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Synergistic effect for bimetallic Ru--Tc catalysts of 
cyclohexane dehydrogenation 
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Catalytic properties of the Ru--Tc/support (y-A1203, Y203, and SiO2) systems in the 
dehydrogenation of cyclohexane have been studied. The catalytic activity of the bimetallic 
catalysts depends on the nature of the support. A nonadditive increase in the catalytic activity 
of the bimetallic catalysts in comparison with monometallic samples was established. The 
value of the synergistic effect depends on the ratio between the amounts of the supported 
metals and the nature of the support. By using the diffuse reflectance spectra in UV- and 
visible regions and hydrogen chemisorption techniques, the modifying influence of the ionic 
metal species on the catalytic properties was shown. 
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Catalytic systems based on supported metals of the 
plat inum group with the additives of transition metals 
are widely used in petrochemistry and oil processing. 
The modifying effect of various metals, the state of the 
supported metals, and the mechanism of their interac- 
tion have been studied. 1-4 Upon  doping supported plati- 
num metals (Pt, Pal, Rh) with technet ium,  a synergistic 
effect has been observed. 5-7 This work continues the 
study of this phenomenon  by the example of the Ru- -  
Tc/support  system in the cyclohexane dehydrogenation. 

Experimental 

The catalytic activity of the samples obtained was studied 
on a microcatalytic setup in a pulse regime at atmospheric 
pressure. For each experiment, 0.5 g (1 cm 3) of the catalyst 
was taken. The reaction products were analyzed by GLC on a 
Biochrom-I chromatograph (flame-ionization detector, he- 

. lium as the carder gas). Glass capillary columns with PEG-40M 
were used for the separation of hydrocarbons at 90 °C. 

Hydrogen chemisorption was studied on a volumetric ad- 
sorption setup. The samples were trained for 16 h at 
10 -6 Tort. 

The diffuse reflectance spectra in UV and visible regions 
were recorded on a Specord M-40 spectrophotometer. 

The specific surface area of the samples was estimated with 
the low-tempetature adsorption of krypton according to the 
BET method. 

The catalysts were prepared by impregnation of supports 
with solutions of NH4TcO 4 and RuOHCI 3 (or ruthenate). The 
ruthenium samples were synthesized according to procedures 
described previously. 8 The Na or K ruthenates were obtained 
by fusion of ruthenium metal with an alkali in an oxidative 
medium. To obtain ruthenium oxychloride, the ruthenate was 
transformed to hydroxide Ru(OH)4, which forms RuOHCI3 
after dissolution in a dilute hydrochloric acid. 

In addition to the conventional supports, v-AI203 (Ssp = 
189 m 2 g-l)  and SiO 2 (KSK-2, Sso = 195 m 2 g-t), the Y203 
support (Sso = 1.5 m 2 g-t) was also used. We applied Y203 
previously in the synthesis of the supported technetium cata- 
lysts and obtained it by the decomposition of a hydroxide 
precipitated from a nitrate. The supports were used in the form 
of granules with a size of 1.5--2.0 mm. The supports impreg- 
nated with a corresponding solution were dried at 80 °C in air, 
redt, ced by hydrogen at 300 °C for 1 h and then at 300, 500, 
or 700 °C for 6 h. 

The content of technetium in the catalysts was determined 
radiometrically and that of ruthenium was determined spectro- 
photometrically. The anaounts of the supported metals varied 
from 0.05 to 1.00 %. 

Results and Discussion 

Similarly to other catalysts, 9 the activity of ruthe- 
nium contacts depends on the nature of the starting 
compound.  The samples of Ru/AI20 3 prepared with the 
use of ruthenium oxychloride (1), sodium ruthenate (2), 
and potassium ruthenate (3), exhibited different activity. 
For example, the yield of benzene at 500 °C for 1, 2, 
and 3 was equal to 15, 2, and 18 %, respectively. Most 
likely, the differences in the activity are due to the 
variation in the content  of ruthenium species in different 
valent states. In the subsequent experiments, the ruthe- 
nium catalysts prepared from ruthenium oxychloride 
were studied. 

The supported monometall ic  Ru catalysts and mono-  
metallic Tc catalysts exhibited comparatively low activ- 
ity in the cyclohexane dehydrogenation (Table I). The 
main reaction products are benzene and hydrogen; a 
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Table I. Characterization of the catalysts 

C a t a l y s t  S s p  T d e  t 
/ m  2 g - t  /*C 

Conversion 
(%) 

Yields of the reaction S e l e c t i v i t y  

products (%) for benzene 

CI--C 5 C6H 6 Toluene (%) 

0 .1% Ru/SiO 2 193 

0 .1% Ru-- 208 
- -0 .1% Tc/SiO 2 

0 .1% Ru/AI203 51 

0 .1% Ru-- 67 
- -0 .1% Tc/AI20 3 

0.2 % Ru/Y203 12 

0.2 % Ru-- 10 
--0.2 % Tc,/Y203 

460 11.1 
500 27.3 
540 41.7 

460 27.1 
500 42.8 
550 66.6 

440 4.4 
520 9.9 
580 41.9 

440 7.3 
540 52.8 
580 83.0 

400 9.6 
460 20.5 
520 58.2 

400 42.0 
460 69.9 
520 83.8 

- I I .  I - -  100.0 
1.7 25.5 - 93.4 
3.7 35.5 2.3 85.2 

- 2 7 .  I - -  100.0 
2.1 37.9 2.7 88.6 
8.9 54.6 2.9 82.0 

- -  4 . 4  - -  1 0 0 . 0  

2.6 5.9 1.3 59.2 
13.8 24.3 3.7 57.9 

- -  7 . 3  - -  100.0 
5.1 40.0 7.6 75.8 

14.4 61.0 7.5 73.5 

- -  9 . 6  - -  100.0 
1.2 19.3 --  93.9 
2.9 53.5 1.7 92.0 

-- 42.0 --  100.0 
--  69.9 --  100.0 
--  83.8 --  100.0 

small  amount  o f  light hydrocarbons  and toluene f o r m s  
above 400 °C. It is seen that  the nature  of  the  support  
affects the activity of  both mono-  and bimetal l ic  cata-  
lysts. The  Y203-based systems are the  most active. The 
catalysts can be arranged in the following sequence with 
r e spec t  to the  b e n z e n e  y ie ld :  R u - - T c / Y 2 0  3 > 
R u - - T c / A I 2 0  3 > R u - - T c / S i O  2. In these experiments ,  a 
nonaddi t ive  increase in the activity of  bimetal l ic  cata- 
lysts as compared  to the monometa l l i c  samples is ob-  
served, Le., a so-ca l led  synergistic effect takes place. 
Figure I presents as an example  the data  on the ben-  
zene yield over  the mono-  and bimetal l ic  catalysts sup- 
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Fig. 1. Yield of benzene upon cyclohexane dehydrogenation 
on the catalysts: Ru (0.2 %)--Tc (0.2 %)/Y203 (•); 
Ru (0.2 %)/Y203 (2); Tc (0.2 %)/Y203 (3); Y203 (4). 

ported on Y203 . The results o f  the exper iments  with 
Y203 on which dehydrogenat ion  occurs  at h igher  t em-  
perature is shown for compar ison.  The t empera tu re  of  
the react ion start  lowers significantly in paral lel  with an 
increase in the activity of  the bimetal l ic  catalysts.  

When  SiO 2 and Y203 are used as the supports ,  the 
selectivity for benzene changes slightly upon the intro-  
duct ion of  the second metal ,  unlike the b imeta l l ic  cata-  
lysts suppor ted  on y-Al20 3 (see Table 1). Thus ,  the 
nature o f  the support  affects not only the overall  activity 
but also the  selectivity. 

The synergistic effect is most p ronounced  for the 
low-percentage  samples. Figure 2 shows that  the  high- 
est benzene yield is observed at the weight ratio T c / R u  = 
1:1 on the y-Al20 3 and Y203 supports  and at the  3:2 
ratio in the case of  SiO 2. The effects observed are not 
connected  with the specific surface area, because the  Asp 
values of  the mono-  and bimetal l ic  systems are close 
(see Table 1). 

Substantial  differences between the m o n o -  and b ime-  
tallic catalysts  are found in the study o f  the  hydrogel~ 
chemisorpt ion .  Figure 3 shows that  the shape of  the 
curves of  chemisorpt ion  on the m o n o -  and bimetal l ic  
samples is substantial ly different. The  chemiso rp t ion  on 
the bimetal l ic  low-percentage catalysts  is substant ia l ly  
lower than that  on the monometa l l i c  catalysts  on which 
hydrogen spil lover seems to take place. With  a rise in 
the metal  concent ra t ion ,  the chemisorp t ion  on the bi- 
metal l ic  samples  increases and then becomes  constant .  
The chemisorp t ion  on the monometa l l i c  samples  drops 
with a rise in the metal  concen t ra t ion  and becomes  
lower than that  on the b imeta l l ic  contacts .  
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Fig. 2. Dependence of benzene yield on the Tc/Ru ratio for 
cyclohexane dehydrogenation over the Ru--Tc catalysts at 
500 °C: Y203 support (I); AI203 support (2); SiO 2 support (3) 
([Ru] = const = 0 .1%,  the Tc content changes). 
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Fig. 3. Dependence of hydrogen chemisorption at p = 2 Torr 
on the amount of supported metal for the catalysts: Tc/AI203 
(1); Ru/AI203 (2); Ru (0.2 %)--Tc/AI203 (3) ([Ru] = const, 
the Tc content changes). 

The ca ta ly t ic  and adsorpt ion data give evidence for 
different nature  o f  active centers  in the mono-  and 
bimetal l ic  catalysts.  Similar  data  has been obtained by 
other  authors.  For  example ,  it has been shown 4 that in 
the l r - - l n / A I 2 0  3 b imeta l l ic  catalysts new adsorpt ion 
centers  arise. 

Addi t iona l  da ta  on the surface state is obta ined with 
the use o f  diffuse ref lectance spectra  (Fig. 4). The start-  
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Fig. 4. Diffuse reflectance spectra of the Ru/AI203 catalysts: 
1, the spectrum of a solution of Ru(OH)CI3; 2, that of 
Ru(OH)CI3/AI203; the same after reduction at 300 (3) and 
700 (4) °C. 

ing solution of  ruthenium oxychloride is characterized 
by three bands at 367, 384, and 470 nm (curve 1). This 
spectrum indicates the presence of  Ru 3+ along with 
Ru 4+ in a starting solution, because the bands at 367 and 
384 nm seem to be due to the Ru 3+ with electron 
configuration t2 .s,8 When ruthenium oxychloride is sup- 
ported on A1203, the spectrum changes substantially 
(curve 2). The appearance of  new bands, a shift of  the 
bands, and the change in their  intensity indicate the 
distortion of  the coordinat ion of  the supported ions, the 
change in the content  of  various ruthenium ionic spe- 
cies. The appearance of  the peak at 574 nm seems to be 
caused by an increase in the fraction of  Ru 4+ (a dis- 
tot ted octahedron)  due to oxidation by air oxygen, l° 
The formation of the sufficiently stable compound ,  
Ru(OH)4 , which does not decompose  even at 700 °C 8 
is possible. On the other hand,  the appearance of  a 
green color  upon drying the granules of  the impregnated 
support  gives evidence for the presence of  the mixture of  
the ruthenium di- and tr ichlorides on the surface. 8 The 
peaks at 245 and 355 nm confirm the existence of  Ru 3+ 
on the surface and the peak at 400 nm is typical of  the 
octahedral ly  coordinated Ru 2+ ion (t62~ configuration of  
d-electrons) .  II,Zz The high intensity of  the band at 
400 nm seems to be connected  with the superimposing 
of  the bands related to Ru 2+ and Ru 3+. 

Let us consider  the changes in the spectrum of  the 
monometa l l ic  Ru/Al20  3 catalyst  upon reduction by by-  
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drogen at differe:lt temperatures, in the spectrum of the 
sample treated with H 2 at 300 °C (curve 3) substantial 
changes are seen. First, the intensity of the bands de- 
creases sharply to indicate the beginning of reduction 
and a decrease in the fraction of  the Ru ionic species. 
Secondly, a shift of practically all bands and the appear- 
ance of even new band at 325 nm, which can be assighed 
to Ru3+, 13 are observed. 

The spectrum of the sample reduced at 500 °C is 
identical to that of the catalyst reduced at 300 °C. With 
a further rise in the reduction temperature up to 700 °C, 
the smoothing of all peaks and total increase in optical 
density in the visible region are observed, indicating the 
reduction of Ru to a metal state (curve 4). The second, 
less intensive peak typical of Ru 3+ (Z. = 325 nm) disap- 
pears, although some amount of the ruthenium ionic 
species remains on the surface of the reduced catalyst. 

These data provide evidence for the strong interac- 
tion of the supported ruthenium with the support upon 
heating. However, in spite of the presence of hydrogen, 
all ruthenium ionic species (Ru 2+, Ru 3+, Ru 4+) persist. 
A change in their content and coordination is observed. 
This is the reason for a significant shift of the bands. 

Comparison of the spectra of the NH4TcO4 solution 
(Fig. 5, curve I), the Tc/'f-AI20 3 catalyst (Fig. 5, curve 
3), and the bimetallic Ru--Tc catalyst (Fig. 5, curves 2 
and 4) shows that the presence of Tc leads to an even 
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Fig. 5. Diffuse reflectance spectra of the mono- and bimetallic 
catalysts: I, the spectrum of a solution of NH4TcO4; 
2, that of Ru(OH)CI3--NH4TcO4/AI203; 3, of Tc/AI203; 
4, of Ru--Tc/AI203. 

more complicated picture. The positions of the bands 
related to Ru in the spectrum of the unreduced bimetal- 
lic catalyst differ from those of the corresponding bands 
in the spectrum of the monometailic Ru sample. The 
appearance of the band at 480 nm seems to result from 
the interaction of the starting solutions, which leads to a 
change in the degree of the Ru reduction. The presence 
of the Ru ions affects also the tetrahedrally coordinated 
TcO 4- ion in the bimetallic catalyst: the typical bands 
(247 and 294 nm) in the spectrum of the Ru--Tc sample 
shift (251 and 312 nm, respectively, curve 2) due to the 
interaction with ruthenium. Upon reduction of the bime- 
tallic catalyst, the intensity of all bands and particularly 
the bands with k m a  x = 251 and 403 nm decreases. Al- 
though the concentration of all ionic species decreases, 
a total reduction of the supported ruthenium and tech- 
netium compounds does not occur. 

The spectral data obtained allow one to conclude 
that on the surface of the mono- and bimetallic cata- 
lysts, ionic species of the metals are pre~ent in addition 
to the metal phases. The appearance of the ionic species 
is due to the interaction of the supported substances 
with the support and to one another. The surface species 
on the mono- and bimetallic samples somewhat differ in 
their cot ,  position. For example, a decrease in the 
concentration of the Ru ionic species after the introduc- 
tion of Tc is observed, which can give evidence for the 
formation of the products of the interaction of two 
metals, e.g., RuxTcy. Most likely these surface species 
create additional active centers for adsorption and cata- 
lytic reactions. 

In conclusion, let us compare the capability for 
synergism for all M--Tc systems studied by us (M is the 
element of the platinum group). With this purpose, the 
so-called coefficient of synergism K s was calculated: 

Ks- r13 
ql + G2 ' 

where r13 is the yield of the reaction product on the 
binary sample, rll and r12 are the yields of the product on 
the monometallic catalysts.14 

The comparison was carried out for the catalysts with 
the same metal content (0.05 %). We used the data oil 
the yield of benzene at 300 °C. As seen in Table 2, the 
coefficient of synergism increases with an increase in the 

Table 2. Physicochemical properties of some elements of the 
platinum group 

Ele- Atomic Coefficient Strength of the Percentage of 
ment number of synergism, M--H bond the d-character 

K s (tel. units) of the bond (%) 

Ru 44 1.00 70.6 50 
Rh 45 3.00 67.7 50 
Pd 46 4.00 62.9 46 
Pt 78 7.75 62.9 44 
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a tomic  number  of  the plat inum group element.  The 
highest capabil i ty  for synergism was observed for the 
P t - -Tc  system and the lowest one for the Ru- -Tc  sys- 
tem. Table 2 presents,  in addi t ion to the coefficient of  
synergism, the data  on o ther  propert ies  o f  the elements  
of  the p la t inum group, which show that  the strength of  
the M - - H  bond and percentage of  the d-charac te r  of  the 
me ta l - -me ta l  bond decrease with an increase in the 
a tomic number  of  the e lement  of  the pla t inum group. 
The opposi te  change in the coefficient of  synergism, on 
one hand,  and the propert ies  shown, on the other  hand, 
confirms the suggestion about the substantial difference 
in the chemical  composi t ion  of  the surface species on 
the mono-  and bimetal l ic  catalysts. 
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