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Characterization of Ruthenium-Exchanged Zeolites (Beta, Y, and ZSM-5)
by EPR Spectroscopy
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Ruthenium-exchanged zeolites, Ru–Beta, Ru–Y, and Ru–ZSM-
5, are active catalysts for the decomposition of nitrous oxide, N2O.
[Ru(NH3)6]3+ was exchanged into zeolites Y, Beta, and ZSM-5.
The resulting ruthenium-exchanged zeolites were characterized by
electron paramagnetic resonance (EPR) spectroscopy and were
tested for N2O decomposition activity. The decomposition of the
[Ru(NH3)6]3+ complex in the zeolites during pretreatment in helium
at elevated temperatures was monitored using EPR spectroscopy.
Ru–Beta and Ru–Y exhibited similar EPR spectra that were in-
terpreted in terms of loss of amine ligands, formation of aquo and
hydroxyl ruthenium complexes, and eventual loss of all ligands with
binding to zeolitic oxygen. The EPR spectra of Ru–ZSM-5 exhib-
ited some similar spectral features with the exception of the initial
[Ru(NH3)6]3+ complex. The presence of a specific ruthenium species
observed by EPR was correlated with the catalytic activity of Ru–Y.
c© 2000 Academic Press

complex, [Ru(H O) ]3+. The high-spin and low-spin states
I. INTRODUCTION

Ruthenium-exchanged zeolites are effective heteroge-
neous catalysts for several different reactions. Ruthenium-
exchanged zeolites are active catalysts for the water–gas
shift reaction (1), the carbon monoxide–hydrogen metha-
nation reaction (2), and more recently, the decomposition
of nitrous oxide (3, 4). There have been a number of stud-
ies evaluating the catalytic activity of various ruthenium-
exchanged zeolites for nitrous oxide decomposition (3–5).
Li and Armor reported that ruthenium and rhodium-
exchanged zeolites were the most active transition-metal-
exchanged zeolites for N2O decomposition (3). Chang
et al. studied nitrous oxide decomposition over ruthenium-
exchanged ZSM-5 and USY (4, 5). Using temperature-
programmed reduction (TPR) and temperature-program-
med oxidation (TPO) experiments, Chang et al. concluded
that the active form of ruthenium is not ruthenium metal,
but rather ionic ruthenium (4).

Ruthenium (Ru3+, d5) is typically exchanged into the par-
ent zeolite as an amine complex, [Ru(NH3)6]3+, or an aquo
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of Ru3+ are paramagnetic, which makes them amenable
to detection by electron paramagnetic resonance (EPR)
spectroscopy. The ruthenium-exchanged zeolite is typically
pretreated at elevated temperatures in oxygen or helium to
produce the active form of the catalyst. The decomposition
of the exchanged Ru3+ complex during pretreatment can be
monitored using EPR spectroscopy to characterize para-
magnetic intermediates and to determine the ruthenium
species that may be responsible for the catalytic activity.
Previously, several groups have used EPR spectroscopy to
study the Ru3+ species formed from the decomposition of
[Ru(NH3)6]3+ exchanged into NaY and MX (M=H, Na,
Ca, and Li) (6–9). After pretreatment of Ru–X and Ru–Y
under vacuum at different temperatures, the EPR signals
obtained were assigned to various Ru species (6–8). Based
on small molecule (CO, O2, NO, and H2O) adsorption stud-
ies, the probable location of various Ru species in X- and
Y-type zeolites was determined (6–8). No EPR studies of
ruthenium-exchanged Beta and ZSM-5 have been previ-
ously reported.

The ruthenium complexes formed in ruthenium-
exchanged zeolites are influenced by the zeolite structure.
Both the topology and Si/Al ratio of the zeolite affect the
electronic environment of the exchanged ruthenium ions. In
this study, the decomposition of the [Ru(NH3)6]3+ complex
in three different zeolites, ZSM-5, Beta, and Y, was moni-
tored using EPR spectroscopy. The zeolites, ZSM-5, Beta,
and Y, have different Si/Al ratios and different channel net-
works that may lead to different electronic environments
for ruthenium ions.

In this paper, the ruthenium-exchanged zeolites, Ru–
Beta, Ru–Y, and Ru–ZSM-5, were characterized using
EPR spectroscopy. The paramagnetic species formed dur-
ing the pretreatment of ruthenium-exchanged zeolites were
monitored using EPR spectroscopy. Comparison of the
EPR spectra of Ru–Beta and Ru–Y indicated similar Ru3+

complexes were formed in these two zeolites after pre-
treatment in helium at elevated temperatures. Ru–ZSM-
5 exhibited relatively weak EPR signals until pretreat-
ment temperatures greater than 473 K were reached. The
2
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ruthenium-exchanged zeolites were also evaluated for N2O
decomposition activity. The implications of the EPR results
for catalytic activity will be discussed.

II. EXPERIMENTAL

A. Sample Preparation

Ruthenium-exchanged zeolites, Beta(NH+4 –Beta, Ze-
olyst Inc.), ZSM-5 (NaZSM-5, Zeolyst Inc.), and Y (Na
form, in-house synthesis (10)) were prepared using di-
lute solutions of [Ru(NH3)6Cl3] (Strem Chemicals, 99%).
The parent zeolite (2.0 g) was added to 100 ml of aque-
ous [Ru(NH3)6Cl3] solution (0.01 M ruthenium(III) for
Beta and Y and 0.005 M ruthenium(III) for ZSM-5) and
stirred for 24 h at room temperature. The exchanged ze-
olite samples were then filtered and washed with 1.0 L of
deionized water and dried overnight in an oven at 363 K.
Exchanged samples were characterized by X-ray powder
diffraction (Siemans D5000) and ICP-AES (inductively
coupled plasma atomic emission spectroscopy) for elemen-
tal analysis. Diffraction patterns agreed well with standard
diffraction patterns for zeolites Beta, ZSM-5, and Y. No
peaks in the diffraction patterns indicated the presence of
ruthenium oxides in the samples. All of the samples were
analyzed using ICP-AES (Perkin–Elmer Plasma 400) to
determine the Si/Al ratios and the ruthenium loading of
the samples. The elemental analysis results are reported in
Table 1. Samples that have not been pretreated are referred
to as “fresh” samples. Experiments were performed on the
ruthenium-exchanged zeolites within a week of prepara-
tion to avoid the possibility of degradation of the sample
due to prolonged atmospheric exposure. Ruthenium load-
ings were kept low to minimize both polynuclear complex
formation and formation of ruthenium oxide species.

B. EPR Measurements

The experimental system was configured so that in situ
EPR experiments could be coupled with catalytic activ-
ity measurements (11). The system consists of a Bruker
EMX61 EPR (electron paramagnetic resonance) spectro-
meter, a gas flow control system, and a Varian 3400CX GC
(gas chromatograph) equipped with a TCD (thermal con-
ductivity detector), an FID (flame ionization detector), and

TABLE 1

Elemental Analysis Results

Sample Si : Al Ru : Al wt% Ru

Ru–Beta 18 0.035 0.29
Ru–ZSM-5 21 0.024 0.20

Ru–Y 2 0.022 0.78
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a gas sampling valve (11). The ruthenium-exchanged zeo-
lite sample was placed in an EPR-grade quartz flow tube
(i.d.= 1.5 mm) and was held in place by a quartz wool plug.
Tylan FC-260 mass flow controllers were used to control
the flow of reactant (N2O in Helium) and pretreatment
(Helium) gases through the flow cell. Hydro-Purge water
filters (Alltech) were used to remove water from the gases.
Product gases were analyzed using GC by injection of a gas
sample (0.25 ml) onto a 10-ft, 5-Å molecular sieve column
heated to 308 K with the TCD heated to 473 K. The detec-
tor was calibrated with 1.01% Nitrogen Primary Standard
(Air Products).

For in situ EPR experiments, sample pretreatment in-
volved heating approximately 20 mg of the sample under
flowing helium (100 ccm) to various temperatures in the
range of 373–673 K and holding at the desired tempera-
ture for 30 min. Samples were cooled in the EPR cavity
to 120 K for data acquisition after heating to each pre-
treatment temperature. EPR spectra were acquired using
a Bruker EMX61 equipped with a PC for spectrometer
control and data acquisition. A Bruker ER4111 Variable
Temperature Unit with a temperature range of 110–673 K
was used to heat and cool the sample. Typical EPR spec-
tral parameters were X-band frequency= 9.43 GHz, mod-
ulation amplitude= 10.0 G, and modulation frequency=
100.0 kHz. The magnetic field and microwave frequency
were measured using a Hall probe and a frequency counter,
respectively.

C. Catalytic Activity Measurements

For catalytic activity measurements, the sample pretreat-
ment involved heating approximately 30 mg of the sample
in 100 ccm of helium at 373 K for 1 h followed by heating
at 773 K for 1 h. Helium UPC (99.999%, Air Products) and
Nitrous Oxide Primary Standard (3.99% balanced with he-
lium, Matheson) were used in these studies. After pretreat-
ment, the Ru-exchanged zeolite was exposed to 3300 ppm
nitrous oxide in approximately 50 ccm total flow and the
conversion to N2 at various temperatures under steady-
state reaction conditions was measured by GC as described
above. The space velocity varied for each experiment but
was on the order of 100,000 ml h−1 g−1. Two different space
velocities were examined for Ru–Beta and the same con-
versions of N2O to N2 were obtained for both.

III. RESULTS

In this study, ruthenium was exchanged into the zeolites
as [Ru(NH3)6]3+. Ru3+ in [Ru(NH3)6]3+ is in a low-spin,
d5 electronic configuration and has octahedral symmetry.

In the absence of metal–ligand hyperfine interactions, the
spin Hamiltonian for an S= 1/2, low-spin, d5 system can be
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written as follows:

H = gxβHx Sx + gyβHySy + gzβHzSz.

Based on this orthorhombic spin Hamiltonian, the ob-
served EPR spectrum of a low-spin, d5 complex should
have three resonances at gx and gy and gz (12). For the ax-
ial case, gx= gy= g⊥ and gz= g‖ and the spin Hamiltonian
reduces to the following equation:

H = g‖βHzSz+ g⊥β(Hx Sx + HySy).

Based on the spin Hamiltonian above for the axial system,
the observed EPR spectrum should have two resonances
at g‖ and g⊥ (12). Typically, the most intense feature for
the axial system is observed at a magnetic field correspond-
ing to g⊥. Ru3+ in an octahedral coordination is charac-
terized by a low-lying excited state that produces a short
spin-lattice relaxation time (T1) (9). Since the linewidth is
inversely proportional to T1, a broad EPR line is expected
if the spin-lattice relaxation time is very short. Usually, the
EPR spectra are recorded at low temperature because T1

will be longer, resulting in decreased spectral broadening.
During standard pretreatment of the ruthenium-exchan-

ged zeolites, the amine ligands are removed from the com-
plex and may decompose, forming molecular hydrogen and
nitrogen according to reaction [1] below:

2NH3 → N2 + 3H2. [1]

The molecular hydrogen produced during pretreatment of
the zeolites can potentially reduce the Ru3+ to Ru2+, Ru1+,
or Ru0. Once the [Ru(NH3)6]3+ complex loses the amine
ligands, the ruthenium ions may complex with water, hy-
droxide ions, or oxygen from the zeolite framework. Vari-
ous ruthenium species in zeolites X and Y have been ob-
served in prior EPR studies (7–9, 13) and are summarized
in Table 2 for comparison with the data presented in this
paper.

In this study, the g values for the different ruthenium
species were obtained from the EPR spectra. For EPR
spectra that contained overlapping spectral features, sub-
traction of EPR spectra obtained at different temperatures

TABLE 2

Previous EPR Assignments for Ru-Exchanged Zeolites

Zeolite Assigned species g1 (g⊥) g2 (g‖) g3 Reference

Ru–HX [Ru(NH3)6]3+ 2.10 1.74 (7, 8)
Ru–NaY [Ru(NH3)6]3+ 2.18 1.76 (9)
Ru–HX [Ru(NH3)5OH]2+ 2.58 2.24 1.71 (8)
Ru–NaY [Ru(NH3)5OH]2+ 2.68 2.24 1.75 (9)
Ru–HX [Ru(H2O)nOzeo]3+ 2.08 2.00 1.95 (8)
Ru–Y [Ru(H2O)5OH]2+ 2.37 1.72 (13)
Ru–HX Lattice-bound Ru3+ 2.17 2.08 1.94 (8)

Ru–HX Ru4+O−2 2.029 2.029 2.006 (8)
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FIG. 1. EPR spectra of Ru–Beta following pretreatment in helium
at the indicated temperatures. EPR spectra were acquired at 120 K after
sequential heating for 30 min: (A) fresh, (B) 373 K, (C) 473 K, (D) 573 K,
and (E) 673 K.

was used to separate spectral components of overlapping
signals. The spectral simulation program (Bruker-Simfonia
version 1.25) was used to show that the EPR assignments
were consistent with the experimental data.

An EPR signal is observed at g∼ 4.3 in many of the EPR
spectra and is assigned to high-spin Fe3+ impurities in the
zeolite. The g∼ 4.3 signal is observed in EPR spectra of
the parent zeolites as well as in the EPR spectra of the
ruthenium-exchanged zeolites.

EPR Spectra of Ru–Beta

The color of the Ru–Beta sample changed during the pre-
treatment procedure. The fresh Ru–Beta sample was white
and did not change color during prolonged exposure to air
at room temperature. After the standard pretreatment in
helium at elevated temperatures, the color of the sample
changed to light brown, and after pretreatment followed by
exposure to air for several days, the sample color changed
to green-gray.

EPR spectra acquired at 120 K of fresh Ru–Beta and
atures (373, 473, 573, and 673 K) are presented in Fig. 1.
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TABLE 3

g Values and Spectral Assignments for the EPR Spectra of Ru–Beta, Ru–Y, and Ru–ZSM-5 in Figs. 1–3

Sample Species g1 (g⊥) g2 (g‖) g3 Signal assignment

Ru–Beta (fresh) A 2.11 1.72 [Ru(NH3)6]3+

Ru–Beta (373 K) B 2.56 2.20 1.81 [Ru(NH3)5(OH)]2+

Ru–Beta (473 K) C 2.55 1.62 [Ru(H2O)5(OH)]2+

D 2.09 1.99 1.98 [Ru3+(H2O)n−m(Ozeo)
−k
m ]3−k

E 1.95 2.42 [Ru3+(Ozeo)
−k
m ]3−k

Ru–Beta (573 K) F 2.20 2.02 1.87 [Ru3+(Ozeo)
−k
m ]3−k

Ru–Y (fresh) A∗ 2.00 1.73 [Ru(NH3)6]3+

Ru–Y (373 K) B∗ 2.59 2.22 1.75 [Ru(NH3)5(OH)]2+

Ru–Y (473 K) C∗ 2.47 1.75 [Ru(H2O)5(OH)]2+

D∗ 2.07 2.00 [Ru3+(H2O)n-m(Ozeo)
−k
m ]3−k

E∗ 1.94 2.41 [Ru3+(Ozeo)
−k
m ]3−k

F∗ 2.21 2.03 1.90 [Ru3+(Ozeo)
−k
m ]3−k

Ru–Y (673 K) G 2.69 1.76 [Ru3+(Ozeo)
−k
m ]3−k

Ru–ZSM-5 (573 K) D∗∗ 2.06 2.01 [Ru3+(H2O)n−m(Ozeo)
−k]3−k

m

∗∗ 3+ −k 3−k
E 1.95

All spectra were recorded at 120 K after heating Ru–Beta
to the indicated temperatures for 30 min. The EPR param-
eters and assignments for these experimental spectra are
given in Table 3 and the EPR results from previous studies
of Ru–X and Ru–Y are given in Table 2. The letters in Fig. 1
represent the positions of the g values for each ruthenium
species and correspond to the assignments of the spectral
features that are listed in Table 3. The EPR spectrum of
fresh Ru–Beta obtained at 120 K exhibits two overlapping
signals. No EPR signals were observed at room tempera-
ture. The dominant signal (species A) is broad and has EPR
parameters, g⊥= 2.11 and g‖= 1.72, which are qualitatively
similar to those obtained for [Ru(NH3)6]3+ exchanged into
zeolites Ru–HX (g⊥= 2.10, g‖= 1.74) (7, 8) and Ru–NaY
(g⊥= 2.18, g‖= 1.76) (9). Species A, based on previous re-
sults for ruthenium-exchanged HX and NaY and from crys-
tal field considerations, is assigned to [Ru(NH3)6]3+. Ru3+

in octahedral symmetry has a low-spin configuration and
a low-lying excited state, which produces a small value for
the spin-lattice relaxation time (9). The short relaxation
time causes a broadening of the line at room temperature.
Acquiring spectra at lower temperatures increases the re-
laxation time so that spectral resolution may be improved.
Another signal is also present in the EPR spectrum of
fresh Ru–Beta and exhibits a rhombic powder pattern, g1 6=
g2 6= g3. The identity of the second signal was not determined
due to the overlap of the spectral features with the broad
[Ru(NH3)6]3+ signal.

After the sample was heated to 373 K (Fig. 1B), the
previous EPR signal was replaced by a rhombic signal
(species B) that is observable at room temperature, indi-
cating an increase in the spin-lattice relaxation time for this
species as compared to species A in the fresh sample. The
meters for species B on Ru–Beta (g1= 2.56, g2=
1.81) are similar to those previously assigned to
2.41 [Ru (Ozeo)m ]

[Ru(NH3)5OH]2+ in zeolites Ru–NaY (g1= 2.68, g2= 2.24,
g3= 1.75) (9) and Ru–HX (g1= 2.58, g2= 2.24, g3= 1.71)
(8). This species is most likely formed from the reaction of
the [Ru(NH3)6]3+ complex and adsorbed water to produce
[Ru(NH3)5OH]2+ and NH+4 .

[Ru(NH3)6]3+ +H2O→ [Ru(NH3)5OH]2+ +NH+4 . [2]

The small variations in g1 and g3 when comparing the EPR
parameters for species B in Ru–Beta versus previous EPR
results for Ru–X and Ru–Y can be attributed to differences
in the local environment of the Ru complex. Zeolite Beta
has a considerably smaller channel size (5.5× 5.5 Å and
7.6× 6.4 Å) than the diameter of the alpha cage in zeolites
X or Y (∼12 Å), which could lead to changes in the local
electronic environment and therefore in the g values of the
ruthenium complex.

As shown in Fig. 1C, the EPR signal changes dramat-
ically after pretreatment of Ru–Beta at 473 K in helium.
This change in EPR signal can be attributed to the de-
composition of [Ru(NH3)5OH]2+ and to the formation of
new ruthenium species. A sharp, rhombic signal and two
features in the low-field region replace the broad rhombic
signal due to species B. Three ruthenium species are as-
signed in the EPR spectrum in Fig. 1C: species C (g⊥= 2.55
and g‖= 1.62), species D (g1= 2.09, g2= 2.00, g3= 1.98) and
species E (g⊥= 1.95, g‖= 2.42). These species were assigned
by comparing the EPR spectra in Figs. 1C–1E and by spec-
tral simulation. Further reaction of the amine ligands with
adsorbed water is presumed to generate species C, D, and
E according to the following reactions:

[Ru(NH3)5OH]2+ + nH2O
→ [Ru(NH3)5−n(H2O)nOH]2+ + nNH3 [3]
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[Ru(H2O)n]3+ +mOzeo

→ [
Ru3+(H2O)n−m(Ozeo)

−k
m

]3−k + (n−m)H2O. [4]

The signal for species C is similar in shape and g values
to that previously assigned to [Ru(H2O)5OH]2+ in Ru–Y
(g⊥= 2.37, g‖= 1.72) (13). Species D has EPR parameters
similar to those obtained for Ru–HX (g1= 2.08, g2= 2.00,
g3= 1.95) that had been evacuated at 573 K and then ex-
posed to 20 Torr of water (8). Species D is assigned to
Ru3+ coordinated to water molecules and zeolitic oxygen,
[Ru3+(H2O)n−m(Ozeo)

−k
m ]3−k (8). An EPR signal with pa-

rameters similar to those of species E has not been pre-
viously reported. Species E is still present after pretreat-
ment at 573 and 673 K. Therefore, species E is assigned to
[Ru3+(Ozeo)

−k
m ]3−k, a zeolite-bound ruthenium complex. It

is possible that species E has one or more hydroxyl or water
ligands. After pretreatment at 473 K, no signals remain that
can be attributed to ruthenium–amine complexes, suggest-
ing that the amine ligands are completely decomposed at
this temperature.

The EPR spectrum acquired after the sample was heated
to 573 K (Fig. 1D) is complex due to the presence of sev-
eral overlapping signals. The EPR signals due to species C,
D, and E are still present, although strong overlap with a
new signal in the g= 2.00 region is evident. The new fea-
ture at g= 2.20 has been assigned as species F with EPR
parameters: g1= 2.20, g2= 2.02, g3= 1.87. The g values of
species F are similar to those previously assigned to lattice-
bound Ru3+ in Ru–HX ( g1= 2.17, g2= 2.08, g3= 1.94) (8).
Analogously, species F is assigned to [Ru3+(Ozeo)

−k
m ]3−k. Af-

ter the samples were heated to 673 K, the signals due to
species C and D are not observed. The similarity in g val-
ues and the subsequent loss of both signals after heating
of the samples to higher temperatures suggest that species
C and D, [Ru(H2O)5OH]2+ and [Ru3+(H2O)n(Ozeo)

−k
m ]3−k,

respectively, have lost some or all of their water ligands to
form species E and F.

The EPR spectrum acquired after heating Ru–Beta to
673 K exhibits signals assigned to species E and F. Species
E and F are assigned to Ru3+ bound to oxygen of the ze-
olite framework, [Ru3+(Ozeo)

−k
m ]3−k. The EPR parameters

for these two species are quite different, and this may reflect
a different coordination environment for species E and F.
For example, species E could have square planar coordina-
tion and species F could have square pyramidal coordina-
tion. Alternatively, species E could have different ligands
than species F, resulting in different EPR parameters. For
example, the EPR parameters for Ru(H2O)6 vs Ru(NH3)6

are very different (9, 13). In related work, the EPR param-
eters for Cu2+ species in copper-exchanged zeolites were
sensitive to the geometry and the identity of the ligands
(14–20).
The overall EPR signal intensity decreased by∼50% dur-
ing the pretreatment process. One explanation is that part
LARSEN

of the ruthenium EPR signal is lost because the ruthenium
is converted into EPR silent species. Another possible ex-
planation is that the spin-lattice relaxation times of the dif-
ferent ruthenium species vary, making the integration and
calibration of the absolute number of spins difficult.

EPR Spectra of Ru–Y

The color of freshly exchanged Ru–Y was white and
the color changed to wine-red after exposure to the at-
mosphere for an extended period of time (several weeks).
This wine-red color is due to the formation of the
trinuclear “Ru–red” complex, [(NH3)5RuIIIORuIV(NH3)4

ORuIII(NH3)5]6+, from reactions with air (21, 22). Care was
taken to record EPR spectra prior to the formation of Ru–
red complexes. The color of the fresh sample changed after
pretreatment at 673 K to a dark gray color. Heating the sam-
ple to 373 K in the open atmosphere generated the same
color.

Treatment of Ru–Y samples resulted in EPR spectra
(Fig. 2) qualitatively similar to those obtained for Ru–Beta.
Fresh Ru–Y yields an EPR spectrum acquired at 120 K
with a broad, axial signal (species A∗), with EPR param-
eters g⊥= 2.00 and g‖= 1.73. This ruthenium species has
been designated as A∗ because it is analogous to species
A in Ru–Beta; however, the EPR parameters are slightly
different. This labeling scheme will be used throughout this
paper. No EPR signal is observed at room temperature, in-
dicating a short relaxation time for the ruthenium species
(vida supra). This signal has been previously attributed to
[Ru(NH3)6]3+ exchanged into Na–Y (9).

EPR spectra recorded after heating Ru–Y to 373 and
473 K results in similar EPR spectra as shown in Fig. 1B,
C. The EPR signal due to [Ru(NH3)6]3+ is replaced with
a rhombic EPR signal (species B∗: g1= 2.59, g2= 2.22,
g3= 1.75). A species with similar EPR parameters has pre-
viously been observed and attributed to [Ru(NH3)5OH]2+

produced from reactions of [Ru(NH3)6]3+ with adsorbed
water in the zeolite channels (8, 9).

The EPR spectrum obtained after the sample was heated
to 473 K (Fig. 2C) suggests that complete deammina-
tion of the ruthenium(III) complex in zeolite Y has oc-
curred. The EPR spectrum is very complex and consists
of several overlapping signals. The EPR spectrum is dom-
inated by a signal (species D∗) with EPR parameters
g⊥= 2.07 and g‖= 2.00. Species D∗ is similar to that re-
ported previously for Ru3+ bound to water and zeolitic
oxygen, [Ru3+(H2O)n(Ozeo)

−k
m ]3−k (8). This signal was pre-

sumed to be generated from the deammination of the
[Ru(NH3)5OH]2+ and the subsequent filling of the coor-
dination sphere of Ru3+ by the adsorbed water in the ze-
olite. The probable location of this species is in the alpha
cage, which has a free volume large enough to accommodate

the aquoruthenium complex. Another signal (species C∗)
is present that overlaps the dominant signal and possesses
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FIG. 2. EPR spectra of Ru–Y following pretreatment in helium at
the indicated temperatures. EPR spectra were acquired at 120 K after
sequential heating for 30 min: (A) fresh, (B) 373 K, (C) 473 K, (D) 573 K,
and (E) 673 K. A fresh sample of Ru–Y was pretreated in helium at 773 K
for several hours. The EPR spectrum of Ru–Y pretreated at 773 K and
recorded at 120 K is shown in (F).

a component in the low-field and high-field regions (g⊥=
2.47, g‖= 1.75). The weaker signal (species C∗) present in
the EPR spectrum is attributed to [Ru(H2O)5OH]2+ in Ru–
Y (13). These ruthenium species are analogous to species
C and D in Ru–Beta and they have been labeled as C∗ and
D∗ to distinguish them from species C and D in Ru–Beta
because the EPR parameters are slightly different. The dif-
ferences in EPR parameters can be attributed to differences
in the local environments or sites of the ruthenium species
in the different zeolites.

Two overlapping, axial signals in the high-field region
(species E∗ and F∗) are also observed in Fig. 2C. The two
overlapping, axial signals are assigned as species E∗ with
g⊥= 1.94 and g‖= 2.41 and species F∗ with g1= 2.21, g2=
2.03, and g3= 1.90. These species are assigned to zeolite-
bound [Ru3+(Ozeo)

−k
m ]3−k complexes with different coordi-
nation environments. The EPR assignments are summa-
rized in Table 3.
NIUM-EXCHANGED ZEOLITES 357

After the sample was heated to 573 K, the EPR spectrum
of Ru–Y is rather broad and featureless. A new feature
emerges after heating Ru–Y to 673 K in helium. This is
assigned as species G and has g⊥= 2.69 and g‖= 1.76. This
spectral feature assigned to species G is also very prominent
in the spectrum of a separate sample of Ru–Y that had been
heated in helium at 773 K for several hours (outside of the
EPR spectrometer) and is shown in Fig. 2F. Since species G
is already present after pretreatment in helium at elevated
temperatures, it is assigned to a Ru3+ complex bound to
oxygen of the zeolite lattice, analogous to species E and
F. However, the EPR parameters of species G are quite
different from those of the other zeolite-bound ruthenium
species observed in this and other work as can be seen from
inspection of Tables 2 and 3. The g anisotropy is very large
and the signal is similar in this regard to that of the original
[Ru(NH3)6]3+ or [Ru(NH3)5OH]2+ complexes. However,
there should not be any additional ligands present, so the
change in EPR signal is attributed to a change in the crystal
field of the Ru3+ ion.

The EPR spectral intensity decreases by ∼85% during
the course of helium pretreatment to 673 K. The signal in-
tensity of the EPR spectrum (Fig. 2F) obtained for the Ru–
Y sample pretreated at 773 K will not be compared with the
signal intensities in Fig. 2A–E since a fresh Ru–Y sample
was used for the helium pretreatment at 773 K.

EPR Spectra of Ru–ZSM-5

The freshly exchanged Ru–ZSM-5 sample was white in
color. The sample was brown after pretreatment in helium
at elevated temperatures, and after subsequent exposure to
the atmosphere for several days, the sample color changed
to a greenish gray.

The EPR spectra acquired during the pretreatment of
Ru–ZSM-5 are shown in Fig. 3. The EPR spectra of fresh
Ru–ZSM-5 and Ru–ZSM-5 pretreated at 373 K exhibit sev-
eral low-intensity signals. The characteristic EPR signal for
[Ru(NH3)6]3+ observed in Ru–Beta and Ru–Y was not ob-
served. The lack of the [Ru(NH3)6]3+ EPR signal suggests
that either this species is not present in Ru–ZSM-5 or that
the spin-lattice relaxation time of the ruthenium complex
is very short and would require cooling to 4 K.

After the sample was heated to 473 K, several overlap-
ping signals appear in the EPR spectrum, Fig. 3C. Due to
the low intensity and complexity of this EPR spectrum, the
individual components of the EPR spectrum were not as-
signed. Heating the sample to 573 K produces a much more
intense EPR signal, relative to the fresh sample. The main
component of the signal is labeled species D∗∗ with g val-
ues of g1= 2.06 and g2= 2.01. This species has g values that
are similar to species D and D∗ in Ru–Beta and Ru–Y and
is similarly assigned [Ru3+(H2O)n(Ozeo)

−k
m ]3−k. A second
relatively weak signal is assigned as species E∗∗ (g1= 1.95
and g2= 2.41) by comparison with the EPR spectra for
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FIG. 3. EPR spectra of Ru–ZSM-5 following pretreatment in helium
at the indicated temperatures. EPR spectra were acquired at 120 K after
sequential heating for 30 min: (A) fresh, (B) 373 K, (C) 473 K, (D) 573 K,
and (E) 673 K.

Ru–Beta and Ru–Y. Species E∗∗ is assigned as a zeolite-
bound species, [Ru3+(Ozeo)

−k
m ]3−k.

Heating the sample to 673 K results in a broadened EPR
spectrum (Fig. 3E) relative to the spectrum obtained after
pretreatment at 573 K. Presumably, this is due to the pres-
ence of several overlapping signals in the EPR spectrum.
The features of the spectra indicate at least two overlapping
signals that correspond to D∗∗ and E∗∗ from the previous
spectrum in Fig. 3D. A third species has a g2 or g3 value
of 1.80 with the other features unresolved due to spectral
overlap and broadening.

EPR after N2O Decomposition on Ru–Y
at Different Temperatures

The EPR spectra obtained after exposure of Ru–Y to
N2O in helium at various temperatures are shown in Fig. 4.
The Ru–Y sample used was not pretreated prior to this ex-
periment. A fresh Ru–Y sample was heated to 373 K and
held there for 30 min, followed by exposure to 3300 ppm
N2O in helium for 15 min. The catalytic activity of the

EPR sample was measured by GC and then the sample
was purged with helium for 10 min at 373 K and cooled to
LARSEN

120 K in helium flow for EPR data acquisition. This pro-
cedure was repeated at consecutively higher temperatures,
473, 573, and 673 K. At each temperature, the N2O conver-
sion to N2 was measured by GC and an EPR spectrum was
obtained after cooling of the sample.

The EPR spectrum obtained after exposure to N2O in
helium at each of the temperatures is shown in Fig. 4A–D,
respectively. The conversion of N2O to N2 measured by GC
at each temperature is shown on the right side of the figure.
The EPR spectra obtained after treatment in N2O at 373
and 473 K (Fig. 4A,B) are almost identical to those shown
in Fig. 2B,C for the pretreatment in helium at comparable
temperature. The EPR spectrum obtained after exposure
to N2O in helium at 573 K begins to show a new spectral
feature at g= 2.69 that can be assigned to species G,
analogous to the helium-treated case. This EPR signal first
appears after pretreatment at 573 K and increases after
exposure to N2O in helium at 673 K. Correspondingly, the
catalytic activity increases from 10 to 49% as the EPR
feature assigned to species G increases in size.

Similar experiments were conducted on Ru–Beta and
Ru–ZSM-5, but an analogous correlation of the EPR sig-
nal with N2O activity was not observed. The EPR spectra

FIG. 4. EPR spectra acquired at 120 K after exposure of Ru–Y to N2O
at various temperatures. Ru–Y was heated in helium to the temperature
and then was exposed to N2O (3333 ppm N2O in helium) for 15 min at the
indicated temperatures: (A) 373 K, (B) 473 K, (C) 573 K, and (D) 673 K.
N2O conversion to N2 was measured by GC and the conversions are in-

dicated in the figure. After the GC activity measurement, the sample was
cooled to 120 K for EPR data acquisition.
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FIG. 5. Catalytic decomposition of nitrous oxide over Ru–Beta (m),
Ru–Y (j), Ru–ZSM-5 (d), NH+4 –Beta (n), Na–Y (h), and NaZSM-5
(s) Samples were pretreated for 1 h at 773 K in helium prior to activity
measurements.

acquired before and after exposure to N2O were almost
identical.

Catalytic Activity Measurements

Figure 5 shows the percent conversion of nitrous oxide
to nitrogen as a function of temperature for each of the
ruthenium-exchanged zeolites and the parent zeolites af-
ter pretreatment at 773 K in helium. Ru–Y exhibited the
highest activity (68% at 673 K), while Ru–ZSM-5 and Ru–
Beta reached similar activities (55%) at 723 and 673 K,
respectively. None of the parent zeolites, NH+4 –Beta, Na–
Y, or Na–ZSM-5, exhibited appreciable activity for N2O
decomposition under comparable experimental conditions.
In particular, NH+4 –Beta (which is almost certainly H–Beta
after pretreatment) showed a conversion of <10% at the
temperatures tested.

All three catalysts exhibited activity for the direct de-
composition of N2O with the order of maximum conver-
sion given by Ru–Y>Ru–Beta>Ru–ZSM-5 (Fig. 5). The

maximum conversion for Ru–ZSM-5 (∼55% at 698 K) was
lower than that obtained by Li and Armor (3) (∼100% at
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623 K). This difference may be due to the lower Ru loading
used in this study, 0.2wt% in this work and 0.6 wt% in Li
and Armor.

IV. DISCUSSION

Comparison of EPR Spectra of Ru–Beta,
Ru–Y, and Ru–ZSM-5

Ru3+ species with qualitatively similar EPR signals were
observed in fresh Ru–Beta and fresh Ru–Y samples. Ini-
tially, a broad EPR signal attributed to [Ru(NH3)6]3+

(species A and A∗) was observed in Ru–Beta and Ru–Y.
After Ru–Beta and Ru–Y were heated to 373 K in helium,
[Ru(NH3)6]3+ decomposed according to reaction [2]. The
loss of the amine ligand leaves a vacancy in the coordination
sphere of the ruthenium cation, and a hydroxyl molecule
formed from adsorbed water fills this vacancy. EPR signals
observed after pretreatment of Ru–Beta and Ru–Y at 373 K
were attributed to the hydroxyl complex, [Ru(NH3)5OH]2+

(species B and B∗). As indicated by a comparison of the data
in Tables 2 and 3, similar EPR signals for [Ru(NH3)6]3+ and
[Ru(NH3)5OH]2+ in zeolites have been reported in previ-
ous studies of ruthenium-exchanged X and Y (7–9).

After pretreatment at 473 K, Ru–Beta and Ru–Y exhib-
ited EPR signals that were attributed to completely deam-
minated ruthenium complexes. Adsorbed water can react
with the amine ligands to generate the deamminated com-
plexes according to reactions [3] and [4]. These water com-
plexes were observed to decompose after heating at higher
temperatures. Sheu and co-workers reported that all of the
amine ligands in ruthenium-exchanged Y were removed
after heating to 673 K (23). EPR results in this paper sug-
gest that the amine ligands are removed between 373 and
473 K under these experimental conditions. A number of
groups have reported that ruthenium nitrosyl species, such
as [Ru(NH3)4(NO)OH]2+ or [Ru(NH3)4(NO)H2O]3+, are
formed during pretreatment of Ru–Y at elevated tempera-
tures (23–25). Spin pairing of the unpaired electron spins of
Ru3+ and NO would result in a loss of EPR signal. A loss of
EPR signal was observed in this study during pretreatment
of Ru–Y and Ru–Beta; this is consistent with the forma-
tion of ruthenium nitrosyl species but there are a number
of other possibilities as well. The paramagnetic ruthenium
species observed after pretreatment at 473 K were assigned
to Ru3+ bound to the zeolite lattice with or without water
molecules filling the vacant coordination sites and to Ru3+

with water and hydroxyl molecules filling the coordination
sphere with no binding to the zeolite lattice. After pretreat-
ment of Ru–Beta and Ru–Y at 673 K, many of the same
species are observed in the EPR spectra as were observed
in the EPR spectra at 473 and 573 K, but the relative in-
tensities have changed. A new species G is observed in the

EPR spectrum of Ru–Y after pretreatment at 673 or 773 K
in helium.
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EPR spectra of Ru–ZSM-5 during pretreatment exhib-
ited different spectral characteristics when compared to the
EPR spectra of Ru–Beta and Ru–Y. Initially, the EPR spec-
trum of the freshly exchanged Ru–ZSM-5 sample is very
weak. An EPR signal from [Ru(NH3)6]3+was not observed.
This could be due to relaxation effects as discussed earlier
in this paper or it is possible that the [Ru(NH3)6]3+ complex
is too large to fit in the pores of ZSM-5. After pretreatment
in helium at various temperatures, the EPR spectra of the
Ru-exchanged zeolites contained some of the same signals,
as can be seen by inspection of Table 3.

Overall, the EPR spectra of Ru-exchanged zeolites af-
ter various pretreatments suggested the presence of some
similar ruthenium species in all samples, regardless of the
parent zeolite. However, differences in the specific EPR
parameters and the relative intensities of different spectral
features were apparent, depending on the identity of the
parent zeolite. In particular, the EPR spectra of the Ru–
ZSM-5 sample used in this study were quite different from
the EPR spectra of Ru–Beta and Ru–Y.

Implications for Catalytic Activity

All of the Ru-exchanged zeolite samples used in this
study exhibited substantial catalytic activity for N2O de-
composition. Chang and co-workers previously suggested
that ionic Ru3+was responsible for the N2O decomposition
activity in Ru–Y (4). In this study, direct EPR observa-
tion of Ru3+ species are reported in Ru–Beta, Ru–Y, and
Ru–ZSM-5 samples that are active for N2O decomposition.
However, it is difficult to prove that the Ru3+ species that
are observed in the EPR spectra are the species responsible
for the N2O decomposition activity. The relative EPR signal
intensity decreases as fresh samples of Ru–Beta and Ru–Y
are pretreated at elevated temperatures. The decrease in
signal intensity indicates that a substantial portion of the
ruthenium in pretreated samples is EPR silent. Therefore,
any conclusions that are made relating the catalytic activity
to the observed EPR signals must be qualified by this real-
ization that all of the ruthenium is not observed in the EPR
spectra.

From a catalytic perspective, perhaps the most intriguing
results are those presented in Fig. 4 in which EPR spectra
were acquired after Ru–Y was exposed to N2O under re-
alistic decomposition conditions. Since the EPR signals for
Ru-exchanged zeolites could not be observed at elevated
temperatures, the conversion of N2O to N2 was measured
prior to cooling the Ru–Y sample for EPR data acquisi-
tion. Due to the cooling of the sample, it is unlikely that
any intermediate species would be observed in the EPR
spectra. However, the data clearly show that as the EPR
signal assigned to species G increases, the conversion of
N2O to N2 also increases. A similar species was not ob-

served in the EPR spectra of Ru–Beta and Ru–ZSM-5.
This correlation of an EPR signal with catalytic activity
LARSEN

suggests that this species might be important in the decom-
position of N2O to N2 on Ru–Y. However, further studies
need to be done to investigate this correlation of EPR sig-
nal and catalytic activity and to more definitively identify
species G.

V. CONCLUSIONS

EPR spectroscopy was used to characterize a series of
ruthenium-exchanged zeolites, Ru–Y, Ru–Beta, and Ru–
ZSM-5. Ruthenium was exchanged into the zeolites as
[Ru(NH3)6]3+. The EPR signal observed for fresh Ru–Beta
and Ru–Y was assigned to the intact [Ru(NH3)6]3+ com-
plex. A similar signal was not observed for Ru–ZSM-5.
After pretreatment at 373, 473, 573, and 673 K, respec-
tively, complex EPR spectra were obtained that contained
overlapping signals. When spectral simulation and spectral
subtraction were used, many of the EPR features were as-
signed to various Ru3+ species containing water and hy-
droxyl ligands. Some similar overlapping EPR signals were
observed in the different zeolites, but the relative intensities
of the signals varied. Catalytic activity measurements indi-
cated that the ruthenium-exchanged zeolites used in this
study were active for N2O decomposition. A specific EPR
signal in Ru–Y was correlated with the onset of catalytic
activity.
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