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The influence of redox treatments o n  the state of palladium i t ]  the 
K6[SiWI j PdO39 ] �9 [ I H20/.:-AI203 system was investigated by diffuse-reflectance 1R (D RI F'Y) 
spectroscopy using CO as a probe molecule. The K6[SiWIIPdO39 ] - I IH20 heteropoly- 
compound (HPC) and starting -t-AI203 st~pport were studied for comparison. It was shown 
that palladium is present in HPC mainly in the form of Pd 2+ ions. Treatment of HPC in an 
H 2 flow results in complete reduction of palladium to Pd ~ The HPC is unstable in redox 
cycles at temperatures above 373 K. When tire [-IPC was supported on alumina, the Keggin 
units were stabilized on the support surface and Pd + formed in the oxidized sample. The 
supported Ko[SiWItPdO39]- Illt20/T-AI203 catalyst displays higher thermal stability and 
does not decompose during redox treatments at temperatures up to 723 K. 
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H e t e r o p o l y c o m p o t m d s  ( H P C )  are promising cata- 
lysts for various industrial processes and fine organic 
synthesis,  z - s  In particular,  12th row heteropolyacids  
(HPAc)  with the  Keggin unit and their salts with metal 
cat ions  such as Ni,  Cs, Fe, Pd, and Pt are used in 
hydro i somer iza t ion  of  alkanes. L3 However,  metal  sites 
of  H P C  are deact ivated under  catalytic condi t ions  be- 
cause the s econda ry  strt ,cture o f  H PAc salts possesses a 
comparat ive ly  low thermal  stability in redox media.  

Mixed 12th row HPC conta ining ions of  d -meta l s  
are of  interest  for the deve lopment  of  stable highly 
active catalysts with a specified position of  the d-meta l  
a tom in the Keggin heleropolyanion (HPA).  In this 
work, pal ladium was used as the hetcroatom.  In HPC of  
the K6[SiWIIPdO39 ] �9 l I H20 type, 6,7 palladium occu-  
pies the posi t ion of  the tungsten atom in one of the 
W3OI3 fragments .  4,s 

The purpose  of  this work is  to study the inf luence of  
condi t ions  o f  redox t rea tments  on the state of  palladium 
in the  s u p p o r t e d  HPC/ - : -AI~O 3 sys tem ( H P C  = 
K6[SiWI~PdO39]-IIH;~O).  The state of palladium was 
studied by D R I F T  spect roscopy using CO as a probe 
molecule.  The  bulky K6[SiW ILPdO3~j �9 11H20 and start-  
ing support  ;~-AI203 were s tudied for comparison.  

Experimental  

Preparation of t lPC. Catalyst samples were prepared ac- 
cording to the general scheme. 8 A saturated solution or solid 
PdCI 2 was added to a 0.03 M solution of  potassium 
1 I-tungstosi[icate in a Pd : SiWI~ ratio of 1 : I. The reaction 
mixture was stirred for 2 h at 355--365 K, adjusting the 
pH to 4.5 by the addition of HCI. Then the solution was 
concentrated to obtain golden-brown crystals of potassium 
palladium-ll-tungstosilicate, 7 which were dried tbr 4 h at 
373 K. The content of palladium in the bulky ItPC sample 
was 3 wt.% 

Preparation of t tPC/,t-AIzO 3. ,t-AI203 (Ssp = 240-- 
250 m 2 g-l) was used as the starting support. To prepare the 
ItPC/y-AI203 system, the mixed HPC (potassium palladium- 
I l-tungstosilicate) was used. Granules of A1203 (0.2--0.5 mm 
fraction) were impregnated with a saturated solution of HPC 
and stored in the solution for 2 h at 365 K. Then the mixture 
was concentrated, and the sample obtained was dried for 4 h 
at 373 Kand  heated in an air flow for 2 h a t 6 7 3  K. 

The content of H PC in the synthesized system was 30 wt.%, 
which is sufficient for the formation of the crystalline phase of 
H PC on the support surface. 4 

Samples of bulky and supported catalysts with a particle 
size of 0.2--0.5 mm were loaded in a quartz reactor with a 
CaF~ window for measuring IR spectra and activated at 473-- 
673 K in a vac~.mm for I h. Then the samples were exposed to 
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02 (30 Torr) at the activation temperatures to pleveut the 
reduction of palladium. Then the catalysts were evacuated for 
I h at the same temperatures to a residual pressure of 
10 -4  Torr and cooled to room temperature. 1"o obtain the 
reduced form of palladittm, activated samples (0.5 g) werc 
treated for 2 h in a hydrogen flow (H 2 consumption was 
30 mL rnin -I) at 373--723 K, then evactmted at the corre- 
sponding temperatures of reduction to a residual pressure of 
10 -4 Torr, and cooled to room temperature. 

Measurement of IR spectra. DRIFT spectra were recorded 
on a Nicolet Impact-410 spectrophotometer with a diffusc- 
reflectance attachment 9 at a resolution of 8 cm -I. Oxidized or 
reduced samples were evacuated, and CO was adsorbed on 
them at a pressure of 25 Torr. Alter recording the spectrtm+. 
the .vample was evacuated with a stcpwisc increase m tempera- 
ture with an increment of 50 K, recording spectra for each 
temperature of evacuation. 

Spectra were quantitatively processed using the Kubelka-- 
Munk equation by the OMNIC | program according to the 
previously proposed procedure, l~ Computer simulation also 
included smoothening of spectra and subtraction of the back- 
ground. 

R e s u l t s  and D i s c u s s i o n  

To reveal the state of  palladium, the bulky HPC 
sample was studied during redox treatment  under  com-  
paratively mild condit ions.  The  oxidative t reatment  was 
carried out at 473, 523, and 573 K. CO is not sorbed oJt 
the sample pre-oxidized  at 473 K, which can most 
likely be explained by the incomplete  removal of  coordi-  
nation water that shields palladium ions in the Keggin 
unit from attack by CO. At higher temperatures,  absorp- 
tion bands tAB) with vCO 2155 and 2t00 cm -I appear 
in the IR spectrt, m of  CO. Whe,1 the temperature of  
t reatment  ft, rther incre:kses, the intensity of  the first AB 
increases, and that o f  tlm second band remains ttn- 
changed (Fig. 1, a, spectra 1 and 2). According to the 
published data, 1L12 these bands can be assigned to linear 
complexes pd2+- -CO and P d ~  respectively. The 
bands corresponding to bridged C O  complexes  with Pd~ 

were not found because of  a s t rong background in the 
lower- f requency region in the I R spectrum. The appear-  
ance of  AB at vCO 2100 cm -I indicates the reduct ion 
(in the CO medit tm) of  Pd 2+ ions in tile Keggin unit to 
form palladium metal. 

A stepwise increase in tile t empera tu re  of  evacuat ion 
of  oxidized samples alter C O  adsorpt ion  results in the 
c o m p l e t e  d i sappea rance  o f  A B  at v C O  2155 and 
2100 cm -I at T >  373 K. 

After reductive t reatment  of  H PC in a hydrogen flow 
at 373 K, the IR spectrum of  C O  changes  (see Fig. I .b ,  
spectrum l). AB at vCO 2070 ctn - t  and the group of  
high-intensi ty bands appear in the frequency region 
from 1750 to 2000 cm -+ with max ima  at 1825, 1910, 
and 1985 c m - I .  The IR spec t rum of  the reduced sample 
contains  AB at 2155 cm - I ,  which indicates the resis- 
tauce of  Pd 2+ ions toward reduct ive  t reatment .  The 
position o f A B  at 2070 cm -I  in the  region character is t ic  
o f  Pd~ carbonyls indicates that this  AI3 is attributable,  as 
the AB at 2100 cm - I ,  to l inear C O  complexes  with Pd ~ 
It is known from the pt, blished data  13,14 that for the 
neutral  env i ronmen t  o f  Pd ~ par t ic les ,  vibratio,ls of  
P d ~  appear  as a band in the 2095--2100 cm - t  
region. In the presence of  acid  sites in the nearest 
env i ronment  of  metall ic particles,  this baud is shifted 
toward higher freqt, encies.t3 By contras t ,  the shift of  AB 
from 2100 to 2070 cm -I indicates  that basic sites are 
present in the nearest e n v i r o n m e n t  o f  pal ladium. This 
can be related to the presence o f  potassium ions in the 
outer  sphere of  H PC. The group of  h igh- in tens i ty  bands 
with maxima at 1825, 1908, and 1985 c m  I character -  
izes bridged CO complexes  with part icles of  pal ladium 
metal  ]3-t6 

An increase in the reduct ion  tempera ture  to 473 K 
results ill an increase in the in tensi ty  o f  AB at vCO 
2070 cm -I and a change in the spectral  pattern in the 
region that characterizes the bridged CO complexes  with 
Pd ~ The intensity of  AB at v C O  1825 cm -t  increases 
s imultaneously with the appearance  of  new bands at 
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Fig. 2. IR spectra o f  CO (25 Tor t )  adsorbed on an 
tt PC/T-At203 sample oxidized at 673 K (1) followed by evacu- 
ation at 293 (~  and 373 K (3). 
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Fig. 3. IR spectra of CO (25 Tort) adsorbed on a ),-At203 
sample activated at 723 K (I) followed by evacuation at 
293 K (2). 

1930 and 1865 cm - l ,  and the AB at t908 cm -I disap- 
pears. High intensity o f  the bands of  this group indicates 
that tile system contains  palladium clusters, whose for- 
marion is due, most  likely, to tile compactness  of  Keggin 
heteropolyanions  associated with the decomposi t ion of 
the secondary structt, re of  H PC trader condit ions of  
thermal reduct ion o f  the sample. The bridged CO com-  
plexes with pal ladium metal  are unstable and disappear 
at evacuat ion already at 373 K. 

Re-oxidation of  the bulky HPC sample at 573 K 
Ibllowed by CO adsorption (25 Tort) does not result in 
the appearance o f  any bands in the IR spectral region 
characteristic of  complexes with charged palladium par- 
ticles. This can be related to sintering of tile bulky sample 
and a sharp decrease in tile number  of  surface palladium 
atoms accessible for CO adsorption. ]t is known that tile 
structure of  H PC of  the 12th row is stable during not very. 
deep redox transformations. 4 Our studies showed that tile 
Keggiu unit of  bulky H PC begins to decompose when the 
redox treatments are carried out at temperatures higher 
than 373 K. Support of  HPC on an inert carrier increases 
the thermal stability of  the system and its resistance in 
redox cycles. 4-6 

The I R spectra of  CO adsorbed on an H PC/,v-AI20 ~ 
sample which was oxidized at 673 K (spectrnm 1) and 
evacuated at 293 and 373 K (spectra 2 and 3, respec- 
tively) are presented  in Fig. 2. Adsorpt ion of  CO 
(25 Tort) oil the oxidized-sample leads t0 the ap-pearance 
of  AB at 1990, 2130 (with a shoulder at 2095 cm-I ) ,  
2155. and 2200 cm - l .  The position of  the bands at vCO 
2130 and 2155 cm ~ I and their behavior during thermal 
wlcutml treatment make it possible to assign them. ac- 
cording to the published data, l l -16 to linear CO com- 
plexes with Pd + and P d : '  ions. respectively. -l'he presence 
of  the AB at vCO < 2000 c m - t  indicates the fi)rmation of 
complexes of  the bridged type between metal particles and 
CO molecule~. 13 "File vcD,- intense AB at vCO 2200 cm J 

can be assigned to CO complexes with Lewis acidic sites 
(LAS) on tile support surface, l i , lz This assignment is 
favored by the absence of  this band in the IR spectra of  
the bulky sample and the presence of  a similar AB in the 
spectrum of  CO adsorbed on a clean support (Fig. 3). 

The stepwise increase in the temperature of  evacuation 
of  the oxidized sample with pre-adsorbed CO results ill 
the disappearance of  AB at 2200 cm -I  already at 293 K 
and a decrease ill the intensities of  AB at 2155 and 
2130 cm - l ,  which almost completely disappear at 373 K. 
At 293 K, a new broad baud appears at 2085 cm - t  in the 
IR spectrum. This band characterizes vibrations of  CO 
adsorbed on Pd ~ particles, which may indicate reduction 
processes in a CO atmosphere and, correspondingly, an 
increase in the fraction of  the reduced metal. The inten- 
sity of  this band decreases at 373 K and vanishes with 
further temperature increase to 473 K. The band at vCO 
1990 cm -j  is shifted during evacuation at 293 K by by = 
t5 cm -I toward low frequencies and disappears at 373 K. 
Analysis of  the spectral pattern suggests that palladium ill 
tile HPC/y-AI203 system is mainly present as Pd + and 
Pd 2. ions. 

The band at vCO 2155 cm -t  in tile IR spectra of  
bulky HPC and HPC/T-AI20  3 subjected to oxidative 
t reatment  can be attributed to linear pd2*- -CO c o m -  
plexes. Siuce adsorption of  CO on tile oxidized Pd /S iO 2 
system, in which palladium exists as an oxide phase, does 
ilot result i l l  th-e app~ l rance  Of AB in ih[s region, t6 the 
presence of  the band at vCO 2155 cm -I  indicates, most 
likely, that the Pd 2+ ions belong to the Keggin unit. An 
apprnximately twofold increase in the intensity of  the 
band at vCO 2155 cm -j  ill the spectrum of  HPC/;z-AI20 3 
is related to an  increase in the total HPC surface upon 
support and, as a consequence,  to an increase in the 
number  of palladium atoms accessible tot CO adsorption. 
The presence of the AB at vCO 2130 cm -1 chztracteristic 
of  Pd ' - - -CO complexes can be exphfined by a partial 
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Fig. 4. I R spectra of CO (25 TorrJ adsorbed on an 
HPC/'y-AI203 sample oxidized at 673 K (I) and reduced at 
423 (2), 523 (3), and 623 K (4). 

reduction of palladium during direct contact with the 
support surface, tl This favors an easier reduction of 
palladium, which begins already during treatment with 
hydrogen at room temperature. 

The treatment of HPC/y-AI20 3 at 423 K in an H 2 
flow results in complete reduction of palladium. This is 
indicated by the absence of AB typical of charged forms 
of palladium (Pd +, Pd 2+) and the appearance of a new 
AB at vCO 2095 cm -l  attributed to linear Pd~ 
complexes it-16 (Fig. 4). The position of this baud indi- 
cates a neutral environment of palladium particles. The 
spectrum also contains a broad band with a maximum at 
t930 cm -t corresponding to the two-centered bridging 
form of CO adsorption on particles of metallic palla- 
dium. |3 Under these conditions, palladium atoms in ad- 
jacent HPA aggregate, most likely, lbllowed by the for- 
mation of polynuclear complexes. When the temperature 
of reduction of the sample is increased from 423 to 623 K 
followed by evacuation, AB at vCO 2200 cm -I appears 
in the spectrum (Fig. 5, spectra 2--4). The AB appears in 
this region due to the interaction of CO with I_,AS on the 
support surf:ace. The absence of this AB at reduction 
temperatures below 423 K can be associated with block- 
ing of I_AS by water molecules, which are fomaed when 
Pd is reduced in an H 2 flow. 

Examinat ion  of the spectrum of the reduced 
H PC/~,-A120 3 system shows that an increase in the 
!emperature of reduction results in an increase in the 
intensity of AB attributed to both the linear and bridged 
CO complexes with Pd ~ This can be explained by a 
more complete removal of coordination water from the 
catalyst surface. The increase in the intensity of AB with 
a maximum at 1930 cm -1 characteristic of the two- 
centered form of adsorption of CO molecules on palla- 
dium particles can also be related to an increase in the 
fraction of polynuclear palladium clusters. Some of them 
arc formed due to the compactness of H PA, and othe,s 
are fl~rmed because of the decomposition of |t PA. How- 
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Fig. 5. IR spectra of CO (25 Tort) adsorbed on oxidized (I) 
and re-oxidized (2) HPC/y-AI203 samples; the last reductive 
treatment was carried out at 723 K. 

ever, these destructions are most likely insignificant, 
which is confirmed by the reproducibility of the spectra 
of CO adsorbed on the re-oxidized HPC/~,-AI20 3 sample 
alter its numerous redox treatments (see Fig. 5). 

The results of studyiag unsupported HPC and sup-. 
ported HPC/y-Ah_O 3 samples by diffuse-reflectance FTIR 
allow us to draw the following conclusions. 

(a) In oxidized bulky HPC, palladium exists in tire 
form of Pd 2+. Treatment in an H 2 flow results in its 
complete reduction to Pd ~ clusters. 

(b) No bands appear m the IR spectrum of CO in the 
1750--2200 cm -t region after the re-oxidative treat- 
ment of the bulky sample, which indicates sintering and 
characterizes instability of the H PC system in the redox 
cycles at reduction temperatures >373 K. 

(c) Support of HPC on ~,-AI20 3 results in a strong 
interaction of the Keggin HPA with the support surface. 

(d) The main state of palladium in the oxidized 
I-IPC/~,-AI20 3 system corresponds to its charged forms 
Pd + and Pd 2~. 

re) The mare form of palladium in the reduced 
HPC/y-AI20 3 system is Pd ~ ira the atomic state and in 
the form of clusters. 

(f) The HPC/y-AI20 3 system exhibits a higher ther- 
mal stability as compared to that of the bulky HPC 
sample and does not decompose during redox treat- 
meats at temperatures not lower than 723 K. 

Synthesis of mixed HPC with different structures 
and, in particular, Keggin units produces inorganic 
complexes with platinoid ions stabilized by the oxygen 
environment. An enhanced stability of supported HPC 
at different temperatures of redox treatments makes it 
possible to achieve a high dispersity of platinum group 
metals (up to the dispersed-atomic state)_ This allows 
supported catalysts based on mixed HPC containing 
d-metal atoms in the inner coordination sphere to be 
used in acidic catalysis. 
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