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Pyrolytic tars are a rich potential source of aronmtic hydrocarbons, ~{hich make up to 
20% of the liquid pyrolysis products of petroleum fractions. In this connection the ques- 
tion about the mechanism of formation of arenes and of benzene in particular is of consider- 
able interest. 

It is ordinarily assumed that formation of aromatic hydrocarbons proceeds in at least 
two steps. First the hydrocarbons initially present break down to C2-C4 olefins, and then 
condensation of olefins leads to aromatic pyrolysis products. Different opinions have been 
expressed about the intermediate role of the lower olefins in the aromatization reaction. 
Thus it is suggested in [I] that the main intermediate for the formation of benzene is ethyl- 
ene, in [2] propylene, in [3] 1,3-butadiene. Much of the data about the mechanism of pyroly- 
sis of individual hydrocarbons, among them low-molecular-weight olefins, is difficult to com- 
pare because the investigations were carried out under differing conditions. The main atten- 
tion was focused on the formation of gaseous products [14-6], whereas the secondary reactions 
of low-molecular-weight olefins were insufficiently studied. 

The goal of the present study is to explain the pathway for formation of benzene on 
pyrolysis of paraffin hydrocarbons and the participation of ethylene in this reaction. 
n-Hexane was taken as the starting material because it had been shown in preliminary experi- 
ments that its pyrolysis at 800~ proceeds without formation of any hydrocarbons above C7. 
Secondary transformations of the intermediately formed ethylene were studied with the aid 
of labeled molecules, in which a binary mixture of n-hexane and ethylene labeled with ~4C 
was studied. 

EXPERIMENTAL 

In this work technical n-hexane was used with an impurity of not more than 2.5% iso- 
hexane, and ethylene containing ~ 2% impurities, mainly ethane. Ethylene-14C was obtained 
by dehydration of ethanol-l-14C over A1203 at 400~ in a stream of helium. 

The pyrolysis was carried out in an impulse radiochromatographic apparatus in a stream 
of He at 800~ A quartz tube with a well for a thermocouple served as the reactor. Hydro- 
carbons were added to the reactor by means of injectors with two connecting devices combined 
in tandem with spacing providing for simultaneous introduction of the compounds into the 
reaction zone. The amounts for each impulse were 23 ~moles (3 ~i) of n-hexane, 11.1.6 ~moles 
(2.5 ml) of ethylene. The contact time varied with both the changes in the flow of the car- 
rier gas and the length of the heating zone. The experiment was carried out at a maximum 
partial pressure of the hydrocarbons of 55 mm Hg per impulse. The products lemming the reac- 
tor were caught in a trap containing Al20a cooled with liquid nitrogen. For analysis of the 
sample the trap was heated rapidly, and the products, without separation of the liquid and 
gas phases, were injected into the chromatograph. 

Hydrocarbons were analyzed by a GLC method on three successive columns (Table i). The 
amount of H2 was calculated by the material balance method. The radioactivity of the prod- 
ucts was measured by a proportional radioactive flow-type counter located at the exit of the 
chromatograph. 
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TABLE i. Chromatographic Columns for Analy- 
sis of PTrolysis Products 

Hydro- Phase Lengt~ m T,~ 
c~bons 

C i - C 3  

CA 

>C~ 

Alurn~um oxide 
1~o Triethylene- glycoJ 
dibutyrate on Celite 545 

12% Tricresyl phosphate 
on Celite 845 

3 

t0 

10 

70 

20 

70 

DISCUSSION OF RESULTS 

The data obtained (Table 2) show that on increased contact time the conversion of n- 
hexane increases and reaches 97% for a contact time of 2.36 sec. The main products of pyroly- 
sis of n-hexane are ethylene, propylene, CH4 and H2. Moreover small quantities of propane, 
butane, isomeric butenes, pentenes, pentadienes, 1,3-butadiene, cyclopentadiene and benzene 
were found. With an increasing extent of reaction in the time intervals studied the yield 
of CH,, ethylene and benzene increases, but propylene, butenes and 1,3-butadiene go through 
a maximum and are less evident later on. Significant quantities of benzene appear only 
when n-hexane is almost absent in the products. This shows that benzene is a secondary prod- 
uct of pyrolysis and it is not formed from the C6 hydrocarbons but from the lower-molecular- 
weight products. Among the lower-molecular-weight compounds in high concentration is ethyl- 
ene. It could be surmised that ethylene is an intermediate product of aromatization. 

Benzene forms from ethylene either as a result of the trimerization reaction or by the 
interaction of ethylene with other molecules or radicals formed from n-hexane. If the first 
mechanism is applicable pyrolysis of ethylene by itself should yield more benzene than pyrol- 
ysis of n-hexane. However data for ethylene transformations (see Table 2) show that it is 
significantly inferior to n-hexane in its reactivity: For the same contact times when n- 
hexane conversion is almost complete the conversion of ethylene is only about 9%. 

In contrast to n-hexane the main products of ethylene conversion are CH~ and H2, which 
agrees with the data of studies [4-7]. The condensation reaction proceeds slowly, which is 
indicated by the low yield of propylene, 1,3-butadiene, and benzene. The content of the 
latter in the pyrolysis products reaches about 0.3 mole % for a contact time of 7.2 sec and 
for a contact time less than 1.5 sec benzene is essentially not formed. Evidently trimeriza- 
tion of ethylene does not occur and benzene forms by a different mechanism. 

TABLE 2. Yields of the Main Products of Hydrolysis of n- 
Hexane at 800~ 

Contact time, sec 

% conversion 

Mole% of con- 
stituents 

Hydrogen 
Methane 
Ethylene 
Acetylene 
Propane 
Propylene 
Butane 
1- Butene 
trans-2-Butene 
cis-2- butene 
1 3- Butadiene 
f-Pentene 
2- Pentenes 
1, 3- Pentadiene 
Cyclopentadiene 
Benzene 
n-Hexane 

n- Hex ane 

0,29 0,58 

71,4 83,9 

15,9 14,4 
tl,3 15,1 
45,7 48,9 

0,5 0,4 
ii,3 t i , t  
0,i 0,2 
t,4 1,0 
0,6 0,5 
1,0 0,8 
1,2 i,5 
0,t 0,1 
0,2 0,i 
0,2 0,2 
0,i 0,i 
- 0,4 

i0,5 5,4 

i,i8 

94,6 

9,i 
23,4 
52,3 

0,2 
9,1 
0,3 
0,3 
0,4 
0,4 
i,6 
C J I  

0,i 
0,i 
0,2 
i,0 
i,7 

2,36 

97,4 

9,7 
2:4,2[ 
55,1 I 

0,2 
7,4 
0,4 
0,t 
0,2 
O,l 
1,4 
Ca 
C~ 
C.~ ' 
0,3 I 

),71 

5,3 

2,7 
3,4 
2,0 
0,5 

0,3 

i,i 

Ethylene 

t,5, 3,00 5 ,00  

9,5 3,3 6,t 

3,0 5,t 8,5 
4,3 ,5 ii,2 

90,7 ,7 77,2 
0,6 ,8 i,0 

0,4 ,4 0,5 

i , i  ,4 i,4 

_- : - I  
ca A 0 ,2l  

_ - - -  ] 

7,20 

i7,0 

li,7 
t4,8 
7O,5 

0,9 

0,5 

i,4 

0,3 
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TABLE 3. Composition of the Pyrolysis Products of Mixtures 
of n-Hexane and Ethylene at 800~ 

Contact time, s e c  0,25 0,50 0,75 i,O0 

Mole % of con- 
stituents 

Hydrogen 
Methane 
Ethane 
Ethylene 

13,6 
6,5 
2,7 

64,3 

10,6 
13,7 
2,6 

64,8 

7,9 
t4,9 
2,5 

65,6 

10,3 
16,3 
2,t 

61,4 
Acetylene 
Propane 
propylene 
Butane 
1 - Butene 
trans-2-Butene 
cis-2 - Butene 
1,3 -Butadiene 
Pentenes 
n-Hexane 
C yclopent adiene 
Benzene 

0,2 
5,9 
0,2 
1,5 
0,1 

Trace 
1,4 
0,t 
3,2 
0,1 
0,2 

03 
0,1 
4,5 
0,2 
1,2 
0,t 
0,t 
t,5 
0,2 
2,3 
0,2 
0,2 

0,8 
O,i 
3,8 
0,2 
0,8 
0,1 
0,t 
i,6 
Ca 
1,0 
0,2 
0,3 

1,3 
0,2 
5,4 
0,3 
0,7 
0,1 
O,i 
1,6 

0,4 
0,3 
0,5 

To determine the role of ethylene in the formation of benzene we investigated the pyroly- 
sis of a binary mixture of n-hexane and ethylene labeled with 14C in 1:3 mole ratios. 

In [8, 9] it was shown that pyrolysis of ethane, propane and butane in a mixture with 
unsaturated hydrocarbons increases the rate of decomposition of the latter. In agreement 
with our data (Fig. I) the conversion of ethylene in the presence of n-hexane increases 
approximately threefold, and the yields of benzene and ethylene increase significantly in 
the process. Thus for a contact time of 0.75 sec a substantial amount of benzene containing 
the radioactive label appears in the pyrolysis products of the binary mixture, whereas pyroly- 
sis of ethylene by itself under these conditions does not form any benzene. This could 
explain why on pyrolysis of the mixture for even short periods of contact time in the reac- 
tion zone, products of decomposition of n-hexane appear that are capable of interaction with 
ethylene with conversion into benzene. 

Results of pyrolysis experiments with the n-hexane-ethylene-~4C mixture show that the 
main products of transformation along with CH~ and H= are likewise propylene and l~3-butadiene. 
Furthermore, benzene and the C2-C5 hydrocarbons are present in low concentrations. As in the 
experiments with n-hexane by itself, increasing the contact time leads to increases in the 
CH4 and benzene concentration, yields of propylene and butenes reach a maximum~ and the con- 
centration of 1,3-butadiene levels off. From the data of Tables 2 and 3 it follows that 
benzene and CH4 are the end products of the reaction. One could not say that about 1,3- 
butadiene because the concentration relationships obtained for it have a character typical 
of intermediate products. Propylene and butenes evidently, are also intermediate products 
and in the pyrolysis process are subjected tb extensive transformation. 

From the data Of Fig. 2 it is evident that increasing contact time leads to a notable 
decrease in the molar radioactivity (MRA) of ethylene. This is explained by the fact that 
the starting ethylene is diluted by the unlabeled kind formed from n-hexane. Along with 
this the radioactivity from the ethylene goes over to other reaction products including 
benzene. This is evidence of the direct participation of ethylene in benzene formation. 
The MRA curve for benzene changes in a symbaticmanner just as that of ethylene. On extra- 
polation to zero contact time the ~ for benzene approaches 150-180%. From this it follows 
that in the formation of the aromatic ring not only does one ethylene enter in the reaction, 
but more, in the limiting instance, two. 

# 

The labeled ethylene also participates in the formation of 1,3-butadiene which is veri- 
fied by the presence of radioactivity in the latter. However since the radioactivity of 1,3- 
butadiene is very close or a little lower than that of ethylene~ it follows that not more 
than one molecule of labeled ethylene participates in the formation of 1,3-butadiene. It 
can be assumed that such a result would be obtained if some part of the 1,3-butadiene is 
formed entirely from the n-hexane. 

If it is assumed that benzene is formed from ethylene and 1,3-butadiene, then its }iRA 
should be equal or greater than the sum of the molar radioactivities of these hydrocarbons. 
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Fig. i. Dependence of conversions (a) of n-hexane and 
(b) of ethylene on the contact time: i) pyrolysis of 
individual hydrocarbons; 2) pyrolysis of hexane--ethyl- 
ene-14C mixtures. 

Fig. 2. Dependence of the moles of radioactive pyroly- 
sis products of the n-hexane--ethylene-1~C mixture on 
the contact time: i) benzene; 2) ethylene; 3) buta- 
diene; 4) propylene; 5) l-butene. 

If the aromatization reaction is brought about by the dimerization of 1,3-butadiene, then 
the MRA of benzene should not be lower than 1.5 times the MRA of 1,3-butadiene. From the 
data obtained it is evident that the ~A of benzene is less than the sum of the MRA's of 
ethylene and 1,3-butadiene, but greater than 1.5 times the MRA of 1,3-butadiene. For this 
reason it could be assumed that both pathways are probable, and that benzene is formed both 
by the interaction of ethylene and 1,3-butadiene and by the dimerization of l~3-butadiene 
[6]. 

C2H~ + C4H0 -~ 

2C~H6 -~ 

"'" He(3 
CH~ HC=CH2 

J ] 0 c / "" I-IC 
I l l  II 
HC CH~ 

"~CH2"" 

Among the products of the binary mixture comparable in quantity with 1,3-butadiene are 
propylene and l-butene. It could be assumed that these olefins also participate in the aro- 
matization reaction. However as is evident from the data obtained, their ~fiRA's are about 20% 
of the MRA of the starting ethylene. So the low value of the MRA's of propylene and l-butene 
makes it impossible to attach any great significance to their }~RA's in the formation of ben- 
zene, and consequently, under these conditions the hydrocarbons in question do not make a 
substantial contribution to the aromatization reaction. However the results obtained do not 
give a basis for complete elimination of the pathway involving participation of the C3-C4 
olefins. Most probably these hydrocarbons are also participants in the aromatization reac- 
tion and also like ethylene can react with other radicals or molecules with formation of 
higher-molecular-weight compounds including benzene. 
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CONCLUSIONS 

io We investigated the thermal transformations of n-hexane~ ethylene and a mixture 
of n-hexane--ethylene-~C at 800~ and partial pressures of the starting hydrocarbons not 
more than 55 torr. We established that the conversion of ethylene in the presence of n- 
hexane is substantially increased. 

2. The data obtained make it possible to assume that in the pyrolysis of n-hexane the 
ethylene being formed is involved in the formation of aromatic hydrocarbons, by interacting 
with radicals or with molecules capable of reacting, in particular with l~3-butadiene. 
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OXIDATIVE SPLITTING OF SECONDARY CYCLOALKANOLS BY 

Pb(OAc)4--LiCI AND Pb(OAc)~--Cu(OAc)2 SYSTEMS 

G. Io Nikishin and N. I. Kapustina UDC 542.943.7+542.92:547o514.46+547.593o2 

In the reaction of tertiary cyclic alcohols with oxidizing systems based on lead tetra- 
acetate (LTA), oxoalkyl radicals RCO(CH2)2~H2 (n =2-5) are formed, which in a LTA--Cu(OAc) 2 
system quantitatively transform into m-unsaturated ketones as the result of oxidative depro- 
tonation [i], while in the LTA--metal halide system they become oxidized to ~-haloalkanones 
[2]. 

Information on the reaction of secondary cyclic alcohols with LTA proceeding with ring 
opening is limited. It is known that for cyclobutanol, the contribution of the decyclization 
reaction (B-fragmentation) of cyclobutoxyl radicals formed at the first stage to the overall 
transformation process is ~15%. During oxidation with LTA, secondary cycloalkanols with 
C5-C16 ring size convert mainly into cyclic ketones; the amount of B-fragmentation products 
does not exceed ~1.5-4%. If due to structural features of the eycloalkoxyi radicals, their 
rearrangement with 1,5- or 1,6-migration of the hydrogen atom is possible, then epoxycyclo- 
alkanes, products of intramolecular oxidative cyclization, are formed [3]. 

To prepare ~-formy!alkyl radicals CH2(CH2)n+ICHO (n =2~ 3) and to study their oxidative 
transformations, in the present work we oxidized cyclopentanol and cyclohexanol by LTA--LiCI 
and LTA--Cu (OAc)= system. The reactions were carried out at 6'5-80~ in benzene in the pres- 
ence of pyridine (~I mole per mole of LTA) to complete conversion of LTA. 

Table 1 lists the oxidation products of cyclopentanol and cyclohexanol by the LTA--LiCI 
system, and Table 2 the oxidation products of these alcohols by the LTA--Cu(OAc) 2 system. 
Their formation can be represented by the following scheme: 
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