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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(I1) to Cu(1). Experiment,s wiih 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 a.ssociat,ed increase in reactive oxygen. Reduction of the cata- 
lysts with hydrocarbon similarly involves reduction of Cu(1) 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 zcolites 
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(I1) zeolit’rs 
containing cupric ions, and found that 
catalytic act’ivity for CO oxidation in- 
creased linearly with Cu(I1) concentration 
up to 36% cxchangc and exponentially be- 
tween 36% and 90%. Later Ione et al. (2) 
suggested that catalytic activity was dc- 
pcndcnt OII conditions of prcparatlion. 
Following a more detailed study of NaCuY 
zcolites, Maksimov et al. (3) suggested that 
nonlattice oxygen was involved in oxida- 
tion of CO and he concluded that its 
concentration was higher in zcolit’es con- 
taining metal ion clusters (these catalysts 
cxhibit,ing higher activities). The active 
oxygen was rcportcd to be in the form of 
i\l-O-RI bridges, presumably produced 
during dehydration. Kubo et al. (4) ex- 
amined the oxidation of CO over zcolitcs 

containing chromium, iron, cobalt, copper 
or thallium ions. Catalysts which adsorbed 
oxygen at 4OO”C, particularly Cu(I) and 
Fe(I1) zcolites, were very active in oxida- 
tion of CO. 

The rcdox propert’ies of catalysts are 
relevant to catalysis and several studies 
have been made 011 transition metal zeo- 
lites. Rick& (5) considered the reduction 
with hydrogen of zeolites containing Ni2+, 
Cu2+ or Ag+ ions. Reduction was observed 
to bc reversible but reduction of Ni2+ to 
Nio at 400°C for 48 hr was follow-cd by a 
slow recrystallization of Ni” outside the 
zcolite. Leit’h and Leach (6) used esr tcch- 
niques to demonstrate the reversibility of 
reduction of Cu2+ ions wit’h CO, Hz and 
hydrocarbons in CuX zeolitcs. Herman et al. 
(7) observed the reduction with Hz of Cu2+ 
to CuO in CuY zeolite followed by agglomer- 
ation to form a metallic phase which on 
oxidation produced CuO. The rate of re- 
duction of Cu2+ ions in X and Y zcolitcs 
by butadicnc and ammonia was reported 
by Maxwell and Drent (8). Rates were 
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found to bc second order in Cu2+ in agrec- 
mrnt with previous work by Naccachc and 
Ben Tsarit (9) on the reduction of cupric 
zeolites by CO, and the proposed mccha- 
nism involving zcolitic oxygen was also in 
agrecmcnt with that suggested by those 
authors. Rcccnt,ly Jacobs et al. (10) have 
demonstrated that prolonged evacuation of 
Cu(I1) zeolitcs leads to reduction to Cu(1) 
and loss of oxygen which they propose is 
removed from the zrolitc lattice. 

Few detailed studies have appeared con- 
cerning the reaction of transition metal 
zeolitSes wit’h reductants in the absence of 
oxygen. The activity and selectivity of the 
available oxygen is clearly of importance in 
catalytic oxidativc 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(I1) zeolitcs involved 
active oxygen adsorbed on the catalyst. 

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

EXPERIMENTAL METHODS 

MATERIALS 

The catalysts were Cul3X zeolitcs prc- 
pared by cation exchange between pure 
commercial Nal3X, and copper acetat’e 
solution (pH 5.2). The Na(1) and Cu(I1) 
content were determined separately and 
the results are shown in Table 1. Measure- 
ments indicat’ed some decrease in surface 
area with increasing ion exchange; in the 
cast of Cu13X(5) this corresponded to a 
20% loss in crystallinity. Before the cxperi- 
ments the catalysts were washed with dis- 
tilled water, dried, pelleted, crushed and 
then sieved into fract,ions with known par- 
ticlc size ranges. 

TABLE 1 

CulXX(1) 87.0 7.15 
Ca13X(2) 77.0 l4.:i7 
Cl11 3x (3) 60.2.i 33.10 
Cnl:35(4) 4S.20 X3.X.S 
Cul.‘lX(.5) 40.90 ti2.35 

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 t’o within f l”C, 
precedcd,by a preheater. Normally 0.1-0.2 g 
of the hydrated catalyst, particle diameter 
252-500 pm 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 pretreatment. Reactant,s were 
introduced into the carrier gas via a gas 
sampling valve (Pye series 104) or by 
means of a hypodermic syringe through a 
rubber septum. Oxygen (B. 0. C. Ltd.) and 
carbon monoxide (Air Products I,t,d.) were 
of commercial grad epurity. The tetra- 
methyl ethylene (TlLIE) was commercial 
material which was further purified by 
fractional distillation. 

The static system consisted of a Pyrex 
reaction vessel (165 cm3) incorporating a 
‘Lmetrosil” leak leading directly to a VG 
Micromass G mass spectrometer via a short’, 
heated connection. The whole was enclosed 
in an Al block furnace, accurate to within 
f 1°C with a tempcrat,ure gradient along 
its length of less than 2°C. The reactor was 
connected to a mercury diffusion pump and 
a gas handling system. Greaseless taps 
(Youngs Ltd.) were used throughout to 
remove the risk of catalyst coIlt,aminatioI1. 
The hydrated catalyst (0.05 g), normally 
consisting of particles 170-252 I.rrn in diam- 
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FIG. la. Typical results for static react.or. Reac- 
tion of CO with oxygenated Cu13X(4) at 390°C. 
(A) CO; (0) CO,; (--) reaction of CO at 390°C 
with dehydrated catalyst prior to oxygenat,ion. (b) 
Typical results for pulse reactor. Reaction of CO 
wit.h oxygenated Cul3X(5) at 400°C. 

eter, was dehydrated at 390°C for 16 hr 
under a vacuum of 2 X 1O-S Torr as a 
standard pretreatment. The mass spectrom- 
eter was calibrated for the gases used after 
each experiment. Oxygen (99.5ye 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 NP or 02. 

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

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

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

In the static reactor the catalyst was 
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FIG. 2a. Variation in active oxygen with Cu con- 
tent and temperature of reaction. Static reactor, 
(“C): (0) 390; (A) 297; (0) 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) : ( l ) 
400 ; (A) 300; ( W) 200 ; oxygen adsorbed by reduced 
catalyst (“C): (0) 400; (A) 300; (0) 200; (--) 
curve expected if every two Cu atoms are associat,ed 
with one oxygen atom. 
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activated by heating for 30 min in 12 Torr 
of 02, followed by evacuation for 3 min. 
Then CO was admitted (4-12 Torr) and 
the mass range 28-44 was scanned at 30 SW 
intervals until no furt’her change was ob- 
served. Typical results (Fig. la) show that 
COZ evolut~ion occurs instant~aneously with 
no induction period. The reaction shows a 
s1o\v “tail” at all tcmperatSures and is 
st’oichiometric (1 CO(,, ---f 1 COzc,,) and 
pcrfect’ly reproducible cvcn after several 
[c.g., Ref. 16)] redox cycles. At lower tcm- 
perat~urcs ( <ZOO”C) there is evidence of 
CO retention on the surface and on heating 
the closed reactor after evacuation CO2 and 
CO are dcsorbed. 

The final prcssurc of CO, (Fig. la) is 
used to calculate the amount of rcsctivc 
oxygen. Typical values are shown in Fig. 
2a. The amount of reactive oxygen in- 
creases with tcmperaturc of reaction and 
copper content (it is virtually zero in 
iSa13X below 400°C). From Fig. la it is 
evident that the dehydrated catalyst al- 
ready contains reactive oxygen (ca. 80% 
of the amount measured after oxygen pre- 
treatment) so that the react’ivc oxygen is 
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FIG. 3. Comparison of resu1t.s from pulse and 
static reahors. Cul3X(.5) (0) 4OO”C, (0) 3OO”C, 
( 0) 200°C ; Cul3X (4) (A) 4OO”C, (A) 3OO”C, (A) 
200°C; &13X(3) (cl) 4OO”C, (0) 300°C. 
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FIG. 4. Comparison of active oxygen deposited by 
O1 and N,O on Cu13X(4) at different temperatures. 
(0) Oxidized using 02; ( l ) oxidized using N20. 

gcncrated 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 
0, in He for 1 hr. After cooling in He to 
reaction temperat,ure t’hc reactive oxygen 
was measured by introducing 0.5 cm3 pulses 
of CO at atmospheric pressure. Typical re- 
sults are shown in Fig. lb and summation 
of CO converted to CO2 gives a measure of 
reactive oxygen in the catalyst. After reac- 
tion with CO the amount of 02 readsorbed 
was measured and corresponded well with 
the amount removed (Fig. 21)). 

To ascertain whether the dccrcasc in 
measurable reactive oxygen with dccreas- 
ing temperature is an absolute difference, 
a prolonged reaction with CO at 200°C was 
followed using the static reactor. Cu13X(4) 
was oxygenated at 39O”C, cooled to 200°C 
and reacted with CO. After 30 min, 3.5 X 
10ls molecules of COr wcrc produced corrc- 
sponding t’o 33y0 of the active oxygen re- 
movable at 390°C. The catalyst was re- 
oxygenated OIUX more but this time it was 
reacted with CO for 1G hr. The amount of 
COZ produced corresponded to 9.5 X lo** 
~nolecules or 85y0 of the active oxygen 
removable at 390°C. Thus the decrease in 
reactive oxygen wit’h temperature is a 
kirletic effect, and even at 200°C the amount 
is similar although it reacts more slowly. 
However, the amount of rapidly removable 
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FIG. 5. Effect of redox cycles on active oxygen 
content of Cul3X(S). (0) With CO at 400°C; (a) 
with TME at 400°C. 

oxygen does increase with tempcraturc. A 
comparison of the results obtained in the 
static and pulse reactors is shown in Fig. 3. 
The result’s compare reasonably well, results 
from the pulse reactor being slightly higher 
than those from the st’atic system. This 
may be due t’o 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 react’ion with CO. 
Experiments showed that reactive oxygen 
can be removed on evacuation (e.g., 30y0 
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 CulSX 
Zeolites by Treatment with X20. 

Nitrous oxide has been used in surface 
chemistry to deposit atomic oxygen on 
metal catalysts (12) 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 02, which may be either molccu- 
lar or atomic. 

The dehydrated catalyst [Cu13X(4)] 
was reduced with CO at 390°C in the static 

tion and exposed to NzO (10.5 Torr) for 
30 min. After pumping down CO was 
introduced and the desorption of COZ fol- 
lowed. The amount of oxygen adsorbed, 
calculated from NzO consumed or Nz pro- 
duced, was found to agree with the amount 
removable as COZ within f5%. Figure 4 
shows the variation in active oxygen with 
temperature of pretreatment for NzO and 
02. At 200°C the NzO is unable to oxidize 
the reduced Cul3X(4) although by 390°C 
it int’roduces as much active oxygen as OZ. 
The shape of the CO2 desorption curves 
for NzO prctrcat’cd catalysts are very simi- 
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FIG. Fa. Effect of pretreatment wit,h TME on 
active oxygen in Cu13X(5). (0) Active oxygen re- 
moved by CO 4 CO,; (A) active oxygen removed 
by TME -+ CO2 + HzO. (b) Comparison of active 
oxygen in TME-pretreated Cul3X(.5) and fresh 
cat,alyst. After TME pret,reatment: (0) Active 
oxygen removed by CO + COZ; ( l ) active oxygen 
adsorbed after reduction. Fresh cat,alyst before 
TME exposure: (A) Active oxygen removed by 
CO ---t COZ; (A) active oxygen adsorbed after 

reactor, cooled to the temperature of reac- reduction. 



lsr t,o those shown in Fig. la at all tem- 
pcraturcs. The dcsorption curve at 39O”C, 
where the amount’s of reactive oxygen in- 
troduced by the two gases are identical, 
are superimposable. 

As Fig. 4 shows, the N20 is unable t,o 
oxidize t’he reduced Cu13X(4) at 200°C. In 
order to test whether thrw is any oxidation 
of a CO/N,0 mixture the reduced catalyst 
was exposed to a 2: 1 mixture of NsO: CO 
at a total prcssurc of 13.6 Torr. Since thcrc 
is no mass change in the major peaks, the 
NO+(30) subsidiary peak from NJeO QYLS 
followd. No oxidation to COs MU ob- 
swvcd. The experiment was rcpc~atcd using 
a CO/O, mixture and within 10 min a 
quantity of OS cquivalcnt to 30% of the 
KzO used in the c~xpcrimcnt above, had 
reacted. In this case, of course, the oxygen 
gas is able to oxidize the reduced Cul3X (4). 
Thus it’ seems that react,ivc oxygen is di- 
rcctly involved in the oxidation of CO in 
CO/OS or CO/K,0 gas mixtures and if 
t)he catalyst cannot adsorb reactive oxygen 
oxygen it will not bc able to oxidize carbon 
monoxide. 

Since the CO1 drsorption curves at 390°C 
are identical for t)he K,O and O2 prctrratod 
catalysts, it seems that, the adsorbed oxygen 
is also identical (presumably atomic in 
form) in both cases. 

Rates of reaction of NtO with the r(‘- 
duced catalyst Cu13X(4) (54% exchanged) 
are more rapid than values reported for 
cracking NaO on a Cul3X catalyst (2Ooj, 
cxchsnged) (IS). In the prcscnt \vork the 
initial rat,c of reaction, 

NzO(,) + [site] + KZ(e) + [O-site], (1) 

at 298°C and iS20 pressure of 10 Torr is 
5 X 10” molecules s-l g-l, whereas ltud- 
ham and Sanders (IS) quote a cracking 
rate, at much higher tcmperaturw (437°C) 
and N,O pressure of 100 Torr, of 5 X 10”’ 
molcculcs s-l g-l. Once our reduced cata- 
lyst has been oxidized by N20 at 298°C the 
cracking waction, 

is obswvcd and this proceeds at a rate 
slower ( <O.l) than rcnction (1). 

3. Reactioll of Adsorbed O.ry~et~ lcifh T&a- 

In addition to varying the oxidizing 
agcn$ the reducing agwt \vas varied to 
cxaminc the cffcct on the amount of oxygen 
removable. Expwimc~nts wrc performed in 
the pulw reactor using TME to examine 
its reaction with Cu13X(5) prctwated wit,11 
02. The only oxidation product idcntificd 
\vas COZ, but, a mixture of isomcw of Ti\IE, 
including isomers dw t’o migration of CHs, 
was also obwrwd (glc). In this cast rc- 
sults were not rcproduoiblt~ (unlike those 
obtained lvith CO). It was found that the 
amount of rwctivo oxygen incwascd on 
rccgcling the catalyst. A typical set’ of rc- 
sulk is sliow~i in Fig. 5 \\-ith results for CO 
shown for comparison. In the first reaction 
\vith TJIE the amount of rcact8ive oxygen 
removed is less t,han that’ obtained by rcac- 
tion with CO. Howwr, in t’hc second cycle 
the amount rcmovtd is found to hnvc 
incrcasrd greatly and the reactivity con- 
tinuw to increase until a stead\- value is 
finally achiwcd after ca. 5 cyclw. 

The reactivity of the catalyst rccyclcd 
wit’h T,\IE is shonn in Fig. (in. It was 
activated in 0, at 400°C and then the 
oxygen remowd by CO and TI1IE in the 
tcmprw.turc range 200~400°C \v:ts mca- 
surcd. It can bc scc’n t’hat less oxygen is 
removed by TRIE than by CO at all tem- 
peratures. An intcrcsting property of the 
TJIE-treated catalyst’ is shown in lcig. fib. 
The solid liws rc~prcscnt the amount uf 
oxygen removable by CO bcforc and after 
TME trcat,ment. The TME prckcatment 
has increased the rcactivo oxygen content 
by a factor of 2. The broken lines rc~prcsent 
the amount’ of oxygen readil!: rcladsorbcd 
aftclr reaction \\-ith CO. As previously nokd, 
on the “fresh” catalyst’ the oxygen rcmovcd 
by CO is wpluwd wadily by reaction with 
OZ at the s:mw tcmlwraturc. Ho\\-ewr, OII 
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FIG. 7a. Increase in reactive oxygen on prolonged 
exposure to CO. (0) Cu13X(5), flow system (150 
Torr CO); (A) Cul3X(4); (m) Cu13X(3); static 
system (corrected to 150 Torr, assuming first order 
pressure dependence). (b) Increase in reactive oxy- 
gen on exposure to CO. (0) Cul3X(4), CO 24 
Torr static reactor; (A) Cul3X(3), CO 24 Torr 
static reactor. 

the TME-t,reated catalyst t’hc oxygen rc- 
moved by CO cannot bc rapidly replaced 
except above 350°C. 

After TME pretrcatmcnt the pattern of 
pcrccntage conversion (CO ---f CO,) per 
pulse of CO changes from the gradual de- 
cline shown in Fig. lb to a more compli- 
cated pattern in which percentage convcr- 
sion rises for the first few pulses before 
proceeding to fall smoothly. This sug- 
gests that CO and 02 are competing for 
adsorption sites and the rate of produc- 
tion of CO2 dcpcnds on both their surface 
concentrations. 

X-Ray examinat’ion of the TRIE-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 zcolite 

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

This CuO phase presumably arises from 
the reduction of Cu2+ to Cue followed by 
migration and coalescence of copper atoms 
which arc subsequently oxidized to form a 
separate CuO phase. Carbon or organic 
matter also appears to be deposited on the 
catalyst after TME treatment with part, 
at least’, of this being removed as CO, on 
heating in oxygen. 

4. Egect of Prolonged Pretreatme& with CO 

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

a. Pulse reactor. Commercial grade CO 
(150 Torr in helium) was passed over 
Cu13X(5) at 4OO”C, for varying periods; 
at intervals the catalyst was reoxidized at 
400°C with 02 and the amount of reactive 
oxygen was measured by reaction with CO. 
The results arc plotted in Fig. 7a which 
shows a relatively rapid increase in the 
amount of available active oxygen pro- 
duced using this treatment. The final 
amount of active oxygen produced is iden- 
tical wit)h the amount produced aft’er TME 
pretreatment’. X-Ray examination of these 
catalysts OI~CC more showed CuO lines in 
the diffraction pattern. 

The reaction was repeated using Cl’ 
grade CO streaming over a fresh catalyst 
and once more the formation of a CuO 
phase was observed. Howvcr, in both 
grades impurit’ics are present and we cannot 
rule out the possibility that trace impuri- 
ties (e.g., hydrocarbons) are responsible 
for t’he reduction to Cue with the subse- 
qucnt 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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purit8ies the cffcct, of prolonged exposure t’o 
research grade purity CO (hydrocarbon 
content 30 vpm) at lower pressures in a 
static system was also studied. G 

In these cxpcriments Cu13X(4) awl E 60 
“‘Y\ 0 

Cu13X(3) at 390°C were exposed to rc- 
0 

.k 

1 0 

search grade purity CO (99.9Ojo purci) at. a 
- 40- 
b 

67 

pressure of 24 Torr for varying periods up 5 

s 20 

t,o 400 hr. At intervals throughout the 
t,rcatment the catalysts wrc evacuated, IL I 

0 

O- 

treated with 0, and then the amount of 
0 5 70 15 20 

reactive oxygen removable by CO was oxygen romo”d/(ld3atm5 6’) 

measured. The rcsult)s can be SWII in Fig. 
7b. The amount of rcact,ivc oxygen is found 

FIG. 8. Decrease in esr ChP+ signal on removal of 
oxygen by CO -+ CO,. 

to incrcasc with CO treatmcm, though 
much mow slowly t’han 011 cxposurc to hy- 
drocarbons or to CO in the flow system 

oxidation t’hc Cu2+ signal intensity was 

(see Fig. 7a). The amount of rcnctive 
found t’o bc GOg;‘, of that observed origi- 

oxygen finally attained is very similar to 
nally. l’rcsumably 40% of the Cu was in 

the amount present after TRlli: pretreat’- 
the form of CuO which is not detectable by 

mcnt or prolonged CO treatment in the 
csr in zeolitcs (7, 9). 

flow reactor. However, X-ray examination 
A static reactor fitted with a quartz side 

of the catalysk used in these experiments 
arm jvas used to follow t’hc effect’ of pro- 

showed no evidcncc for the prescncc of 
longed CO exposure 011 the esr signal of 

tither a CuO or a CusO phase. This may 
Cul3X(4). The catalyst was trcatcd with 

mean that IN such phase is prcscnt~ or it 
CO (99.95y0 pure) at’ 390°C and 24 Torr 
for 200 hr and the color of the reduced 

may be that any oxide phnsc formed is too 
dispersed to give a rcw)gnizablc diffraction 

catalyst changed from pale green t,o vivid 
violet and finally to purple grey. The oxi- 

pattern. dized catalyst was green/black in color but 

ci. Electlou Spin Resotratlce dleasuremettts the esr signal intensity did not decrease 

For esr studies the pulse microrcactor and o11 rehydration a signal identical with 

was fitted wit’h a quartz side arm. The esr that of the fresh cat’alyst was observed, 

spectra of Cu13X(3) wcrc rccordcd at room providing supporting evidrncc for t#he ab- 

tcmperaturcs and -150°C as oxygen was 
seucc of a CuO phase. 

rcmovcd from the cat,algst by reaction 
with pulses of CO. Approximate double DISCUSSION 

integration gave the csr signal intensities 
which are plotted against oxygen wmovcd 

React,ive oxygen rcmovablc as COZ be- 
twccn 200 and 400°C is associat’ed with the 

in Fig. 8. k’rom the least squares line, the 
removal of 2.31 X 10”” atoms of oxygen is 

copper cations in the zcolite since Nal3X 

associated with the reduction of 4.63 X 1o’O 
shows IN) activity in this tcmperaturc range 

atoms of copper, consistent with the stoichi- 
Copper ions are closely associat’ed wit’h t’he 

ometry (copper: active oxygen) of 2 : 1, 
active centers for oxygen adsorption since 
they participak in electronic rearrange- 

+co, -co? 
[Cu(II)],O -2 2Cu(I). ments during adsorpt,ion/dcsorption. Elec- 

tron spin rcsonancc measurements show 
The catalyst was then treated with TJII!: that CL?+ signal intensities decrease lin- 

to increase it,s rcnctivc oxygen and after early with removal of active oxygen (as 
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TABLE 2 

% CL1 
exchange 

At,ornic ratio (active oxygen: copper)” 

Temp (“C) 300°C after 400°C after TME 
prolonged CO pretreaknent 

3!)0 400 207 300 199 200 pretreatInent (PI 
(s) (P) (s) (P) (s) IP,) (s) 

62 0.33 0.40 0.20 0.32 0.08 0.12 0.76 
54 0.28 0.40 0.25 0.29 0.10 0.07 0.76 - 
33 0.24 0.33 0.22 0.23 0.07 - 0.79 - 

a (Y) stat,ic reactor; (p) pulse reactor. 

CO,) and cxposurc to oxygen restores the 
Cu*+ signal. This rcdox cycle involving the 
Cu (II) ions can be performed repeatedly 
without measurable changw in the amounts 
of available active oxygen. Only aft,cr pro- 
longed t’rcatmcnt \vith CO at’ relatively 
high pressures or exposure to hydrocarbons 
is t’hc amount of rcactivc oxygen at any 
tcmperat)urc increased. 

The amount of adsorbed oxygen rcmov- 
able as CO2 depends on tempcratjurc of 
react’ion with CO, copper cont’ent and 
previous history of t’hc catalyst (Table 2). 

Reaction of CO with the oxygenated 
catalyst is stoichiomctric between 300 and 
400°C with no evidence of disproport’iona- 
tiou. At 200°C a small amount of CO is 
adsorbed on the surface without production 
of COz, and this effect becomes more pro- 
nounced at lower tcmpcratures (conse- 
quently quantitative estimates of amounts 
of available oxygen are unreliable at T < 
200°C). The CO adsorbed below 200°C 
(e.g., 140°C) can be removrd as CO2 and 
CO by heating the catalyst. Table 2 shows 
that the dependence of the amount of rc- 
active oxygen on copper content is not 
strictly linear at fixed temperature, since 
the atomic ratio (act’ivc oxygen : copper) 
decreases with decreasing copper cont,ent. 
This may be associated with an increasing 
proportion of copper in inaccessible sites 
at lower prrccntagc exchange. Traces of 
water may play a part since nonlinearity 
is more evident in the pulse reactor, where 

wat’er is not’ complctcly 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 each oxygen is as- 
sociated with two copper ions (0.5). Elec- 
tron spin resonance results at 400°C corre- 
spond to reduction of two Cuz+ ions for t,he 
removal of each active oxygen (approxi- 
mately 20% of the CU*+ ions remaining 
unaffected). 

These results arc consistent with rcdox 
stoichiomctrics 

+co, -co2 
2cu*+ + o*- - 2Cu+. (i) 

+;02 

The involvement of a single oxygen atom 
rat’her than an O2 species is supported by 
results using N20. 

Clearly the tcmpcraturc cffcct on rcac- 
tive oxygen content is a rate effect rather 
than an absolute difference, since even at 
200°C the amount of oxygen rcmovablc 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 reduc- 
tion of copper zrolitcs with butadiene (8) 
and with the values obtained by Iiubo 
et al. (4) for chomisorpt,ion of oxygen on 
NaCu(I)X and NaCu(I)Y zeolitcs (atomic 



ratio (oxygc~i:copper) = 0.5). Kubo et al. 
observed no oxygen chcmisorption on 
NaCu(II)Y. In the prcscnt work rcactivc 
oxygen was already present in KaCu(II)X 
zeolites after dehydration (which would 
explain the observed lack uf chcmisorption 
of O2 by Iiubo et al.). Prolonged cvacua- 
tion can, howwer, remove some rcactivc 
oxygen (up to 30% depending on tempcra- 
turc and duration of evacuation), jvhirh is 
consistent. wit.11 recent reports on sutortt- 
duction of Cu”+ during oxygen dworption 

(10). 
Reactive oxygen may be tither zcolitic 

or extraframework oxygen. If it is t’hc 
former then reactions of type (ii) will pro- 
duce Lewis acid sit’es on rcmovnl of oxygc~n 
@I * 

(ii) 

Formation of Lewis acid sites is reported 
during autoreduction of copper zcolites 
(10). Recent isotope exchange experiments 
on NnY and NaCaY (729;‘, exchanged) 
using CL802 show that in the NaCaY zeolitc 
in 1 hr exchange can involve oxygen 
amounting to about 3.5y0 of the zeolitic 
oxygen at 4OO”C, and 15% at 500°C (15). 
Corresponding values for NaY arc much 
lower, implying t.hat rat.e of exchange of 
zeolitic oxygen depends on the counter- 
valent cation. Moreover, at 500°C the 
amount of latt’ice oxygen part,aking in ex- 
change is considerably greater than the 
Ca”+ content and so it cannot bc associated 
only with hydrolytic fragments. Exchange 
reactions using 1802 suggest that introduc- 
tion of Cu*+ ions into NaY increases the 
rate and alters the mechanism of exchange 
at 670°C (16). In the present cxpcriments 
the rate of removal of oxygen by CO 
(maximum rcmovrd 2.8%) is wry rapid 
and occurs at relatively low tcmpc~raturcs 
(200°C) so that if tht> active oxygm is 

largely lattice oxygen then its removal is 
greatly facilitated by Cu2+ ions. 

An alternative source of reactive oxygen 
may bc the cxt’raframcwork oxygen atoms 
rcportcd by Callczot et al. (I?‘) in their 
X-ray diffraction study of NaCuY (54% 
c~xchangcd). These wre explained as rcsid- 
ual fragmwts of lvatcr molecules removed 
during dehydration. Bccausc of the strong 
electrostatic fields in zeolit’e cavities hydro- 
lytic reactions arc said to occur during 
dehydration (18). 

(iii) 

Furt,hcr dehydration forms bridged Cu2+ 
pairs 

2Cu(OH)+ ---f Cu”+O”-CL?+ + H,OT. (iv) 

If all the active oxygen removable as COZ 
is from bridged ion pairs then the present 
results suggest that after dehydration most 
of the Cu2+ ions exist’ in bridged pairs 
(50~80%) ‘g dl rc ar css of the degree of cx- 
change. A similar conclusion is drawn, from 
esr studies on NaCuY, by Chao and J,uI~s- 

ford (19) who report that, even in moder- 
ately exchanged NaCuY, isolated Cu2+ ions 

represent only a small fraction of the total 
copper content. Most CL?+ ions are t.hought 
to be present as nonlinear pairs with both 
Cu2+ ions in sites SI’. Iiubo et al. (4) 
prepared Cu(1) zeolit,cs (X and Y) and 
found they adsorbed 02 and were very re- 
active in oxidation uf CO. Cu(I)Y zeolite 
was about 40 times as act,& as Cu(EI)Y 
at’ 200°C. Unless the NH, treatment pro- 
duces lattice defects it’ srcms that in Cu(1) 
zeolit’es reactive oxygen must be extra- 
framework. Very high activity may thcre- 
fort be associated with rxtraframework 
oxygen. 

l\iost workers ascribe Cu2+ ions in de- 
hydrated zeolitcs to positions in t’hc wdalitc 
cages rather than supcrcagw. 111 fully hy- 



drated zeolites the Cu2+ ions are in the 
supercages 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, 54% 
exchanged CuNaY found that 75% of the 
Cu2+ ions were in site SI’ and the remaining 
25% in the inaccessible site SI. Maxwell 
and De Boer ($0) have recently carried out 
single crystal X-ray analysis on completely 
copper-exchanged naturalfaujasite. In these 
experiments dehydration was at 15O”C, 
(cf. 500°C used by Gallczot et al.) and may 
be incomplete. Maxwell and DC Boer found 
51y0 of the Cu2+ in site SI’ but only 5% in 
site SI, 19% in site SII and 1270 in the 
supercage site SIII. From the prcscnt work 
it would appear that at higher tempera- . . 
tures 70-SOY0 of the Cu2+ ions arc 111 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 arc 
known (al). The CO and O2 molecules are 
small enough to enter sodalitc cages. Ex- 
periments by Huang (.%%) using Cu(I)Y 
zeolites indicate that CO can be trapped 
in the sodalite cages by cooling the zeolitc 
in CO from 400 to -196°C and therefore 
at elevated 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 Cuf ions are found to be accessible to 
CO in the temperature range (t-100°C al- 
though they arc said to be positioned in t’he 
sodalite cages. 

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 (HzO, 
pyridine and NH,) can move Cu2+ 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 quit’e different conditions may 
bc 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 Cue+ ions to diffuse to 
more reactive sites in the supercages. Reac- 
tion of TME with the reactive oxygen 
must involve migration of Cu2+ ions into 
t,he supercage since TME is too bulky to 
ent’cr sodalite cages. 

Table 2 shows that although the redox 
cycle described above is reproducible, pro- 
lunged 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+ within 30 min at 400°C. Further cx- 
posurc to CO at three times the pressure 
for 400 hr incrcascs t’he atomic ratio (active 
oxygen: copper) to 0.8, compatible with 
the reactions 

where each reactive oxygen atom is associ- 
ated with one copper ion. The reduction of 
Cu+ to Cue is a slow process which would 
be consistent with a reaction involving 
lattice oxygen as shown b&w. If the active sites in the prcscnt work 

are in the sodalite cages then the effect of 
temperature on the amount of reactive 
oxygen may simply be a measure of the 
ease of diffusion of CO int’o, or of COZ out 
of, the p cages which increases with in- 
creasing temperature. In fact Huang (2s) 
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 _ 

The metallic copper at’oms formed can 
move away from the Lewis acid site pro- 
duced. On exposure to O2 the zeolite oxy- 
nen mav not be reDlaced but the Cue is 
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+co, -co2 
cu2+02- 

- +to2 
) cue, (VI 

(4 
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oxidized to Cu2+ and react’& 02- is as- 
sociated with it as in Eq. (v). Reaction 
(vi) is much slower than the reduction of 
Cu(I1) to Cu(1). If this follows reaction 
(ii) then it appears that Cu2+ activates 
zeolitic oxygen much more than Cuf, pre- 
sumably by facilit’ating clect~ron transfer 
from O+ (zeolitc) to Cu2+. 

I’rolongcd pretreatmentj with TME or 
with CO containing small amounts of im- 
purit’ics (e.g., Hz, HzO, hydrocarbons) 
gives more rapid reduction of Cu+ to Cu” 
with the formation of a distinct CuO phase 
on reoxidation. In these cases t’he Cu” 
migrates t’o form large clust,ers of m&al 
atoms some of which do not return to the 
zcolitic sit’es on oxidation to Cu2+ but form 
CuO. From the decrease in intensity of the 

esr signal it appears that about 6Oyc of the 
copper ions remain in the sodalitc cages 
[Cul3X(3)]. Careful treatment with pure 
CO reduces Cu2f 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*+ esr 
signal is not greatly affcct~ed. (As previ- 
ously noted this might be a question of the 
dispersion of CuO.) The formation of Cu” 
has usually been thought’ to prevent re- 
versible oxidation to zcolitic Cu2+ (9, 2%) 
but recent work (7) suggests that reduction 
of Cu2+ ions in CuNaY to Cue with Hz 
produces metallic crystallites which can be 
rcoxidized into Cu2+ zeolitc lattice ions as 
well as to CuO. It is suggested that at high 
temperatures (400°C) Cu2+ is at a lower 
free energy in the zeolitc lattice than in the 
CuO lattice. Thus, depending on the reac- 
tion conditions reversible reduction of Cu2+ 
to Gun is feasible. Similarly the reduction 
of platinum to the zerovalent st’atc in zco- 
lites has been reported to result, in mono- 
atomic dispersions, clust’ers or sizable crys- 
tallites depending upon the conditions of 
reduction (RG-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. Gb). Although the adsorbed 
oxygen can bc removed rapidly at all t’em- 
peraturcs it, can only bc replaced com- 
pletely and easily above 350°C. Below 
350°C only a fraction of the removed oxy- 
gen is easily replaccnblc, the remainder 
being adsorbed only very slowly (16 hr). 
Also there is evidence for an induction 
period with the pcrccnt8agc conversion per 
pulse of CO to CO2 rising for the first few 
pulses before proceeding to fall smoothly as 
before, suggesting that the reaction rate dc- 
pcnds on surface CO concentration. 
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