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Y-zeolites exchanged with both Fe and either Ca, La, Eu, Cr, Mn, Co, Ni, or Cu were character-
ized by magnetic susceptibility measurements and Mdossbauer spectroscopy. In addition, these
zeolites were studied as catalysts for the oxidation of CO with NO and for the decomposition of
N,O into N, and O,. The results showed that Ca, La, and Eu cations in FeCa-Y, FelLa-Y, and
FeEu-Y occupy primarily site I, forcing a large fraction of Fe cations to sites I’, II, and/or II'. Such
zeolites exhibited higher reaction rates than Fe-Y for both reactions. Coexchanged, first-row
transition metals had a different effect on the Fe. For example, Mn, Ni, and Cu cations in FeMn-Y,
FeNi-Y, and FeCu-Y were found to make the Fe more oxidizable and less reducible. Reaction
rates measured over Cr-Y, Mn-Y, Fe-Y, Co-Y, Ni-Y, and Cu-Y showed that the oxidizability of
these cations decreases in the order Cr(IIl) > Fe(II), Cu(I) > Co(II) > Mn(II), Ni(II). Finally, the

Fe in FeEu-Y was found to enhance the reducibility of the Eu.

INTRODUCTION

The ability of zeolites exchanged with
iron, copper, and chromium to act as redox
catalysts has been documented in the litera-
ture in recent years (/-6). Redox reactions
are believed to occur over these zeolites via
a mechanism involving separate oxidation
and reduction steps. According to the pro-
posed mechanism, oxidizing gases like O,,
NO, and N,O react with Fe(I), Cu(l),
Cr(II), or Cr(III) cations in the zeolites, oxi-
dizing them and depositing extralattice oxy-
gen on the cations in the process. In a sec-
ond step, gases such as H;, CO, or N;O
extract the extralattice oxygen, reducing
the cations and producing either H,O, CO,,
or N,, and O,. Although the zeolites stud-
ied so far have exhibited the same general
behavior, some differences between them
have been discovered. For example, Fe-Y
zeolite is more active for the oxidation of
Co when O, rather than N,O is the oxidiz-
ing agent. In contrast, Fe—-mordenite is
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more active for the same reaction when
N,O rather than O, is the oxidizing agent
(2). In addition, Fe—~mordenite has higher
turnover frequencies than Fe-Y for the oxi-
dation of CO with various oxidizing agents
and for the decomposition of N,O into its
elements (2, 5). Cu-Y also differs some-
what from Fe-Y. When CO is oxidized
with excess O, over Fe—Y, the rate law is
first order in CO (2). Under the same condi-
tions, the rate law can be zero order in CO
when Cu-Y is the catalyst (3).

In an effort to explain such differences in
behavior between various zeolites, work in
our laboratories has concentrated on the
identification of factors that can affect the
activities of transition metal-exchanged ze-
olites for redox reactions. In a recent pa-
per, we reported the results of an investiga-
tion of the effect of the Si/Al ratio on the
catalytic properties of Fe-Y. It was found
that Fe-Y zeolites with Si/Al ratios of 4 to
9 had a larger fraction of iron cations in
sites I, II, and/I1’ than conventional Fe-Y,
which has a Si/Al ratio of 2.5. The samples
with higher Si/Al ratios were also found to
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have higher turnover frequencies than con-
ventional Fe-Y for the decomposition of
N,O (6). In another paper, we reported the
effects the zeolite lattice can have on the
species that form upon adsorption of NO on
iron zeolites. It was found that zeolites with
iron cations in more accessible sites favor
the formation of mononitrosyl over dinitro-
syl species (7). In this paper, we report
results of an investigation of another factor
that can influence the catalytic properties of
iron zeolites, namely the presence of coex-
changed polyvalent cations.

In the work described here, we have
studied whether coexchanged polyvalent
cations can alter either the site locations of
exchanged iron cations or their ability to
undergo oxidation and reduction. The
coexchanged Y-zeolites prepared for this
investigation were FeCa-Y, Fela-Y,
FeEu-Y, FeCr-Y, FeMn-Y, FeCo-Y,
FeNi-Y, and FeCu-Y. These zeolites were
prepared by sequential exchange, adding
the noniron cations first, and then exchang-
ing with tron. Calcium, lanthanum, and eu-
ropium were chosen because of their large
cationic radii. Large polyvalent cations are
believed to have a strong preference for site
1 because at that site they are bonded to six
oxygen atoms that can balance the cationic
charge and because the cation—oxygen
bond length is relatively long (ca. 0.27 nm).
These cations can therefore be expected to
change the distribution of coexchanged Fe
cations among the exchange sites. The
other five cations were chosen to study the
effect of first-row transition metal cations
on coexchanged iron.

The location of the iron cations in these
zeolites was studied by YFe Mossbauer
spectroscopy. This technique can differen-
tiate between iron cations in sites of low
coordination (sites I’, 1I, and/or II’) and
sites of high coordination (site I) (6). The
relative oxidizabilities and reducibilities of
the exchanged cations were determined by
measuring the rates of two redox reactions
over the zeolites. For one of these reac-
tions, the oxidation of CO with NO, the
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rate-determining step over Fe-Y is be-
lieved to be the oxidation of Fe(ll) to
Fe(IIT) by NO (2). For the other reaction,
the decomposition of N,O into its elements,
the rate-determining step is believed to be
the reduction of Fe(IIl) by N,O (4). Thus,
the rates of these two reactions over the
samples provided a qualitative measure of
the oxidizabilities and reducibilities of the
cations.

For comparison with results obtained for
the coexchanged zeolites, the rates of these
two reactions were also measured over Y-
zeolites exchanged with only the second
cation (but not iron). In addition, the oxida-
tion states after oxidation and reduction
treatments were studied for Cr-Y, Mn-Y,
Fe-Y, Co-Y, Ni-Y, and Cu-Y by measur-
ing the paramagnetic susceptibilities of
these zeolites. The oxidation state of Eu in
Eu-Y and FeEu-Y was monitored after
oxidation and reduction treatments using
5TEu Mdssbauer spectroscopy.

EXPERIMENTAL

The starting material for all the samples
of this study was Linde Na-Y (SK-40, lot
1280-133). Before ion exchange, the Na-Y
zeolite was washed with a pH 5.0 buffer
solution. Samples were prepared by con-
tacting this Na-Y with solutions of CaCl,
(1.0 M), La(NOs); (0.5 M), EuCl; (0.1 M),
Cr(NOs); (0.2 M), Mn(NOs), (0.1 M),
Co(NOs); (0.2 M), Ni(NO;); (0.5 M), and
Cu(NO3); (0.2 M) at 360 K for 3 days. Be-
fore contact with Na-Y, dilute NaOH was
added to the Cr, Mn, Co, Ni, and Cu nitrate
solutions to adjust the pH to 4.0. After ion
exchange, the zeolites were washed with
distilled water and dried in air at 400 K for
ca. 5 h. The coexchanged zeolites were pre-
pared by contacting these samples with an
FeSO, solution in a nitrogen atmosphere.
The pH during this procedure was main-
tained at 3.9 = 0.2, After exchange with
iron, the samples were washed with a dilute
H,SO, solution of pH 4.0, dried in N, at 400
K for ca. 5 h, and finally oxidized with O,,
starting at 370 K, and increasing the tem-
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TABLE 1

Unit Cell Compositions

Fe-Y« (510,)137(AlO2)ssNay, sFe 3 ¢Ha a0
Ca-Y: (5i02)137(AlO02) 4, Nag 7Cay;

La-Y: (5i0,)137(AlO,)4sNay;Lay,

Eu-Y: (8i02)137(AlOy) oNaEuys

Cr-Y: (810)137(Al02)4Nag oCry7

Mn-Y: (5i02)137(AlO,)ssNa;sMngy

Co-Y: (5i0,)137(Al02)5;Na3C0o17He o
Ni-Y: (S5i0,)137(AlO3)ssNay3NisH7 o
Cu-Y: (8i0,)13/(Al02)s4Na,CuzH;
FeCa-Y: (8i0,)37(AlO2)Nay  Fe; sCayq
FeLa-Y: (8i0,);37(Al02)eNa; sFeqcLajg
FeEu-Y: (8i02)13,(Al0,)5Nag,FeEu;
FeCr-Y:  (8i0,)3:(AlO;)3Nag gFes oCrig
FeMn-Y: (S5i03)137(AlO)5;Na;,FesMng H, ;
FeCo-Y: (S8i0y)3:(AlO;)5;Nay Fe sCos 4Hy
FeNi-Y:  (Si02)13:(AlO;)s3NajsFeyNiy 7 H, 6
FeCu-Y: (Si02)137(Al0y)ssNa FesCus :H, 4

2 The chemical composition of the Fe-Y sample
was determined by Galbraith laboratories.

perature by 50 K every 30 min until reach-
ing 620 K. The unit cell compositions of the
resuiting zeolites, obtained with a Beckman
Spectraspan IV plasma spectrophotometer,
are summarized in Table 1.

The retention of the crystallinity after
these exchanges was checked qualitatively
by collecting powder X-ray diffraction pat-
terns for all the samples. These diffraction
patterns are shown in Fig. 1. All the ex-
changed zeolites displayed the same peaks
as those of Na-Y, although the relative in-
tensities of these varied somewhat. In gen-
eral, all samples gave peaks that were as
strong as those of Na-Y; hence, no sub-
stantial loss of crystallinity was detected by
X-ray diffraction. However, the unit cell
compositions given in Table 1 show that
some dealumination occurred during ex-
change with Ca, La, Eu, and Cr. The zeo-
lites in which dealumination was most ex-
tensive were Cr-Y and FeCr-Y. A further
peculiarity of the Cr-Y and FeCr-Y zeo-
lites was that their unit cell compositions
showed that they apparently have cations
in excess of their exchange capacity (see
Table 1). A possible explanation for this is
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that Cr(IIl) ions partially dealuminated
these zeolites, but ‘‘healed’’ the structure
by replacing Al atoms in the lattice. This
behavior of Cr(III) cations has been re-
ported previously (8). These complications
could have been avoided with lower ex-
change levels, but high levels of exchange
were needed to study the influence of chro-
mium cations on coexchanged iron.
Mossbauer spectra were collected using
an Austin Science Associates Model S-600
Mossbauver spectrometer controller and a
Tracor-Northern Model N6-900 multichan-
nel analyzer. The details of the Y"Fe Moss-
bauer spectroscopy experiments have been
outlined elsewhere (6). For the P!Eu spec-
tra, a 50-mCi source of ¥!SmF; was used.
The velocity scale of the spectrometer was
calibrated by collecting spectra of EuS, and
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F1G. 1. X-ray diffraction patterns.



EuF;. All europium isomer shifts are re-
ported relative to EuF;, while iron isomer
shifts are reported relative to metallic Fe.
Before the spectra were collected, the sam-
ples were treated in either flowing O, or
flowing H, (ca. 150 cm3/min) at 700 K for 5
h. The O, treatment oxidizes all the iron to
Fe(III), while the H, treatment reduces all
the iron to Fe(II).

Reaction rates were measured with a sin-

anerating ot
UlJUl auus at

gle-pass
near-atmospheric pressure. For the oxida-
tion of CO with NO, the inlet gas contained
3% CO and 6% NO by volume, the balance
being He. For the N,O decomposition reac-
tion, the iniet gas contained 8% N,O, the
balance being He. The catalyst weight on a
dry basis was 1.0 g in all experiments. The
total flow rate of the inlet stream was 200
cm?/min for all runs. The CO stream was
purified by passage through a 13X molecu-
lar sieve trap at 200 K, the NO stream by

passage through a glass bead trap at 200 K,

the NZO stream by passage through a 13X
molecular sieve trap at room temperature,
and the He stream by passage through a
molecular sieve trap at 78 K. The effluent

was onQ]U'7pri with a aac chra annrar\h
Y ao ullul ASA N VV ivii 5“0 vlll \Jlllul\}él uP 1 \Il»l

erating with a Porapak QS column. For the
reaction of CO with NO, the column was
operated at 200 K until N,, CO, and NO
were eluted, and the temperature was then
ldleU I.U JUG K fOi‘ tllC CluLiUll Ul \,U2 dllu
any N,Q present. For the decomposition of
N,O, the column was operated at 270 K.
Before these experiments, the zeolites were
pretreated with O, at 700 K for ca. 4 h.
With two exceptions (the reduction of
NO by CO over Cr-Y and FeCr-Y), the
turnover frequencies of this study were suf-
ficiently low that diffusional limitations can
be neglected. Specifically, the Thiele modu-
lus can be estimated to be less than 0.1 for
the kinetic measurements of this study, us-
ing the diffusivity and average particle di-
ameter values given by Miré6 et al. (9).
Magnetic susceptibility measurements
were carried out using the Faraday method
with a Cahn Model 2000 electrobalance and
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an electromagnet capable of generating
fields up to 6 kG. Before these measure-
ments, the zeolites were either oxidized
with flowing O, (ca. 150 cm?/min) at 700 K
for 3 h or reduced with flowing H; (ca. 150
cm?/min) at 700 K for 3 h. The measure-
ments were performed in vacuo at room
temperature and at 200 K. The gases for the
treatments were purified in the same way as
that for the Mdssbauer spectroscopy exper-
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magnetic and superparamagnetic behavior.
The superparamagnetism was present in
the original Linde Na-Y, indicating that it
arose from a ferromagnetic impurity in the
originai zeolite. Such ferromagnetic impuri-
ties in Linde zeolites have been reported
previously (/0). The data were therefore fit
to paramagnetic and superparamagnetic
contributions, and magnetic moments were
calculated from the paramagnetic signal.

RESULTS
FeCa-Y, FeLa-Y, and FeEu-Y

Figure 2 shows YFe Mdssbauer spectra
of FeCa-Y, FelLa-Y, and FeEu-Y after
oxidation with O,. The spectra are similar

1t thnoge ohtained nraviongly for Fa__V (A
10 1n0SE Ootlalnea previousiy ior r'e—-Y (0,

11), showing a broad Fe(III) doublet. Fig-
ure 3 shows spectra of the same zeolites
collected after reduction with H,. These
spectra exhibit two Fe(II) doublets, one
with a 1arger isomer shift and quadr upUlc
splitting, denoted as the outer doublet. This
doublet has been assigned to ferrous cat-
ions at site 1. The other doublet, denoted as
the inner doublet, has been assigned to fer-
rous cations at sites I’, Ii, and/or II’ (12).
In conventional Fe-Y, the inner doublet
comprises only 16% of the total spectra
area. In contrast, the inner doublet in
FeCa-Y, FeLa-Y, and FeEu-Y contrib-
utes 38, 57, and 64%, respectively, of the
total spectral area. Thus, the spectra of Fig.
3 show that these zeolites have a larger

fraction of iron cations in sites I', 11, and/or
II' than that of conventional Fe-Y.

Since the FelLa-Y and FeEu-Y samples
had the highest fraction of iron cations in
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FiG. 2. Room temperature iron-57 Mdssbauer spectra of (A) FeCa-Y, (B) FeLa-Y, and (C) FeEu-Y

after oxidation pretreatment.

the sodalite unit and/or the supercage, their
activities for both catalytic redox reactions
were studied. The results are shown in Fig.
4. For comparison, results obtained under
identical conditions for Fe-Y, La-Y, and
Eu-Y are also shown. The figure demon-
strates that although La-Y and Eu-Y show
no measurable activity for the reactions,
FeLa-Y and FeEu-Y have a higher activ-
ity for both reactions than Fe-Y. Hence,
the reaction rate measurements are in
agreement with the Mossbauer spectros-

copy results, indicating that a larger frac-
tion of iron in the more accessible sites
leads to enhanced catalytic activity.
Figure 5 shows 'Eu Méssbauer spectra
of Eu-Y and FeEu-Y after oxidation with
O, and reduction with H,. The spectra of
Eu-Y contain only one peak centered at ca.
0 mm/s, indicating that the oxidation state
of Eu was Eu(Ill), even after treatment
with H; at 700 K for 5 h. The europium in
FeEu-Y behaves differently, with a Eu(II)
peak centered at ca. —15 mm/s appearing
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F16. 3. Room temperature iron-57 Mdssbauer spectra of (A) FeCa-Y, (B) FeLa-Y, and (C) FeEu-Y

after reduction pretreatment.

after the H, pretreatment. The result shows
that the presence of Fe in the zeolite facili-
tates the reduction of coexchanged Eu. The
parameters obtained by computer-fitting
the spectra of Figs. 2, 3, and § are summa-
rized in Table 2.

Cr-Y, Mn-Y, Fe-Y, Co-Y, Ni-Y, and
Cu-Y

Magnetic moments calculated for the ex-
change cations from their paramagnetic

susceptibilities are listed in Table 3. For
comparison, typical ranges of magnetic mo-
ments of these cations in several oxidation
states (/3) are also given. In agreement
with previous flow microbalance experi-
ments (/-3), these results shown that Cr,
Fe, and Cu cations undergo redox during
treatments with H, and O,. The magnetic
moments suggest that most of the Cr in Cr—
Y is Cr(III) after reduction with H,, and
Cr(V) after oxidation with O,. For Cu-Y,
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F1G. 4. CO conversions (A) and N,O conversions (B) of FeLa-Y (<), FeEu-~Y (0), Fe-Y (©), La—

Y (V), and Eu-Y ().

the magnetic moments suggest an oxidation
state of Cu(Il) after oxidation, and partial
reduction to Cu(l) after reduction. In the
previous microbalance experiments, com-
plete reduction to Cu(I) was not achieved
until the Cu-Y had undergone several re-
peated redox cycles (3). For Fe-Y, it is
known from Mossbauer spectroscopy that
the oxidation state of Fe is Fe(IIl) after
treatment with O,, and Fe(Il) after treat-
ment with H,. The magnetic moment was
found to be in the range for Fe(Il) after the

reduction treatment, in agreement with the
Madssbauer spectroscopy results. However,
after the oxidation treatment the measured
magnetic moment was 4.4 ug, a value too
low for Fe(III). This low value is indicative
of ferric cations that are not magnetically
dilute, suggesting that an antiferromagnetic
interaction takes place between Fe(I1l) cat-
ions. The reason for this behavior could be
that Fe cations became paired during the
oxidation process, perhaps forming Fe—O—
Fe bridges (/1). The two Fe cations of such
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TABLE 2

Maossbauer Spectroscopy Parameters of FeCa-Y,
FeLa-Y, FeEu-Y, and Eu-Y

Sample S7[ron spectra:
After oxidation
Fe* outer doublet Fe’* inner doublet
LS. Q.s. Area LS. Q.S. Area
(mm/s) (mm/s) (% mm/s) (mm/s) (mm/s) (% mm/s)
FeCa-Y 0.38 1.86 1.76 0.37 1.10 0.74
FelLa-Y 037 1.88 0.89 0.39 1.08 0.72
FeEu-Y  0.38 1.85 2.56 0.35 1.10 0.7t
After reduction
Fe?* outer doublet Fe?* inner doublet
FeCa-Y 1.11 2.28 1.43 0.91 0.64 0.90
FeLa-Y 1.17 2.32 0.85 0.92 0.61 1.11
FeEu-Y 1.15 2.36 1.15 0.92 0.61 2.00
I51Eyropium spectra:
After oxidation
Eu3t Eu2+
Eu-Y 0.40 14.8 — —_
FeEu-Y 0.36 20.2 — —
After reduction
Euj* Eu“
Eu-Y 0.41 16.3 — —
FeEu-Y 0.36 55 -13.8 12.2

a bridge would be in sufficiently close prox-
imity for an antiferromagnetic interaction
to occur.

The magnetic moments of Mn, Co, and

APARICIO ET AL.

Ni showed that these cations remained in
their divalent state after either oxidizing or
reducing treatment. This agrees with pre-
vious flow microbalance experiments per-
formed on Mn-Y (/). It also agrees with
temperature-programmed oxygen desorp-
tion results, in which an oxygen signal was
detected for oxygen-treated Cr-Y, Fe-Y,
and Cu-Y, but not for Co-Y and Ni-Y
(14). However, a recent flow microbalance
experiment on Co-Y revealed that oxygen
treatment may oxidize a small fraction of
the Co to Co(Ill) (15). The magnetic sus-
ceptibility experiments are not sufficiently
sensitive to detect changes in the oxidation
state of a small fraction of the cations.
Figure 6 shows CO and N,O conversions
versus temperature over these singly ex-
changed zeolites under identical experi-
mental conditions. To calculate turnover
frequencies, these data were corrected to a
standard set of reaction pressures by as-
suming rate laws of the form r = kPyo for
the oxidation of CO with NO over Fe-Y
and Cu-Y, and of the form r = kP,o for
the decomposition of N,O over Fe-Y, Co-
Y, and Cu-Y. These are the rate laws de-
termined previously for Fe-Y (2, 4). The
above rate law for the oxidation of CO was
extended to Cu-Y because this catalyst
tends to remain in its reduced state when
CO is present, even in the presence of ex-

TABLE 3

Magnetic Moments of First-Row Transition Metal Cations

Sample  Treatment Magnetic Typical values (ugp)
moment (up)

Cr-Y 0,, 700 K 1.9 Cr(IV):2.7-2.8, Cr(V):1.7-1.8, Cr(VI):0.4-0.9

Cr-Y H;, 700 K 4.1 Cr(II): 4.8-5.1, Cr(III): 3.6-4.0

Mn-Y 0,, 700 K 5.7 Mn(II):5.1-5.9

Mn-Y H,, 700 K 57 Mn(I):5.1-5.9

Fe-Y 0,, 700 K 4.4 Fe(lI):5.6-6.0

Fe-Y H,, 700 K 4.6 Fe(ll):4.6-5.9

Co-Y 0, 700 K 4.8 Co(II):4.2-5.4

Co-Y H;, 700 K 4.8 Co(Il): 4.2-5.4

Ni-Y 0,, 700 K 4.0 Ni(II):2.9-4.0

Ni-Y H,, 700 K 4.0 Ni(II): 2.9-4.0

Cu-Y 0., 700 K 2.1 Cu(Il): 1.6-2.9

Cu-Y H,, 700 K 0.6 Cu(I): 0.0, Cu(ll): 1.6-2.9
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Ni-Y (V), and Cu-Y (<).

cess O, (a better oxidizing agent than NO)
(3). The above rate law for the decomposi-
tion of N,O was extended to Co-Y and Cu-
Y because N,O is the only reactant; thus,
the rate law should be the same regardless
of whether the oxidation step or the reduc-
tion step is rate limiting. In all of the above
cases, the corrections to the turnover fre-
quencies were at most 25%. For the calcu-
lation of turnover frequencies for the oxida-
tion of CO with NO over Cr-Y, a more

detailed kinetic study was performed (due
to the high activity of this catalyst). This
study revealed a rate law of the form r =
kPco and an apparent activation energy of
57 kJ/mol. For the remaining zeolites, rate
laws were not needed, since conversions
were low and effluent partial pressures did
not differ much from inlet partial pressures.
Turnover frequencies at 720 K obtained in
this manner are listed in Table 4.

The results summarized in Fig. 6 and Ta-
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TABLE 4

Turnover Frequencies of First-Row Transition Metal Cations

CO + NO— CO, + Ny#

ZNZO b 2N2 + Ozb

Sample Turnover frequency Sample Turnover frequency
(mol CO/mol cation - s) (mol N,O/mol cation - s)
Cr-Y 4.2 X 1072 Cr-Y 1.1 x 104
Mn-Y 1.3 x 104 Mn-Y 6.4 x 10-°
Fe-Y 7.7 x 10~* Fe-Y 4.6 x 104
Co-Y 3.0 x 10~ Co-Y 1.7 x 103
Ni-Y 2.7 X 10~ Ni-Y 7.4 X 103
Cu-Y 8.3 x 10~ Cu-Y 1.7 x 103

@ Reaction conditions: temperature, 720 K; gas composition, 3% CO, 6%
NO, balance He; total flow rate, 200 cm? (STP)/min.

b Reaction conditions: temperature, 720 K; gas composition, 8% N,0,
balance He; total flow rate, 200 cm? (STP)/min.

ble 4 show that Mn-Y and Ni-Y are rela-
tively inactive for both reactions. Iron and
copper Y-zeolites display a moderate activ-
ity for both reactions, with Cu-Y being
more active than Fe-Y for the decomposi-
tion of N,O. The most interesting results
are those obtained for Cr-Y and Co-Y.
Chromium Y-zeolite was found to be con-
siderably more active than either Fe-Y or
Cu-Y for the oxidation of CO with NO.
However, the same zeolite exhibited no ac-
tivity for the decomposition of N,O. In con-
trast, Co-Y had only a limited activity for
the oxidation of CO with NO, but was as
active as Cu-Y for the decomposition of
N,O. Such results show that a transition
metal-exchanged zeolite that is active for
one redox reaction may not necessarily be
active for another redox reaction.

FeCr-Y, FeMn-Y, FeCo-Y, FeNi~Y, and
FeCu-Y

Figure 7 shows ’Fe Mdossbauer spectra
of these coexchanged samples after treat-
ment with O, at 700 K. Wlth the exception
of FeCr-Y, the spectra are similar to those
obtained for Fe-Y after the same pretreat-
ment (6, 11), showing a broad Fe(IIl) dou-
blet. The FeCr-Y sample, in addition to
this doublet, has an extra Fe(III) doublet
with an unusually large quadrupole splitting

(2.7 mm/s). Such a doublet is indicative of
Fe(lII) cations in sites of low symmetry.
Since Fe-Y has been found to take up one
oxygen atom for every two Fe cations upon
oxidation (2, 11), suggesting that oxygen
adsorbs on pairs of cations, it could be pos-
tulated that this doublet is due to Fe cations
that became paired with Cr cations during
the oxidation process. However, since evi-
dence of collapse of the lattice was seen in
the chemical analysis of this sample, it
could also be postulated that this doublet is
due to Fe cations associated with an amor-
phous chromium oxide species.

After treatment with H, at 700 K, the ze-
olite samples gave the Mossbauer spectra
shown in Fig. 8. With the exception of
FeCu-Y, all samples gave spectra where
the outer doublet dominated the total spec-
tral area. This can be interpreted as mean-
ing that in all these zeolite except FeCu-Y,
most Fe cations are located in site I. Thus,
of all these cations, only Cu has a suffi-
ciently strong preference for site I that it
tends to not be displaced from that site dur-
ing exchange with Fe. The parameters ob-
tained by computer-fitting the spectra of
Figs. 7 and 8 are summarized in Table 5.

Figures 9 and 10 show CO and N,O con-
versions versus temperature measured for
these zeolites. For comparison, conver-
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sions calculated from the cation loadings of
these samples and the turnover frequencies
of Table 4 are also shown. For FeCr-Y and
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FeCo-Y, the observed conversions
matched the predicted conversions within
experimental error. In the other zeolites, a
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Y, (CJ) FeMn-Y, (V) FeNi-Y, (l) FeCo-Y. Curve A was calculated for FeCr-Y, curve B for FeCu—
Y, curve C for FeCo-Y, curve D for FeNi-Y, and curve E for FeMn-Y.

synergistic effect was observed. The mea-
sured conversions for the oxidation of CO
with NO were higher than expected, while
the measured conversions for the decompo-
sition of N,O were lower than expected.
Given that the rate-determining step for
N,O decomposition over Fe-Y is believed
to be the reduction of the catalyst while the
slow step in the oxidation of CO by NO is
believed to be the oxidation of the catalyst,
the results of this study suggest that the
presence of coexchanged Mn and Ni in-
creases the oxidizability of Fe while de-
creasing its reducibility. In FeCu-Y, al-

though it is not clear which cations catalyze
the reactions, a similar effect occurs.

DISCUSSION

Effect of Coexchanged Polyvalent Cations
on Fe Cation Location

Polyvalent cations exchanged into Y-ze-
olite are known to have a stronger prefer-
ence for site I than monovalent cations. For
example, X-ray diffraction studies of Ca-Y
and La~Y have shown that these cations
tend to migrate to site I when they lose their
extralattice ligands (16—18). Similar obser-
vations have been made for Cu and Co cat-

16—

12

NgO CONVERSION (%)

T (0

FiG. 10. Caiculated and measured N,O conversions for coexchanged zeolites. (l) FeCo-Y, (@)
FeCr-Y, ((J) FeMn-Y and FeNi-Y, (&) FeCu-Y. Curve A was calculated for FeCu-Y, curve B for
FeCo-Y, curve C for FeMn-Y and FeNi-Y, and curve D for FeCr-Y.
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TABLE 5

Mossbauer Spectroscopy Parameters of FeCr-Y, FeMn-Y, FeCo-Y, FeNi-Y, and FeCu-Y

Sample After oxidation
Fe3t outer doublet Fe3* inner doublet Fe/chromium oxide
L.S. Q.S. Area LS. Q.S. Area LS. Q.S. Area
(mm/s) (mm/s) (% mm/s) (mm/s) (mm/s) (% mm/s) (mm/s) (mm/s) (% mm/s)
FeCr-Y 0.39 1.81 0.10 0.35 1.05 2.63 0.50 2.73 1.21
FeMn-Y 0.38 1.82 4.64 0.35 1.14 1.13 — — —
FeCo-Y 0.38 1.83 4.37 0.34 1.11 1.25 — —_ —
FeNi-Y 0.29 1.80 4.44 0.31 1.15 4.30 — —_— —
FeCu-Y 0.39 1.86 6.07 0.35 1.14 2.40 —_ — —_
After reduction
Fe?+ outer doublet Fe* inner doublet Metallic
Fe
FeCr-Y 1.10 2.24 2.72 0.92 0.61 0.39 0.20
FeMn-Y 1.18 2.33 4.93 0.91 0.69 0.84 0
FeCo-Y 1.15 2.30 4.48 0.89 0.68 1.08 0
FeNi-Y 1.13 2.19 5.03 0.86 0.69 0.72 0
FeCu-Y 1.27 2.41 5.33 0.90 0.61 2.04 0

ions (10, 19, 20). In addition, a theoretical
study in which the bonding between the cat-
ions and the framework structure was as-
sumed to be ionic concluded that divalent
cations should have a strong preference for
site I over site 11 while the site preferences
of monovalent cations should depend on
the cationic radi (21, 22).

In this study, La, Eu, Ca, and Cu were
found to have a sufficiently strong prefer-
ence for site I to force substantial amounts
of Fe to sites I’, II, and/or II'. The effect
was more pronounced with La and Eu than
with Ca and Cu, suggesting that larger cat-
ions have a stronger preference for site I
because of the long cation—-oxygen bonds of
that site. The same effect was not observed
when Cr, Mn, Co, or Ni cations were coex-
changed with Fe. Since cations tend to mi-
grate to site I only after losing all extralat-
tice ligands, this may be an indication that
Cr, Mn, Co, and Ni cations do not lose their
extralattice ligands as easily as Fe and Cu.
It must also be noted that the loadings of
Mn, Co, and Ni in FeMn-Y, FeCo-Y, and

FeNi-Y were relatively low. Thus, it is
possible that these cations would force iron
to sites other than site I at higher loadings.
In fact, a recent Mdssbauer spectroscopic
study of an FeCo-Y sample prepared by
coexchanging Fe and Co simultaneously
showed that the iron in the sample contrib-
uted predominantly an Fe?* inner doublet
to the spectrum, indicating that a large frac-
tion of the Fe was in sites I', I, and/or II’
(23).

Effects of Coexchanged Cations on
Oxidizabilities and Reducibilities

The results summarized above revealed
several cases where the presence of one
cation affected the redox properties of an-
other coexchanged cation. For instance,
the P'Eu Mossbauer spectra showed that
the presence of Fe enhances the reducibil-
ity of Eu(III) to Eu(Il). In a similar way, the
measured reaction rates over FeMn-Y and
FeNi-Y showed that Mn and Ni enhance
the oxidizability of Fe(II) to Fe(III). Reac-
tion rates over FeCu-Y also showed that
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one of these cations enhances the oxidiz-
ability of the other. Effects similar to these
have been reported before for FeRu-Y by
Good et al. (24). They found that the pres-
ence of Fe in this zeolite inhibits the reduc-
ibility of Ru to the metal, while Ru en-
hances the reducibility of Fe to Fe(II).

The changes in the redox properties of
iron brought about by coexchanged cations
could be explained by the formation of cat-
ion-oxygen—cation bridges involving two
different types of cations. Garten et al. pro-
posed the existence of Fe—O-Fe bridges in
oxidized Fe-Y to account for the oxygen
carrying capacity of that zeolite (/7). In the
coexchanged zeolites of this study, it is
possible that Fe~O-Mn, Fe—O-Ni, Fe-0-
Cu, and Fe—O~Eu bridges are formed. The
thermodynamic properties of bridges in-
volving two types of cations could differ
from those of bridges involving only one
type of cation, explaining the observed
changes in the redox properties. Evidence
suggesting the existence of La-0O-Ni
bridges was found in a previous study of
LaNi-X (25).

The Fe-O-Fe bridges proposed in the
previous work on Fe-Y were formed upon
oxidation of Fe(II) to Fe(III). Since cations
such as Mn and Ni are not believed to un-
dergo changes in their oxidation states,
bridges involving these cations are proba-
bly formed through a different mechanism.
One possibility is that they form from Fe-
O-Fe bridges as shown below:

HO O OH /OH
Fe(III) Fe(III) + Mn(II) —
Z
HO OH HO o]
7 AN 7N\
Fe(III) + Fe(I1I) Mn(II)

The driving force for such a reaction
could be that the oxygen in an OH™ group is
a stronger Lewis base than the oxygen in a
cation—oxygen—cation bridge. It is known
from solution chemistry that OH™ is a
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stronger base than ions such as HCrO; and
MnO; where oxygen is bonded to a first-
row transition metal (26). Since Fe(IIl)
would be expected to be a stronger Lewis
acid than Mn(II), Ni(1I), Cuw(II), or Eu(IIl)
because of its higher charge/size ratio, a
strong base like OH~ would bond preferen-
tially to Fe(III).

It should be mentioned that, although in
this work treatment with H, did not reduce
the Eu in Eu-Y to the divalent state, other
authors have reported the reduction of Eu
to Eu(Il) in the same zeolite. However, the
lengths of the reduction treatments in these
cases may have been longer, and the ex-
tents of reductions may not have been high.
Samuel and Delgass reported that most of
the Eu in Eu-Y could be reduced to Eu(l)
by treatment at 720 K with H,, but they did
not report the length of the treatment (27).
In agreement with their results, the Eu(Il)
Mossbauer spectroscopy peak observed in
the present study for FeEu-Y was quite
broad, showing that their sample and the
samples of this study were not very differ-
ent. Stucky et al. (28) reported a Eu(Il)
EPR band after degassing Eu-Y at 600 K,
but they did not measure the extent of Eu
reduction. Arakawa et al. (29) reported that
Euin Eu-Y could be reduced by outgassing
at 870 K for 2 h, but from magnetic suscep-
tibility measurements they concluded that
only 0.1% of the Eu had been reduced.

Differences between Various First-Row
Transition Metals

Magnetic moments of first-row transition
metals exchanged into zeolites have been
studied before by various investigators
(10, 30, 31); however, the present study is
the first in which the technique was used to
systematically study the oxidation states of
several metals after oxidizing and reducing
pretreatments. When a comparison is made
between the measured magnetic moments
and the measured reaction rates, it i1s seen
that metals that do not undergo oxidation
and reduction (i.e., Mn and Ni) are inactive
for the type of redox reactions of this study.
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Metals that undergo redox during treatment
with H, and O, (i.e., Cr, Fe, and Cu) are
active for at least one of these reactions.
The only exception may be Co-Y. Prelimi-
nary microbalance studies have shown that
a small fraction of the Co may be oxidized
to Co(I1l) by treatment with O, (15); how-
ever, this was not detected in the magnetic
susceptibility experiments. This zeolite was
found to be active for the decomposition of
N,0, but not for the oxidation of CO with
NO. Such results contribute further evi-
dence supporting the regenerative redox
mechanism previously proposed for these
reactions.

As was mentioned above, the rate-deter-
mining step for the oxidation of CO with
NO over Fe-Y has been found to be the
oxidation of the catalyst. The rate-deter-
mining step for the decomposition of N,O
over the same catalyst has been found to be
the reduction of the catalyst. Hence, the
fact that Cr-Y is active for the oxidation of
CO with NO but not for the decomposition
of N,O is an indication that Cr cations are
easily oxidized but not easily reduced. In
fact, Cr cations seem to be so easily oxi-
dized that, in contrast to Fe-Y, chromium
Y-zeolite operates in its oxidized state
when catalyzing the oxidation of CO with
NO. Since Co-Y behaves in an opposite
manner, the reaction rates over this zeolite
indicate that Co cations are easily reduced
to Co(II), but not easily oxidized to Co(III).
This would agree with the magnetic mo-
ment measured for Co-Y. Since Fe-Y and
Cu-Y catalyze both reactions, it can be as-
sumed that their redox properties lie some-
where between those of Cr and Co. Hence,
the data show that the oxidizabilities of
these cations decrease in the order Cr(IIl)
> Fe(Il), Cu(l) > Co(Il) > Mn(II), Ni(II).

These results agree with oxidizabilities
calculated for divalent transition metal ions
in zeolites using ligand field theory by Klier
et al. (32). These authors calculated that
the oxidizabilities of first-row divalent tran-
sition metals decrease with increasing
atomic number, with the oxidizability of
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Mn(II) being lower than expected, and that
of Fe(Il) being higher than expected be-
cause of the stability of the half-filled 3d
shell of Mn(II) and Fe(III). Hence, it is con-
ceivable that the oxidizabilities of divalent
cations decrease in the order Cr(II) >
Fe(I) > Co(1l) > Mn(II) > Ni(II) > Cu(II).
The oxidizabilities of Mn(II) and Ni(II)
would be too low for these cations to un-
dergo redox, while the cations Cr(1l),
Fe(Il), and Co(Il) could catalyze the reac-
tions by being oxidized to higher oxidation
states. Copper Y-zeolites would be able to
act as a catalyst because Cu(Il) can be re-
duced to Cu(I).

The measured oxidizabilities could also
be predicted by a simpler model which
takes into account only the ionization ener-
gies of the cations and their coordination
numbers. In this model, the bond energy of
a cation—-oxygen bond was assumed to be
proportional to the oxidation state of the
cation. The value of the energy of forma-
tion of a cation—oxygen single bond from
0?2~ and the corresponding cation was taken
to be 970 kJ/mol times the oxidation state
of the cation. This value was derived from
the average heat of formation of diatomic
molecules involving oxygen and a first-row
transition metal (33). To arrive at the value,
it was assumed that the oxidation state of
the cations in the diatomic molecules was
2+, that they formed double bonds with ox-
ygen, and that the energy of a double bond
was equal to 1.75 times the energy of a sin-
gle bond. In the zeolite, the cations were
assumed to be singly bonded to three oxy-
gens in their lower oxidation states (as they
would be in sites I’, II, and II'), and to four
oxygens (three from the lattice and one ex-
tralattice) in their higher oxidation states.
In the case of Cr-Y, the oxidation state of
Cr was assumed to change from 3+ to 5+,
so the bond between Cr(V) and the extralat-
tice oxygen was assumed to be a double
bond instead of a single bond. The oxidiz-
abilities calculated from ionization energies
and assumed bond energies decreased in
the order Cr(III) > Cu(I) > Fe(I) > Co(Il)
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> Mn(II) > Ni(Il), in agreement with the
experimental results. In a manner similar to
that described here, catalytic activities of
zeolite exchanged with first-row transition
metals for the oxidation of CO with O, were
correlated with ionization energies in a pre-
vious study by Kubo et al. (34).

Although the Cr-Y and FeCr-Y samples
of this study were found to be quite active
for the oxidation of CO with NO, care must
be taken in the interpretation of these
results. Evidence was found by chemical
analysis that a portion of the zeolite lattice
collapsed during Cr exchange. Thus, some
of the activity in these samples may have
come from an amorphous chromium oxide
species.

Oxidation Process in Fe-Y and Cu-Y

When Fe-Y and Cu-Y are oxidized, it is
found that these zeolites take up an amount
of oxygen corresponding to one oxygen
atom for every two cations (/-3). This im-
plies that pairs of cations must come to-
gether for the oxidation process to occur.
For Fe-Y, two models have been proposed
to describe its oxygen carrying capacity. In
one model, it was suggested that Fe-O-Fe
bridges formed wupon oxidation (I1),
whereas in a later model it was proposed
that a single Fe(III) cation in site III’ could
hold an oxygen atom, with one electron be-
ing supplied by a second Fe cation (35).
Regardiess of which model is adopted,
pairs of Fe cations must migrate to some
degree of proximity for oxidation to occur.
The magnetic susceptibility results summa-
rized above indicate that the distance be-
tween Fe cations in oxidized Fe-Y is suffi-
ciently small that antiferromagnetic effects
are detected. For Cu-Y, the same effect
may not have been detectable because of
the wider range of typical magnetic mo-
ments of Cu(Il) than that of Fe(IIl).
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