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The zeoli tes  which are  active hydrocarbon oxidat ioncats lys ts  all  contain the t ransi t ion metals  in one fo rm 
or  another  [ 1 , i l ] .  The deep oxidation ofhexane and cyclohexane can, however ,  be catalyzed by cationic zeoli te 
fo rms  which do not contain t ransi t ion meta ls  [3-6]. The introduction of t r ans i t ionmeta l s  into such zeoli tes  not 
only catalyzes  the complete oxidation of cyclohexane,  but, at the same t ime,  promotes  oxidative dehydrogenation 
of the la t ter  with the formation of benzene [4-6]. The comple te  oxidation of the lower Ci-C3hydrocarbons to CO, 
CO 2, and H20 is also promoted on these cata lysts  [7-11], Only in the p resence  o fwa te r  vapor is it possible to 
detect  the format ion of smal l  amounts of acro le in  f rom the par t ia l  oxidation of propylene on a Cu-conta ining, 
type Y zeoli te [7]. The Na forms  of type A, X, and Y zeoli tes  show lower catalyt ic  activity in such reac t ions .  
Considerable work has been devoted to the study of these re la t ions .  

This paper  r epor t s  the resu l t s  of a study of the possibi l i ty of car ry ing  out the oxidative dehydrogenation 
of a lkylaromat ic  hydrocarbons  on cationic zeoli te forms f ree  of group VIII and t ransi t ion meta l s .  

E X P E R I M E N T A L  

A studywas made of the Na forms  of A, X, and Y zeo l i t e s ;morden i te  (M); and the Na, K fo rm s  ofchabaz i te -  
(Ch) and e r ion i te -  (E) type zeol i tes .  The powdered ca ta lys t  was p re s sed  into 3 x 3 mm b inde r - f r ee  pellets  and 
loaded intothe quartz  r e a c t o r .  The volume of the catalyst  charge was 10 cm 3. The adsorpt ion capacity of each 
zeolite was de termined  f rom measu remen t  of low- tempera tu re  N 2 adsorption,  following the procedure  of [12]. 

Exper iments  were c a r r i e d  out in a flow sys tem withautomat icai ly  dosed liquid feed.  Measurements  were  
made on ethylbenzene (EB) and isopropylbenzene (IPB) containing 1.3% EB, each of these compounds being of 
cp g r a d e .  Air  en tered  the r e a c t o r  througha column filled with act ivated charcoa land  NaA zeoli te .  Oxidative 
dehydrogenation of the various a lkylaromat ie  hydrocarbons  was ca r r i ed  out at t empera tu re s  ranging f rom 400 
to 475~ working at O2-to-hydrocarbon rat ios  in the 0 .4 -1 .0  interval  with a 0.5 h -i liquid space velocity.  Gas -- 
liquid chromatography was used to determine the product  s tyrene  (ST), ~ -me thy l s ty rene ,  me thy l s ty renes ,  ben-  
zene, toluene, CO2, a n d w a t e r .  Acids,  CO, acetaldehyde,  acetone,  benzaldehyde,  benzoic acid, e t c . ,  were  
formed in insignificantly smal l  amounts,  and were  not analyzed for in detail .  The catalyzate  was sampleda t  
30-min intervals ,  the catalyzate col lected in the condenser  represen t ing  at leas t  90% of the liquid enter ing the 
r e a c t o r .  

The catalytic activity was expres sed  in t e rms  of the ra te  r of oxidative dehydrogenation at low degree of 
hydrocarbon convers ion  as calculated f rom the equation [13] 

r = v . d . X / M , g . l O 0 ,  mole/g catalyst-h 

TABLE 1. Certain Charac te r i s t i c s  
of the Catalysts 

Adsorption 
Zeolite sio~/Aho~ capacity, ml/g 

NaA 
NaX 
NaY 
Na, KCh 

2,0 
2,75 
4,3 
5,t 
6,2 

10,0 

t t0  
t60 
~i85 
i00 
75 
80 
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Fig .  1 .  Var iat ion  of the rate  of  oxidative dehydro-  
genation of e thylbenzene  with the s i l i con  oxide alu-  
minurn oxide rat io  in the cata lyst ,  at O 2 : EB rat ios  
of  0 . 4 ( a )  and 1 .0  (b): 1) 400~ 2) 425~ 3)450 ~ 

where  v is the r a t e  of l iquid feed in m l / h ;  d is the hydroca rbon  dens i ty  ing/cm3;  X is the degree  of convers ion  
in %, M l s t h e  m o l e e u l a r w e i g h t  of the hydrocarbon ;  g is the amountof  ca ta lyza te  in g.  

�9 D I S C U S S I O N  O F  R E S U L T S  

E x p e r i m e n t s  on the NaY-type zeol i te  were  c a r r i e d  out at  low 02 p r e s s u r e s ,  expe r i ence  having shown that  
deep hyd roca rbon  oxidat ion r e s u l t s  f rom opera t ion  of these  ca t a ly s t s  at  highO 2 concent ra t ions  [4-6]. Although 
the depth of oxidat ion could be r educed  by reduc ing  the O 2 concent ra t ion ,  the r a t i o o f  p r o d u e t y i e l d s  was c lose ly  
dependent  on the na ture  of the zeol i te ,  in both deep oxidat ion and oxidat ive dehydrogenat ion .  It can be seen  
f rom Table  2 that  r e a c t i o n  under  the condit ions in quest ion he re  led l a r ge l y  to the oxidat ive dehydrogenat ion of 
EB to ST, with the fo rmat ion  of s m a l l  quant i t ies  of CO 2, benzene,  and toluene . It is in te res t ing  to note that the 
NaX and NaY fau jas i t e  zeo l i tes  d i f fe red  f rom the other  four zeol i te  c a t a l y s t s ,  being m o r e  ac t ive  in d e e p o x i d a -  
t ion andshowing  a ~ t en fo ld  i n c r e a s e  in the CO 2 y i e l d  under  an inc rease  of the O2-to-EB r a t i o f r o m  0 . 4 t o  1 .0 .  
Below 450~ an i n c r e a s e  in the O2:EB r a t i o  i n c r e a s e d  the ST y ie ld  on the f au j a s t t e s ,  but r educed  it on a l l  of 
the o ther  z eo l i t e s .  F ina l ly ,  t h e S T - y i e l d - v s - t i r n e  r e l a t i on  on the NaX and NaY zeol i tes  was d i f ferent  f rom that  
obse rved  on the o ther  z eo l i t e s .  A s teady ST y ie ld  was e s t ab l i shed  on the A- ,  Ch- ,  and E- type  zeo l i tes  and 
morden i t e  a f t e r  the f i r s t  sampl ing ,  whereas  2 -2 .5  h we re  r e q u i r e d  for  r each ing  s t eady  ST y i e l d  on the f au ja s i t e s .  

It should be noted that  the ef fec t  of va r i a t i on  of the 02 : EB ra t io  on the oxidat ive dehydrogenat ion v a r i e d  
wi th the  t e m p e r a t u r e .  Thus an i n c r e a s e  of this  r a t io  had a negat ive  ef fec t  on oxidat ive dehydrogenat ion on the 
NaM zeol i te  at  450~ but i n c r e a s e d  the ST y i e ld  on this  same ca t a ly s t  at475~ 

It c a n b e  s e e n f r o m  F ig .  l a  that  Na, KE showed the h ighest  ac t iv i ty  at  02 :EB =0 .4 .  

The s i tua t ion  changed somewha ton  r a i s i n g  the 02 :EB ra t i o  to 1 .0 ,  max imum act iv i ty  then appear ing  in 
the NaX zeol i te  (F ig .  l b ) .  As pointed out e a r l i e r ,  this  shift  is due to  d i f fe rences  in zeol i te  sermit ivl ty  to 

TABLE 2. Oxidation of Ethylbenzene on Various Catalysts 

Catalyst 

Nab. 

NaX 

NaY 

Na, KCH 

Na, KE 

NaM 

T . ,  ~G 

i 

425 0,4 I 6,4 
425 1,0 I 6,~ 
450 0,4 9,~ 
450 1,0 I !1;4 
450 0,4 11 ,~ 
450 1 ,O 27,~ 

450 0,4 14,3 
450 1:0 32,5 

450 0,4 17,3 
450 1,0 17,8 
450 0,4 19,0 
450 0,8 19,2 
450 1,0 20,5 
450 0,4 16,3 
450 1,0 15,0 
475 0,4 16,6 
475 1,0 22,1 

Conver- I Sy]rene, 
Oz,~B sio%~o I~o 

6,0 
5,0 
9,2 
9,5 
7,6 

16,8 
7,2 

12,6 
14,8 
13,3 
16,4 
15,3 
14,5 
12,5 
I0,0 
15,0 

.t8,8 

CO~, % 

0,4 
1,4 
0,6 
1,6 
0,9 
7,6 
0.7 
7,0 
1,4 
4,2 
1,6 
3,2 
4,0 
1,2 
2,0 
1,9 
2,8 

SelectivRy, 
% 

94 
77 
93 
83 
64 
60 
50 
39 
85 
75 
86 
80 
71 
77 
67 
90 
85 

1093 



TABLE 3. Activat ion Energ ies  for  the 
Oxidative Dehydrogenat ion of Ethylben-  
z e n e  

Catalyst J E, kcal/ [ E, kcal/ 
[ mole Catalyst mole 

NaX t5• ga, KE t8• 
NaY t3• NaM .... ~20• 

r .I0 4, moles/g cataly~ .h 

�9 x - - X ~  x 

o 
T I I I I 

0 2 0 6 8 /0 
S~0~.: ALz03 

Fig. 2. Variation of the 
ra te  of oxidative dehydro-  
genation of i sopropylben-  
zene withthe SiO 2 :At203 
ra t io  in the zeol i te ,  at  02 : 
IPB =0.4;  1) 425~ 2)450~ 

a l te ra t ion  of the O 2 concentra t ion in the reac t ing  s y s t e m ,  It can be seen f rom Table  1 that the f ine -pored  type 
A, Ch, and E zeol i tes  and mordeni te  showed higher  se lec t iv i ty  thanthe faujas i tes  where  deep oxidation and 
cracking  come to the fo re .  

Apparen t  act ivat ion energ ies  for  oxidative dehydrogenation ofEB onthe var ious  ca ta lys t s  were  de te rmined  
f r o m  plots showing the logar i thm of the reac t ion  ra t e  as a function of the r e c i p r o c a l  t e m p e r a t u r e .  The data of 
Table  3 indicate that act ivat ion energ ies  de te rmined  in this manne r  fel l  in the 13-15 k c a l / m o l e  range  for  the fau-  
j a s i t e s ,  and in the 18-21 k c a l / m o l e  range  for  the Ch-,  E - ,  and M-type zeol t tes .  

A study of isopropylbenzene convers ion  in a i r  showed (Table 4) that the highest  y ie ld  of a lky la romat ic  
hydrocarbons  was at tained with the Ch- and E- type  zeol i tes ,  andthe highest  se lec t iv i ty  wi ththe NaA zeol i te .  
A 25~ increase  in the t e m p e r a t u r e  had litt le effect  on the o~-methylstyrene yie ld ,  c l ea r ly  because  of the low 
act ivat ion ene rgy  for  the IPB reac t ion .  The ra t e  of e - m e t h y l s t y r e n e  fo rmat ion  va r i ed  with theSiO 2 :A1203 ra t io  
in the zeoli te (Fig.  2), reaching  a m a x i m u m  inthe Ch-type zeol i tes .  Compar i son  of the oxidative dehydrogena-  
tion of EB and IPB on a single ca ta lys t  showed theST se lec t iv i ty  to b e  a lmos t  invar iably  higher  than the s e l ec -  
t ivity for  e - m e t h y l s t r y r e n e  fo rmat ion .  This  could r e f l ec t  the fact  that  the IPB reac t ion  is m o r e  involved than 
the cor responding  EB reac t ion .  

The Ch- and E- type  zeol i tes  were  subjected to spec t r a l  ana lys is  with a view to elucidating the role  played 
by contaminat ing me ta l s  in these ca ta lys t s .  The chabazi te  contained 0.004% Fe and the er ioni te  0.1%. The 
total  content of o ther  me ta l s  was 10-3% or  l e s s .  Despi te  the fact  that the Fe  content of the er ioni te  was 25 t imes  
g r e a t e r  than that  of the chabazi te ,  the ac t iv i t ies  of the two zeol i tes  in the EB dehydrogenation dif fered by no 
m o r e  than a fac tor  of 1 . 3 - 1 . 8  (cf. Fig.  l a ,  b). The act ivi ty  of the chabazi te  was even higher  than that  of the 
er ioni te  in the case  of the IPB reac t ion  (cf. Fig .  2). Although these  f igures  do notgive  definite information con- 
ce rn ing the  nature  of the ca ta ly t ica l ly  act ive cen te r s ,  they do sugges t  that  the ca ta lys t  act ivi ty  is la rge ly  d e t e r -  
mined by the zeoli te i tself  r a t h e r  than the contaminat ing m e t a l s .  Th is  quest ion can be finally r e so lved  by spe -  
cial  expe r imen t s  using zeol i tes  which have been synthes ized  so as to prec lude  the poss ibi l i ty  of introducing 
contaminants  into the s y s t e m .  

TABLE 4. 
Zeol i tes ,  

Catalyst 

NaA 

NaX 

NaY 

Na, KCh 

Na, KE 

NaM 

Conversion of Isopropylbenzene on the Var ious  
at  02 : IPB = 0 .4  

Conver- a-Mettl 
T., *C rene, ~ ision, ~o yl sty- 

425 12,5 10,,0 
450 16,8 12,4 
425 15,8 10,0 
450 22,8 12,3 
425 l1,0 8,0 
450 22,8 1 I, 0 
425 19,9 13,1 
450 20,4 14,5 
425 18,3 11,0 
450 25,1 12,7 
425 11,5 8,6 
450 18,9 12,2 

•tyreno + 

methy~]-  
renes, % 

0,4 
1,9 
0,8 
1,5 
0,4 
1,0 
2,1 
3,0 
4,5 

6 , 2  
1,4 
1,3 

CO~, % 

1,0 
1,4 
1,2 
1,8 
0,8 
1,0 
1,0 
1,3 
0,6 
1,0 
1,1 
1,3 

a-Methyl- 

styrene selec- 
tivity, Jo 

87 
74 
63 
54 
73 
5O 
66 
71 
6O 
51 
75 
64 
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C O N C L U S I O N S  

1. In the p resence  of a i r ,  e thylbenzene and isopropylbenzene undergo oxidative dehydrogenation on NaA-, 
NaX-, NAY-, Na-,  KCh-, Na- ,  KE- ,  and NaM-type zeol i tes .  

2. Zeoli tes of the chabazite and er ioni te  types show high activity and se lect iv i ty  in oxidative dehydrogena-  
tion, while the faujasi tes  a re  more  active in deep oxidation. 

3. Increasing the oxygen- to -hydrocarbon  ra t io  increases  the ra te  of oxidative dehydrogenation of e thyl-  
benzene on faujasi tes ,  and reduces  the ra te  of oxidative dehydrogenation on chabazite ander ion i t e .  
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T h e r e  has,  as yet ,  been no in-depth study of the catalytic activity of the zeoli tes in oxidation react ions  
[1]. The C1-C 3 hydrocarbons  undergo deepoxtdat ion to CO 2 and H20 on type X and Y zeoli tes incorporat ing the 
t rans  ttion e lements  [2-5]. It is t rue that smal l  amounts of aerole  in can be obtained f rom water  -- propylene m Lx- 
tures  on Cu zeol i tes ,  but the catalyt ic  se lect ivi ty  is ve ry  low in such sys tems  [2]. Cyclohexane undergoes deep 
oxidation on NaY-type zeol t tes ,  oxidative dehydrogenationwith the format ion of benzene being attained only a f te r  
the cata lys t  has been impregnated with some t ransi t ion meta l  and then subjected to complete combustion [6-9]. 
Since gentle select ive hydrocarbon oxidation is of considerable prac t ica l  in teres t ,  study of catalysts  for  such 
p rocesses  would appear  to be t imely .  

In the p resence  of a tmospher ic  oxygen, ethylbenzene (EB) and isopropylbenzene largely  undergo oxidative 
dehydrogenation onNaY and Pd/NaY zeolite cata lysts  [10]. The kinetics of the oxidative dehydrogenation of 
EB on Pd-containing type NaY zeoli tes  have been studied inthe presen t  work.  
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