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ABSTRACT 

CuO/SiO2 ca ta lys ts  wi th  vary ing  a m o u n t s  o f  c o p p e r  were p repared  using meso-  and  
m i c r o p o r o u s  silica s u p p o r t s  at  pH  > 10 and  pH = 4.5. S t ruc tura l  and tex tura l  changes  
were foUowed  using X-ray d i f f rac t ion ,  TG and  D T A  techn iques .  I m p r e g n a t i o n  for  per iods  
> 1 0  days  at high pH p roduces  crysta l l ine  ca ta lys ts  wi th  two  dis t inc t  peaks  at  d-spacings 
o f  2 .33 and  2.03 A resul t ing f r o m  a sur face  silicate which  is s t ruc tu ra l ly  s table up to 
800°C.  A t  c o p p e r  c o n c e n t r a t i o n s  > 5% CuO also forms.  Cata lys ts  p repa red  at pH  = 4.5 are 
a m o r p h o u s  to  X-rays  in spite o f  the  presence  o f  CuO which  m a y  ei ther  be < 50 ~ or  f r o m  
a sur face  solid so lu t ion .  The  c o p p e r  a m m i n e  complex ,  if  adso rbed  on  m e s o p o r o u s  silica, 
a t ta ins  its m a x i m u m  c o o r d i n a t i o n  n u m b e r  as [ C u ( N H s ) 4 ( H 2 0 ) 2 ]  2+, whereas  on  micro-  
p o r o u s  silica it loses the  t w o  wa te r  molecu les  as a resul t  o f  pore  restr ic t ions.  The  sur face  
c o m p l e x  releases its c o o r d i n a t e d  a m m o n i a  e x o t h e r m a l l y  in the  t e m p e r a t u r e  range 2 0 0 - -  
400°C ,  whereas  c h e m i s o r b e d  a m m o n i a  is evolved e n d o t h e r m a U y  at ~ 280°C.  Ligand water  
is evolved at < 200°C.  An e x o t h e r m  at  - 5 4 5 ° C  is observed  for  all cata lysts ,  result ing f o r m  
the  shr inkage  o f  the  so l id /void  mat r ix  which  disappears  u p o n  aging. Increase  o f  c o p p e r  
c o n t e n t  to  22.7% at high pH lowered  the  t e m p e r a t u r e  o f  c o n s t a n t  weigh t  a t t a i n m e n t  
f r o m  1 0 0 0 ° C  for  the  pure  silica to  750°C.  

I N T R O D U C T I O N  

Copper  oxides  suppor ted  on  silica gel carriers are widely  used in hydro-  
genat ion- -dehydroge .~a t ion  react ions  [1- -7] ,  a m o n g  o the r  gas phase reac- 
t ions  [8 ,9] .  The  active precursor  is i n t roduced  e i ther  by impregna t ion  [10, 
11] or by ca t ion  exchange [10 ,12- -15] .  The i n t roduc t i on  of  meta l  com- 
plexes on  to  silica surfaces to  p roduce  more  active catalysts has been  carried 
ou t  by several investigators [11 ,16- -19] .  A t t e m p t s  were  m a d e  to  s tudy the  
na ture  of  the  surface s t ructure  o f  such catalysts [20- -23]  as well as their  
s tabi l i ty [22] ,  bu t  no general ag reement  as to the  nature  of  the  surface com- 
p o u n d  was achieved.  Silicas wi th  d i f fe ren t  porosi t ies  were  e m p l o y e d  [10,17,  
24] for  t he  prepara t ion  o f  such catalysts bu t  the  s tudy of  the  mu tua l  effect  
of  pore  s t ructure  and  pH of  the  soaking m e d i u m  on  the  catalyst  p r o d u c t  is 
lacking. 

I t  is the  aim of  the  present  invest igat ion to  s tudy  the  variat ion of  t he  
s tructural  proper t ies  o f  the  resul t ing CuO/SiO2 catalyst  u p o n  the  use o f  
meso-  and  mic roporous  silica catalysts impregna ted  in med ia  of  varying pH 
v a l u e s .  

0 0 4 0 - 6 0 3 1 / 8 1 / 0 0 0 0 - - 0 0 0 0 / $ 0 2 . 5 0  @1981 Elsevier Scient if ic  Publ ishing C o m p a n y  



350 

EXPERIMENTAL 

Materials 

Two types  of amorphous silica gels were used as supports,  Davidson 59 
and 03, supplied by the Da~-idson Division of W.R. Grace and Company.  The 
impregnations were achieved at two pH values, pH > 10 and pH = 4.5. 

A series of samples (1Asg--4Asg) and (1A03--4.A03) each of 10 g of the  
silica carrier (59 or 03) was soaked in 100 ml of  Cu(NO3)2 • 3 H20 (A.R.) of 
the  required concentrat ion and raised to the  desired pH (>10)  by  concen- 
t rated ammonia  solution with constant  stirring. Each admixture  was then  
allowed to stand for more than 10 days at room temperature ,  then  filtered, 
washed with distilled water and dried at "~30°C for 24 h. The exact  pH and 
soaking period for these catalysts are to be patented.  The Cu con ten t  of each 
sample is shown in Table 1. 

Another  series of samples, 1B59, 2Bsg, 1B03 and 2Bos (Table 1), was also 
prepared by impregnation of silica 59 (B59) and 03(B03) in two different  con- 
cent-rations of copper nitrate solutions adjusted at pH = 4.5 by  HNO3. The 
samples were then treated as above. 

Methods 

The copper content  was estimated by analysis of  the impregnating solu- 
t ion before and after the soaking of the silica gel using EDTA ti t rant .  The 
X-ray diffraction patterns were obtained using a Philips diffractometer  unit ,  

TABLE 1 

Thermogravimetr ic  analysis data for  catalysts Asg, A0s, Bs9 and Bo3 

Catalyst sample Cu Total wt. Chemisorbed Temp. of 
Content !oss species constant wt. 
(~) (~) (% per unit area) (°C) 

Si02(59) at pH > 10 0.0 6.88 0,010 I000 
IAs9 1.0 7.39 0,009 I000 
2As9 5.6 8.42 0.009 I000 
3As~ 13.6 8.92 0.009 800 
4As9 22.7 10.58 0.008 750 

Si02(03) at pH > 10 0.0 11.25 0,009 I000 
IA03 1.0 11.02 0,006 i000 
2Aos 5.6 11.92 0.008 975 
3Ao~ 13.6 12.45 0.013 900 
4Aos 22.7 12.66 0.021 850 

S i 0 2 ( 5 9 )  a t  p H  = 4 .5  0 6.64 0.006 950 
1B59 1.0 7.16 0.115 ~ 1 0 0 0  
2B59 6.7 6.85 0.010 - 1 0 0 0  

S i O ~ ( 0 3 )  at  p H  = 4 .5  0 21.49 0.005 950 
1B03 1.0 23.07 0.006 950 
2B03 6.7 24.95 0.005 950 
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Model  PW 1010,  using Zr f i l tered Mo radiat ion.  The  d-distances were cal- 
cula ted and  c o m p a r e d  wi th  thei r  relative intensi t ies  wi th  da ta  in the  ASTM 
cards [25 ,26] .  

Thermograv imet r ic  analyses were  carried ou t  in air (static) using a 
S t an ton -Redc ro f t  t he rmoba lance  type  TG 750 /770  c o n n e c t e d  to a BD9 two- 
channel  au tomat i c  recorder  "Kipp  and Z o n n e n "  at a hea t ing  rate  o f  10°C 
min  -1" 

Different ia l  the rmal  analysis curves were  r ecorded  using s -a lumina  as inert  
s tandard,  a p rog ramme  t empera tu re  cont ro l le r  " E t h e r "  t ransi t rol  t ype  994/2  
to  pe rmi t  a l inear rate  o f  hea t ing  (12°C ra in- l ) ,  and  a Cambridge Recorder  
Model  " B "  record ing  the  t empera tu re  dif ference.  

RESULTS AND DISCUSSION 

Structural changes 

X-Ray di f f rac t ion  pa t te rns  d e t e r m i n e d  for  the  series of  prepara t ions  As9 
and A03 show two main  peaks at d-distances o f  2.33 A and 2.03 .~, being 
more  deve loped  for  t he  former.  The in tens i ty  of  these  peaks is f ound  to 
increase wi th  increase in copper  c o n t e n t  (Fig. i ) .  Thermal  t r e a t m e n t  up to 
800°C for  5 h does no t  affect  these  two  peaks but  an addi t ional  peak  
appears at a d-spacing of  2.53 (Fig. 2) which  increases wi th  increase o f  
copper  c o n t e n t  (above 5%). 

The two  peaks of  spacings 2.33 A and 2.03 ~ do no t  po in t  to  the  
exis tence  of  any  one  c o m p o u n d  of  the  k n o w n  copper  silicate species 
[27 ,28] .  I t  should be m e n t i o n e d  tha t  a per iod exceeding  10 days was 
requi red  for soaking at pH > I 0  to  p roduce  this crystal l ini ty.  It  is plausible 
tha t  the  copper  ions have in te rac ted  wi th  the  silica surface dur ing this 
soaking per iod,  first fo rming  small nuclei  which  later grow in size (> 50 2~). 

I I I 
25 20 15 IO 5 

2 e  

Fig. 1. X-Ray dif f ract ion pat terns  for  the series 1Asg--4As9 showing the ef fec t  of  metal  
content .  
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Fig. 2. X-Ray diffraction patterns for catalyst  3A59 and its thermally treated products. 

The peak at. 2.03 is character is t ic  for  a lmos t  all copper  silicide c o m p o u n d s  
[26] ,  ye t  such a c o m p o u n d  could  no t  poss ibly  exis t  unde r  our  expe r imen ta l  
condi t ions .  A d-dis tance of  2.33 ~ cons t i tu tes  one of  the  main  bands  of  
CuO, ye t  the  h y d r o x i d e  and no t  the  oxide  would  have ini t ia l ly  formed.  

F rom these cri teria it  is reasonable  to assume t h a t  the  silica surface is 
polar ized [27]  at  such a high pH value. The  divalent  copper  ions,  su r rounded  
by  the  a m m o n i a  and possibly  wate r  l igands, a t t ack  the  silica surface accord- 
ing to the  suggested scheme.  

H + H ÷ Cu arnmine a~n'~plex ion 

The a t tack  of  the  ammine  complex  appears  to require  the  exis tence  of  
two adjacent  h y d r o x y l  groups on  the  silica surface, wi th  the  a m m o n i a  l igand 
being conven ien t ly  s i tua ted  above the  copper  ions wi th  an o r i en ta t ion  free 
f rom any  steric effects.  Such an in te rac t ion  would  give rise to  a new surface 
silicate s t ruc ture  which  is t he rma l ly  stable.  This  s tabi l i ty  m a y  resul t  f rom the  
very stable conf igura t ion  [28]  of  its s ix-membered  r ing s t ructure .  

The peak  at  a d-distance of  2 . 5 8 / ~  is character is t ic  for  CuO, resul t ing f rom 
the part ial  hydro lys i s  of the  copper  a m m i n e  complex  to  the  amorphous  
h y d r o x i d e  which  is conver ted  to  the  oxide  b y  hea t  t r e a tmen t .  In th is  case the  
copper  ammine  is believed to  adsorb by  e lec t ros ta t ic  a t t r ac t ion  on  those  sites 
which are no t  available to  fo~m the  silicate c o m p o u n d .  These  m a y  be the  
single h y d r o x y l  sites of  the  silica surface which  are o f  varying react iv i ty  
[29] .  

S~rnples 1B59, 2B59, 1Bo3 and  2B03 impregna ted  a t  pH = 4.5, as well  as 
the i r  t he rma l ly  t rea ted  products ,  were a m o r p h o u s  to  X-rays. However ,  i t  is 
impor t an t  to no te  t h a t  the  p roduc t s  hea t ed  up to  800°C  for  samples 2Bs9 
and 2B03 (6.7% copper  con ten t )  were  l ight  b r o w n  in colour ,  wh ich  poin ts  to  
the  presence of  CuO in t he  ca ta lys t  specimens.  The  in te rac t ion  of  silica sur- 
faces wi th  cat ions  is on ly  signif icant  a t  pH > 7 [27]  and thus  the  surface is 
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expec ted  to  be on ly  weak ly  polar ized at pH = 4.5. It  is t he re fo re  reasonable  
to  assume tha t  at  this low- pH value the  Cu 2+ will be adsorbed  on  the  weakly  
polar ized surface h y d r o x y l  groups by simple e lectrostat ic  a t t rac t ion  forces 
and will in terac t  d i f fe ren t ly  t h a n  at high pH values. This is schemat ical ly  
represen ted  as 

C. uO 
o,H ,,,,H 

-,_l + [co . o)4 . .  ! o . . . . .  + 
/~l~O / i~ : /SL~o/Sl~" + 

However, the a.Elount o f  copper  ions adsorbed is small and may  also be o f  
such smal l  crystaJ.]2te sizes ( <  50 ~ )  t h a t  t h e y  are u n d e t e c t a b l e  b y  X ~ D  tech-  
n i que .  X - R a y  f l uo rescence  o f  sa_Elple 2Bs9 ( 8 0 0 )  s h o w e d  t h e  cha3.'acteristic 
peak f o r  copper  located at 20 = 40.03 ° . 

Thus  t h e  presence  of  copper  in the  solid catalysts,  t hough  no t  ident i f ied  
in the  d i f f rac t ion  pat terns ,  poin ts  to  the  exis tence  o f  e i ther  very small 
crystall i tes o f  t he  adsorbed  species on  the  surface o f  t he  suppor t  or to  the  
possible fo rma t ion  of  a per ipheral  solid so lu t ion  where  the  copper  ions have 
pene t r a t ed  in to  the  surface grid of  t he  silica ske le ton  and b e c o m e  inacces- 
sible for  X-rays [22] ,  as f o u n d  for re la ted suppor ted  systems [30- -32] .  

Thermogravimetric analysis 

Samples 1Asg--4As9 and 1A0s--4A03, t oge the r  wi th  their  cor responding  
pure  silica gels, show an initial rapid loss in we igh t  which  c o m m e n c e s  at tem-  
peratures  < 1 0 0 ° C  and  slows d o w n  at  ~ 1 8 0 ° C .  Figure 3 shows the  TG curves 
of  the  series 1As9--4As9 and the  pure  soaked silica (59). This loss in weight  
cor responds  to  the  loss of  bo th  adsorbed  a m m o n i a  and H-bonded  water  
which  may  be e i ther  a t t ached  to  a l ready adsorbed  water  molecules  or  to  t he  
surface h y d r o x y l  groups [33]  (cf. fo l lowing sect ion) .  

In  this  t empera tu re  range a greater  percentage  loss is observed u p o n  the  
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Fig. 3. The rmog rav i m eC r i e  curves  fo r  ca t a ly s t s  1 A$9--4A$9 a n d  the  p u r e  s o a k e d  silica (59)  
at pH > 10. 
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increase of the  copper conten t  for the  catalyst  series IAsg--4A59 but  no t  for 
the  series iA03--4A03 supported on microporous silica. As will be shown 
later, the  surface complex supported on silica gel (59) is able to incorporate  
ligand water, whereas the  smaller pore dimensions [34] of silica carrier (03) 
would hinder  such a solvation taking place resulting from steric effects. This 
is also reflected in the  difference in to ta l  percentage loss between the  pure 
soaked silica and the corresponding catalyst ,  wi th  max imum copper con ten t  
being 1.41% for silica carrier (03) and 4.1% for  silica carrier (59) (cf. 
Table 1). 

A gradual loss is observed above 250°C and up to 1000°C for pure silica 
gels, which results from the dehydroxy la t ion  of  the  silanol groups besides 
the evolution of  chemisorbed ammonia  (following section). Catalysts 1A59-- 
4A59 and 1Ao3--4A03 reproduce this increased loss in weight  which fo_rms a 
clear step for catalysts with the  highest copper content ,  namely  4A59 and 
4A03 (marked by an arrow). In this temperature  range (~400°C) ,  the  surface 
complex releases the  ammonia  ligand (see following section); also, the  
decomposi t ion of  the copper hydroxide  present  contr ibutes  to this increased 
loss and is significant for preparations with high copper content .  A constant  
weight is at tained at temperatures  lower than  1000°C upon  the increase of 
copper content ,  namely at 750 and 850°C for the  catalysts 4A59 and 4Ao3, 
respectively (Table 1, column 5). The dehydroxy la t ion  which takes place at 
such high temperatures  (~750--1000°C)  points  to the  diff icul ty  o f  their  
de tachment  from the solid matrix,  whether  surface or bulk. The a t ta inment  
of constant  weight at lower temperatures  may arise f rom (i) the  format ion  of  
the sin-face complex in place of  the  hyd roxy l  groups, in which case the 
ammonia  ligand is evolved at lower temperatures,  and/or  (ii) the  penet ra t ion  
of the copl~er cations to the  porous system upon the increase of  the  copper 
content ,  and this may either form a silicate complex in the  pores as in (i) or 
simply adsorb onto any weakly polarized hyd roxy l  groups thus  affecting the  
oxygen--hydrogen link and facili tating its dehydroxyla t ion .  

A comparison between the total  loss of pure silica (59) and (03) (Table 1, 
column 3) reveals tha t  the  lat ter  undergoes a much greater loss than  the 
former. To differentiate  whether  this arises from an increase in the  physi- 
cally adsorbed species or not ,  the  first plateau at "~200°C is extrapolated 
backwards to intersect with the  extended line of the  region of  increased 
weight loss at 100--150 ° C, say at Y (Fig. 3). The difference between the  
total  !oss in weight and the value at Y would represent  the  percent  of  chemi- 
sorbed species denoted by X. The value of x so obtained is more significant if 
evaluated per uni t  area as obtained from N2 adsorpt ion [34] ,  and values of  
0.010% and 0.009% for the two pure gels (Table 1, column 4) show a negli- 
gible difference (0.001%). This indicates tha t  the  number  of  hydroxy l  and/or  
ammonia groups per uni t  area is the  same in bo th  gels. 

Variations of X per un i t  specific surface area with copper conten t  (Table 1, 
column 4) clearly poin t  to differences brought  about  by the adsorbed 
species, especially for the  high copper conten t  catalysts.  The amount  of phy- 
sically adsorbed species present in the  pure soaked silica (59) (<200°C) is 
found, to be ~3.40% (Fig. 3), whereas tha t  for sample 4As9 is "~5.75%. The 
difference of ~ 2.35% represents the excess physical ly adsorbed species, which 
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Fig. 4. Thermogravimetrie curves for catalysts prepared at pH = 4.5 and also that for pure 
copper nitrate (right-hand scale). 

is bel ieved to  be the  l igand wate r  associated wi th  t he  coppe r  c o m p l e x .  F r o m  
Table  1, the  to ta l  loss in weigh t  for  sample  4As9 is 10.88% and  t he r e fo re  X 
( chemiso rbed  species) is equal  to  4.88%. 

As the  coppe r  a m m i n e  c o m p l e x  is k n o w n  to  have four  a m m o n i a  molecu les  
per  coppe r  a t o m  in the  aqueous  phase and coppe r  has a m a x i m u m  coordi-  
na t i on  o f  six even in the  adsorbed  state  [10] ,  t h e n  f rom the  above  changes  in 
we igh t  loss and  assuming tha t  mos t  o f  the  h y d r o x y l  groups  are a t t a cked  by  
the  coppe r  c o m p l e x  in sample  4Asg, it is real ized t ha t  the  excess phys ica l ly  
adsorbed  species (2.355%) is a lmos t  ha l f  o f  the  c h e m i s o r b e d  species (4.88%),  
w h i c h  suggests t ha t  t he  coppe r  a m m i n e  c o m p l e x  is in t he  fo rm [Cu(NH3)4 
(H20)2] 2: in the  adsorbed  state.  As the  c o o r d i n a t i o n  wi th  a m m o n i a  is 
squaxe-planar and the  a t t a c h m e n t  o f  the  wa te r  l igand is m u c h  w e a k e r  and  
fo rms  an o c t a h e d r o n ,  the  above  conf igu ra t ion  will on ly  be stable if t he  avail- 
able surface  imposes  no steric effects ,  as is the  case wi th  t he  m e s o p o r o u s  
silica ca rde r .  For  m i c r o p o r o u s  silica carrier  (03),  however ,  t he  pores  are 
n a r r o w e r  and  these  two  wa te r  molecu les  are d e t a c h e d  dur ing  the  f o r m a t i o n  
o f  t he  c o m p l e x  inside the  pores,  being in t he  fo rm [Cu(NH3)4] 2+. This is in 
a c c o r d a n c e  wi th  t he  TG results  o f  sample  4A03 wh ich  gives a lmos t  t he  same 
pe rcen tage  loss for  phys ica l ly  adsorbed  species as t he  co r re spond ing  pure  
sample.  

I t  is i m p o r t a n t  to  no t e  tha t  as the  l igand wa te r  is on ly  weak ly  a t t a ched  to 
t he  coppe r  cen t ra l  a t o m  in compa r i son  to  t he  a m m o n i a  l igand, t he  fo rmer  
will  be evolved at  l ower  t empera tu re s ,  i.e. in the  range for  phys ica l ly  
adso rbed  species, whereas  t he  la t te r  will  be evolved at  m u c h  h igher  t empera-  
tures .  



356 

TG of samples 1BS9, 2Btg, IBoa and 2BoJ prepared at pH = 4.5 shows their 
initial loss in weight in the same range as that of the corresponding pure 
soaked gels (Fig. 41, namely at 90-200” C and 50-150°C ‘for catalysts Bo3 
and BS9, respectively. In these solids thermal treatment at temperatures 
below 200°C causes the evolution of the adsorbed or hydrogen-bonded 
water originally present in the silica carrier in addition to the &and water 
[ Cu(H,O),]” .which is retained by the copper in the adsorbed state [lo]. 

The gradual loss in weight above 200°C results from the dehydroxylation 
of the catalyst carrier as well as from the decomposition of the adsorbed 
nitrate which occurs in the temperature range 250-310°C (Fig. 4). From 
Table I (column 4) it is shown that though the value of X per unit area 
increases upon the introduction of copper ions as for preparations 1BS9 and 
WI, 9 further increase of copper content has no significant effect on 3~. This 
might indicate the penetration of the precursor to the bulk of the carrier as 
previously suggested (XRD, section on structural changes). 

It is of significance to note that the value of X per unit area is smaller at 
pH = 4.5 than at pH > 10 and also depends on the porosity of the solid 
material. This results from differences in the rate of decondensation [35] of 
silica with pH. 

Differential fhernal analysis 

Three main endothermic effects are observed for the pure silica gels (59) 
%nd (03) soaked at pH > 10 - a broad peak covering the temperature range 
-SO-200°C and centered at -llO” C and -15O’C for the two gels, respec- 
tively, followed by a smaller endothermic peak at ~280~ C and a small 
plateau at -310°C (Figs. 5 and 6). The broad endotherm arises from the 
evolution of the physically adsorbed (H-bonded) ammonia [36,37] 
(<lOO”C) and water (100-200°C). The contribution of the physically 
adsorbed water results from two overlapping stages of evolution which 
should be situated at -115’C and -160” C [ 331 and are more distinguished 
for the series Ao3. 

Above -200” C and extending to -400” C is an endothermic plateau 
resulting from the dehydroxylation of the gel which is interrupted at 
-280° C by another endothermic effect which we believe to result from the 
evolution of the chemisorbed ammonia [38] attached to the ionized 
hydroxyl groups [27]. It is important to recall that differences in the maxi- 
mum dehyclroxylation temperature as observed from TG and DTA data arise 
from the different transfer processes in the two techniques. 

At +-545OC, a large broad exothermic peak is observed. No crystallinity 
is noticed from XRD and it appears that shrinkage or collapse of the solid/ 
void matrix occurs in this temperature range at the expense of the empty 
voids left upon the dehydroxylation of silica. This process is accompanied by 
a decrease in the surface energy of the solid (decrease in specific surface 
area) [ 341 and would give rise to the observed exotherm. This exothenn dis- 
appears upon aging for periods exceeding 1 year. 

The DTA thermograms of samples IAS9-4AS9 (Fig. 5) and lAos-4A03 
(Fig. 6) reproduce the initial broad endotherm below 2tXl"C and the two 
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Fig. 5. Differential thermal analysis curves for pure soaked silica (59) at pH > I0 and 
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over lapping stages of  wa te r  evo lu t ion  b e c o m e  m o r e  d is t inguished  in t he  
presence  o f  the  copper  precursor .  This results  f rom t h e  a t t ack  o f  t h e  coppe r  
ions on  t h e  surface h y d r o x y l  groups wh ich  decreases  t he  a m o u n t  o f  wa te r  
b o u n d  to  these  groups and  c o n s e q u e n t l y  the  w a t e r - - w a t e r  adso rbed  a m o u n t .  
This does  n o t  appear  for  3As9 and  4As9 d u e  to  t he  increased a m o u n t  o f  
wa te r  p resen t  as l igand wa te r  (sect ion on  t he rmograv ime t r i c  analysis).  The  
r ema inde r  of  the  e n d o t h e r m i c  peaks  do  n o t  appear  and  ins tead a small very 
b road  e x o t h e r m  is observed in the  t e m p e r a t u r e  range -~200 ° C--~  400 ° C. This 
is occas ional ly  i n t e r rup t ed  by  an e n d o t h e r m  (marked  by  an a r r o w ) i n  t he  t em-  
pe ra tu re  range 260- -280°C,  resul t ing f rom the  evo lu t ion  of  t he  c h e m i s o r b e d  
a m m o n i a .  In these  prepara t ions ,  t he  [Cu(NH3)4] 2÷ 2NO~ will a t t ack  the  
h y d r o x y l  groups and  will resul t  in the  d i sappearance  o f  t he  e n d o t h e r m  
responsible  for  the  d e h y d r o x y l a t i o n  of  the  surface.  The d e c o m p o s i t i o n  of  
t he  surface c omplex  and  evolu t ion  o f  the  a m m o n i a  l igand is exo the rmic ,  as is 
also f o u n d  wi th  o the r  a m m o n i a  complexes  w h e n  the  an ion  is a n i t ra te  [39 ] .  
The  resul t ing peak  is b road  and n o t  sharp, po in t ing  to  d i f fe rences  in t he  sur- 
face a t t a c h m e n t  of  the  c o m p l e x  w h i c h  need  n o t  necessari ly  be energet ica l ly  
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t he  same. This is m o r e  p r o n o u n c e d  for  prepara t ions  A03 than  for  A59 where  
the  increased po ten t i a l  in the  nar rower  pores  o f  silica carrier (03) arising 
f rom th e  oppos i te  wall e f fec t  [40]  con t r ibu tes  to  this exo the rm.  

DT A curves for  t he  series o f  catalysts B03 prepared  at pH = 4.5 on  the  
mic roporous  silica suppor t  show a large e n d o t h e r m i c  peak  in the  tempera-  
tu re  l~_uge 6 0 - ~ 2 2 0 ° C  similar to  the  co r respond ing  soaked silica (Fig. 7). 
This results f rom the  evo lu t ion  o f  t he  adsorbed  water ,  which  seems to  be 
m u c h  greater  for  catalyst  suppor t  mic roporous  silica (03) than  mesoporous  
silica (59). The  peak  apex of  this  e n d o t h e r m  is shi f ted f rom 115°C for the  
pure  soaked silica (03) to  150°C and 160°C for  catalysts 1Bo3 and 2Bo3, 
respect ively.  This reveals tha t :  

(i) t he  adsorp t ion  of  Cu 2÷ ions o n t o  h y d r o x y l  groups minimizes  the  
a m o u n t  of  l iquid-l ike adsorbed  wate r  evolved at ~ 1 1 5  ° C; 

(ii) t he  adsorp t ion  o f  Cu 2+ ions on  two  oppos i te ly  loca ted  h y d r o x y l  
groups at the  ent rances  of  t he  nar rower  pores h inders  the  evo lu t ion  of  the  
adsorbed  wate r  f rom these  pores.  

For  catalyst  series B59 (Fig. 7), this endo the~m is m u c h  smaller and  is split 
in to  two  small e n d o t h e r m i c  effects  loca ted  at ~ 1 0 0 ° C  and ~ 1 4 0 ° C .  A small 
exo the rmic  p la teau is observed in t he  range 200- -280°C for on ly  the  pure  
soaked gel (03),  samples 1B03 and 2B03 being shif ted to  h igher  t empera tu res  
u p o n  increasing the  meta l  con ten t .  Here  t he  evolved wate r  leaves beh ind  a 
s t rained sol id/void mat r ix  which  " re laxes"  u p o n  fur ther  heat ing.  However ,  
t h e  presence  o f  adsorbed  Cu 2+ cat ions h inders  this " r e l axa t i on"  slightly and 
delays its appearance.  This p h e n o m e n o n  appears to  be a characterist ic  o f  t he  
mic ropore  system.  

At  ~ 5 4 5 ° C  a broad  e x o t h e r m  is observed for  all preparat ions ,  which  is 
ident ical  to  t ha t  observed for  preparat ions  carried ou t  at  pH > 10. This also 
disappears u p o n  aging. 
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