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Reconstruction of the surface layer of platinum group metals in the 
thermal treatment in various gases and propane hydrogenolysis* 
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The enr ichment  with ruthenium of the surface layer of a Pd--Ru alloy tube during the 
propane hydrogenolysis was observed. Metal particles immobilized within carbonaceous 
deposits and filamentous crystals of the metals with a carbon cover are formed on the Rh and 
Ir wires. Thermal treatment in gases free of carbon compounds does not cause such a deep 
reconstruction. The deep reconstruction occuring during the propane hydrogenolysis is the 
stronger, the greater the amount of carbon this metal dissolves. 
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Previous s tudies  I,z have  s h o w n  an  increase  in the 
catalyt ic  act ivi ty o f  p l a t i n u m  films upon  q u e n c h i n g  from 
the  recrys ta l l iza t ion  t e m p e r a t u r e  (Tr). In fu r the r  studies,  
the  effect  o f  t h e r m a l  t r e a t m e n t  in the  m e d i u m  of  various 
gases on  the  ca ta ly t ic  act ivi ty  o f  the  Rh wire in the  
hydrogenolys is  o f  p r o p a n e  has  been  i n v e s t i g a t e d )  After  
annea l ing  the  wire in an  a t m o s p h e r e  o f  a rgon,  he l ium,  
and  hydrogen  at t e m p e r a t u r e s  <513 K, one  C - - C  bond  
iu the  p ropane  mo lecu l e s  is d i s rup tu red  to form CH4 
and  C2H 6 in equa l  a m o u n t s ,  whi le  two C - - C  bonds  are 
d i s rup tured  at h igher  t empera tu re s .  T he  fast cool ing  of  
the  Rh wire f rom 1350 K to the  t e m p e r a t u r e  of  catalysis 
resul ted in a o n e - o r d e r  increase  in the  rate of  p ropane  
hydrogenolys is  as c o m p a r e d  wi th  tha t  observed  after  
slow cool ing.  U n d e r  these  expe r imen ta l  cond i t ions ,  - 7% 
of  the  fed p r o p a n e  d e c o m p o s e d  to hydrogen  and  carbon,  
and  af ter  t r e a t m e n t  of  the  wire wi th  air  at  720 K fol- 
lowed by a n n e a l i n g  in argon at 1350 K, 60% of  p ropane  
t r ans fo rmed  to H 2 and  ca rbon .  

The  purpose  of  this  work is to s tudy the  var ia t ions  in 
the c o m p o s i t i o n  and  s t ruc tu re  o f  the  surface layers of  a 
P d - - R u  alloy tube  and  Ir and  Rh wires in the  the rmal  
t r e a t m e n t  and  p r o p a n e  hydrogenolys is .  

Experimental 

A Pd--Ru (6 wt.%) alloy tube of 1 �9 10 .3 m outer diameter 
and wall thickness I �9 10 -4 m sealed in a plug of the reactor 
through Kovar joints and rhodium and iridium wires of 

* Dedicated to the memory of Academician M. E. Vol'pin 
timed to his 75th birthday. 

2.85" 10 -4 m diameter attached with screws to the copper 
buses, were used as the catalysts. The catalysts were heated by 
a direct current that made it possible to cool them after high- 
temperature annealing with different rates: either rapidly, by 
switching off the current source, or slowly, by gradually de- 
creasing the current. The catalyst was one of the shoulders of 
the Wheatstone bridge that allowed one to heat the catalyst to 
a specified temperature and simultaneously to measure its 
resistance to determine the temperature .  The propane 
hydrogenolysis was carried out in a flow-circulation setup at 
temperatures from 347 to 1123 K and partial pressures of 
hydrogen in the range of 0--103.8 kPa and those of propane in 
the range of 0.1--50 kPa. The total flow rate of the reaction 
mixture was 3 .6-10 -7 m 3 s -I .  The reaction mixtures were 
analyzed by GC. 

The structure of the catalysts surface before and after the 
experimental runs was studied using ISI-60A and JEM-100 
CXII electron microscopes equipped with an ASID scanning 
attachment. The metal content  in the carbonaceous deposits 
was estimated on a Camebax MBX-1 instrument with a Tracor 
detector for the local X-ray spectral analysis. 

Results and Discussion 

The P d - - R u  alloy tube  is inac t ive  ill the  p r o p a n e  
hydrogenolysis  even  at 773 K b o t h  in the  or ig ina l  s tate  
and  after  15 cycles of  success ive  t r e a t m e n t  wi th  air  and  
argon at 773 K and  wi th  hydrogen  at 573 K. Five-fold  
t he rma l  t r e a t m e n t  a l t e rna ted  wi th  the  hydrogenolys i s  
runs increased the  catalyt ic  ac t iv i ty  o f  the  P d - - R u  tube,  
but  the  act ivi ty rapidly d ropped  in t ime;  af ter  add i t iona l  
five cycles, t he  e n h a n c e d  act ivi ty  was r e t a ined  dur ing  
45 rain. It was found that  ove r  the  P d - - R u  tube  the  
hydrogenolysis  rate can  be s tabi l ized in t ime  and  the  
react ion select ivi ty with respect  to m e t h a n e  can  be 
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Fig. 1. Time dependence of the selectivity with respect to 
methane in the propane hydrogenolysis over the Pd--Ru alloy 
tube at various hydrogen/propane ratios in the feed mixture: 
HJC3H 8 = 2.7 (1), 4.0 (2), 6.0 (3), 8.0 (4), 30.0 (5), and 
40.0 (6). 

improved by increasing the hydrogen/propane ratio in 
the feed. As can be seen in Fig. 1, when the H2/C3H 8 
ratio is equal to 2.7, the selectivity to methane (ricH4) 
decreases from 0.9 to 0.6 during 40 min (curve /); .at a 
four-fold excess of hydrogen, the riCH 4 value drops to 
0.73 and then does not change (curve 2). A six-fold 
excess of hydrogen increases the stable-in-time level of 
qcH4 to 0.75 and an eight-fold excess increases it to 0.82 
(curves 3 and 4, respectively). In the latter case, the rate 
of hydrogenolysis also did not decrease in time and was 
the highest among those found at all other hydro- 
gen/propane ratios 40 min after the beginning of the 
run. With a 30-fold excess of hydrogen, the selectivity to 
methane was 0.94 and did not change during 45 rain 
(see Fig. I, curve 5), but the rate of propane consump- 
tion decreased as compared to that observed with an 
eight-fold excess of hydrogen. With a forty-fold excess 
of hydrogen, both the rate and selectivity of the reaction 
decreased (curve 6). 

Thus, conditions are found at which the Pd--Ru 
alloy exhibits a stable catalytic activity in the propane 
hydrogenolysis. Methane predominates among the reac- 
tion products, and one or two C- -C  bonds in the 
propane molecule are ruptured. 

As can be seen in the electron micrographs (Fig. 2), 
the tube lost its metallic luster and a friable layer was 
formed on its s,,lrface after the experimental runs men- 
tioned have been performed. The content of Ru in the 
surface layer of the tube increased to 11% after 27 h 
contact with a mixtttre of reagents at the temperatures 
from 347 to 628 K. Carbonaceous deposits oll the sur- 
face of the tube, which are partially carried away by the 
gas flow, colitain Pd and Ru, and the latter is predomi- 
nantly removed from the alloy in spite of its lesser 
volalility. When tile temperature of the tube is equal to 
823 K, the sublimation of the alloy components is 
observed, although it does not occur even in air up to 
1470 K without the catalytic reaction. These facts char- 
acterize tile high mobility of the atoms at the catalyst 

Fig. 7.. Electron micrographs of the surface of the Pd--Ru 
a|loy tube before catalysis (a) (magnification 2000) and after 
27 h propane hydrogenolysis at temperatures from 343 to 
627 K (b) (magnification 3000). 

surface on contacting with tile propane molecules and 
the products of its hydrogenolysis. As the experiments 
with the Rh wire showed, the products of dehydro- 
polycondensation resulting in the formation of carbon- 
aceous deposits also play an important role in these 
processes. 

The rhodium wire is inact ive in the propane 
hydrogenolysis at temperatures <770 K not only in the 
original state but also after multiple annealing in air and 
in the medium of an inert gas at 1100--1300 K. Ill the 
quartz tube, 11% of methane, 8 ~  of ethylene, and 3% of 
ethane were formed from the same propane--hydrogen 
mixture at 880 K. Hydrogenolysis of propane over the 
Rh wire was observed only at 915 K (0.41 Tm(Rh)). Tile 
ratio between the amounts of methane (5.6%), ethylene 
(3.1%), and ethane (0.4%) differs significantly from that 
found for the thermal propane hydrogenolysis. Methane 
is formed predominantly during the thermal propane 
hydrogenolysis over the Rh wire. Alter a series of runs at 
this temperature, the surface of  the Rh wire became 
friable and filamentous rhodium crystals - I .5  rt in dia- 
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Fig. 4. Electron micrograph (magnification 100 000) of a part 
of the layer condensed on the wall of the reactor after a series 
of runs on propane hydrogenolysis over the rhodium wire. 

Fig. 3. Electron microgmphs of the surface of the Rh wire after 
the propane hydrogenolysis at 915 K: a, obtained with magni- 
fication of 300 in the reflection regime; b, obtained with 
magnification of 100 000 in the transmission regime. 

meter (Fig. 3, a) were formed on it. As a result, the 
propane hydrogenolysis occurred at lower temperatures. 
The annealing of the Rh wire in a hydrogen flow for 
30 rain at 1060 K (0.47Tm(Rh)) and cooling to 573 K 
in one run during 3 s and during 5 rain in the other run 
changed slightly the rate of propane hydrogenolysis. 
After mmealing the wire in an Ar flow at t350 K 
(0.6Tm(Rh)), the rate of propane conversion over the 
rapidly cooled catalyst was one order higher than that 
over the slowly cooled catalyst. Tile enhanced catalytic 
activity of the Rh wire after such a quenching was 
retained for 4 h of the catalyst 's operation. 

The heating of the Rh wire in air at 1120--1i70 K 
resulted in such an increase in its activity that propane 
conversion was already observed at 423 K. The anneal- 
ing at the same temperature proved to be the tess 
efficient, and the annealing in an argon atmosphere at 
1350 K (0.6Tm(Rh)) increased the tale of propane 
hydrogeno[ysis at 573 K, but proved to be insufficient 

for achieving tile activity of the catalyst at the lower 
temperatures that is observed after annealing in air. 

During hydrogenolysis over the Rh wire, - 7N  of 
propane was decomposed, forming the carbonaceous 
layer at the catalyst surface. In fact, the activity of the 
catalyst does not decrease even when the carbonaceous 
layer becomes visible by eye, because they form islands 
and then dendrites. The carbonaceous deposits partici- 
pate in the dispersion of rhodium. The rhodium particles 
with sizes from 3 to 30 nm covered by the carbonaceous 
film are seen in the micrograph (Fig. 3, b). The outer 
surface of the larger rhodium particles is also covered by 
the carbonaceous film which is more transparent for 
electrons than rhodium. 

The contact of rhodium with the propane molecules 
and the products of its transformations caused the 
rhodium sublimation at significantly lower temperatures 
than in air. The portion of the layer formed on the walls 
of the quartz reactor in which the Rh wire coil was 
positioned contains pillared rhodium crystals of 3 nm 
diameter covered with the carbon layer (Fig. 4). 
Microdiffraction study confirmed the presence of the 
racial Rh in tile sample. 

Unlike rhodium and palladium, iridium does not 
dissolve carbon even at 2000 K. This is most likely the 
reason why the reconstruction of the surface mentioued 
above is hampered for the ]r wire. The passing of the 
propane--hydrogen mixture over the lr wire at 915 K 
for 21 h proved to be insufficien! for the activation of 
the wire surface. For example, the propane conversion 
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at 670 K did not exceed 0.2%. After annealing in an 
argoq flow for 30 min and fast cooling, the rate of 
propane hydrogenolysis over the ir wire increased by a 
factor of 77, and after slow cooling it increased only by a 
factor of 12. The atmealing of the lr wire in an air flow 
for I0 min at 1133 K (0.42Tin(It)) proved to be much 
more efficient: the rate of  hydrogenolysis at 670 K 
increased by a factor of  708 as compared to the initial 
rate. Further annealing for 30 rain at 1133 K in the air 
flow and fast cooling increased the propane conversion 
over the Ir catalyst to 97%, however, its activity de- 
creased during the runs. 

The results obtained show that the increase in the 
catalytic activity of  platinum metals in the propane 
hydrogenolysis is achieved because of  the interaction of 
the surface atoms with oxygen and carbon which results 
in the dispersion and even sublimation of the metal. 
Immobilization of  the atoms and small groups of the 
metal atoms within the carbonaceous deposits on the 
catalyst is also important,  because it limits the aggrega- 
tion of  the active sites. The metal-carbon systems thus 
formed are somewhat similar to the new layered graph- 
ite compounds (LGC) ,  the n-complexes of graphite with 
transition metals including Pd and Ru, which were 
synthesized and characterized in detail by M. E. Vol 'p in  
and Yu. N_ Novikov. 4 Study of  the catalytic properties 
of LGC with one and two metal atoms showed s that 
those tratasition metal atoms, which are located at the 
edges of the layer intercalated rather than in the 
interptanar space, are involved in catalysis. The interac- 
tion of the transition metal atoms with the graphite 

networks provides the transfer of  electron density for the 
system graphite-- incorporated substrate molecu le - - t ran-  
sition metal atom. The introduct ion of  an alkaline metal 
allows one to enhance the electron density on the 
transition metal atoms either by direct contact or through 
the graphite networks. 

The rhodium nanoparticles found in this work, which 
are separated with the graphite- l ike films, are formed 
spontaneously from the bulk metal  during the catalytic 
reaction at high temperatures. Thei r  appl icat ion does 
not require the inert gas a tmosphere  that  was used, 5 
when LCG with transition metals were loaded into the 
catalytic reactor. 
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