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Preparation and properties of highly dispersed copper oxide 
in a zeolite matrix* 
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Highly dispersed CuO clusters inserted into a zeolite matrix were prepared by oxidative 
degradation of the (g4-O)L4Cu4CI6 tetranuclear complex (L is N,N-diethylnicotinamidel 
preadsorbed on a dehydrated NaX zeolite from a solu(.on in anhydrous dichloromethane. 
The catalytic activity, of the CuO/NaX catalyst thus obtained in the oxidation of CO is an 
order of magnitude higher than that of massive CuO. 
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Small  c lus ters  o f  me ta l s  or  me ta l  oxides cons t i tu te  a 
valuable  g roup  of  ca ta ly t ic  systems.  These  systems be-  
have as typical  m o l e c u l a r  catalysts ,  because  the  part icles  
of  the  active c o m p o n e n t  are un i fo rm.  As a mIe,  c lus ter  
catalysts  exh ib i t  h igh  specif ic  act ivi t ies  (per  un i t  weight) ,  
because  the  act ive c o m p o n e n t  is h ighly  dispersed. l .z  

A c o n v e n t i o n a l  m e t h o d  for the  p repa ra t ion  of  c lus ter  
catalyt ic  sys tems is based  on  t h e r m a l  or  redox d e c o m p o -  
s i t ion of  p o l y n u c l e a r  c o m p l e x e s  of  t rans i t ion  meta l s  with  
suff iciently labi le  l igands  af ter  t h e i r  p r e l imina ry  adsorp-  
t ion  on  supports .  3,4 S ince  a c o m p l e x  p recursor  can  be 
conver t ed  in to  the  ac t ive  c o m p o n e n t  of  a cata lyst  at  a 
low t empe ra tu r e ,  aggrega t ion  a n d  e n l a r g e m e n t  of  smal l  
part icles  of  me ta l  or  me ta l  oxide  dur ing  the  p repa ra t ion  
is avoided,  a n d  th is  ensures  a h igh  degree of  d ispers ion  
of  this  c o m p o n e n t .  For  example ,  t e t r anuc l ea r  complex  
(g4-O)LaCu4CI6 (L is N , N - d i e t h y l n i c o t i n a m i d e ) ,  whose  
l igands are fairly labi le  and  can  be r em oved  at t e m p e r a -  
tures  below 100 ~ ca n  serve as the  precursor ,  s W h e n  a 
so lu t ion  of  this  c o m p l e x  in an  apro t ic  m e d i u m  is b rough t  
in to  con tac t  wi th  a zeol i te ,  on ly  the  core  o f  this  c o m -  
plex, (p.4-O)eu4Cl6,  is adso rbed  o n  the  m o l e c u l a r  sieve 
even at r oom t e m p e r a t u r e .  T h e  s u b s e q u e n t  reduc t ion  or  
ox ida t i on  of  t h i s  co re  af fords  a me ta l l i c  or  oxide  
t e t r anuc l ea r  c luster ,  respect ively .  6 

Zeol i tes  have s o m e  advan tages  as mat r ices  for the  
p repa ra t i on  of  c lus t e r  cata lys ts  ove r  m a c r o p o r o u s  solids, 
and  the i r  use o p e n s  wide  o p p o r t u n i t i e s  for c o m b i n i n g  
high act ivi ty o f  c lus ters  wi th  the  molecu la r - s ieve  effect 
of  the suppor t  in ca ta ly t ic  r e a c t i o n s /  

* Presented at the First Moscow Workshop on Highly Orga- 
nized Catalytic Systems (June 19, 1997). 

In the p resen t  study, we syn thes ized  a n d  s tud ied  the  
catalyt ic  sys tems based o n  a type  X zeol i te  and  the  Cu  It 
t e t r anuc lea r  complex  m e n t i o n e d  above.  

Experimental 

The initial copper complex (p4-O)L4Cu4CI 6 (L is N,:V- 
diethylnicotinamide) was prepared by a procedure described 
previously. 8 The NaX zeolite (with a SiO 2 : AI203 ratio of 
2.3) was used as the matrix. A powder of the air-dried zeolite 
was pressed in pellets without a binder, calcined for 6 h at 
550 ~ cooled, and crushed; for the subsequent work, gran- 
ules with a size of 0.5--t  mm were selected. Dichloromethane 
was washed with concentrated H2SO 4 and water and dried 
over a calcined CaA sieve. 

Granules of NaX (~3 g) were dehydrated in vacuo for 6 h 
at 450 ~ cooled to ~20 "C, and transferred into a dry box 
that had been purged with dry. nitrogen for 12 h. Ail the 
subsequent operations were performed in this box. A solution 
containing the Cu complex (l.33 mmol) in anhydrous CH2CI 2 
was added at ~20 "~C to ~l g of the zeolite. Then the support 
with the adsorbed complex was separated from the mother 
liquor, washed with the solvent, and dried for 12 h at 60 ~ 
and t0--15 Torr. After that, the zeolite with the adsorbed 
complex was kept for 10 h in a flow of oxygen at 220 "C. 
Similar operations were carried out using two more samples of 
the zeolite (1 g each) and 0.66 and 0.33 mmol of the complex, 
respectively. The resulting catalysts were analyzed tbr copper 
by dissolving a weighed portion of the material in a mixture of 
concentrated H2SO 4 and HNO3 followed by spectropbotom- 
etry of this solution in the presence of pyridylazoresorcinol. 9 

The content of active o~ 'gen in the samples was deter- 
mined by high-temperature "titration" with carbon monoxide. 
The catalyst (MOO rag) was placed in a quartz reactor (3 man 
i.d.) and kept for 2 h at 450 ~ in a flow of dry. N2 
(30 mL rain-It .  ARer that, 8--10 pulses of pure CO were 
introduced into the flow of the carrier gas, and the amount  of 
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CO 2 evolved was determined by GLC. A blank experiment was 
carried out under similar conditions using pure NaX zeolite. 

The model reaction of oxidation of CO with molecular 
oxygen was studied in a gradientless reactor at 450 ~ and an 
overall pressure of 0.103 MPa. A weighed portion of the 
catalyst was placed in a glass reactor, and the temperature was 
increased to 550 ~ in a flow of dry air purified from CO2; this 
flow was passed at this temperature for 2 h, then the reactor 
was cooled to the working temperature, and a stoichiometric 
mixture of thoroughly dried CO and 02 was introduced: the 
flow rate of the. reagents was 2420 cm 3 h -1 g- l .  Gradientless 
conditions, which was ensured by a recirculation ratio (the 
ratio of the velocities of the flow and circulation) of 2200. 
The composition of the reaction mixture was determined 
by GLC; the total degree of conversion found from the 
difference between the concentrations of CO at the inlet and 
the outlet of the reactor was no more than 15% in all cases; 
this was attained by choosing appropriate weight portions of 
the catalyst. 

The catalytic activity of the samples was characterized by 
the rate of oxidation of CO, which was calculated using the 
averaged results of 8--10 analyses of the reaction mixture 
performed during the first two hours of the experiment from 
the following equation: 

r = v o ' C o ' y ,  

where r/mmol s -~ g-~ is the reaction rate; c,0/cm 3 s -1 g-t  is 
the flow rate of the reaction mixture; and y is the degree of 
conversion. The reaction rate found in this way depends only 
on the velocity of the introduction and does not change upon 
variation of the velocity of circulation; this is a sullicient 
criterion for providing gradientless conditions in the reaction 
system. 

In addition to the catalysts based on the zeolite support, a 
sample of  CuO was also studied; this sample was prepared by 
treatment of a solution of  Cu(NO3) 2 with an equivalent quan- 
tity of ammonia followed by drying of the precipitate, calcina- 
tion in air for I0 h at 800 ~C, and grinding to a particle size of 
0.5--1 ram. The specific surface area of the CuO sample 
prepared by this procedure was found to be 8.6 m 2 g-I based 
on the adsorption of nitrogen at 77 K. 

Results and Discussion 

The  results of  c h e m i c a l  analysis  o f  C u O / N a X  samples  
are p resen ted  below: 

Catalyst 3CuO/NaX 9CuO/NaX 14CuO/NaX 

CuO (,% (w/w)) 3.36 9.44 14.30. 

C o p p e r  oxide can  be quan t i t a t ive ly  suppor t ed  on  the  
zeol i te  by varying the  p r e c u r s o r / s u p p o r t  ra t io  at the  first 
stage o f  the  p r epa ra t i on  of  the  catalyst .  Am oxygen 
s torage capaci ty  ( O S C )  for the  samples  s tudied deter -  
m ined  by  h i g h - t e m p e r a t u r e  " t i t ra t ion"  of  t he  catalysts  by 
ca rbon  m o n o x i d e  (Tab le  I) wi th  the  con ten t s  of  coppe r  
in these  samples  ind ica tes  tha t  the  O SC per  l g of  the 
cata lys t  for C u O / N a X  is r a t h e r  close to that  for indi-  
vidual  c o p p e r  oxide, a l t h o u g h  the  quan t i t i e s  of the  CuO 
i tself  in  these  sys tems differ, at least, by an order  of  
m a g n i t u d e .  An even  m o r e  u n e x p e c t e d  f inding is tha t  
a lmos t  all the  oxygen i n c o r p o r a t e d  in the  CuO part icles 
on  the  zeol i te  suppor t  reacts wi th  CO. Evident ly,  this  is 
due to the  fact tha t  c o p p e r  oxide in C u O / N a X  is highly 

Table 1. Content  (retool g-I)  of active oxygen and copper in 
the samples 

Catalyst O Cu Cu : O* 

CuO/NaX 0.40 0.42 1.05 
9CuO/NaX 1.04 1.19 1.18 
14CuO/NaX 1.53 1.86 1.22 
CuO 1.04 12.60 12.10 

* Atomic ratio. 

Table 2. Catabr activity of 
at 450 ~ 

samples in the oxidation of CO 

Catalyst Reaction rate/mmol s -1 ACA* 

per g of per g 
the Cat of CuO 

3CuO/NaX 0.75.102 2.23" 103 1.78- 102 
9CuO/NaX 1.84.102 1.95" 103 1.55" 102 
14CuO/NaX 2.01 �9 102 1.36" I03 1.08- i02 
CuO** 19.40 19.40 3.00" 102 

* The atomic catal~ic activity is exspressed in motec, s -I 
(at Cu)-L 
** The calculation was carried out under  the assumption that 
the surface concentration is 5 - l0 t~ of Cu atoms m -2. 

d ispersed;  thus ,  one  can  expec t  tha t  these  catalysts  
would  exh ib i t  a b n o r m a l l y  h igh  ac t iv i t i e s  in the  ox ida t ion  
of  CO. 

In fact,  the  act ivi ty of  C u O / N a X  per  1 g o f  the 
cata lyst  (Tab le  2) proves to be 4 - - 1 0  t imes  h ighe r  t han  
the  c o r r e s p o n d i n g  value l b u n d  f o r  bu lk  CuO.  This  
resul t  is in good  a g r e e m e n t  wi th  t h e  data  on  the  O S C  in 
these  samples  (see Tab le  t) ,  w h i c h  is add i t iona l  evi- 
dence  o f  the  h ighly  dispersed s t a t e  of  c o p p e r  oxide in 
C u O / N a X .  

It is also n o t e w o r t h y  tha t  the  a t o m i c  ca ta ly t ic  act ivi-  
t ies (ACA)  o f  C u O / N a X  and  C u O  re la ted  to one  active 
site, wh ich  is r ep resen ted  a p p a r e n t l y  by a c o p p e r  a tom 
inco rpo ra t ed  in to  an oxide c luster ,  are, converse ly ,  val- 
ues of  the  same  order  of  m a g n i t u d e  (see Table  2). It 
shou ld  be e m p h a s i z e d  tha t  c o m p a r i s o n  of  these  ma te r i -  
als based  o n  the i r  specific cata lyt ic  ac t iv i t ies  (SCA),  i.e.. 
activit ies re la ted  to a un i t  surface a r ea ,  are in this  case 
not  valid,  s ince  for m i c r o p o r o u s  zeo l i t e s  and  catalysts  
based  on  t h e m ,  the  specif ic  surface area ,  w h i c h  is found ,  
for example ,  f rom the  a d s o r p t i o n  of  N2, is on ly  an 
effective charac te r i s t i c  having  no  su f f i c i en t ly  c lear  physi-  
cal m e a n i n g ,  as in the  case of  m e s o -  and  m a c r o p o r o u s  
solids. Fo r  th is  reason,  we did no t  e s t i m a t e  SCA for the  
sys tems c o n s i d e r e d  in this  study. 

It was o f  in teres t  to c o m p a r e  t h e  p resen t  results  for 
the  ox ida t ion  of  C O  in the  p r e s e n c e  o f  the  catalysts  
u n d e r  c o n s i d e r a t i o n  wi th  the  data  o b t a i n e d  previously  l~ 
for the  c o p p e r  forms of  Y type zeo t i t e s  (CuY)  and  for 
indiv idual  c o p p e r  oxide. It was f o u n d  previously  l~ tha t  
the  values o f  ACA per  surface C u  a tom for CuY are 
2 - -5  orders  o f  m a g n i t u d e  smal l e r  t h a n  those  for CuO.  
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Similar results for the ion-exchanged copper-zeolite cata-- 
tysts were also obtained by other researchers, 11,12 who 
found that the differences between the ACA of zeolites 
and individual copper oxide, manganite, and copper 
chromite amount  to 2--4 orders of  magnitude. The 
results obtained ~~ indicate that, first, the oxidation 
of CO involves the O atoms of  the solid surface, Le., a 
stepwise mechanism of catalysis is realized, and, second, 
the mobility of  the O atoms of  the zeolite framework at 
temperatures of  the catalytic reaction is much lower 
than that of  the oxygen atoms in oxides and spinels. 
This, m turn, implies that the high activity of  the 
CuO/NaX catalysts studied in this work is not due to the 
presence of Cu atoms as exchange cations that could 
have resulted from the solid-phase 1on exchange be- 
tween CuO and the zeolite matrix. 13,14 

On the other hand, owing to the features of  copper 
cationic forms of  zeolites, "nonequivalent" ion exchange 
can hardly be avoided during their preparation. Conse- 
quently, copper is not only incorporated in the zeolite as 
individual Cu 2§ ions but also forms structures like 
Cu2+--O?- - -Cu  ~+ in which the bridging O atom is 
much more mobile than the framework oxygen. The 
presence of  these extra-lattice O atoms in zeolites con- 
taining transition metal ions has been proved by ESR, 
IR. and Mdssbauer spectroscopy and by magnetic mea- 
surements. 15-18 

The presence of the extra-Iattice oxygen in the zeo- 
lite catalysts accounts, in particular, for the increase in 
the ACA with respect to the oxidation of CO for the 
samples of  copper-containing zeolites, characterized by 
close total contents of  copper but obtained at different 
pH of the exchange solutions. The maximum ACA value 
for the Cu-zeolites amounts to 0.9- 10 2 m m o l s  -~ per 
copper atom 18 and is achieved when the pH of the 
exchange solution is higher than 8; for the sample of 
individual CuO, the ACA is 2.8- 10 2 mmol s -1 per Cu 
atomfl 8 Comparison of these values with the ACA found 
in this study for CuO/NaY samples and for individual 
CuO (see Table 2) shows that they are fairly close. 
Thus, it can be concluded that the nature of the active 
sites of the CuO/NaX catalysts synthesized by the oxi- 
dative degradation of the metal complex precursors is 
apparently similar to that of  the Cu-zeolites in which 
copper occurs, at least partly, as bridged cluster struc- 
tures. 

Thus~ our results together with those obtained in the 
previous study 18 in which the catalytic oxidation of  CO 
was carried out in the presence of Cu-containing sys- 
tems prepared by various methods can be regarded as 
one more example illustrating G. K. Boreskov's funda- 
mental idea that the catalytic activity of atoms of a 
particular e lement  incorporated m various structural 
fragments of  a solid does not depend on the method 
used for the preparation of the catalyst and is essentially 
constant, and the efficiency of the unit weight of  the 
catalyst is determined only by the specific surface area. 

At the same time. the trend of the ACA values to 
decrease with increasing the content of  CuO in the 

CuO /N aX  samples (see Table 2) indicates that the dif- 
fusional restriction for the reactant molecules in narrow 
channels of  the zeolite matrix is also significant. This 
finding can be regarded as indirect evidence supporting 
the assumption that clusters of  the active component  are 
localized in micropores rather than on an external sur- 
face of  the zeolite matrix. In addition, it provides an 
explanation for the fact that the ACA values of Cu- 
containing zeolite catalysts are lower than those for 
individual copper oxide (see Table 2 and published 
datalS). In fact, owing to diffusion retardation in the 
micropores of a zeolite matrix, the ACA value found 
experimentally can be markedly underestimated as com- 
pared to the value found for a nonporous catalyst, 
copper oxide. From this wewpoint,  it would obviously 
be of interest to use mesoporous systems such as the 
MSM-41 type molecular sieves as supports, because in 
the channels of  these materials the diffusion limitations 
can be minimized and cluster catalytic systems can 
exhibit their maximum potential. 
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