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Catalytic reduction of nitric oxide with ammonia was studied over transition metal ion ex-
changed Y zeolites (Me-Y). Among various catalysts used, Cu(ID)-Y was found to be of
particular interest, exhibiting low temperature activity coupled with an unusual activity—
temperature profile. In the binary metal ion exchanged systems, where one of the component
ions was fixed as Cu(II), promoting effects of the second ionic species were observed. This
seems to be correlated with the oxidation potential of the second ion. Both NH; and NO were
adsorbed considerably on Cu(II)-Y, suggesting that the NO-NH; reaction proceeds between
adsorbed molecules. Further, from the measurement of reaction kinetics, the mechanism was
proposed to be a Langmuir-Hinshelwood type of reaction of NO and NH; coordinated to

Cu(II) iomns.

INTRODUCTION

The removal of nitrogen oxides from ex-
haust strecams is a subjccet of current im-
portance. As for nitric oxide removal, the
most cffective way is to reduce it with
appropriate agents over catalysts. Various
combinations of metal or metal oxide cata-
lysts and reducing agents have already been
explored (1-5). However, little is known
about the catalytic activity of transition
metal ion exchanged zcolites in the NO re-
duction reaction. In this paper we report
on the reduction of NO with ammonia over
such catalysts.

EXPERIMENTAL METHODS

Transition metal ion cxchanged Y zeo-
lites (Me-Y) were prepared by treating
Linde Na-Y zcolite with aqueous solutions
of metal sulfates. After the exchange the
samples were filtered, washed with dis-
tilled water and dried at 100°C for 12 hr.
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The degree of 1on exchange was determined
by chelatometric titration of residual metal
ion in the filtrate. In the case of binary
cation exchanged zeolite, (Mey, Mey)-Y,
the sccond component ion was exchanged
consceutively after the cxchange of the
first componcent ion. The exchange level of
cach component was determined by X-ray
fluorimetry using calibration curves ob-
tained with single component exchanged
samples. X-Ray powder diffraction pat-
terns of zeolite samples measured before
and after the cxchange confirmed that
there was no detectable loss in erystallinity
caused by exchange.

The catalytic reaction was carried out in
a fixed bed flow reactor under atmospherie
pressure. The gascous mixture of NO and
NH;, diluted with helium, was passed
through the catalyst bed at a fixed contact
time, usually 1 g-s/em? The gas composi-
tion was analyzed before and after the
reaction by gas chromatography using the
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Fic. 1. Catalytic activity of Me-Y for the NO-
NH; reaction. Flow rate: NO, 1.8; NH;, 1.2; He,
57 em3/min. Contact time, 1 g-s/cm3. Exchange
level of metal ion is as follows. (1) Co(1I), 70%,;
(2) Cu(Il), 689%,; (3) Pd(II), 489%; (4) Pt(ID),
52%; (6) Fe(Ill), 75%; (6) Ni(Il), 80%; (7)
Co(I11), 959,

following column packings; Molecular sicve
13 X for N; and NO, Porapak Q for N0,
and Chromosorb 104 for NHs,.

The adsorption of NH; and NO on the
catalyst samples was measured gravimetri-
cally with a silica spring balance. Prior to
the adsorption, samples were dehydrated
in vacuo at 400°C for scveral hours.

RESULTS AND DISCUSSION
NO-NH; reaction over Me-Y

The eatalytic activity of various Me-Y
catalysts for the NO-NH; rcaection was
tested over a wide range of temperature.
The fraction of NO converted at a fixed
contact time was taken as a measure of the
catalytic activity. Figure 1 shows the con-
version of NO at various temperatures.
The reaction products were N, N0, and
H-0. At lower conversion levels, the selec-
tivity for N, was 60-809, in all the cases
as listed in Table 1.

As shown in Fig. 1, the catalytic activity
of Me-Y as well as its temperature de-
pendence differs greatly depending on the
cationic species exchanged in zeolite. Unex-
changed catalyst, Na-Y, exhibited no de-
tectable catalytic activity under the reac-
tion conditions. The exchanged catalysts

are conveniently classified into two groups.
The first group consists of those which
show a monotonic increase in catalytic ac-
tivity with increasing temperature. Pt(II),
Pd(1I), Fe(III), Ni(II), and Co(III) ex-
changed in Y zeolites belong to this group.
Pt(I)-Y and Pd{II)-Y, known to be
active in many other catalytic reactions,
were highly active also in this case, whereas
Fe(IID)-Y, Ni(II)-Y, and Co(III)-Y were
much less active. The activity order was

Pt(ID)-Y >Pd(II)-Y
S>Ni(IT)-Y > Co(III)-Y.

Moreinteresting, however, was the second
group consisting of Cu (II)-Y and Co(11)-Y,
both of which were active at lower tem-
peratures with unique temperature depen-
dences. In the case of Cu(Il)-Y, the
catalytic activity, detectable at a tempera-
ture as low as 50°C, showed a bell-shaped
dependence upon temperature, with the
activity maximum appearing at about
120°C. Above 300°C, it again increased,
though only gradually. This temperature
dependence was completely reversible over
Cu(II)-Y. Along with this activity change,
the color of the catalyst was found to
change with temperature. That is, the
color, blue at about 100°C, faded out
gradually on raising temperature, becoming
white at about 200°C. This strongly indi-
cates that Cu(Il) is reduced to Cu(I) in
this temperature range. Williamson et al.
(16) and Herman et al. (17) reported that
Cu(I)-Y was reduced to Cu(l) in H, or
NH; at 200 and 180°C, respectively. Such
a reduction of Cu(II) in the present study
was in fact confirmed by scparate csr
measurement. Thercfore, it is highly prob-
able that the bell-shaped activity profile
observed is correlated with the change of
the oxidation state of the copper ion,
though a quantitative correlation remains
to be confirmed.

A seemingly similar behavior was ob-
served with a freshly prepared Co(1I)-Y,
when it was examined under stepwise tem-
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perature increase. In this case, however,
the catalytic reaction was accompanied by
an irreversible deterioration of catalytic
activity and once it deteriorated the ac-
tivity was not restored even when tem-
perature was lowered. The color change of
the catalyst from pink to brown suggested
the oxidation of Co(II) to Co(IIT). After
the deactivation, the catalyst was con-
firmed to follow the same temperature
dependence as Co(ITT)-Y, which exhibited
activity only at higher temperatures.

As mentioned above, only Cu(Il) was
associated with the reversible bell-shaped
temperature dependence of catalytic ac-
tivity. Since the temperature dependence
was rather unusual, we examined whether
it was commonly observed with other
faujasite group zeolites. As a result, Cu(II)
exchanged Linde 13 X and 5 A were
studied and were found to show the same
trend (Fig. 2). Specifie activities per Cu(Il)
at the activity maxima (at 120°C) were
19.6, 20.3, and 4.8 mmol NO/min for
Cu(Il)-Y, Cu(ID)-X, and Cu(I)-A, rc-
spectively. Considering that zeolites Y and
X have cavities of larger aperture (7.4 A)
than that of zeolite A (4.2 A), the activity
sequence, Y >~ X > A, may be attributed
to the difference in molecular diffusibility
within the zeolites. Similar examination
was extended to the Cu(II) form of the

TABLE 1
Selectivity for N in the NO-NH; Reaction

Catalyst  Reaction  Selectivity Conversion

temp (°C) N. (%) of NO (%)
Pi(II)-Y 135 a7 21.1
Pd(IT)-Y 143 70 15.5
Co(11)-Y 82 64 19.0
Co(IIT)-Y 430 77 244
Cu(I)-Y 100 70 19.0
Fe(III)-Y 248 69 16.8
Cu-Pd-Y 160 72 34.3
Cu-Ni-Y 130 61 24.5
Cu-Fe-Y 150 68 31.2
Cu-Co-Y 190 78 21.4
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Fic. 2. Catalytic activities of Cu(IT) exchanged
faujasite group zeolites for the NO-NH; reaction.
Amounts of Cu(II) exchanged in zeolites 13 X, Y,
and 5 A were 3.03, 1.28, and 1.05 mmol/g of cata-
lyst, respectively.

cation exchange resins, Amberlite 200 C
and Amberlyst 15, but necither showed
significant ecatalytic activity below 110°C,
probably due to the difficulty of transport-
ing reactant gascs through the resins.

The relation between the catalytic ae-
tivity of Cu(II)-Y and the degree of Cu(I1)
exchange was examined at 120°C. The
linear relation obtained in Fig. 3 is in con-
trast to the eases of olefin oxidation (6) and
hydrocarbon cracking (?) over metal ion
exchanged  zeolite  catalysts, where the
catalytic activitics have been reported to
appear only when the metal ion content
exceeds a certain exchange level, In these
cases, it is understood that metal ions are
located preferably at inactive sites at the
lower exchange level. Y type zeolite has
several cation sites in its unit cell, in such
places as the hexagonal prism (site 1),
B-cage (I’ and II’) and supercage (I1, III,
ete.). Of these sites, site I and probably
sites I and II’ are unfavorable in the ca-
talysis because the space of the site itself
or the cavity aperture leading to it is con-
ceivably too narrow. According to Gallezot
et al. (8), in the dehydrated Cu(IT)-Y of
579, exchange, Cu(Il) ions are located at
sites I and I’. However, upon hydration of
the zeolite or complexation of the metal
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TABLE 2
The Promoting Effect of Co-exchanged Metal

Catalyst Sp act Redox potential (V)

system of Cue
Cu-Co-Y 5.4 Co?t/Cost 1.82 Co(NH;)g"/Co(NH;) gt 0.11
Cu-Pd-Y 2.9 Pd/pgz+ 0.99 — —
Cu-Fe-Y 2.4 Fe?t/Fest 0.77 — —
Cu-Ni-Y 1.5 Ni/Nizt+ —0.25 Ni/Ni(NH;)g* —0.47
Cu-Y 1 Cut/Cuzt 0.15 Cu(NH;).t/Cu(NH;) 2+ —-0.01

¢ Measured at the {emperature of maximum activity (ca. 120°C) and represented relative to Cu-Y.

ion, the distribution of cations is likely to
be changed in such a manner that more
cations occupy the sites in the larger
cavities. In the present study, the catalysts
were kept at relatively low temperatures
in the presence of NH; and H,O. Hence,
Cu(Il) ions are considered to be situated
in supercages to a considerable amount even
at low exchange levels, giving rise to the
lincar correlation in Fig. 3.

In this connection, interesting are the
reports (9-12) that NH; is adsorbed on
Cu(II) exchanged in Y type zeolite to form
a square planar complex Cu(NH;) 2t in the
superecage at low temperatures. It has also
been reported that the complete removal
of NH; from the complex results in the
migration of Cu(Il) ions from the super-
cage to the g-cage (13). Considering these
facts, it is possible that the bell-shaped
correlation is coupled with such a cation
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Fic. 3. Relation of the catalytic activity of
Cu(II)-Y to the exchange level of Cu(II),

migration in the zecolite. However, we
think it more plausible that the correlation
is associated with the change of the oxida-
tion state of Cu as mentioned above.

Catalytic Reaction over (Me,, Mey)-Y

Another interesting phenomenon was ob-
served when binary metal ion exchanged Y
zeolites, (Me;, Me2)-Y, were used. The
catalytic activity—temperature profiles are
shown in Fig. 4, where onc component is
fixed as Cu(Il). The profiles are substan-
tially the superpositions of those on the
single metal ion exchanged zcolites. Quan-
titatively, however, additional promoting
effects in catalytic activity werc apparent
in some of the binary systems. For cxample,
[Cu(Il), Fe(IIT) ]-Y cxhibited, at the tem-
perature of the maximum activity, a specific
activity per Cu(Il) 2.4 times as high as
that expected from the single component
systems. Table 2 shows the relative specific
activity of Cu(II) when promoted by the
sccond components. The effect decreases in
the order Co > Pd > Fe > Ni. Since this
scquence coincides with the order of the
standard redox potential of the metal ions,
as shown in Table 2, it is conceivable that
the cocxisting metal ion participates in the
catalysis as a redox system to alter the
Cu(I1I) /Cu(I) ratio, though the promoting
effect of Ni is difficult to account for in the
same way. From Fig. 4, it is cvident that
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Cu(II) also promotes the catalytie action
of other metal 1ons.

Mechanism of the NO-NH; Reaction over
Cu(ll)-Y

In order to clucidate the mechanism of
the NO-NHj reaction over Cu(II)-Y, cx-
periments were performed on the adsorp-
tion of the reactant gases as well as on the
reaction kinetics.

Figure 5 shows the progress of adsorption
of NH; and NO with time. A considerable
amount of NHj; was adsorbed on unex-
changed zcolite, Na~Y, while with Cu(II)-Y
rapid adsorption on Cu(II) ions occurred
additionally. In contrast, NO adsorption
was slow on Cu(II)-Y and was negligibly
small on Na-Y. The amounts of adsorbed
NH; and NO at saturation arc shown in
Tig. 6 for various partial pressures. In the
case of NHj, a net amount of adsorption
on Cu(II) was obtained from the difference
between Cu(II)-Y and Na-Y. This gave
the average number of adsorbed NH; per
Cu(Il) cqual to 2.5-4 at 25°C and 1.7-2.5
at 110°C, depending on the Cu(Il) ex-
change level and the partial pressure of
NH;. Flentge et al. (1) have demonstrated
that the ratio NH;/Cu(II) becomes 4 to
form the tetra-ammine complex at lower
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Fia. 4. Catalytic activity of (Cu(Il), Me,y)-Y
for the NO-NH; reaction. (1) Cu(I), 31%; Co(I1),
62%; (2) Cu(Il), 329%; PAI), 21%; (3) Cu(Il),
36%; Fe(11), 62%,; (4) Cu(11), 589%,; Ni(11), 38%;
(5) Cu(II), 68%.
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Fra. 5. Time courses of adsorption of NI and
NO over Cu(II)-Y and Na-Y (25°C).

exchange levels but that at higher exchange
levels the ratio deviates from 4 to a smaller
one due to the increase of Cu(II) ions
locating at sites unfavorable for complex
formation.

In the case of NO adsorption, the ob-
served NO/Cu(Il) ratio was about unity
(0.8-1.3). This coincides with the reports
(14) that the ratio NO/metal becomes
unity in NO adsorption over Fe,Os, NiO,
Cr,0; and Pt black. However, it is to be
noted that the adsorption of NO in the
present case was irreversible, 1.c., the evacu-
ation had little effeet on the desorption. In
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Fra. 6. Adsorption of NH; and NO over zeolite
catalysts (25°C).
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F1e. 7. Langmuir plots for isotherms of NH; ad-
sorption on Cu(II).

this respect, Kasai and Bishop (/5) re-
ported that Cu(II) exchanged in Y zeolite
undergoes an clectron transfer reaction
with adsorbed NO, being reduced to Cu(I).

The isotherm for NH; was expressed by
the Langmuir equation,

SKP r P 1
or — = — 4 —,
SK

Ve= ——m (1)
1+ KP Ve 8

where V, is the adsorbed amount in equi-
librium; P, the partial pressure of adsorb-
ate; K, the adsorption equilibrium con-
stant ; and S, the total number of adsorbent
sites. P/V. is plotted vs P in Fig. 7. In
Fig. 7, the V, values are for the net amount
of NH; adsorbed on Cu(II) ions. The
straight lines intercept near the origin,
suggesting large K values. K is immeasur-
ably large at 25°C, whereas it is 260-360/
atm at 110°C,

Figure 8 shows the dependence of the
rate of the NO-NH; reaction upon the
partial pressures of reactant gases, Pxo and
Pxu,, at 110°C. The reaction order was
unity in Pyo and 0.3-0.5 in Pyu,. This was
also the same at 140°C. The experimental
rate equation was thus:

(lPN [e}
dt

r= —

= koPnoPyu*0% (2)

where ko is an empirical rate constant. This
suggests that the reaction sites are domi-
nantly occupied by NH; in preference to
NO.

On the basis of these cxperimental re-
sults on the adsorption and the kinetics,
we tentatively propose that the NO-NH;
reaction occurs between NO and NH;
molecules coordinated to Cu(II) ions.

NH; + Cu(I)-Y = NH;- - - Cu(II)-Y, (3)
NO 4+ Cu(dI)-Y=NO- - -Cu{Il)-Y, 4)
NH;- - -Cu(ID-Y + NO- . - Cu(ID-Y

— products. (5)

For the Langmuir—Hinshelwood type of
reaction, the following rate equation is
derived.

dPxo
dt
3 kK xoK NP xoP Nu;
- (1 + KnoPro + KnuPxm)?

where k is the rate constant. Considering
that KnoPno < Knu,Pnu, in the present
case, Eq. (6) is simplified to Eq. (7).
r= kKNOKNngNOPNH3/

(1 + Knu,nup)? (7)

Equation (7) satisfics the first order in
NO experimentally found. To examine the

r= —

(6)
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F1a. 8. Dependence of the rate of NO-NH; reac-
tion on the partial pressures of NO at Pyg, = 0.002
atm (1) and of NH; at Pno = 0.03 atm (2) (110°C).
Catalyst Cu(I)-Y (629%,).
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- to the gases, in agreement with our results
mentioned before.
An 140°C The reaction scheme proposed above is
) coneerned only with the rate determining
step. The reaction path leading to the final
| 3r ~ " nroduete N, NL() an‘ H (\ seems to }\n
' O Prowucus, avg, N2/, v e
Y % 110°C very complex.  Further studies are in
o progress.
iy o
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