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Reactions of peroxide radicals with the surface of heterogeneous 
catalysts in homolytic and heterolytic processes 
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An interrelation between homolytic and heterolytic stages is found for olefin epoxidation 
by hydroperoxides and cumene hydroperoxide decomposition in the presence of a heteroge- 
neous catalyst (molybdenum selenide). Peroxide radicals that are formed in homolytic 
decomposition of the hydroperoxide interact with the catalyst surface. As a result, molybde- 
num atoms are oxidized to the highest valence state, and new reaction sites are created, on 
which heterolytic reactions occur. It is shown that olefin, as an electron donor, decreases the 
catalyst activity in the heterolytic reactions. The limited value for the olefin epoxidation rate, 
which is independent of the amount of the catalyst used, is explained by the disappearance of 
active sites on the catalyst surface due to their interaction with the neighboring sites 
containing adsorbed olefin molecules. 

Key words: peroxide radicals; heterogeneous catalysts; epoxidation; heterolytic reactions; 
molybdenum selenide. 

L iqu id-phase  oxidat ion of  hydrocarbons  and decom-  
posi t ion of  hydroperoxides  in the presence of  heteroge-  
neous catalysts are homogeneous - -he te rogeneous  reac- 
tions. 1 One of  the stages of  these reactions is l inear 
chain t e rmina t ion  as a result of  the interact ion of  per-  
oxide radicals with the surface. It was shown that  for 
cyclohexene oxidat ion in the presence of  metal  selenides 
(Cu, Mo,  and W),  in addi t ion to chain terminat ion,  
these catalysts can par t ic ipate  in o ther  stages of  the 
oxidation process, i.e., in chain propagat ion z and branch-  
ing. 3 

The in teract ion o f  radicals with the surface of  metal  
selenides modifies  the  catalyst  surface. For  example,  
partial  dissolving of  copper  selenide under  the act ion of  
peroxide radicals is found to occur  during cyclohexene 
oxidation.  4 When  the concent ra t ion  of  copper  selenide 
is high enough, oxidation is complete ly  inhibited, whereas 
when the amoun t  o f  CuSe is slightly reduced,  the reac-  
t ion proceeds  very fast. Thus, crit ical phenomena  which 
are associated with homogeneous  catalyt ic  degenerate 
chain branching  and heterogeneous (linear) chain ter-  
mina t ion  on CuSe are character is t ic  of  this system. 

On the basis o f  the  exper imenta l  data  obtained in 
this work, we discuss the format ion  mechanism of  reac- 
t ion sites on the surface of  mo lybdenum selenide, which 
involves peroxide  radicals. 

Experimental 

Epoxidation of cyclohexene and styrene by cumene hydro- 
peroxide (CHP) and CHP decomposition were carried out at 
50 and 70 ~ in an argon atmosphere in a thermostatically 
controlled glass reactor equipped with a device for sampling 
and with a magnetic stirrer. The spinning rate of the stirrer 
(>1000 rev. min - l )  was high enough to provide the reaction 
occurrence in the kinetic regime. MoSe 2 produced by self- 
propagating high-temperature synthesis (SPHTS) 5 was used as 
a heterogeneous catalyst. CuSe was employed as a heteroge- 
neous inhibitor. Specific surface areas of MoSe 2 and CuSe 
were 1 and 17 m 2 g-i, respectively. Surface areas of the 
heterogeneous contacts were measured by the BET method 
using thermal desorption of Ar. Reaction products and CHP 
were analyzed by gas--liquid chromatography using a glass 
column filled with a fixed liquid phase --  dinonylphthalate 
(15 %) on Chromatone. 

Results and Discussion 

The kinetics of  cyclohexene and styrene epoxidat ion  
by C H P  and that  of  C H P  decompos i t ion  to phenol  in 
the presence of  MoSe  2 are of  an autocata ly t ic  type (Figs. 
1 and 2). According to the  l i terature data,  6 these reac- 
tions proceed by a heterolyt ic  mechan i sm,  which in- 
volves no free radicals,  i.e., the react ions are not  chain  
reactions with degenerate  chain  branching.  Therefore,  
we can draw the conclus ion that  the autocatalysis  is 
associated with the catalyst  act ivat ion by one or several 
components  of  the  react ion mixture.  

Translated from Izvestiya Akademii Nauk. Seriya Khimicheskaya, No. 12, pp. 2130--2133, December, 1994. 

1066-5285/94/4312-2011 $12.50 �9 1995 Plenum Publishing Corporation 



2012 Russ.Chem.Bull., Vol. 43, No. 12, December, 1994 Smirnova et al. 

1.6 

1.2 

0.8 

0.4 

0.4 

0.2 

C. 102/M a 

1 

--  4 8' -,v 112 16 ~0 24 28 ~ 3'2 
t/rain 

C / M  b 

I [ I I 

20 40 60 t/min 

F i g .  1. Kinetic curves for cyclohexene oxide (a) and styrene 
oxide (b) production in the course of olefin epoxidation by 
cumene hydroperoxide: in the presence of 10 g L -1 MoSe 2 at 
50 ~ [CHP]0 = 0.1 M, Ar (1); 2 g L -1 MoSe 2 at 70 ~ 
[CHP]0 = 0.5 M, Ar (b); with the additive of 15 g L -1 
CuSe (2). 

Mo lybdenum selenide produced by SPHTS is a 
mixed-valence compound,  which contains molybdenum 
atoms in various oxidation states. We can assume that, 
during olefin epoxidation and C H P  decomposit ion,  mo-  
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Fig. 2. a. Kinetic curves for phenol production (1, 2) in the 
course of cumene hydroperoxide decomposition in the pre- 
sence of 10 g L - l  MoSe 2 at 70 ~ [CHP]0 = 0.18 M, 
chlorobenzene as a solvent, Ar (1) and with the additive of 10 
g L -1 CuSe (2). b. The rate of phenol production as a function 
of CuSe concentration in the course of cumene hydroperoxide 
decomposition under the same conditions. 

lybdenum atoms are oxidized on the catalyst surface, 
i.e., molybdenum in the lowest oxidation state is con- 
vetted to the highest oxidation state. Hydroperoxide 
molecules and RO 2 radicals can play the role of oxidiz- 
ing agents. In order to elucidate whether MoS 2 is acti- 
vated by a molecular  or radical route, experiments with 
a heterogeneous inhibitor of free-radical reactions, i.e., 
with copper selenide, were carried out. We did not  use 
homogeneous inhibitors, because this might result in 
surface modification. 

As one can see from Fig. 1, cyclohexene epoxidation 
in the presence of CuSe is completely inhibited. This 
fact can be explained in the following way. There are no 
molybdenum atoms in the highest oxidation state on the 
catalyst surface under  the condit ions of epoxidation. 
The hydroperoxide does not  oxidize Mo atoms of the 
active sites, since the presence of the inhibi tor  should 
not slow down molecular  stages of the process. Hence,  
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RO~ radicals that are known to be strong oxidizers take 
part in the formation of the active sites. 

The rate of phenol production during CHP decom- 
position also decreases after addition of CuSe (see Fig. 
2). However, in contrast to olefin epoxidation, the rate 
of CHP decomposition decreases only by about 50 %, 
i.e., hydroperoxide decomposition is not completely in- 
hibited. Upon further increase in the amount of the 
inhibitor, the decomposition rate remains unchanged 
(see Fig. 2). The sharp difference in the inhibiting effect 
of copper selenide in these two heterolytic reactions can 
be explained if we assume that one of the reaction 
components in the epoxidation process, namely, the 
olefin, which is an electron donor, is adsorbed on the 
surface, thereby reducing the accepting ability of the 
reaction sites. This results in partial reduction of the 
surface and in the appearance of a new reaction site 
ZR,H +, which incorporates the olefin molecule: 
Z m + R'H --+ znR,H+, where R'H is the olefin. 

Thus, in the course of CHP decomposition in chlo- 
robenzene, peroxide radicals interact with primary sites 
Z n, whereas during olefin epoxidation, these radicals 
interact w i t h  ZnR, n § yielding the reaction sites which 
appear to contain RO 2- anion-radicals: 

Z n (ZnR.H +) + RO 2 -~ ZmRo~, /'/ _< 5, m = 6. 

Ill order to prove the effect of olefins on the catalytic 
activity of MoSe 2 in the heterolytic reactions, the kine- 
tics of CHP conversion in the presence of molybdenum 
selenide and variable amounts of cyclohexene is studied. 
As one can see from Fig. 3, even small additives of 
cyclohexene drastically decrease the rate of phenol pro- 
duction, i.e., the rate of CHP decomposition via the 
heterolytic route. As the cyclohexene concentration in- 
creases, the rate of CHP consumption reaches a mini- 
mum and then starts to grow. The growth is related to 
the opening of a new route for CHP consumption, i.e., 
cyclohexene epoxidation. The rate of cyclohexene oxide 
formation increases with growing olefin concentration, 
but it remains lower than the rate of 
dimethylphenylcarbinol (DMPC) formation because of 
parallel CHP decomposition by the homolytic reaction. 
At [C6HI0 ] < 0.02 M, the rate of the homolytic DMPC 
production (the difference between the rates of DMPC 
and cyclohexene oxide production) and the accumula- 
tion rate of the products arising from the RO 2' radical 
disappearance increase with growing olefin concentra- 
tion (see Fig. 3). This increase appears to be a result of 
the growth in the concentration of Z n . reaction sites 
on the surface of MoS% capable o ~ n d u c i n g  CHP 
decomposition to radicals. The maximum on curve 6 
(see Fig. 3), which demonstrates the dependence of the 
formation rate of the products arising from RO~ radical 
decay as a function of [R'H], is associated with the fact 
that the mechanism of heterogeneous termination of 
RO~ radicals changes as the olefin concentration in- 
creases. In the absence of olefin, RO~ radicals interact 
with the active sites on the MoS% surface. However, as 
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F i g .  3. Rates of cumene hydroperoxide consumption (1) and 
rates of formation of phenol (2), cyclohexene oxide (3), 
dimethylphenylcarbinol (4), DMPC by the homolytic route 
(5), and accumulation of molecular products of RO 2' conver- 
sion (6) as a function of cyclohexene concentration in the 
presence of 50 g L -J of MoSe 2 at 50 ~ Ar, benzene as a 
solvent, [CHP]0 = 0.1 M, the extent of CHP conversion is 10 
mol: %. 

the cyclohexene concentration grows, another route for 
radical decay, which is associated with RO 2" interaction 
with cyclohexene molecules adsorbed on the catalyst 
surface, becomes dominant: 

ZR, H 4- RO 2 ---> Z R, + ROOH, 

Z R, 4- RO 2 -~  Z + ROOR. 

A characteristic feature of the mechanism for olefin 
epoxidation in the presence of MoS% is the involvement 
of the surface active sites containing RO 2- anion-radical 
and olefin. Figure 4, a demonstrates an anomalous 
dependence of the cyclohexene epoxidation rate on the 
amount of MoS%. Initially, the rate of cyclohexene 
formation grows with increasing amount of MoSe2, and 
then it no longer depends on the amount of the catalyst 
in the reaction mixture. The dependence of the rate of 
styrene oxide formation during styrene epoxidation by 
CHP in the presence of molybdenum selenide is analo- 
gous. The rate of DMPC formation by the homolytic 
route linearly increases with increasing amount of MoS% 
(see Fig. 4). It is proved experimentally that the inde- 
pendence of the epoxidation rate from the amount of 
the catalyst used is not related to the coarsening (aggre- 
gation) of catalyst grains or to the transfer of the process 
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Fig. 4. a. Rates of formation of cyclohexene oxide (1) and dimethylphenylcarbinol (2), rates of cumene hydroperoxide 
consumption (3) and of DMPC production by the homolytic route (4) as a function of MoSe 2 amount during cyclohexene 
epoxidation by cumene hydroperoxide at 50 ~ [CHP]0 = 0.1 M, [R'H] = 9.9 M, Ar. b. Rates of phenol formation (1) and cumene 
hydroperoxide decomposition (2) as a function of MoSe 2 amount during cumene hydroperoxide decomposition (0.1 M) at 70 ~ in 
chlorobenzene, Ar. 

from the kinet ic  to the diffusion regime and to the 
influence of  the  react ion products .  Within  the f rame- 
work of  the  general ly  accepted  mechanisms  for catalyt ic  
heterolyt ic  t ransformat ions  of  hydroperoxides ,  the reac- 
t ion rate should increase as the  amount  of  the catalyst  
used grows. This is actual ly  observed during heterolyt ic  
C H P  decompos i t ion  (see Fig. 4, b). The independence  
of  the  epoxida t ion  rates from the amount  of  the catalyst  
within a cer tain range can be accounted  for by the 
ach ievement  of  the  s teady-s ta te  concent ra t ion  of  the 
ZmRO - reac t ion  sites involved in epoxidat ion.  In this 
case, ~he decay of  ZmRo_- react ion sites must  proceed 
with the  par t ic ipa t ion  of  a neighboring reac tmn s~te. The 
interact ion of  neighbor ing sites was considered in terms 
of  the  concept  of  e l ec t ron - -ho le  recombina t ion  on the 
surface o f  semiconductors ,  7 to which molybdenum se- 
lenide p roduced  by SPHTS belongs. It is known that  an 
e lect ron and a hole  can interact  not  directly,  but with 
different surface groups,  which are adsorbed on neigb-  
boring sites. In  the  catalyt ic  system under  study, RO 2" 
radicals accept  e lect rons  from the active surface sites to 
yield ZmRo _- hole,  i.e., a react ion site, on which olefln 
epoxida t ion  e and heterolyt ic  C H P  decompos i t ion  occur.  
The  hole  d i sappea rance  involves the olefin that  is 
adsorbed on a neighbor ing surface site (Scheme 1). 

This react ion allows us to explain why the depen-  
dences of  the  rates of  olefin oxide and phenol  format ion 
on the amoun t  of  M o S e  2 differ. In the react ion med ia  
with no olefin,  there  are no Z n + sites that  are involved 

R'H . 
in the  consumpt ion  of  the  reactaon sites for heterolytJc 
hydroperoxide  conversion.  As a result,  the  rate of  phenol  

Z m + Z n 
R02 R 'H + 

S c h e m e  1 

2 Z n + [RO 2- + R'H +] 

1 
ROOH + R'" 

product ion is propor t ional  to the catalyst  amount  (see 
Fig. 4, b). 
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