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The state of metals in the supported bimetallic 
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The behavior of the metals in the Pt--Pd/ZrO 2 and Pt--Pd/SOc/ZrO 2 systems was 
stndied by DRIFT spectroscopy. After reduction of Pt- -Pd/ZrO 2 at 100 ~ time states of the 
metals are mainly Pt 0 and Pd 0 with a minor admixture of positively charged forms of Pt ~ or 
Pd 2+. An increase in the temperature of reduction leads to the formation of a bimetallic 
alloy. In the Pt--Pd/SO4/ZrO 2 system, the effects of alloy formation and the interaction of 
the sunace SO4 groups superimpose. At low reduction temperatures, the surface SO 4 gro,ps 
interact mainly with palladium. The influence of the surface sites on both supported metals 
increases with increasing reduction temperature. 

Key words: platinum, palladium, bimetallic systems, superacids, SO4/ZrO 2, metal-- 
support interaction, alloy formation, diffuse-reflectance FTIR spectroscopy. 

Bimeta l l ic  ca ta ly t ic  sys tems con ta in ing  Pt a~ld Pd are 
used in h y d r o g e n a t i o n ,  dehydrogenation, t'z cycl izat ion,  
dehydrocyc l i za t ion ,  3,4 oxida t ioq ,  5 and  o ther  cata lyt ic  
processes.  T h e s e  sys tems are charac le r ized  by an  en- 
h a n c e d  res i s tance  toward sulfur  c o m p o u n d s  as c o m -  
pared to tha t  o f  m o n o m e t a l l i c  catalysts. 6 Monom e t a l l i c  
systems based on  Pt suppor ted  on the superacidic  carr ier  
S O 4 / Z r O  2 are p romis ing  catalysts  for i somer iza t ion  of  
lower alkattes. 7,g Unfo r t una t e l y .  these  systems are easily 
deac t iva ted  due ,  in par t icular ,  to cover ing of  the  plati-  
n u m  surlhce wi th  sulfur  c o m p o t m d s  fornled dur ing  re- 
duct ion .  9 

The  phys i cochemic a l  proper t ies  of  P t - - P d  bimetal l ic  
sys tems suppor t ed  on oxides 1~ and zeoli tes 6,1334 
have previously  been  s tudied.  It has been  shown that  
P t - - P d  alloy fo rms  on  the  catalyst  surface ia a wide 
region of  me ta l  conceq t r a t i ons ,  and  the  surface of  b ime-  
ta l l ic  p a r t i c l e s  is e n r i c h e d  wi th  p a l l a d i u m  a toms .  
It has  been  es t ab l i shed  by s tudy 15-17 of  the  proper t ies  of  
m o n o m e t a l l i c  S O j Z r O 2 - s u p p o r t e d  systems that  modif i -  
ca t ion  of  the  z i r c o n i u m  oxide surfaces by SO42- an ions  
facil i tates the  in te rac t ion  of  meta l  with protons  and  
SO 4 groups  and  stabi l izes charged  forms of  the metat  
on the  sur face .  T h u s ,  it can  be expec ted  tha t  in 
P t - - P d / S O J Z r O  2 systems,  the  effects of  alloy fo rma-  
t ion  and  i n t e r ac t i on  of  the  meta l s  wi th  active sites of  the 
S O 4 / Z r O  2 surface appea r  s imul taneous ly .  

lu this  work.  we s tudied  the  state of  Pt and  Pd 
suppor ted  in c o m b i n a t i o n  on the superacidic  SO 4 / Z rO  ~ 
car r ie r  at d i f ferent  c o n c e n t r a t i o n s  of  the component.~ of  
the  sys tems and  r educ t ion  condi t ions .  

Experimental 

Pt--Pd/SO.1/ZrO 2 catalysts were prepared on the basis of 
SO4/Zr 2 synthesized by the previously described t5-17 proce- 
dure, Platinum and palladium were supported from solutions 
of H2PtCI 4 and PdCI 2 by combined incipient wetness impreg- 
nation. The total content of metals was 0.5 wt.%. and the 
Pt : Pd atomic ratio varied from 1.5 : l 0  to I : 6 The 
catalyst was dried for 6 h at 120 ~ and calcined in an air flow 
for 2 h at 400 ~ 

During pre-treatment, samples were evacuated, oxidized, 
and then reduced in a hydrogen flow (the cousumption of H 2 
was 30 mL rain -I)  at temperatures of 100--300 ~ dtlril3g 
2 h. 15't7 

DRIFT spectra were recorded on a Nieolet Impact 410 
spectrophotometer will1 a diffuse-reflectance attachment, t8 The 
spectra were quantitatively processed using the Kubelka-- 
Munk equation by the OMN[C '~ program according to time 
known procedures, tg,z0 Computer simulation also included 
smoothening of the spectra, subtraction of the background, 
and deconvolution of the spectra by their approximation with a 
combination of mixed Gauss--Lorentz functions. 

Results and Discussion 

When  studying the behavior  of  metals suppor ted  in 
combina t ion  on  S04/ZrO 2, one  should  evaluate the  influ- 
ence  of  surface sites formed by the SO 4 groups on  the 
state o f  monometal l ic ,  systems and e luc ida te  the behav ior  
of  Pt aud Pd in the system con ta in ing  no SO4 groups. 

~lonometallic catalysts Pt/Zr02, Pt/SO~/ZrO 2 
and Pd/Zr02, Pd/SO 4/ZrO 2 

The  IR spect ra  of  C O  adsorbed  on m o n o m e t a l l i c  Pt 
attd Pd catalysts  suppor ted  on  Z rO  2 and  S O 4 / Z r O  2 attd 
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Fig. I. I R spectra of CO adsorbed on samples: a. Pt/ZrO 2 (1) 
and Pt/SO4/ZrO ? {2--4);. b, Pd/ZrO? (1) and Pd/SOa/ZrO:~ 
12, 3) reduced at 200 ~ before (1, 21 and alter evacuation at 
20 (3) and 100 ~ (4). 

reduced at 200 ~C are presented in Fig. 1. The spec- 
trum of the Pt /ZrO 2 system (see Fig. l, a) contains two 
characteristic absorption bands (AB) at 2070 and 
1860 cm -I corresponding to vibrations of CO adsorbed 
on Pt ~ in the linear and bridging tbrms, respectively, zL2z 
The spectrum of Pd/ZrO 2 (see Fig. l, b) exhibits AB at 
2100 cm -1 corresponding to vibrations of CO adsorbed 
in the linear form on Pd ~ as well as AB at 1970 and 
t920 em -I with a shoulder at -1830 cm -I ,  which are 
characteristic of polycarbonyl bridging, monocarbonyl 
bridging, and three-centered forms of CO adsorption on 
pd0.t6,21,z2 

Modification of ZrO 2 by S042- anions results in the 
suppression of the bridging forms of adsorption and the 
stuff of the AB corresponding to the linear forms of CO 
adsorption toward higher frequencies. For the Pt-con- 
taining systems, the introduction of SO,~ 2- anions favors 
the electron deficiency of platinum species, which re- 
stilts in the high-frequency shift of maxima of AB of CO 
adsorbed in the linear form, suppression of the forma- 
tion of bridged CO complexes with the metal, tbrmation 
of positively cha~ed  Pt a' species, and stabilizalion of 

Pt* ions during reduction. The mechanism of formation 
of the positively charged forms of  the metal can include 
the interaction of acidic protons with the metal par- 
ticles. 15,16 For the palladium-containing systems, these 
processes are accompanied by the partial redox interac- 
tion of the metal with the SO 4 groups and blocking of 
the adsorption sites of  the metal with reduced forms of 
sulfur. 17 

Bimetall ic catalysts P t - - P d / Z r O  2 

The IR spectra of  CO adsorbed on the P t - -Pd /ZrO 2 
sample (atomic ratio Pt : P d =  I : I) reduced at I00, 
200, and 300 ~ are presented in Fig. 2. The spectra of 
the sample reduced at I00 ~ exhibit AB at 2155, 2095, 
1970, 1930, and 1880 cm -1. According to the published 
data, 21 AB at 2155 cm -~ can be attributed to vibrations 
of CO on unceduced Pt* or Pd 2+ ions; the AB at 
2095 cm -I is also a supcrl~ositio~-t of  the bands corre- 
sponding to vibrations of  CO adsorbed on the metal 
species Pt ~ or Pd~ zl,zz The intense AB at 1970 and 
1880 cm -l characterize the polycarbonyl and mono- 
carbonyl bridging forms of  CO adsorption, respec- 
tively, zl,z/ The band at 1930 cm -I corresponds, most 
likely, to the monoca~onyl  bridging form of adsorption 
of CO on sites arranged near oxidized metal forms. 
Evacuation with a stepwise temperature increase results 
in a decrease in the intensity of  AB, and bands at 2130, 
2080, and 2060 cm -I can be isolated in the region of 
vibrations of linear carbonyl groups in the spectrum. The 
two latter AB can indicate the presence of  isolated 
ptatiaum (2060 cnt - t )  and palladium (2080 cm -~) par- 
ticles on the ZrO 2 surface. In the region of  bridging 
vibrations, the high-frequency AB characteristic of 
polycarbonyl forms of adsorption on palladium atoms 
and the bands attributed to sites arranged near charged 
form~ disappear first. The other  AB, at 1900 and 
L830 cm - t ,  corresponding to the two-centered and three- 
centered forms of CO adsorption on Pd ~ indicate the 
presence of sufficiently large palladium species. 

An increase in the reduction temperature to 200 ~ 
results in some increase in the intensity of the AB at 
2160 cm -I attributed to charged forms of  the metal and 
appearance of an AB at 2190 cm - l  characterizing CO 
complexes with the Lewis acidic sites (LAS) on the 
ZrO 2 surlhce, z3 Perhaps, at temperatures below 200 ~ 
the adsorption centers are neutralized by H20 molecules 
that are  formed during reduction of  palladium. The 
further increase in the reduction temperature to 300 ~ 
results in the disappearance of  the first AB and further 
increase in the intensity of the second AB, which agrees 
with the assumption about a gradual removal of adsorbed 
water at temperatures >200 ~ No  considerable changes 
are observed in the region of  vibrations of the linear 
carbonyl groups (Pt ~176 At the same time, the bridg- 
ing CO groups are characterized by an increase in the 
intensity of AB at 1970 cm -1 relative to other bands. 
The speclra of the samples reduced at 200 and 30{) ~ 
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Fig. 2. IR spectra of CO adsorbed on a Pt--Pd/ZrO 2 saimple 
reduced at 100 (a), 200 (b), and 300 ~ (c) immediately after 
adsorption (11 and after evacuation at 20 (~, 100 (3), and 
200 ~ (41, 

exhihit a decrease in the intensity of AB at 1830-- 
1850 cm -I that characterizes both the two- and three- 
centered forms of CO adsorption on Pt ~ and Pd ~ re- 
spectively. 

Thus, after the reduction of  the Pt--Pd/ZrO~ sys- 
rein, Pt ~  Pd ~  minor admixture of the charged 
tomis Pt ~ or Pd 2. are the main states of the metals. The 
hitter species are completely reduced only at 300 <C. 

Analysis of tl~e spectra of tile sample reduced at 
t00 ~ makes it possible to distinguish the regions of 
vibrations of  bridging and linear carbonyl groups. In the 
first of them, the behavior of AB is typical of  monome-  
tallic Pd /ZrO 2 systems. 17 In tile second region,  
AB characterizing adsorption on the individual Pt ~ and 
Pd ~ sites can be distinguished. All these data can indi- 
cate the existence of separate Pt ~ and Pd ~ phases, i.e., 
give no evidence for the formation of nniform Pt--Pd 
alloy. 

An increase m the reduction temperature results in 
the shift of tile maximum of adsorption of  CO adsorbed 
in the linear form on Pt ~ and Pd ~ toward low frequen- 
cies relative to the position of  a similar AB in the 
spectrum of the monometallic samples. This is accom- 
panied by a decrease in the intensity of  the bands 
characteristic of bridging forms of adsoq}tion and, in 
particular, the disappearance of the three-centered forms 
(AB at 1830 cm-l) .  ]'his can indicate the partial forma- 
tion of  the alloy at high temperatures. 

Bimetallic catalysts P t - - P d / S O J Z r O  2 

The 1R spectra of CO adsorbed on P t - -Pd /SO4/ZrO 2 
samptes (Pt : Pd = I : t) reduced at 100, 200, and 
300 "C are presented in Fig. 3. The complex AB at 
2105 cm q contributes mainly to tile spectra of  the 
sample reduced at 100 ~ (see Fig. 3, a). Deconvolution 
of  the spectrum allows one to pick out two components 
(at 2115 and 2080 cm- l ) ,  which cau be assigned to 
Pd a+ and Pt ~ respectively. Evacuation at 20 and 100 ~ 
results in the redistribution of CO on the adsorption 
centers, which is evidenced by the disappearance of  AB 
at 2115 cm -I and an increase in the intensity of the AB 
at 2080 cm -I 

,-M'ter reduction at 100 ~ insignificant amounts of 
oxidized forms of Pt and Pd are present in the system, 
which is indicated by the AB at 2190 and 2160 c m - L  
Tile first of them characterizes vibrations of CO adsorbed 
oil Pt 2+ ions, whereas the second band is a superposition 
of  vibrations of CO adsorbed on Pt + and pd2% Evacua- 
tion at 20 ~ results in the resolution of  the band 
attributed to vibmtious of CO adsorbed Oll Pd" in the 
form of a shoulder at 2135 cm ~q. It is noteworthy that 
after reduction at 100 ~ a higher concentration of 
positively charged forms of platinum and palladium than 
in the corresponding nonsulfated P t - -Pd /ZrO 2 systems 
is observedin the Pt~-Pd/SO:i/ZrO~ systenl (Pt : P d  --= 
l :  I ) .  

The spectruni of t i le Pt - -Pd /gOa/Zr02  system in the 
region of vibrations v(CO) < 2000 cm -~ exhibits a 
considerable decrease in the intensity of AB of bridging 
vibrations as compared to the spectrum of P t - -Pd /ZrO 2. 
In addition, a complex band with a maximum at 
1905 cm -I appears, which is a superposition of  AB at 
1905 and 1860 cm I corresponding to the two-centered 
forlus of CO adsorpliolt on Pd and Pt, respectively. 
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Fig. 3. IR spectra of CO adsorbed on a Pt--Pd/SO4/ZrO, , 
sample (Pt : Pd = 1 : 1) reduced at 100 (a), 200 (b), and 
300 ~ (c) immediately alter adsorption (1) and after evacua- 
tion at 20 (2) and 100 ~ (3) Oeconvolutionofspectrum 1, a 
is presented in the insert. 

Thus,  the P t - - P d / S O 4 / Z r O  2 system ( P t :  Pd = 
I : I) after reduct ion at I00 ~C is character ized by two 
phases: the Pd '~+ phase, presumably formed due to thc 
interaction of  the metal  species with superacidic protons 
of  the surface active centers,  aud the Pt ~ phase, whose 
b e h a v i o r  is t y p i c a l  o f  sy~ , t en l s  c o n t a i n i n g  i i o  s u l f l i r .  

Reduct ion at 200 ~ results i n  the suppression of  
bridging forms of  CO adsorp t ion  on the metals  (see 
Fig. 3, b) and comple te  r educ t ion  o f  charged forms of  
the metals. The spectrum o f  t he  sample conta ins  an 
intense AB at 2105 cm -I whose pos i t ion  remains ahnost  
unchanged during evacuation.  Probably,  with an in- 
crease in the reduction t empera tu re ,  the adsorpt ion sites 
become more uniform, a l though they differ from those 
formed under similar cond i t ions  in the P t - - P d / Z r O  2 
system. It can be assumed that processes  o f  alloy forma-  
tion begin to occur  in the sys tem;  however,  they are 
disguised by the act ion o f  the surface  acidic sites, which 
is indicated by a decrease in the stabil i ty of  the carbonyl 
complexes.  

The increase in the reduct ion tempera ture  to 300 ~ 
(see Fig. 3, c) results in the fur ther  decrease in the 
stability of  CO complexes  with t he  metals. At the same 
time, the AB at 2160 cm - l ,  which  disappeared during 
reduct ion at 200 ~ appears again in the spectra. This 
indicates the formation of  charged  forms of  the metals,  
presumably Pd 2+. at elevated tempera tures .  The effect 
observed can be explained by redox processes between 
the metal atoms and the surface  SO 4 groups with the 
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formation of  p la t inum and palladium c o m p o u n d s  with 
the products  of  t r ans fomta t ion  of  the SO4 groups. These 
products  can con ta in  both sulfides and oxygen-con ta in -  
lug c o m p o u n d s  of  sulfi~r with oxidation states from 6+ 
to 2 - .  ht the n tonometa l l i c  systems conta in ing  SO42- 
anions,  the p h e n o m e n o n  of  metal re-oxidat ion was not 
observed. This can indicate a change  in the behavior of  
the metals  upon combined  support .  

To evaluate the inf luence of  the P t /Pd  ratio on the 
state of  metals ,  we studied systems with the atomic ratio 
Pt : Pd from 1.5 to 0.15 (Fig. 4). An increase in the 
relative con ten t  o f  pla t inum i,t the Pt- -Pd/SO4/ZrO 2 
sample (Pt : Pd = 1.5 : 1.0) results in the removal of  
aggregated pal ladium during reduct ion at 100 ~ which 
is indicated by the d isappearance  of  AB that characterize 
bridging forms o f  CO adsorpt ion on Pd ~ In this region, 
only the AB at 1860 cm q cor responding  to the bridged 
CO complex  with Pt ~ is observed. At the same time, the 
shoulder  at 2120 cm -I  indicates the presence of  palla- 
dium with an excessive positive charge Pd a+. The behav- 
ior o f  p la t inum is typical o f  the systems containing no 
sulfur. 

An increase in the relative con ten t  o f  palladium 
noticeably changes  the spectral pattern. The spectra 
exhibit an increase in the intensity of  AB at 2155-- 
2160 cm - l ,  which is typical o f  metal ions. At the same 
t ime,  the intensi ty  o f  the AB at 1950 cnt -I increases,  
which can be a t t r ibuted to bridging forms of  adsorption 

on palladium parlicles that are affected by the surface 
SO 4 groups. For the ratio Pt : Pd = I : 6, the  AB at 
~1975 cm -I  appea r s ,  w h i c h  is c h a r a c t e r i s t i c  o f  
polyearbonyl bridging forms of  CO adsorpt ion  on Pd ~ 

An increase in the reduct ion  tempera ture  results in a 
decrease in the nuntber  of  AB. The spectra  con ta in  AB 
at 2105--2115 and 1950 cm -1 whose behavior  is s imilar  
to that  o f  the c o r r e s p o n d i n g  b a n d s  for the  
P t - - P d / S O 4 / Z r O  ? system (Pt : Pd = I : 1). 

The results obtained are summar ized  in Table 1. The 
behavior of  metals in the P t - -Pd /SOg , /Z rO  1 sys tem dif- 
fers from those obseD'ed for the P t - -Pd /ZrO- ,  and m o n o -  
metall ic Pt(Pd)/SO.~/ZrO? systems. On the one hand,  in 
the P t - - P d / S O a / Z r O  2 system,  the t h r ee - cen t e r ed  forms 
of  CO adsorpt ion (character is t ic  o f  Pt- -Pd/ZrO-~)  are 
comple te ly  absent,  and the formation o f  polycarbonyl  
bridged complexes  begins only at a high con ten t  of  
palladium. On the o the r  hand,  the P t - - P d / S O 4 / Z r O  2 
sample contai , ts  the Pt 0 phase,  which is not charac ter i s -  
tic o f  the SO4/ZrO2-suppor ted  systent. 

It can be assumed that two mechan i sms  of  changing  
the state o f  metals are possible for the P t - - P d / S O . J Z r O  2 
system. The first mechan i sm involves the alloy forma-  
t ion,  and the second mechan i sm is related to the inter-  
action of  the metals with the surface SO,, groups,  h is 
difficult to separate the contr ibut ions  of  these effects,  
because the alloy format ion and interact ion o f  Pt and Pd 
with the surface SO 4 groups  are super imposed .  

Table !. Frequencies of vibrations of linear and bridged CO complexes in IR spectra o f m o n o -  and bimetallic systems 

System T,e d v/Crll - I  Ilbr different states of metal and adsorption forms) 

(P[ " Pd) /~ Pt 2. Pd 2" Pt* Pd + P/'s* Pd a~ Pt ~ Pd ~ M2(CO), , M2a*(CO) M2(CO) M3(CO ) 

p t / Z r O  2 a 2 0 0  . . . . . .  2070 - -  - -  

Pd/ZrO? b 2( )0  . . . . . . . .  2100 1970 

Pt--Pd/ZrO 2 101) -- 2155 2135 -- -- 2060 2095 1970 
200 -- 2160 2135 -- -- 2045 c 1975 
300 . . . . .  2050 c 1975 

Pt/SO4/ZrO 2 a 2 0 0  - -  -- 2 1 6 0  - -  2115 . . . .  

Pd/SO4/ZrO 2 b 100 -- 2150 --  2130 -- 2120 -- c _ 
2 0 0  . . . . . . . .  2120 - -  - -  - -  

Pt--Pd/SOa/ZrO 2 100 2200 2160 2160 2135 -- 2115 2080 -- -- 
(I " 1) 2 0 0  . . . . .  2 1 0 5  '" . . . .  

3 0 0  - -  2 1 6 0  - -  - -  2 1 1 ( I  c _ _ _ 

Pt--Pd/SO4/ZrO 2 I00 . . . . .  2070 -- - 
( 1 5  : 1 . 0 )  200 . . . . . . .  " 2 0 8 0  - - -  

300 - -  2155 - -  - -  2100 ' . . . .  

Pt--Pd/SO4/ZrO 2 1 0 0  2 1 9 0  _2 2 i 6 0  - -  - -  2115. 2 0 8 0  " - 

( I  �9 2 )  2 0 0  . . . . . .  2 0 9 5  2 1 1 5  2 0 8 0  - -  - -  

3 0 0  . . . .  2 1 0 5  2 1 1 5  . . . . . .  

Pt-- Pd/SO4/ZrO 2 100 -- 2155 2 1 5 5  2135 --- 2115 2070 ' 1975 
Il 6 )  200 . . . . . . . . . .  2115 2085 - -- 

300 -- 2160 -- -- 2100 2115 -- -- -- 

1930 

960 
%0 

1950 
1950 
1950 

1950 
195!) 
1950 

1860 

1920 1830 

1880 1830 
1900 -- 
1~)5 - -  

1900 

1905, 1860 -- 
1905 
1915 

1860 

1905 -- 

1905 - 

a Rcf. 15 
Ref. 17. 

' I n d i v i d u a l  b a n d s  i n  the region o f  "vibl~HiOll~. of  [i!l~_':lr c:ffbon}[ g r o u p s  a r e  n o t  o b s c t s c d :  h o ' , ~ c ~ c r ,  t h e  m c l M l i c  p h a s e  is p r e s e n V  
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In the P t - - P d / S O ~ Z r O  2 system reduced at low tem- 
peratures, palladium is subjected to the same effect as in 
the Pd/SOa/ZrO 2 system. At the same time, the behav- 
ior of Pt is characteristic of the metal supported on 
systems without a strong metal--support interaction. Pt ~ 
remains the main state of platinum in all samples. This 
specific feature is observed at different Pt/Pd ratios. In 
the systems with a low palladium content, it exists 
almost completely in the form of Pd a+ and is prone to 
the effect of the surface SOa groups. An increase in the 
palladium content in the catalyst results in the appear- 
ance of a Pd ~ metallic phase; however, the behavior of 
platinum remains unchanged, tt can be assumed that in 
the bimetallic systems the surface SO 4 groups interact 
predominantly with palladium species, and the effect of 
the SO 4 groups on platinum weakens. An increase in the 
reduction temperature results in the enhancement of the 
effect of surface acidic sites on both supported metals, 
which is indicated by the formation of the Pt a+ form and 
a decrease in the stability of  adsorption complexes. 

At the same time, a decrease in the vibration fre- 
quencies of CO adsorbed on platinum in the bimetallic 
system can be explained by dilution of the platinum 
phase with palladium due to alloy formation. Analysis of 
the region of vibrations of the bridging carbonyl groups 
is less unambiguous, because a decrease in the intensity 
of AB characterizing multicentered forms of adsorption 
in the spectra of Pt--Pd/SOn/ZrO? can be related to 
both alloy formation and blocking of adsorption centers 
by surface sulfur compounds. 

Thus, the behavior of platinum and palladium sup- 
ported in combination on SO4/ZrO 2 was studied by 
diffuse-reflectance FTIR spectroscopy. It is established 
that after reduction of P t - -Pd /ZrO 2 at 100 ~ Pt ~ 
and Pd ~ with a minor admixture of charged Pt + or 
Pd 2+ forms are the main states of the metals. An in- 
crease in the reduction temperature results in dilution 
of the Pt ~ phase with a Pd ~ phase, which indicates 
alloy formation.  An alloy can also form in the 
Pt- -Pd/SO4/ZrO ? system; however, effects of alloy for- 
marion are screened by the influence of the surface SO 4 
groups. 

The surface SO 4 groups interact predominantly with 
palladium, and their effect on platinum weakens. An 
mErease in the reduction temperature rEsUlts in the 
enhancement of surface acidic sites on both supported 
metals. 

References 

I. G. Deganello. D. Duca, I,. F. Liotta, A. Martorana, A. M. 
Venezia, A. Benedetti, and G. Fagherazzi, J. Catal., 1995, 
151, 125. 

2. Y. Deng and L. An, Appl. Catal., 1994, All9, 13. 
3. Z. Karpifiski and T. Kosdietski, J. Catal., 1980, 63, 313. 
4. T. Koscie[ski, Z. Karpinski, and Z. Pa~.l, J Catal., 1982, 

77, 539. 
5. S. Vigneron, P. Deprelle, and J. Hermia, Catal. Today, 

1996, 27, 229. 
6. H. Yasuda, N. Matsubayashi, T. Sato, and Y. Yoshimura. 

Catal. Lett., 1998, 54, 23. 
7. A. Corma. Chem Rev., 1995, 95, 559. 
8. X. Song and A. Sayari, Catal. Rev. -- Sci. Eng., 1996, 

38, 329. 
9. J. C. Yori, M. A. D'Amato, G. Costa, and J. M. Parera. 

J. Catal., 1995, 153, 218. 
10. L. C. A. van den Oetelaar, O. W. Nooij, S. Oerlemans, 

A. W. Denier van dcr Gon, ft. H. Brongersma, L. Lefferts, 
A. G. Roosenbtand, and J. A. R. van Veea, Y. Phys. Chem. 
B, 1998, 102, 3445. 

11. C. M. Grill, M. L. McLaughlin. and J. M. D. Gonzalez, 
J. Catal., 1981, 69, 454. 

12. C. M. Grill and R. D. Gonzalez, d. CataL, 1981, 64, 487. 
13. T. Rades, C. Pac, M Polisset-Thfoin, R. Ryoo, and 

.I. Fraissard, Catal. Lett., 1994, 29, 91. 
14. T. Rades, V. Yu. Borovkov, V. B. Kazansky, M. Polisset- 

Thfoin, and J. Fraissard, J. Phys. Chem., 1996, loe, 16238 
15. A V Ivanov. L. M. Kustov. T. V. Vasina, V. B. Kazansky, 

and P. Zeuthen, Kinet. l(atal., 1997, 38, 416 [Kinet. Catal., 
1997, 38 (Engl. Transl.)]. 

16. A. V. [vano', and L. M Kustov, Izv. Akad Nauk, Ser. 
Khim., 1998. 1094 [Russ. Chem. Bull., 1998, 47, 1061 
(Engl. Transl.)]. 

17 A. V. [vanov and L. M. Kttstov, lzv. Akad. Nauk, Ser. 
Khim., 1998, 57 [Russ. Chem. BulL, 1998. 47, 55 (gngl. 
Transl.)]. 

18 E. M. Kustov, A. A. Alekseev, V. Yu. Borovkov, and V. B. 
Kazansky, Dokl. A]~ad. Nauk SSSR, 1981, 261, 1374 [Dokl. 
Chem., 1981 (gngl. Transl.)]. 

19. V. Yu. Borovkov, D. Se. (Chem.) Thesis, [OKh AN SSSR. 
Moscow, 1989 (,in Russianl. 

20. A S. Medin, Ph, D. (Phys.-Math.) Thesis, [OKh AN 
SSSR, Moscow, 1990 (in Russian). 

21. A. A. Davydov, IK-spektroslcopiya v khimii poverkhnosti 
okistov [IR Spectroscopy in Chemistry of (_2~ide Surfacesl, 
Nauka, Novosibirsk, 1984, 240 pp. (,in Russian). 

22. T. Sheppard and T. T. Nguen, Adv. Infrared Raman Specif., 
1978, 5, 67. 

23. C. Mor~erra, R. Aschieri. and M. Volante, Mater. Chem. 
Ph)'s, 1988, 20, 539. 

Received December t6, 1998; 
in revised form January 27, 1999 


