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Aseries of Fe-Beta catalysts modified with different amount of Cu was prepared and tested in NOy selective
catalytic reduction by NHs. ESR study reveals that replacement of isolated tetrahedral Fe3* ions by Cu?*
ions in cationic sites of the zeolite takes place upon Fe-Beta treatment by copper. This modification results
in gain in deNOy activity in low-temperature region, due to formation of cationic Cu®*, and significant
loss in activity at high temperatures, which is determined by substitution of active Fe3* for less active
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1. Introduction

Iron-containing zeolites (mostly Fe-ZSM-5 and Fe-Beta) are
known to be effective catalysts for several applications including
selective catalytic reduction (SCR) of NOx by ammonia [1,2], N,O
decomposition and several other processes [3-5]. Most authors
agree that active species of Fe-ZSM-5 and Fe-Beta catalysts in NH3-
deNOy are isolated mononuclear Fe complexes located in the zeolite
cationic positions [2,6-9]. These active sites have been character-
ized by various techniques including ESR, UV-vis, FTIR, Mdssbauer
spectroscopy and others [see e.g. 8]. Earlier we have noticed that
active Fe3* occupies only a fraction of Beta-zeolite cationic posi-
tions [7]. The non-occupied cationic positions can, in principle, host
other metals providing new properties of the material. The exam-
ples of changing catalyst properties are the rise of hydrothermal
stability in the case of Na [10] or decrease of overall activity of the
catalyst as we observed in the case of Ca [7]. Cu-containing zeolites
are known for their remarkable low-temperature activity in NH3-
deNOy [11,12]. Hence it may be interesting to load free cationic
positions in Fe-Beta with copper in order to combine Cu and Fe
active sites in the catalyst to improve its activity in deNOy. ESR
spectroscopy can be used as informative and sensitive method for
studying valence and coordination state of both copper [13-16] and
iron species [2,6-8,17-19]. Unfortunately, other methods (UV-Vis,
FTIR, Méssbauer spectroscopy) are not sensitive enough for study
of low-loaded samples.
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Previously, several groups have attempted to combine two tran-
sition metal cations in the zeolite in order to affect its catalytic
properties. Teraoka et al. reported an increase in the activity of
ion-exchanged Cu-ZSM-5 after modification with Fe for NOx-SCR
with ethane [20]. On the contrary, negative effect of Cu?* on the
methanol oxidation activity accompanied by a substantial increase
in the catalyst selectivity towards products of partial oxidation was
reported by Kustov et al. [21].

The aim of this paper is to investigate the behavior of Fe3* active
sites for NH3-deNOy in the presence of copper. Since high mobility
of the cations in the zeolites can be obtained at high temperatures
and in the presence of water [10] hydrothermal stability of the
catalysts was additionally studied.

In order to investigate the effect of Cu on Fe-Beta several Cu-Fe-
Beta catalysts have been prepared with varying the amount of Cu
introduced into the parent Fe-Beta and tested in the reaction of SCR
of NO, by NH3. The activity results obtained were interpreted based
on ESR study of distribution of Fe3* and Cu?* paramagnetic species
in the catalysts.

2. Experimental
2.1. Catalyst preparation

Parent 0.15wt.% Fe-Beta was prepared by incipient wetness
impregnation of commercial Beta ([3) zeolite with a Fe(NOs3 )3 solu-
tion. The zeolite with SiO,/Al,03 ratio~ 25, H-form, was calcined
at 550°C in dry air flow for 4 h prior to Fe loading. The resulting
material, designated as 0.15Fe-[3, was dried overnight and divided
into two portions. One portion was hydrothermally treated. The
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Table 1
List of the studied catalysts and their treatment conditions.

# Sample Loaded Fe (wt.%) Loaded Cu (wt.%) Treatment conditions
1 B = = HT
2 1.3Cu-B - 1.3 Cu loading — HT
3 1.5Cu-B - 1.5 Cu loading — HT
4 0.15Fe-f3 0.15 - Fe loading — HT
5 0.25Cu-HT-0.15Fe-3 0.15 0.25 Fe loading — HT — Cu loading — HT
6 0.75Cu-HT-0.15Fe-3 0.15 0.75 Fe loading — HT — Cu loading — HT
7 0.75Cu-0.15Fe-3 0.15 0.75 Fe loading — calcination — Cu loading — HT
8 1.0Cu-HT-0.15Fe-3 0.15 1.0 Fe loading — HT — Cu loading — HT
9 1.25Cu-HT-0.15Fe-f3 0.15 1.25 Fe loading — HT — Cu loading — HT
10 1.5Cu-HT-0.15Fe-3 0.15 1.5 Fe loading — HT — Cu loading — HT
11 1.5Cu-0.15Fe-3 0.15 1.5 Fe loading — calcination — Cu loading — HT

conditions of hydrothermal treatment (HT) were as follows: calci-
nation at 750 °C in air flow with 1.5% H, O for 4 h. The other portion
was calcined for 4 h at 550°C in dry air.

Both portions of the 0.15Fe-f3 catalyst were then loaded with
different amounts of copper (0.25-1.5 wt.% Cu) using incipient wet-
ness impregnation with a solution of Cu(NOs ),. After that, samples
were dried and hydrothermally treated. The list of prepared cata-
lysts, with preparation stages, is given in Table 1.

2.2. Catalysis

The catalytic measurements were carried out in a fixed-bed
quartz flow reactor (inner diameter=8 mm) while temperature
was decreased from 550 to 150°C with a rate 3°C/min. Catalyst
(0.12g, d=0.4-1mm) was diluted with 0.5ml of ~1 mm gran-
ules of y-Al,03 (LaRoche) and placed on a quartz wool bed.
Prior to these experiments, the catalytic activity of y-Al,03 was
measured and confirmed to be zero throughout the temperature
region of 100-550°C. The gas composition was: 7.5% O,, 10%
CO,, 4% water, 310 ppm NH3 and 300 ppm NO balanced with N,
GHSV=150000h~"'. Reaction products were analyzed by an Eco
Physics CLD 822 chemiluminescent NOy analyzer.

Catalytic activity was calculated based on NOy conversion as a
first-order rate constant (cm3/g/s) using the following equation:

Fno
k=————-In(1-X
Meat - CNo ( )

where Fyo denotes the molar feed rate of NO (mol/s), mca¢ is the
catalyst weight, Cyo is the NO concentration (mol/cm3), and X is
the fractional conversion of NOy. Throughout the whole tempera-
ture range studied considerable part of NH3 remained unconverted
(Table 2). Therefore, competitive oxidation of ammonia by O, can
be not accounted when calculating catalysts activity.

Table 2
Performance of studied catalysts in NH3-deNOx.

2.3. Electron paramagnetic resonance

The ESR signals from both Cu?* and Fe3* jons were recorded
in the X-band (A=3.2cm) at 20 and —196°C on a spectrometer
equipped with a 41040R cavity and a co-axial quartz Dewar. The
ESR signals were registered in the lack of saturation in the field
range of 0-3900 G. Samples were studied after catalytic testing.

The crushed samples (0.4-1.0 mm) of equal weight (0.12 g) were
placed in identical glass ampoules (d =2.5 mm), connected to the
vacuum system, evacuated at 90°C for 2-3 min to 0.03 Torr, and
sealed off. Then the ESR spectra were registered at 20 and —196 °C.
After that samples in ampoules were impregnated with pyridine
(chemically pure grade), kept 1h at room temperature, and the
ESR spectra were registered at —196 °C for quantitative determi-
nation of isolated Fe3* cations according to procedure described in
[17]. For highest accuracy, sets of samples were measured consecu-
tively, with ampoules in the same position inside the ESR resonator.
No absolute standard was used for calibration: all ESR intensity
data were calculated by normalized double integration and pre-
sented in arbitrary units which is sufficient for our purpose—to
monitor relative variations of concentration of both Cu?* and Fe3*
species.

3. Results
3.1. Catalytic data

NOy and NH3 conversions over studied catalysts are given in
Table 2. NH3 adsorption on zeolite impedes precise measurement of
NHj3 concentration at low-temperature. Thus, the data on NH3 con-
version may be used for rough estimation. Still from the analysis of
NHj3 conversions in Table 2 one may conclude that throughout the
whole temperature range studied considerable part of NH3 remains
unconverted. In general, NH3 conversion followed the same trend

# Sample Conversion @ 175°C, % Conversion @ 385°C, %
NOy NH3 NOy NH3
1 B 0.0 44 37.3 44.5
2 1.3Cu-B 9.2 238 31.6 39.7
3 1.5Cu-B 12.3 324 36.8 48.8
4 0.15Fe-3 0.3 9.5 66.5 78.5
5 0.25Cu-HT-0.15Fe-3 1.9 7.3 62.1 66.3
6 0.75Cu-HT-0.15Fe-f3 2.1 13.1 40.6 393
7 0.75Cu-0.15Fe-f3 2.8 12.7 56.8 52.0
8 1.0Cu-HT-0.15Fe-3 5.8 133 344 35.8
9 1.25Cu-HT-0.15Fe-(3 9.2 10.1 329 339
10 1.5Cu-HT-0.15Fe-f3 113 14.8 34.6 42.8
11 1.5Cu-0.15Fe-f3 17.9 27.0 58.1 59.9
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Fig. 1. First-order rate constant of the NH3-deNO, process (cm? NO,/g/s) for parent
B3, B loaded with 0.15 wt.% Fe, and 1.3-1.5 wt.% Cu. Reaction conditions: 7.5% O, 10%
CO3y, 4% H,0, 300 ppm NH3 and 300 ppm NO balanced with N, GHSV=150000h-".

as NOy conversion, so we used the latter to calculate catalyst activ-
ity.

Using values of NOy conversion the activity of the catalysts
was calculated as a first-order rate constant. Parent 3 zeolite
(hydrothermally treated) shows some activity in the temperature
range 270-550°C (see data at 385°C in Fig. 1). Taking into account
our previous results [7] we attribute this intrinsic activity of the par-
ent zeolite to the contaminating traces of iron, which is 270 ppm
according to ICP-OES. Loading of additional 0.15wt.% Fe causes a
considerable rise in deNOy activity of the catalyst in the tempera-
ture range 200-550°C (Fig. 1).

Loading of the parent {3 zeolite with 1.3 or 1.5 wt.% of Cu results
in considerable increase in activity of the catalyst in the low-
temperature region (100-250°C, see data at 175°C in Fig. 1). At
the same time, the deNOy activity of 1.3 or 1.5Cu-f in the high-
temperature region does not exceed that of parent {3 zeolite. Thus,
copper introduction seems to result in a gain in catalytic activity
only at low temperatures.

The activity data for Cu-containing 0.15Fe-f3 catalysts with Cu
concentrations ranging from 0.25 to 1.5 wt.% is presented in Fig. 2.
It can be seen that loading of 0.25wt.% of Cu slightly decreases
the activity of 0.15Fe-3 at 385°C while at 175°C NOy conversion
increases. Loading of 0.75 wt.% of Cu results in a drastic suppres-

150

385 °C

385°C %

0.75Cu-HT- 1.5Cu-HT- 0.75Cu-
025Cu-HT- g j5pe.p LOCU-HT- g y5p.p  g.15Fe-p
0.15Fe-p 0.15Fe-p

1.5Cu-
0.15Fe-

Fig. 2. Influence of loading of 0.25-1.5wt.% Cu on the deNOj first-order rate con-
stant for hydrothermally pretreated and just calcined 0.15Fe-3 catalyst. Reaction
conditions: 7.5% 02, 10% CO,, 4% H,0, 300 ppm NH3 and 300 ppm NO balanced with
N,, GHSV=150000h"".

sion of the deNOy activity of 0.15Fe-[3 catalysts at 385 °C. Increase
in Cu concentration up to 1.0 wt.% results in further decrease of the
catalyst activity at 385 °C accompanied by an increase in NOy con-
version at 175 °C. Finally, loading of 1.5 wt.% Cu results in activity
increase at both temperatures (175 and 385 °C).

To estimate the effect of hydrothermal treatment of Fe-
Beta before Cu loading, two samples, 0.75Cu-0.15Fe-3 and
1.5Cu-0.15Fe-3, were prepared in a different way. After load-
ing with Fe these samples were calcined in dry air at 550°C
instead of being hydrothermally treated. After introducing 0.75 and
1.5 wt.% Cu these bimetallic catalysts, were hydrothermally treated
at 750°C (conditions identical for all catalysts in this work). The
catalytic data for these catalysts are presented in Fig. 2 along with
catalysts prepared in traditional way (double hydrothermal treat-
ment after Fe loading and after Cu loading). From the comparison of
activity of 0.75Cu-0.15Fe-3 with that of 0.75Cu-HT-0.15Fe-f3 it is
evident that hydrothermal treatment after Fe loading suppresses
high-temperature activity of Fe3* severely but low-temperature
activity caused by copper addition remains essentially unchanged.
For the pair of samples with higher Cu loading, with and without
repeated HT treatment (1.5Cu-0.15Fe-3 and 1.5Cu-HT-0.15Fe-f3),
additional hydrothermal treatment results in decrease of both low-
temperature activity ascribed to Cu and high-temperature activity
determined by Fe.

3.2. Electron paramagnetic resonance

ESR spectra of evacuated samples can be characterized by
two signals: (1) a rather weak narrow low-field line at g=4.27
(ascribed to isolated tetrahedrally coordinated Fe3* species in
zeolites [2,6-8,17]) and (2) a complex signal at g;=2.35-2.38,
g1 =2.06-2.07 being typical of isolated Cu2* ions in different coor-
dinations [13-16]. The superimposed very broad signal at g~ 2.0
which is characteristic for interacting octahedral Fe3* ions (residual
Fe,03 phase) is negligibly small.

The intensity of the Fe3*-ESR signal at g =4.27 increases substan-
tially at temperature of liquid nitrogen due to the Curie-Weiss law,
but unfortunately the noise level rises at the same time. Impreg-
nation of the samples with pyridine causes both narrowing of the
Fe3*-ESR signal at g=4.27 and intensity rise by a factor of ~1.5. It
indicates that pyridine filling zeolitic channels affects the relaxation
conditions of the tetrahedral paramagnetic Fe3* sites. Similar effect
of pyridine bonding with isolated Fe3* sites was demonstrated ear-
lier in H-ZSM-5 [17]. The effect observed is illustrated in Fig. 3a.
This approach allows to improve sensitivity and accuracy of Fe3*
ESR measurements. Thus, in this study all Fe3* signals from the
samples are recorded at —196 °C after pyridine impregnation, and
the results are summarized in Fig. 3.

The Cu?* region of the ESR spectra is shown in Fig. 4 where
signals from evacuated 0.75Cu-HT-0.15Fe-3 sample and the same
sample impregnated with pyridine are given. Signals from the two
samples are practically identical in shape and differ only in inten-
sity. ESR spectra for evacuated samples contain signals at g ~2.38,
A~120G, and g, ~2.07 (Fig. 4a), which is typical for octahe-
drally coordinated isolated Cu2* ions. This coordination is common
for zeolitic samples containing adsorbed water (which cannot be
removed by a short-term evacuation). Filling of zeolitic channels
with pyridine molecules causes rearrangement of copper(Il)-sites
by these strong and bulky ligands, and the resulting ESR sig-
nal corresponds to five-coordinated isolated Cu?* sites (g ~ 2.35,
A~156G, and g, ~2.06) (Fig. 4b). From a practical point of view,
signals are quite intense even for samples evacuated at 20°C, sorel-
ative changes in concentration of zeolitic Cu%*-sites vs. the amount
of copper added can be evaluated from these data, as shown in
Fig. 5.
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Fig.3. Changes of the ESR signal fromisolated tetrahedral Fe3* sites (g =4.27) caused
by increasing Cu loading in Cu-HT-0.15Fe-[3 catalysts: (a) no Cu; (b) 0.25 wt.%, Cu; (c)
0.75wt.%, Cu; (d) 1.5 wt.%, Cu. Recorded at —196 °C after impregnation with pyridine;
dotted line: recorded at 20 °C after evacuation.

4. Discussion

It is important to note that in our ESR study of pyridine adsorp-
tion, the effect caused by this ligand is clearly seen for both Fe3*
ions (Fig. 3a) and Cu?* ions (Fig. 4). This fact confirms the non-
rigid, cationic arrangement of both paramagnetic species under
consideration.

The dependence of the number of isolated tetrahedral Fe3* sites
from the amount of copper introduced is shown in Fig. 6. Increase
in the amount of copper added to Fe-f3 is accompanied by a grad-
ual decrease in concentration of ESR-visible Fe3* sites by a factor of
~10 (Fig. 6a). Plotting of the data vs. concentration of ESR-visible
paramagnetic Cu?* cations (Fig. 6b) seems to be even more indica-
tive: increase in the amount of Cu?* sites causes a linear drop of the
amount of Fe3* sites down to a small residual value. The amount
of copper which is necessary for nearly complete disappearance of
ESR-visible Fe3* sites does not exceed ~1wt.%. Even an addition
of 0.25wt.%. Cu causes a measurable loss of the number of iso-
lated tetrahedral Fe3* sites (Fig. 6). It indicates that Cu2* cations
replace Fe3* in zeolitic cationic positions quite efficiently instead
of occupying free cationic positions as was expected initially.

The first feature observed during the activity measurements is
an appearance and gradual rise of activity at 175 °C for the samples
with increasing Cu content. It should be noted that both starting 3
and 0.15%Fe-[3 demonstrate zero activity at such low temperature
(Fig. 1). Therefore it is interesting to correlate an observed increase
in the catalyst activity with the amount of Cu?* paramagnetic sites
formed (Fig. 5). Fig. 7 shows the dependence of the rate constant at
175°C on the intensity of the ESR signal of Cu?* ions (in arbitrary

;guII

H
I i >
1000 G

Fig. 4. ESR signal from isolated Cu?* species in 0.75Cu-HT-0.15Fe-$: (a) at 20°C
under vacuum; (b) at —196 °C after impregnation with pyridine.

units). Good linear correlation between the activity and the content
of ESR-visible Cu?* in the catalysts (Fig. 7) can be observed. This fact
indicates that formation of Cu?* cations in the starting inactive Fe-3
is responsible for the activity of the catalyst at low temperature.
The situation is quite opposite for high-temperature catalyst
activity. Starting 0.15Fe-[3 demonstrates a very high catalytic activ-
ity at 385 °C(Fig. 1), and the catalyst activity under these conditions
is determined by Fe3* active sites. Introduction of copper causes a
very pronounced drop in high-temperature activity of bimetallic
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Fig. 5. Increase of concentration of ESR-visible Cu?* species in Cu-Fe-[3 catalysts
caused by increasing copper content. Recorded at 20°C after evacuation. Rhomb
marks stand for Cu-HT-0.15Fe-(3, triangles for Cu-0.15Fe-f3.
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Fig. 6. Decrease of concentration of paramagnetic Fe3* sites in Cu-Fe-@ catalysts
caused by increasing copper content: (a) vs. wt.% of copper added; (b) vs. concentra-
tion of ESR-visible Cu?* paramagnetic sites. Round marks stand for Cu-HT-0.15Fe-(3,
triangles for Cu-0.15Fe-[3.
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Fig. 7. Dependence of the NH3-deNOj first-order rate constant (cm? NO,/g/s) mea-
sured at 175°C on the intensity of ESR signal of Cu?* for Cu-Fe-@ catalysts. .
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Fig. 8. Dependence of the NH3-deNOj first-order rate constant (cm? NOyx/g/s) mea-
sured at 385 °C on the intensity of ESR signal of Fe3* for Cu-HT-Fe-@ catalysts. Dash
and dotted line stands for the activity of 1.5Cu-f3.

samples. The first-order rate constant at 385 °C decreases linearly
with decrease in the concentration of Fe3* cations represented by
an ESR signal at g=4.27 (Fig. 8). This decrease in the number of
Fe3*-sites is evidently caused by loading of Cu into the catalyst.
Since new formed Cu?*-sites are also active in NH3-deNOy, the rate
constant measured at 385 °C does not drop to zero. With a decrease
in concentration of active Fe3* species the rate constant reaches a
lower level characteristic for Cu-f3 (Fig. 8). Iron seems to have no
remaining effect on the catalytic activity of bimetallic samples with
Cu content exceeding 1.25 wt.%. Further increase in Cu loading (to
1.5 wt.%) leads to increase in the concentration of active Cu2* and
consequent increase in the catalyst activity at both low and high
temperatures.

Thus, introduction of Cu into Fe-@ catalysts results in the
replacement of a main part of Fe3* in the active positions which
is followed by the lowering of SCR activity at high temperature and
some gain in activity at low temperatures.

Analysis of the results for Cu-Fe-[3 samples pretreated in a dif-
ferent way (hydrothermally treated at 750 °C vs. calcined at 500 °C)
demonstrates that both concentration of ESR-visible Cu?* sites
(Fig. 5) and catalytic activity of the 1.5Cu-0.15Fe-3 (Fig. 2) are
substantially higher than for the Cu-HT-0.15Fe-[3. In other words,
copper introduction into the sample calcined under mild condi-
tions results in stabilization of a larger fraction of Cu?* cations by
the zeolite. As a result, this data plotted in Fig. 7 fits overall lin-
ear dependence. This effect can be explained if we assume that
hydrothermal treatment of 0.15Fe-[3 prior to Cu loading leads to
partial destruction of framework Al-sites. Thus, HT results in loss of
zeolite acid sites able to host metal cations. This could easily happen
since only ~5% of all cationic positions are occupied by Fe, leaving a
major part of protonic cationic positions free of Fe3*. In the case of
1.5Cu-0.15Fe-f3 sample, more cationic positions are remaining to
host Cu?* after mild calcination of the parent material and the Cu?*-
sites formed are more stable against final hydrothermal treatment
of bimetallic sample. Similar stabilizing effect of Cu2* was demon-
strated earlier for H-ZSM-5 samples [22]. Thus, the introduction
of Cu®* before hydrothermal treatment seems to provide a better
protection of the cationic sites from destruction.

Then analyzing activity of the samples pretreated in a different
way it should be noted that, in principle, acid sites might influ-
ence NH3;-deNOy over zeolites. However in [6] we demonstrated
that the rate of NH3-deNOy over Fe-Beta zeolites with number of
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acid sites differing by an order of magnitude depend only on con-
centration of redox Fe3* sites, as seen by ESR. In [7] we also noted
that different acidity of Fe-[H]Beta and Fe-[Ca]|Beta did not influ-
ence intrinsic activity of Fe3*. Thus active sites Fe3* have the same
turnover number (reaction rate per active Fe) for zeolites with dif-
ferent acidity. That is why we do not consider change in zeolite
acidity after HT to be the main factor causing decrease of the cata-
lysts high-temperature activity.

5. Conclusions

By combining activity measurements and ESR investigation
it was shown that modification of Fe-Beta catalysts with cop-
per results in a decrease in concentration of active Fe3* species
because of their replacement in zeolite cationic positions by Cu?*.
Therefore, this modification results in gain in deNOy activity in
low-temperature region (determined by Cu?* only) together with
significant loss in activity in high-temperature region (determined
by substitution of active Fe3* for less active Cu2*).
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