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The amount of oxygen in NaCuX zeolites which is readily available for oxidation of CO has
been determined as a function of temperature, copper concentration and catalyst pretreatment.
Under fairly mild conditions this reactive oxygen is associated with reduction of part of the
Cu(Il) to Cu(l). Experiments wich N,O and esr measurements indicate that the reactive
oxygen is an 02~ species. Prolonged reduction of the catalysts with CO can lead to reduction
of zeolite Cu(I) to Cu(0) and an associated increase in reactive oxygen. Reduction of the cata-
lysts with hydrocarbon similarly involves reduction of Cu(I} to Cu(0). However, in this case
there is evidence (X-ray, esr) of agglomeration of Cu(0) leading to formation of a CuO phase

on oxidation.

INTRODUCTION

Transition metal ion exchanged zeolites
are currently of interest as possible oxida-
tion catalysts. The oxidation of CO is
widely used as a test reaction. Boreskov
(1) examined a series of Cu(Il) zeolites
containing cupric ions, and found that
catalytic activity for CO oxidation in-
creased linearly with Cu(II) concentration
up to 369, exchange and exponentially be-
tween 369, and 909%. Later Ione et al. (2)
suggested that catalytic activity was de-
pendent on conditions of preparation.
Following a more detailed study of NaCuY
zeolites, Maksimov ef al. (3) suggested that
nonlattice oxygen was involved in oxida-
tion of CO and he concluded that its
concentration was higher in zcolites con-
taining metal lon clusters (these catalysts
exhibiting higher activities). The active
oxygen was reported to be in the form of
M-O-M bridges, presumably produced
during dchydration. Kubo et al. (4) ex-
amined the oxidation of CO over zeolites
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containing chromium, iron, cobalt, copper
or thallium ions. Catalysts which adsorbed
oxygen at 400°C, particularly Cu(l) and
Fe(II) zcolites, were very active in oxida-
tion of CO.

The redox properties of catalysts are
relevant to catalysis and scveral studies
have been made on transition metal zeo-
lites. Rickert (5) considered the reduction
with hydrogen of zeolites containing Ni**,
Cu?t or Agt ions. Reduction was observed
to be reversible but reduction of Ni** to
N1 at 400°C for 48 hr was followed by a
slow recrystallization of Ni’ outside the
zeolite, Leith and Leach (6) used esr tech-
niques to demonstrate the reversibility of
reduction of Cu?t ions with CO, H, and
hydrocarbonsin CuX zeolites. Herman et al.
(7) observed the reduction with H, of Cu?t
to Cu? in CuY zeolite followed by agglomer-
ation to form a metallic phase which on
oxidation produced CuO. The rate of re-
duction of Cu?** ions in X and Y zeolites
by butadicne and ammonia was reported
by Maxwell and Drent (8). Rates were
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found to be scecond order in Cu?t in agrec-
ment with previous work by Nacceache and
Ben Taarit (9) on the reduction of cupric
zeolites by CO, and the proposed mecha-
nism involving zeolitic oxygen was also in
agreement with that suggested by those
authors. Recently Jacobs et al. (10) have
demonstrated that prolonged evacuation of
Cu(II) zeolites leads to reduction to Cu(l)
and loss of oxygen which they propose is
removed from the zeolite lattice.

Few detailed studies have appeared con-
cerning the reaction of transition metal
zeolites with reductants in the absence of
oxygen. The activity and selectivity of the
available oxygen is clearly of importance in
catalytic oxidative reactions. Roginskii
et al. (11) considered the oxidation of am-
monia, carbon monoxide and ethylene by
a range of transition metal zeolites (in the
absence of gaseous oxygen). In most cases
a single level of ion exchange was examined.
They concluded that the oxidation of CO
by oxygen over Cu(Il) zeolites involved
active oxygen adsorbed on the catalyst.

The present work, which is part of a more
general investigation of zeolites as oxida-
tion catalysts, was undertaken to examine
further the reactivity of oxygen associated
with transition metal zeolites.

EXPERIMENTAL METHODS
MATERIALS

The catalysts were Cul3X zeolites pre-
pared by ecation exchange between pure
commercial Nal3X, and copper acetate
solution (pH 5.2). The Na(I) and Cu(II)
content were determined separately and
the results are shown in Table 1. Measure-
ments indicated some decrease in surface
area with increasing ion exchange; in the
casc of Cul3X(5) this corresponded to a
209, loss in erystallinity. Before the experi-
ments the catalysts were washed with dis-
tilled water, dried, pelleted, crushed and
then sieved into fractions with known par-
ticle size ranges.

TABLE 1
Sample % Na % Cu
remaining exchanged
Cul3X(1) 87.0 7.15
Cul3X(2) 77.0 14.57
Cul3X(3) 60.25 33.10
Cul3X(4) 48.20 53.85
Cul3X(5) 40.90 62.35
APPARATUS

Experiments were carried out using both
a pulse and a static reactor.

The pulse microcatalytic reactor was
connected to a gas-liquid chromatograph
for analysis. The reactor tube was set in an
Al block furnace, accurate to within £1°C,
preceded by a preheater. Normally 0.1-0.2 g
of the hydrated catalyst, particle diameter
252-500 um was used. Commercial grade
purity helium was generally used as a
carrier gas and the catalyst was dehydrated
at 400°C in a stream of helium for 16 hr as
a standard pretrcatment. Reactants were
introduced into the carrier gas via a gas
sampling valve (Pye series 104) or by
means of a hypodermie syringe through a
rubber septum. Oxygen (B. O. C. Ltd.) and
carbon monoxide (Air Products Ltd.) were
of commercial grad epurity. The tetra-
methyl ethylene (TME) was commercial
material which was further purified by
fractional distillation.

The static system consisted of a Pyrex
reaction vessel (165 em?®) incorporating a
“metrosil” leak leading directly to a VG
Micromass 6 mass spectrometer via a short,
heated connection. The whole was enclosed
in an Al block furnace, accurate to within
#+1°C with a temperature gradient along
its length of less than 2°C. The reactor was
connected to a mercury ditfusion pump and
a gas handling system. Greascless taps
(Youngs litd.) were used throughout to
remove the risk of catalyst contamination.
The hydrated eatalyst (0.05 g), normally
consisting of particles 170-252 pm in diam-
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Fr1c. 1a. Typical results for static reactor. Reac-
tion of CO with oxygenated Cul3X(4) at 390°C.
(A) CO; (O) COz; (—-) reaction of CO at 390°C
with dehydrated catalyst prior to oxygenation. (b)
Typical results for pulse reactor. Reaction of CO
with oxygenated Cul3X(5) at 400°C.

eter, was dehydrated at 390°C for 16 hr
under a vacuum of 2 X 10— Torr as a
standard pretreatment. The mass spectrom-
eter was calibrated for the gases used after
each experiment. Oxygen (99.59, pure),
carbon monoxide (99.95%,), carbon dioxide
(99.995%) were supplied by Air Products
and were research grade purity. The nitrous
oxide (Air Products) was further purified
by freezing in an acetone—cardice trap and
pumping away any N, or Os,.

The esr measurements were made using
a Varian E9 (X-band) spectrometer.

1. Reactive Oxygen Introduction into Cul3X
Zeolites by Treatment with Oxygen

Preliminary experiments confirmed that
copper zcolites contain a small amount of
reactive oxygen removable by CO as COa.
Further experiments were performed to
study the effect of copper content and tem-
perature of reaction on this active oxygen.

In the static reactor the catalyst was

Active oxygen /(10190’.011'\5 9-1)
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)

19

Active oxygen /(10 atoms

o] 20 40 60 80

Copper cantent /(1390‘toms 9'1)

Fra. 2a. Variation in active oxygen with Cu con-
tent and temperature of reaction. Static reactor,
(°C): (O) 390; (A) 297; (O) 200; (- -) curve ex-
pected if every two Cu atoms are associated with
one oxygen atom. (b) Variation in active oxygen
with Cu content and temperature of reaction. Pulse
reactor: oxygen removed by CO — CO, (°C): (@)
400; (A) 300; (W) 200; oxygen adsorbed by reduced
catalyst (°C): (O) 400; (A) 300; (O) 200; (—-)
curve expected if every two Cu atoms are associated
with one oxygen atom.
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activated by heating for 30 min in 12 Torr
of O,, followed by evacuation for 3 min.
Then CO was admitted (4-12 Torr) and
the mass range 28-44 was scanned at 30 scc
intervals until no further change was ob-
served. Typical results (Fig. 1a) show that
CO, evolution occurs instantancously with
no induction period. The reaction shows a
slow “tail” at all temperatures and is
stoichiometric (1 COgy — 1 COs,)) and
perfectly reproducible even after several
[e.g., Ref. 16)] redox eycles. At lower tem-
peratures (<200°C) there is cvidence of
CO retention on the surface and on heating
the closed reactor after evacuation CO; and
CO are desorbed.

The final pressure of CO, (Fig. 1a) is
used to calculate the amount of reactive
oxygen. Typical values arc shown in Fig.
2a. The amount of reactive oxygen in-
creases with temperature of reaction and
copper content (it is virtually zero in
Nal3X below 400°C). From TFig. 1a it 1s
evident that the dehydrated catalyst al-
ready contains recactive oxygen (ca. 809
of the amount measured after oxygen pre-
treatment) so that the reactive oxygen is
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Fig. 3. Comparison of results from pulse and
static reactors. Cul3X(5) (O) 400°C, (P) 300°C,
(@) 200°C; Cul3X (4) (A)400°C, (&) 300°C, (A)
200°C; Cul3X (3) () 400°C, () 300°C.
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Fic. 4. Comparison of active oxygen deposited by
0O: and N0 on Cul3X(4) at different temperatures.
(O) Oxidized using O:; (@) oxidized using N.O.

generated at some stage during preparation
and subsequent dehydration of the zeolite.

In the pulse reactor the catalyst was
activated at 400°C by streaming 152 Torr
O in He for 1 hr. After cooling in He to
reaction temperature the reactive oxygen
was measured by introdueing 0.5 em?® pulses
of CO at atmospheric pressure. Typical re-
sults are shown in Fig. 1b and summation
of CO converted to CO. gives a measure of
reactive oxygen in the catalyst. After reac-
tion with CO the amount of O, readsorbed
was measured and corresponded well with
the amount removed (Ilig. 2b).

To ascertain whether the decrease in
measurable reactive oxygen with decreas-
ing temperature is an absolute difference,
a prolonged reaction with CO at 200°C was
followed using the static reactor. Cul3X (4)
was oxygenated at 390°C, cooled to 200°C
and reacted with CO. After 30 min, 3.5 X
10'® molecules of CO» were produced corre-
sponding to 33% of the active oxygen re-
movable at 390°C. The catalyst was re-
oxygenated once more but this time it was
reacted with CO for 16 hr. The amount of
CO, produced corresponded to 9.5 X 1018
molecules or 859, of the active oxygen
removable at 390°C. Thus the decrease in
reactive oxygen with temperature is a
kinetic effect and even at 200°C the amount
i1s similar although it reacts more slowly.
However, the amount of rapidly removable
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Fic. 5. Effect of redox cycles on active oxygen
content of Cul3X (5). (O) With CO at 400°C; (A)
with TME at 400°C.

oxygen does increase with temperature. A
comparison of the results obtained in the
static and pulse reactors is shown in Fig. 3.
The results compare reasonably well, results
from the pulse reactor being slightly higher
than those from the static system. This
may be due to the larger CO pressure used
in the former case (760 Torr compared with
4-12 Torr) or it may be associated with the
evacuation of the oxygenated catalyst in
the static reactor before reaction with CO.
Experiments showed that reactive oxygen
can be removed on evacuation (e.g., 309,
by pumping Cul3X(5) at 400°C for 24 hr).
This value is comparable with those ob-
tained by Jacobs et al. (10) on CuNaY.

2. Reactive Oxygen Introduced into Cul3X
Zeolites by Treatment with N 0.

Nitrous oxide has been used in surface
chemistry to deposit atomic oxygen on
metal catalysts (72) and it was felt that
it would be of interest to compare the
reactivity of oxygen introduced in this
manner into the zeolite with that intro-
duced by O., which may be either molecu-
lar or atomiec.

The dehydrated catalyst [Cul3X(4)]
was reduced with CO at 390°C in the static
reactor, cooled to the temperature of reac-

tion and exposed to NpO (10.5 Torr) for
30 min. After pumping down CO was
introduced and the desorption of CO, fol-
lowed. The amount of oxygen adsorbed,
caleulated from N,O consumed or N pro-
duced, was found to agree with the amount
removable as CO,; within +59%,. Iigure 4
shows the variation in active oxygen with
temperature of pretreatment for N.O and
0,. At 200°C the N0 is unable to oxidize
the reduced Cul3X(4) although by 390°C
it introduces as much active oxygen as Os.
The shape of the CO; desorption curves
for NsO pretreated catalysts are very simi-
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Fi1G. 6a. Effect of pretreatment with TME on
active oxygen in Cul3X(5). (O) Active oxygen re-
moved by CO — CO,; (A) active oxygen removed
by TME — CO, + H,0. (b) Comparison of active
oxygen in TME-pretreated Cul3X(5) and fresh
catalyst. After TME pretreatment: (QO) Active
oxygen removed by CO — CQO,; (@) active oxygen
adsorbed after reduction. Fresh catalyst before
TME exposure: (A) Active oxygen removed by
CO — CO:; (A) active oxygen adsorbed after
reduction.
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lar to those shown in Fig. la at all tem-
peratures. The desorption curve at 390°C,
where the amounts of reactive oxygen in-
troduced by the two gases arc identical,
are superimposable.

As Fig. 4 shows, the N;O is unable to
oxidize the reduced Cul3X (4) at 200°C. In
order to test whether there is any oxidation
of a CO/N20 mixture the reduced catalyst
was exposed to a 2:1 mixture of N,O:CO
at a total pressure of 13.6 Torr. Since there
is no mass change in the major peaks, the
NO*(30) subsidiary peak from N,O was
followed. No oxidation to CO,; was ob-
gerved. The experiment was repeated using
a CO/0, mixture and within 10 min a
quantity of O, cquivalent to 309 of the
N0 used in the experiment above, had
reacted. In this case, of course, the oxygen
gas is able to oxidize the reduced Cul3X(4).
Thus it seems that reactive oxygen is di-
rectly involved in the oxidation of CO in
CO/0; or CO/N,0 gas mixtures and if
the catalyst cannot adsorb reactive oxygen
oxygen it will not be able to oxidize carbon
monoxide.

Since the CO, desorption curves at 390°C
are identical for the N2O and O, pretreated
catalysts, it seems that the adsorbed oxygen
is also identical (presumably atomic in
form) in both cases.

Rates of reaction of N,O with the re-
duced catalyst Cul3X (4) (549, exchanged)
are more rapid than values reported for
cracking N,O on a Cul3X catalyst (209,
exchanged) (13). In the present work the
initial rate of reaction,

NQO(g) + [Slt(‘] —>N2(g) + [O"Sit()], (1)
at 298°C and N0 pressure of 10 Torr is
5 X 10Y molecules s~' g~1, whereas Rud-
ham and Sanders (13) quote a cracking
rate, at much higher temperatures (437°C)
and N,O pressurc of 100 Torr, of 5 X 10
molecules 871 g~L Onee our reduced cata-
lyst has been oxidized by N2O at 298°C the
cracking reaction,

N0 — Nag + 30s00,

is observed and this proceeds at a rate
slower (<0.1) than reaction (1).

3. Reaction of Adsorbed Oxygen with Tetra-
methyl Ethylene (TME)

In addition to varying the oxidizing
agent, the reducing agent was varied to
examine the effeet on the amount of oxygen
removable. Iixperiments were performed in
the pulse reactor using TME to examine
its reaction with Cul3X(5) pretreated with
0. The only oxidation produet identified
was CO,, but a mixture of isomers of TME,
including isomers due to migration of CH;,
was also observed (gle). In this case re-
sults were not reproducible (unlike those
obtained with CO). It was found that the
amount of reactive oxygen inecreased on
reeyeling the catalyst. A typieal set of re-
sults 1s shown in Ifig. 5 with results for CO
shown for eomparison. In the first reaction
with TME the amount of reactive oxygen
removed 1s less than that obtained by reac-
tion with CO. However, in the second cyele
the amount removed is found to have
increased greatly and the reactivity con-
tinues to increase until a steady value is
finally achicved after ca. 5 eyeles.

The reactivity of the catalyst reeyeled
with TME is shown in IFig. 6a. It was
activated in O, at 400°C and then the
oxygen removed by CO and TME in the
temperature range 200-400°C was mea-
sured. It can be seen that less oxygen is
removed by TME than by CO at all tem-
peratures. An interesting property of the
TME-treated catalyst is shown in Fig. 6b.
The solid lnes represent the amount of
oxygen removable by CO before and after
TME trecatment. The TME pretreatment
has inereased the reactive oxygen content
by a factor of 2. The broken lines represent
the amount of oxygen readily readsorbed
after reaction with CO. As previously noted,
on the “fresh” catalyst the oxygen removed
by CO is replaced readily by reaction with
O at the same temperature. However, on
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Fic. 7a. Increase in reactive oxygen on prolonged
exposure to CO. (O) Cul3X(5), flow system (150
Torr CO); (A) Cul3X(4); (m) Cul3X(3); static
system (corrected to 150 Torr, assuming first order
pressure dependence). (b) Increase in reactive oxy-
gen on exposure to CO. (Q) Cul3X(4), CO 24
Torr static reactor; (A) Cul3X(3), CO 24 Torr
static reactor.

the TME-treated catalyst the oxygen re-
moved by CO cannot be rapidly replaced
except above 350°C.

After TME pretreatment the pattern of
percentage conversion (CO — CO,) per
pulse of CO changes from the gradual de-
cline shown in Fig. 1b to a more compli-
cated pattern in which percentage conver-
sion rises for the first few pulses before
proceeding to fall smoothly. This sug-
gests that CO and O are competing for
adsorption sites and the rate of produc-
tion of CO, depends on both their surface
concentrations.

X-Ray examination of the TME-pre-
treated catalysts showed lines character-
istic of a CuO phase. This was confirmed
by comparing the diffraction pattern with
that for a mixture of CuO and NaX zeolite

with a concentration of copper (as oxide)
similar to the concentration of copper in
the catalyst.

This CuO phase presumably arises from
the reduction of Cu?** to Cu® followed by
migration and coalescence of copper atoms
which are subsequently oxidized to form a
scparate CuO phase. Carbon or organic
matter also appears to be deposited on the
catalyst after TME trcatment with part,
at least, of this being removed as CO; on
heating in oxygen.

4. Effect of Prolonged Pretreatment with CO

Although the reaction of adsorbed oxy-
gen with carbon monoxide was reproducible,
it was decided to investigate the effect of
prolonged cxposure to relatively high pres-
sures of CO. Experiments were performed
in both reactors.

a. Pulse reactor. Commercial grade CO
(150 Torr in helium) was passed over
Cul3X(5) at 400°C, for varying periods;
at intervals the catalyst was rcoxidized at
400°C with O, and the amount of reactive
oxygen was measured by reaction with CO,
The results are plotted in Fig. 7a which
shows a rclatively rapid increase in the
amount of available active oxygen pro-
duced using this treatment. The final
amount of active oxygen produced is iden-
tical with the amount produced after TME
pretreatment. X-Ray examination of these
catalysts once more showed CuO lines in
the diffraction pattern.

The reaction was repeated using CP
grade CO streaming over a fresh catalyst
and once more the formation of a CuO
phasc was observed. However, in both
grades impuritics are present and we cannot
rule out the possibility that trace impuri-
ties (e.g., hydrocarbons) are responsible
for the reduction to Cu® with the subse-
quent formation of a metallic phase which
on oxidation gives CuO.

b. Static reactor. To minimize the possi-
bility of interference by hydrocarbon im-
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purities the effect of prolonged exposure to
rescarch grade purity CO (hydrocarbon
content 30 vpm) at lower pressures in a
static system was also studied.

In these cxperiments Cul3X(4) and
Cul3X(3) at 390°C were exposed to re-
search grade purity CO (99.99 pure) at a
pressure of 24 Torr for varying periods up
to 400 hr. At intervals throughout the
treatment the catalysts were evacuated,
treated with O, and then the amount of
reactive oxygen removable by CO was
measurcd. The results can be seen in Iig.
7b. The amount of reactive oxygen is found
to increase with CO treatment, though
much more slowly than on exposure to hy-
drocarbons or to CO in the flow system
(see Tig. 7a). The amount of reactive
oxygen finally attained is very similar to
the amount present after TMID pretreat-
ment or prolonged CO treatment in the
flow reactor. However, X-ray examination
of the catalysts used in these experiments
showed no evidence for the presence of
cither a CuO or a Cu,0 phase. This may
mean that no such phase is present or it
may be that any oxide phase formed is too
dispersed to give a recognizable diffraction
pattern.

5. Electron Spin Resonance Measurements

TFor esr studies the pulse microreactor
was fitted with a quartz side arm. The esr
spectra of Cul3X(3) were recorded at room
temperatures and —150°C as oxygen was
removed from the catalyst by reaction
with pulses of CO. Approximate double
integration gave the esr signal intensities
which are plotted against oxygen removed
in Fig. 8. From the least squares line, the
removal of 2.31 X 10* atoms of oxygen is
associated with the reduction of 4.63 X 10%
atoms of copper, consistent with the stoichi-
ometry (copper:active oxygen) of 2:1,

[Cu(ID) 0 o= 2Cu(I).

4302
The catalyst was then treated with TMIE
to increase its reactive oxygen and after
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Fic. 8. Decrease in esr Cut* signal on removal of
oxygen by CO — CO..

oxidation the Cu?t signal intensity was
found to be 609, of that observed origi-
nally. Presumably 409, of the Cu was in
the form of CuO which is not deteetable by
esr in zeolites (7, 9).

A static reactor fitted with a quartz side
arm was used to follow the cffeet of pro-
longed CO exposure on the esr signal of
Cul3X(4). The catalyst was treated with
CO (99.95%, pure) at 390°C and 24 Torr
for 200 hr and the color of the reduced
catalyst changed from pale green to vivid
violet and finally to purple grey. The oxi-
dized catalyst was green/black in eolor but
the esr signal intensity did not decrease
and on rehydration a signal identical with
that of the fresh catalyst was observed,
providing supporting evidence for the ab-
sence of a CuO phase.

DISCUSSION

Reactive oxygen removable as CO. be-
tween 200 and 400°C is associated with the
copper cations in the zeolite since Nal3X
shows no activity in this temperature range.
Copper ions arc closely associated with the
active centers for oxygen adsorption sinee
they participate in electronic rearrange-
ments during adsorption/desorption. Elec-
tron spin resonance measurements show
that Cu?* signal intensities decrease lin-
early with removal of active oxygen (as
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TABLE 2
% Cu Atomice ratio (active oxygen:copper)®
exchange
Temp (°C) 390°C after  400°C after TME
prolonged CO pretreatment
300 400 297 300 199 200 pretreatment (p)
) P & p) & (p) (s)
62 0.33 040 020 032 008 0.12 — 0.76
54 028 040 025 029 0.0 0.07 0.75 —
33 024 033 022 025 007 — 0.79 —

@ (s) static reactor; (p) pulse reactor.

CO.) and exposure to oxygen restores the
Cu?t gignal. This redox eyele involving the
Cu(II) ions can be performed repeatedly
without measurable changes in the amounts
of available active oxygen. Only after pro-
longed treatment with CO at relatively
high pressures or exposure to hydrocarbons
is the amount of reactive oxygen at any
temperature increased.

The amount of adsorbed oxygen remov-
able as CO. depends on temperature of
reaction with CO, copper content and
previous history of the catalyst (Table 2).

Reaction of CO with the oxygenated
catalyst is stoichiometric between 300 and
400°C with no evidence of disproportiona-
tion. At 200°C a small amount of CO is
adsorbed on the surface without production
of CO,, and this effect becomes more pro-
nounced at lower temperatures (conse-
quently quantitative estimates of amounts
of available oxygen are unrcliable at T <
200°C). The CO adsorbed below 200°C
(e.g., 140°C) can be removed as CO, and
CO by heating the catalyst. Table 2 shows
that the dependence of the amount of re-
active oxygen on copper content is not
strictly linear at fixed temperature, since
the atomic ratio (active oxygen:copper)
decreases with decreasing copper content.
This may be associated with an increasing
proportion of copper in inaceessible sites
at lower percentage exchange. Traces of
water may play a part since nonlinearity
is more evident in the pulse reactor, where

water i1s not completely removed, and at
lower temperatures, where water has a
poisoning effect (14).

Table 2 shows that the number of active
oxygen atoms per Cu ion increases with
increasing temperature of reaction, tending
towards a value where cach oxygen is as-
sociated with two copper ions (0.5). Elce-
tron spin resonance results at 400°C corre-
spond to reduction of two Cu?t ions for the
removal of each active oxygen (approxi-
mately 209, of the Cu’* ions remaining
unaffected).

These results are consistent with redox
stoichiometrics

+CO, —CO:

2Cu+ 4- 0%~ 2Cu™. (1)

The involvement of a single oxygen atom
rather than an O, species is supported by
results using N,O.

Clearly the temperature effect on reac-
tive oxygen content is a rate effect rather
than an absolute difference, since even at
200°C the amount of oxygen removable on
prolonged reaction with CO (16 hr) tends
towards the same value as the amount re-
moved at 400°C.

A stoichiometry involving one reactive
oxygen atom associated with two metal
ions agrees with previous work on redue-
tion of copper zeolites with butadiene (8)
and with the values obtained by Kubo
et al. (4) for chemisorption of oxygen on
NaCu(I)X and NaCu(I}Y zeolites (atomic
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ratio (oxygen:copper) = 0.5). Kubo et al.
observed no oxygen chemisorption on
NaCu(II)Y. In the present work reactive
oxygen was already present in NaCu(I1)X
zeolites after dehydration (which would
explain the observed lack of chemisorption
of 0 by Kubo et al.}. Prolonged evacua-
tion can, however, remove some reactive
oxygen (up to 309 depending on tempera-
ture and duration of evacuation), which is
consistent with recent reports on autore-
duction of Cu?** during oxygen desorption
(10).

Reactive oxygen may be either zeolitic
or extraframework oxygen. If it is the
former then reactions of type (ii) will pro-
duce Lewis acid sites on removal of oxvgen

(8.

N ./Ofu' ./O\Ct{/
AAAR

(i)
Formation of Lewis acid sites is reported
during autoreduction of copper zeolites
(10). Recent isotope exchange experiments
on NaY and NaCaY (729, exchangcd)
using C'¥0, show that in the NaCaY zeolite
in 1 hr exchange can involve oxygen
amounting to about 3.5%, of the zeolitic
oxygen at 400°C, and 15%, at 500°C (15).
Corresponding values for NaY are much
lower, implying that rate of exchange of
zeolitic oxygen depends on the counter-
valent cation. Moreover, at 500°C the
amount of lattice oxygen partaking in ex-
change is considerably greater than the
Ca?t content and so it cannot be associated
only with hydrolytic fragments. Exchange
reactions using *0, suggest that introduc-
tion of Cu?* ions into NaY inercases the
rate and alters the mechanism of exchange
at 670°C (16). In the present experiments
the rate of removal of oxygen by CO
(maximum removed 2.8%,) is very rapid
and occurs at relatively low temperatures
(200°C) so that if the active oxygen is

largely lattice oxygen then its removal is
greatly facilitated by Cu®* ions.

An alternative source of reactive oxygen
may be the extraframework oxygen atoms
reported by Gallezot e al. (17) in their
X-ray diffraction study of NaCuY (549,
exchanged). These were explained as resid-
ual fragments of water molecules removed
during dehydration. Because of the strong
electrostatic fields in zeolite cavities hydro-
Iytic reactions are said to occur during
dehydration (18).

’1.

Cu(OHz)Z' CuoH)

: o __OL _o_ _Oo__0o_ -
s T O VI T VY

AAANR—RARAAA
(ili)
Further dehydration forms bridged Cu?t
pairs

2Cu(OH)* — CuztO*Cu* + H,0f. (v)
If all the active oxygen removable as CO,
is from bridged ion pairs then the present
results suggest that after dehydration most
of the Cu?* ions exist in bridged pairs
(50-809%) regardless of the degree of cx-
change. A similar conclusion is drawn, from
esr studies on NaCuY, by Chao and Luns-
ford (19) who report that, even in moder-
ately exchanged NaCuY, isolated Cu?* ions
represent only a small fraction of the total
copper content. Most Cu** ions are thought
to be present as nonlinear pairs with both
Cu?* jons in sites SI'. Kubo et al. (4)
prepared Cu(I) zeolites (X and Y) and
found they adsorbed O and were very re-
active in oxidation of CO. Cu(D)Y zeolite
was about 40 times as active as Cu(I)Y
at 200°C. Unless the NH; treatment pro-
duces lattice defects it scems that in Cu(I)
zeolites reactive oxygen must be extra-
framework. Very high activity may there-
forc be associated with extraframework
oxygen,

Most workers ascribe Cu?t ions in de-
hydrated zeolites to positions in the sodalite
cages rather than supercages. In fully hy-
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drated zeolites the Cu?* ions arc in the
supereages as hexaquo complexes, rotating
freely, but on dehydration they become
fairly strongly bound to the lattice. Gal-
lezot et al. (17) using powder X-ray dif-
fraction methods on dehydrated, 549,
exchanged CuNaY found that 759, of the
Cu?t ions were in site SI” and the remaining
25%, in the inaccessible sitc SI. Maxwell
and De Boer (20) have recently carried out
single erystal X-ray analysis on completely
copper-exchanged natural faujasite. In these
experiments dchydration was at 150°C,
(cf. 500°C uscd by Gallezot ef al.) and may
be incomplete. Maxwell and De Boer found
519, of the Cu?t in site SI’ but only 5% in
site SI, 199, in site SIT and 129 in the
supercage site SIIT. From the present work
it would appear that at higher tempera-
tures 70-80%, of the Cu?* ions are in sites
accessible to CO and associated in pairs
with a reactive oxygen atom.

The positions of the various sites men-
tioned and the relevant pore diameters are
known (21). The CO and O, molecules are
small enough to enter sodalitc cages. Ex-
periments by Huang (22) using Cu(D)Y
zeolites indicate that CO can be trapped
in the sodalite cages by cooling the zeolite
in CO from 400 to —196°C and therefore
at clevated temperatures the CO molecule
has access to the smaller cages. This is
further supported by work on copper(I)
carbonyls in Y zeolites (23) in which all
the Cut ions are found to be accessible to
CO in the temperature range 0-100°C al-
though they are said to be positioned in the
sodalite cages.

If the active sites in the present work
are in the sodalite cages then the cffect of
temperature on the amount of reactive
oxygen may simply be a measure of the
ease of diffusion of CO into, or of CO; out
of, the 8 cages which increases with in-
creasing temperature. In fact Huang (22)
found that oxygen uptake on Cu(I)Y is
very small at 20°C presumably because the
Cu™ ions are inaccessible, but at 400°C

Kubo et al. (4) found it had risen to an
oxygen atom to metal ion ratio of 0.44.

However, it is known that ligands (H,0,
pyridine and NH;) can move Cu?t ions
into the supercages (24), suggesting that
copper ions migrate to the most favorable
positions as conditions are altered. Hence
correlation between positions of cations as
determined by X-ray analysis and reac-
tivity under quite different conditions may
be misleading. Copper ions can migrate in
Y zeolite (14) and it may be that the effect
of temperature in the present work on the
amount of reactive oxygen is a measure
of the ability of the Cu?* ions to diffuse to
more reactive sites in the supercages. Reac-
tion of TME with the reactive oxygen
must involve migration of Cu?t ions into
the supercage since TME is too bulky to
enter sodalite cages.

Table 2 shows that although the redox
cycle described above is reproducible, pro-
longed pretreatment with CO doubles the
reactive oxygen content. The original oxi-
dized catalyst reacts rapidly with CO and
most of the copper ions are reduced to
Cu*t within 30 min at 400°C. Further ex-
posurc to CO at three times the pressure
for 400 hr inercases the atomic ratio (active
oxygen:copper) to 0.8, compatible with
the reactions

+C0O, —CO=
—_—

Cu2+02~ Cu, (v)

+10:
where each reactive oxygen atom is associ-
ated with onc copper ion. The reduction of
Cu* to Cu® is a slow process which would
be consistent with a reaction involving
lattice oxygen as shown below.

Cu'  Cu cu®

O. O, +«CO, -CO gKe)
THR ==

A A

o’
AP
AR
(vi)
The metallic copper atoms formed can
move away from the Lewis acid site pro-

duced. On exposure to O, the zeolite oxy-
gen may not be replaced but the Cu® is
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oxidized to Cu’* and reactive 0¥ is as-
soclated with it as in Eq. (v). Reaction
(vi) is much slower than the reduction of
Cu(Il) to Cu(I). If this follows reaction
(ii) then it appears that Cu?t activates
zeolitic oxygen much more than Cut, pre-
sumably by facilitating electron transfer
from O (zeolite) to Cu?t,

Prolonged pretreatment with TME or
with CO containing small amounts of im-
purities (e.g., H., H.0, hydrocarbons)
gives more rapid reduction of Cut to Cu’
with the formation of a distinet CuO phase
on reoxidation. In these cases the Cu’
migrates to form large clusters of metal
atoms some of which do not return to the
zeolitic sites on oxidation to Cu?* but form
CuO. Trrom the decrease in intensity of the
esr signal it appears that about 609, of the
copper ions remain in the sodalitc cages
[Cul3X(3)]. Carcful treatment with pure
CO reduces Cu*t to Cu® without formation
of a separate phase as indicated by the
absence of CuO X-ray lines and the fact
that the shape and size of the Cu?t esr
signal is not greatly affected. (As previ-
ously noted this might be a question of the
dispersion of Cu0Q.) The formation of Cu®
has usually been thought to prevent re-
versible oxidation to zeolitic Cu?t (9, 22)
but recent work (7) suggests that reduction
of Cu** ions in CuNaY to Cu® with H,
produces metallic crystallites which can be
reoxidized into Cu?* zeolite lattice ions as
well as to CuO. It is suggested that at high
temperatures (400°C) Cu?t is at a lower
free energy in the zeolite lattice than in the
CuO lattice. Thus, depending on the reac-
tion conditions reversible reduction of Cu**
to Cu° is feasible. Similarly the reduction
of platinum to the zerovalent state in zco-
lites has been reported to result in mono-
atomic dispersions, clusters or sizable erys-
tallites depending upon the conditions of
reduction (26-28).

In the present experiments, once a CuO
phase is formed a different pattern of reac-
tion of the oxygenated catalyst with CO is

observed (Fig. 6b). Although the adsorbed
oxygen can be removed rapidly at all tem-
peratures it can only be replaced com-
pletely and casily above 350°C. Below
350°C only a fraction of the removed oxy-
gen is casily replaceable, the remainder
being adsorbed only very slowly (16 hr).
Also there is evidence for an induction
period with the percentage conversion per
pulse of CO to COs rising for the first few
pulses before proceeding to fall smoothly as
before, suggesting that the reaction rate de-
pends on surface CO concentration.
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