption of NH3 fol-
lowing room-temperature adsorption from a stream
containing 2% NH3 in He is shown in Fig. 1. As noted pre-
viously, the samples were pretreated in He prior to conduct-
ing the NH3 TPD. NH3 desorbs in three main peaks at 383,
473, and 703 K. The peak at 383 K is assigned to physisorbed
NH3 while the peak at 703 K is assigned to NH3 strongly ad-

FIG. 1. NH3 desorption rate observed during the temperature-pro-

grammed desorption of NH3 into He following room-temperature expo-
sure of Fe–ZSM-5 samples to 2% NH3 in He for 1 h.
ET AL.

sorbed on Brønsted acid sites (7). Assignment of the peak
at 473 K is somewhat controversial. This feature has been
attributed to NH3 weakly adsorbed on Brønsted acid sites
(7) and NH3 associated with Na+ (8) or extraframework Al
(9). Since it is agreed that the peak at 703 K is due only to
NH3 strongly adsorbed on Brønsted acid sites, this peak can
be used to observe qualitative changes in the concentration
of Brønsted acid sites with Fe loading. The data in Fig. 1
show that the peak at 703 K decreases with increasing Fe
content, suggesting that Brønsted acid protons are replaced
by Fe upon heating H–ZSM-5 in the presence of FeCl3.
The intensity of the peak at 473 K also decreases with
increasing Fe content, supporting the attribution of this
peak to weak Brønsted acid sites. Note that an increasing
Fe content results in a nonzero background level at 873 K.

Infrared spectra of the samples were taken at 323 K in
He to measure the concentration of Brønsted acid sites re-
maining following ion exchange. The results are shown in
Fig. 2. Bands are observed at 3740, 3660, and 3610 cm−1. The
band at 3740 cm−1 has been assigned to hydroxyl stretch-
ing at Si(OH) groups at crystal terminations and silanol
pairs (10) while the band at 3660 cm−1 has been assigned to
OH groups associated with extraframework Al (11, 12). The
band at 3610 cm−1 is due to the OH stretch of Brønsted acid
groups (13). There is also a band present at 3700 cm−1 on H–
ZSM-5; however, this band was not present on an H–ZSM-5
sample with a lower Si/Al ratio, and it is not clear why it is
observed on this sample. The principal effect of increased
Fe exchange is a decrease in the intensity of the band at
3610 cm−1, giving direct evidence for the displacement of
Brønsted acid protons by Fe. While the band at 3660 cm−1

is unaffected by Fe loading, the band at 3740 cm−1 changes
with Fe content. There is no identifiable trend in this data
and it is likely that this apparent change is associated with a
change in the overall absorption of the background which
was a function of Fe loading and hence sample color.

The number of Fe atoms replacing each Brønsted pro-
ton can be determined by integrating the area of the band
at 3610 cm−1 and plotting the H/Al ratio versus the Fe/Al
ratio. The concentration of Brønsted acid sites in the Fe–
ZSM-5 samples (H/Al ratio) was calculated by normalizing
the integrated area of the band at 3610 cm−1 to the area
observed for H–ZSM-5. The results are shown in Fig. 3. If
one Fe replaces one proton, then the data in Fig. 3 should
fall along a line with a slope of −1, whereas replacement
of two protons with one Fe should result in a line with a
slope of−2. Up to an Fe/Al ratio of 0.56, the data lie along
a line with slope−1, suggesting a 1 : 1 exchange of Brønsted
acid protons and Fe ions. However, above this Fe loading,
the data deviate upward, suggesting that the additional Fe
is present as FeOx particles rather than as Fen+ cations re-
placing H+.
Figure 4 shows the temperature-programmed reduc-
tion profiles for Fe2O3 and 3.3 wt% Fe/SiO2. The 3.3 wt%
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FIG. 2. Infrared spectra of the hydroxyl stretching region for

Fe/SiO2 sample was heated in O2 at 773 K for 2 h, followed
by a 1-h He purge prior to conducting TPR and the Fe2O3

sample was used as is. The reduction of bulk Fe2O3 results
in two main peaks at 693 and 963 K with a small shoulder at
863 K. The peak at 693 K is due to the reduction of Fe2O3

to Fe3O4, while the peak observed at 963 K is assigned to
the reduction of Fe3O4 to Fe0 (14). Since the reduction of
Fe3O4 to Fe0 proceeds via FeO, the small shoulder at 863 K
ed to the reduction of Fe O to FeO (14). Integra-
he TPR d

ble against reduction to metallic iron during H2 reduction
3 4

ata for Fe2O3 yields an H2/Fe ratio of 1.54, (15).
FIG. 3. Variation of the H/Al ratio with Fe/Al rati
Fe–ZSM-5 samples at 323 K following a helium pretreatment.

consistent with the value of 1.50 required for the reduction
of Fe3+ to Fe0. TPR of Fe/SiO2 results in a peak at 723 K,
followed by the initiation of further reduction beginning
at 1250 K. Integrating the low-temperature peak yields a
H2/Fe ratio of 0.52. This value agrees with the ratio of 0.50
necessary for the reduction of Fe3+ to Fe2+. Consistent with
this observation, it has been shown for Fe/SiO2 that Fe2+

is present in small “rafts” of iron oxide which are very sta-
o for all Fe–ZSM-5 samples pretreated in helium.
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FIG. 4. H2 temperature-programmed reduction profiles observed for
Fe2O3 and 3.3 wt% Fe/SiO2. The 3.3 wt% Fe/SiO2 samples was given a
standard pretreatment (O) while the Fe2O3 was used as is.

TPR experiments were conducted on all Fe–ZSM-5 sam-
ples following a He pretreatment (H). The results are shown
in Fig. 5. The TPR spectrum for the sample with the small-
est amount of Fe exchange [Fe–ZSM-5 (0.14)] exhibits one
main peak at 815 K. The profile for Fe–ZSM-5 (0.19) is sim-
ilar to that observed for Fe–ZSM-5 (0.14), except the two
shoulders present at 720 and 890 K are more prominent.
As the Fe content increases, the shape of the TPR profile
changes. On Fe–ZSM-5 (0.37), the peak at 815 K becomes
slightly smaller and a new peak emerges at 960 K. Further
loading [Fe–ZSM-5 (0.56)] results in the same peaks at 815
and 960 K and a tail that is present to temperatures higher
than 1273 K. Note that the integrated area of the peak at
815 K decreases slightly with an increase in Fe exchange for
these samples. The samples with the highest loading of Fe
[Fe–ZSM-5 (0.85 and 0.96)] differ significantly in character
when compared to the other samples. The total integrated
area is larger and new peaks are evident at 738 K for Fe–
ZSM-5 (0.85 and 0.96) and 1015 and 1120 K for Fe–ZSM-5
(0.96).

Table 3 summarizes the H2/Fe ratio determined by inte-
gration from room temperature to 1273 K for all samples
following a He pretreatment (H) and an oxidative pretreat-
ment (O) (see below). The extent of reduction is highest for
Fe–ZSM-5 (0.14). In this case, the H2/Fe ratio based on inte-

gration to 1273 K is 1.34, suggesting that a significant portion
of Fe present as Fe3+ initially is reduced to Fe0. The H2/Fe
ET AL.

FIG. 5. H2 temperature-programmed reduction profiles observed for
all Fe-ZSM-5 samples following a helium pretreatment (H).

ratio for Fe–ZSM-5 (0.19) is similar to that for Fe–ZSM-5
(0.14). As the Fe loading is increased [Fe–ZSM-5 (0.37 and
0.56)], the H2/Fe ratio decreases to values less than 1. A fur-
ther increase in the Fe loading [Fe–ZSM-5 (0.85 and 0.96)]
results in an increase in the H2/Fe ratio to a maximum value
of 0.81; however, this value is still significantly smaller than
that observed on Fe–ZSM-5 (0.14).

Figure 6 shows the results of temperature-programmed
reduction experiments conducted following an oxidative
pretreatment (O) on fresh samples of Fe–ZSM-5 and
Table 3 lists the H2/Fe consumption ratio for each sample.
Comparison of the TPR spectra in Fig. 6 with those in Fig. 5
shows that oxidation causes an increase in the intensity of
the peaks occurring in the region of 500–750 K and above
900 K. Note that with the exception of Fe–ZSM-5 (0.19)

TABLE 3

H2/Fe Consumption Ratios Derived from TPR Spectra

Pretreatment H Pretreatment O
Sample H2/Fe H2/Fe

Fe–ZSM-5-25 (0.14) 1.34 —
Fe–ZSM-5-25 (0.19) 1.33 1.36
Fe–ZSM-5-25 (0.37) 0.76 1.13
Fe–ZSM-5-25 (0.56) 0.52 0.82
Fe–ZSM-5-25 (0.85) 0.78 —

Fe–ZSM-5-25 (0.96) 0.81 0.99
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FIG. 6. H2 temperature-programmed reduction profiles observed for
Fe–ZSM-5 samples following an oxidative pretreatment (O).

oxidation results in an increase in the H2/Fe consumption
ratio, relative to what is observed after pretreatment in He.
These results suggest that Fe in Fe–ZSM-5 (0.19) is present
as Fe3+, but that samples prepared with Fe/Al> 0.19 con-
tain a mixture of Fe2+ and Fe3+.

Figure 7 shows the temperature-programmed reduction
of Fe–ZSM-5 (0.96) following pretreatments H, O, and R.
For an easier comparison, the reduction profiles following
pretreatments H and O are repeated in this figure. TPR of
Fe–ZSM-5 (0.96) following CO reduction results in a sig-
nificant decrease in the extent of reduction by H2. Also, the
character of the TPR profile changes. The low-temperature
peak has essentially disappeared in the TPR following CO
reduction and very little reduction occurs up to 1273 K. The
H2/Fe ratio for the TPR of Fe–ZSM-5 (0.96) following CO
reduction is 0.63.

Temperature-programmed desorption of NO was con-
ducted on several Fe–ZSM-5 samples following pretreat-
ments H, O, and R. The total amount of NO adsorbed
was calculated by integration of the TPD spectra for the
desorption of the observed products, NO and N2 (the max-
imum amount of N2 observed was 12% of the total amount
of adsorbed NO). A plot of the moles of NO adsorbed
per gram of catalyst versus the Fe/Al ratio is presented in
Fig. 8A. Note that if the data are extrapolated to y= 0 for all
pretreatments, the x intercept is a nonzero positive number

equivalent to approximately 100 µmol of Fe/g of catalyst.
This suggests that there is some fraction of Fe that does not
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adsorb NO and it is likely that this Fe is present as Fe3+,
since it has been observed that Fe3+ cations and Fe2O3 ad-
sorb only a small amount of NO relative to Fe2+ cations (15,
16).

Figure 8B presents the same data as those shown in
Fig. 8A, but is plotted as mole of NO adsorbed per mole of
Fe as a function of Fe content. The NO/Fe ratio is 0.40 for
Fe–ZSM-5 (0.19) following pretreatment H. As the content
of Fe in the zeolite increases, the NO/Fe ratio increases and
reaches a maximum of 0.96 for Fe–ZSM-5 (0.56) and then
drops back down to 0.52 moles of NO/mole of Fe for Fe–
ZSM-5 (0.96). Oxidation (O) has little affect on the NO/Fe
ratio for Fe–ZSM-5 (0.19), while Fe–ZSM-5 (0.37, 0.56, and
0.96) exhibit a decrease in the NO/Fe ratio relative to pre-
treatment H. Note also that the NO/Fe ratio on Fe–ZSM-5
(0.19) is not significantly affected by CO reduction. How-
ever, with the exception of Fe–ZSM-5 (0.56), which has
a slightly lower NO/Fe ratio when compared to that with
pretreatment H, the Fe–ZSM-5 samples with the higher
weight loading show an increase in the NO/Fe ratio rela-
tive to those with pretreatments H and O. Relative to that
with pretreatment H, the most significant change in NO/Fe
ratio is observed for Fe–ZSM-5 (0.96) and the final NO/Fe
ratio is approximately constant for Fe–ZSM-5 (0.37, 0.56,
and 0.96).

Figure 9A shows infrared spectra of several samples
taken at room temperature in He following a 20-min

FIG. 7. H2 temperature-programmed reduction profiles observed for

Fe–ZSM-5 (0.96) following a helium (H), oxidative (O) and reductive (R)
pretreatment.
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FIG. 8. (A) NO uptake per gram of catalyst as determined from NO temperature-programmed desorption for Fe–ZSM-5 samples following a

helium (H), oxidative (O), and reductive (R) pretreatment. (B) NO uptake per Fe atom as determined from NO temperature-programmed desorption

e
for Fe–ZSM-5 samples following a helium (H), oxidative (O), and reductiv

exposure to 5,000 ppm NO for samples pretreated in He.
NO adsorption at room temperature results in four bands
at 2133, 1876, 1856, and 1806 cm−1 with small shoulders at
1917 and 1767 cm−1. While the bands at 1876 and 1856 cm−1

do not change with time, the intensity of the bands at 2133,
1917, 1806, and 1767 cm−1 increase slowly with time. On
the basis of previous studies conducted with Fe–Y and Fe–
ZMS-5 (17, 18), the pair of bands at 1917 and 1806 cm−1

are assigned to Fe2+ (NO)2. The attribution of these bands

to the same adsorbed species was confirmed by observing a
straight line when the intensity of the band at 1917 cm−1 is
(R) pretreatment.

plotted versus that at 1806 cm−1. The band at 1767 cm−1 is
assigned to an Fe2+mononitrosyl [Fe2+(NO)] that is in the
same environment as the Fe2+ dinitrosyl (17, 18). The bands
at 1876 and 1856 cm−1 are also due to Fe2+ mononitrosyls;
however, these mononitrosyls exist in an environment dif-
ferent from the mononitrosyl characterized by the band at
1767 cm−1 (17, 18). The assignment of the band at 2133 cm−1

has been the subject of some discussion in the recent liter-
ature (19–22). Most investigators have attributed this band

+ δ+
to NO2 (22) or NO2 (19, 20); however, strong evidence
has been presented recently (23) for the assignment of this
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FIG. 9. (A) Infrared spectra of adsorbed NO for Fe–ZSM-5 samples following a helium pretreatment (H). (B) Intensity of infrared bands observed
n
during the room-temperature adsorption of NO following a He pretreatme

band to NO+, acting as the charge-compensating species at
a cation-exchange site (e.g., Z−NO+). During the He purge,
the bands at 2133, 1917, and 1806 cm−1 decrease slightly,
while the band at 1767 cm−1 is observed to increase.

Figure 9B shows the intensity of the infrared bands due
to NO adsorbed on Fe as a function of Fe content. For these
samples an increase in the weight loading of Fe [Fe–ZSM-5
(0.19, 0.37 and 0.56)] results in an increase in the intensity of
the bands. A further increase in the Fe content [Fe–ZSM-5
(0.96)] results in a significant decrease in the bands at 1917,
1806, and 1767 cm−1 while the bands at 1876 and 1856 cm−1

decrease only slightly.
Figures 10A and 10B show the infrared spectra and the

peak intensities for samples following an oxidative pretreat-
ment (O). While all bands are attenuated relative to the
He–pretreated samples, the bands at 1917, 1806, and
1767 cm−1 exhibit the largest loss in intensity.

The infrared spectra for samples following CO reduc-
tion (R) are shown in Fig. 11A, and Fig. 11B shows the
dependence of the band intensities on Fe loading. The in-
tensity of the bands at 1876 and 1856 cm−1 is approximately
the same as that observed following a He pretreatment. For
Fe–ZSM-5 (0.19, 0.37, and 0.56) the intensity of the bands
at 1917, 1806, and 1767 cm−1 is not significantly enhanced
relative to He pretreatment, while the intensity of these
bands for Fe–ZSM-5 (0.96) is much higher following a CO
reduction as compared to He pretreatment. In light of this,

the significant increase in NO uptake capacity for this sam-
ple following CO reduction (see Figs. 8A and 8B) can be
t (H) versus Fe content.

associated with the adsorption of NO in the form of mono-
and dinitrosyls.

DISCUSSION

The present study demonstrates that the state of disper-
sion and oxidation of Fe exchanged into H–ZSM-5 is a func-
tion of the Fe content and pretreatment. NH3-TPD experi-
ments performed on freshly prepared samples of Fe–ZSM-5
following He pretreatment show that the concentration of
Brønsted acid sites decreases with an increase in Fe load-
ing, suggesting that an iron chloride species replaces the
Brønsted acid proton and acts as a charge-compensating
ion. Consistent with this data, infrared experiments per-
formed on Fe–ZSM-5 following a He pretreatment also
show that Fe substitutes for Brønsted acid sites in H–ZSM-
5. For samples with Fe/Al≤ 0.56, iron is present as dispersed
cations and substitutes for Brønsted acid protons on a 1 : 1
basis. However, the data shown in Fig. 3 suggest that at high
Fe loadings [Fe–ZSM-5 (0.85 and 0.96)] a part of the Fe is
present as FeOx. The TPR spectrum observed for Fe–ZSM-
5 (0.96) is qualitatively similar to that for Fe2O3, but the
positions of the two principal peaks are different. The lo-
cation of the low-temperature peak at 738 K is much closer
to the peak observed for Fe/SiO2 at 723 K, and the high-
temperature peak occurs at 1000 K. The similarity of the
low-temperature peak to that observed for Fe/SiO2 suggests

the presence of small particles of Fe2O3, which undergo re-
duction at low temperatures to Fe3O4 (15). The subsequent



250 LOBREE ET AL.
FIG. 10. (A) Infrared spectra of adsorbed NO for Fe–ZSM-5 samples
observed during the room-temperature adsorption of NO following an oxid

reduction of such particles from Fe3O4 to Fe0 may occur
at temperatures higher than those observed for bulk Fe2O3
because of the greater difficulty in reducing very small par-
ticles of Fe3O4 to Fe0 (15).

consumption ratio determined from TPR experiments (see
Table 3) is 1.34. This value is close to 1.5, the H2/Fe
FIG. 11. (A) Infrared spectra of adsorbed NO for Fe–ZSM-5 samples
observed during the room-temperature adsorption of NO following a reduc
following an oxidative pretreatment (O). (B) Intensity of infrared bands
ative pretreatment (O) versus Fe content.

The valence state of iron in Fe–ZSM-5 changes with the
Fe/Al ratio. For Fe–ZSM-5-25 (0.14 and 0.19) the H2/Fe
following a reductive pretreatment (R). (B) Intensity of infrared bands
tive pretreatment (R) versus Fe content.
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consumption ratio for reduction of Fe3+ to Fe0, suggest-
ing that, at low Fe/Al ratios, most of the Fe is present as
Fe3+. As discussed below, this conclusion is consistent with
the observed low values of NO/Fe. It is also observed that
oxidation of these samples does not increase the H2/Fe con-
sumption ratio significantly. The decrease in the H2/Fe con-
sumption ratio for He-pretreated Fe–ZSM-5-25 (0.37 and
0.56) and the increase in the consumption ratio upon ox-
idation of these samples suggests that the iron in the He-
pretreated samples is present as a mixture of Fe3+ and Fe2+.
Comparison of the TPR spectra of these samples with those
for samples for which Fe/Al= 0.14 and 0.19 suggests that, at
higher Fe loadings, some of the Fe3+ is present in sites that
allow Fe3+ to be reduced to Fe0, whereas the balance is in
sites that are only reducible to Fe2+. Since Fig. 3 shows that,
up to Fe/Al= 0.56, there continues to be a substitution of
one Fe cation per Brønsted acid proton, it is concluded that
all of the iron is dispersed cationically. Above a loading of
Fe/Al= 0.56, small particles of Fe2O3 are formed. The rise
in the H2/Fe consumption ratio may be attributable to the
reducibility of Fe2O3 to Fe0. Comparison of the TPR spec-
tra for Fe–ZSM-5 samples with Fe/Al= 0.85 and 0.96 with
that for Fe/Al= 0.56 suggests that roughly half of the Fe in
the highly loaded samples is dispersed as isolated Fe cations
and the balance as small particles of Fe2O3.

An important issue to address is the pathway by which
exchanged Fe3+ cations are reduced to Fe2+ during He pre-
treatment. If it is assumed that Fe enters the zeolite channels
during the exchange as FeCl3, the exchange process can be
written as (3)

FeCl3 +H+Z− → [FeCl2]+Z− +HCl(g). [1]

Following the initial ion exchange, the zeolite is washed in
water. UV–visible spectra taken after exchange show bands
at 244 and 346 nm due to iron chloride species. The disap-
pearance of these bands after water washing is attributable
to the removal of chlorine from the sample.

Since ferric ions have a strong tendency to hydrolyze (24),
the following process can be envisioned:

[FeCl2]+Z− + 2H2O→ [Fe(OH)2]+Z− + 2HCl. [2]

Elemental analysis showed that water washing did not re-
sult in a change in the amount of Fe in ZSM-5, indicating
that the Fe that is ion-exchanged into ZSM-5 is not back-
exchanged by protons coming from the water.

Prior to dehydration, it is assumed that all of the Fe which
is cationically dispersed is present as [Fe(OH)2]+Z−. How-
ever, dehydration of the samples following Reaction [2]
could result in the autoreduction of some fraction of the
ferric cations according to the following reactions:
2[Fe(OH)2]+Z− → 2[Fe(OH)]+Z− +H2O+ 1
2 O2 [3]
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and
[Fe(OH)2]+Z− → [FeO]+Z− +H2O. [4]

Garten and co-workers proposed the conversion of Fe3+

to Fe2+ via a reaction similar to Reaction [3]. In their
Mössbauer study on Fe–Y, it was observed that Fe2+ was
formed as oxygen desorbed from the Fe3+ ions in hy-
drolyzed Fe–Y during evacuation at high temperature (24).
Reaction [4] has not been demonstrated to occur, but is
known for the autoreduction of Cu2+ to Cu+ (25) (note that
the charges on the atoms in Reaction [4] are as [Fe2+O−]).

Wichterlová and co-workers (26) have conducted exper-
iments aimed at identifying the cation-exchange sites in
ZSM-5. Using diffuse reflectance UV–vis and near-IR spec-
troscopy to characterize Co- and Cu-exchanged ZSM-5, fer-
rierite and mordenite, they determined that there are three
types of sites present in these materials, designated as α, β,
and γ . Figure 12 shows the locations of these sites in the
ZSM-5 framework. The authors note that when both Co
or Cu ions are exchanged into ZSM-5, they fill γ sites first,
then β sites, and finally α sites as the M/Al ratio is increased.
It was also shown for Cu–ZSM-5 that the Cu2+ present in α
sites is most easily reduced, while that in the γ sites is most
difficult to reduce. By analogy with these results, we suggest
that, for Fe–ZSM-5-25 samples with an Fe/Al ratio≤ 0.56,
Fe fills primarily γ and β sites for samples with a very low
loading of Fe [e.g., Fe–ZSM-5-25 (0.14 and 0.19)] and then
as the Fe content increases the fraction of Fe occupying α
sites increases. Above an Fe/Al ratio of 0.56 the Fe does not
occupy α, β, or γ sites, but simply forms particles of FeOx.
Note also that the Fe which is present in the α sites on Fe–
ZSM-5 (0.37 and 0.56) is easily reduced in He from Fe3+ to
Fe2+ via autoreduction. However, the Fe2+which is formed
in this case may be difficult to reduce to Fe0. Our results fur-
ther suggest that Fe cations present in the γ and/or β sites
do not easily autoreduce in He, but will reduce to Fe0 in H2.

The circumstances under which FeOx particles are
formed are not established by the present work. It is con-
ceivable that during ion exchange small particles of FeCl3
are nucleated within the pores of the zeolite when efforts
are made to achieve a high level of exchange. Such nucle-
ation may be triggered by Fe3+ cations already exchanged
into the zeolites as [FeCl2]+ cations. Hydrolysis of these
iron chloride clusters would lead to the formation of FeOx

particles. Alternatively, FeOx particles might be formed by
condensation of [Fe(OH)2]+ units during water washing of
the as-exchanged zeolite. Yet, a third possibility is that FeOx

particles are formed during He pretreatment.
The results presented in Fig. 7 demonstrate that FeOx par-

ticles can be reduced by CO. Iron carbonyls formed during
this process may help disperse the Fe as Fe2+ cations since
subsequent room-temperature exposure of Fe–ZSM-5-25
(0.96) to NO results in an enhanced NO adsorption capac-

ity relative to that observed following He pretreatment (see
Figs. 8 and 11).
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FIG. 12. Location of α, β, and γ sites in ZSM-5 (26). Note that lines indicate the location of the site and not the number of bonds of metal to the

ZSM-5 framework.

The infrared spectra of adsorbed NO suggest that there
are three types of Fe2+ species in Fe–H–ZSM-5. These can
be defined as types I, II, and III sites. Type I sites are as-
cribed to Fe which adsorbs NO as both a mononitrosyl (at
1767 cm−1) and a dinitrosyl (at 1917 and 1806 cm−1). The
bands at 1876 and 1856 cm−1 are due to mononitrosyls on
Fe in two unique environments and are assigned to types II
and III sites, respectively. Following He pretreatment, the
NO adsorption observed at type I sites follows a pattern
very similar to that observed during the NO uptake exper-
iments (cf. Figs. 8B and 9B). It is observed that an increase
in the Fe content up to an Fe/Al ratio of 0.56 results in an
increase in the NO uptake based on both NO TPD and IR
of adsorbed NO. Also, there is a significant decrease in the
NO uptake for Fe–ZSM-5 (0.96) and the data in Fig. 9B
show that the most significant loss in intensity occurs on
Fe–ZSM-5 (0.96) for species present at type I sites. While
there are changes in intensity with Fe content for Fe species
at types II and III sites, the effect is not as dramatic as that
observed for type I sites.

With the exception of Fe–ZSM-5-25 (0.19), oxidation
clearly results in a decrease in the NO adsorption capac-
ity for all samples, indicating that ferrous ions in Fe–ZSM-5
are oxidized in oxygen at 773 K (see Fig. 8). Types II and
III sites exhibit a slight decrease in NO uptake following
oxidation, but the most significant change in NO uptake
relative to He pretreatment (H) occurs for type I sites (see
Figs. 9B and 10B). Note also that the shape of the NO up-

take curve is very similar to that observed for type I sites
(most obvious for the band located at 1806 cm−1).
The reduction of Fe3+ to Fe2+ by CO is demonstrated
by NO uptake measurements and IR spectra of adsorbed
NO (see Figs. 8 and 11B). As with oxidation, the effect of
reduction on the Fe–ZSM-5 (0.19) sample is quite small.
However, the adsorption capacities of all other Fe–ZSM-
5 samples following a reductive pretreatment (R) increase
dramatically, relative to that of samples following the ox-
idative treatment (O). Note that while all bands increase in
intensity following CO reduction (relative to an oxidative
pretreatment), there is a more dramatic increase for type I
sites. These data, coupled with those observed previously,
suggest that the Fe located at type I sites is readily oxidized
and reduced relative to the Fe species located at the types
II and III sites. Both the NO uptake measurements and IR
data show that CO reduction results in what seems to be a
redispersion of the Fe for Fe–ZSM-5 (0.96) relative to that
with a He pretreatment. This is further confirmed by the
H2 TPR spectra shown in Fig. 7. The TPR pattern for Fe–
ZSM-5 (0.96) following the reductive treatment shows the
disappearance of the intense peak at 738 K, while the small
peaks at higher temperatures exhibit only small changes. It
is possible that the Fe species generating this peak is some
form of FeOx and that CO reduction results in a disper-
sion of this Fe to type I sites in the form of Fe2+, thereby
increasing the NO adsorption capacity and infrared band
intensities. This is also confirmed by the H2 uptake based
on TPR in which the H2/Fe consumption ratio following a
CO reduction is 0.63, a value which is much smaller than

that observed following a He or oxidative pretreatment on
this sample. Note also that there is a significant increase in
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the NO adsorption capacity (Fig. 8), suggesting that CO re-
duction results in both a redispersion of FeOx species and
a reduction of Fe3+ to Fe2+.

The reduction of Fe–ZSM-5 by CO has little effect on the
adsorption of NO or the intensities of the infrared bands
for adsorbed NO with the exception of Fe–ZSM-5-25 (0.96)
(see Figs. 8 and 11). As noted above, this sample shows a
marked increase in the NO adsorption capacity relative to
that observed following He pretreatment. Comparison of
Figs. 9B and 11B shows that the most significant changes in
the intensities of the infrared bands of adsorbed NO occurs
for NO adsorbed on type I sites (1917, 1806, and 1767 cm−1).
What this indicates is that dispersion of the Fe in FeOx upon
CO reduction results in the placement of Fe atoms in type I
sites. CO reduction appears to have little effect on the dis-
tribution of Fe in types II and III sites.

The pattern of change in Fe cations located in type I
sites suggests that these are located in the α positions (see
Fig. 12). Fe cations in this location are thought to be most
readily reducible, and Wichterlová et al. (26) have shown
that Cu cations in the α position form dinitrosyls, whereas
Cu in β and γ positions form only mononitrosyls. On the
basis of these considerations, we suggest that type I sites are
located at the α position whereas types II and III sites are
located at β and γ positions, although the exact correlations
between these two methods of site designation cannot be
defined.

CONCLUSIONS

The state of Fe in H–ZSM-5 as a function of Fe loading
and pretreatment has been investigated. For samples with
an Fe/Al ratio≤ 0.56, Fe exchanges with Brønsted acid pro-
tons on a one-to-one basis, while higher weight loadings of
Fe result in the formation of small particles of FeOx. The
oxidation state of Fe is a function of the Fe/Al ratio. For
Fe/Al≤ 0.19 most of the Fe is present as Fe3+ in the form
of [Fe(OH)2]+, and at higher values of Fe/Al as a mixture
of Fe3+ and Fe2+. No adsorption occurs on Fe2+ cations and
the NO/Fe uptake ratio correlates with the proportion of
Fe present as Fe2+. Three types of NO adsorption sites are
identified, designated as I, II, and II. Type I sites adsorb NO
as both mono- and dinitrosyls and are believed to be located
on the walls of the straight and sinusoidal channels—the α
positions shown in Fig. 12. Types II and III sites adsorb NO
only as mononitrosyls and are located in the five- and six-
membered rings—the β and γ positions shown in Fig. 12.

CO reduction has little effect on the uptake of NO or the
infrared spectrum of adsorbed NO for Fe/Al≤ 0.56, but for
STATE OF Fe IN H–ZSM-5 253

Fe/Al= 0.96, CO reduction leads to a dispersion of the Fe
in FeOx particles into type I sites and a consequent rise in
the uptake of NO.
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