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REVIOUS papers of The cracking of twenty-two aromatic hydrocarbons over Tetralin from Eastman WLW 

p t h i s  series described a silica-zirconia-alumina catalyst is reported. A wide ~ ~ $ , , , ~  $ ~ ~ k ~ ~ ~ t ~ ~ ~  
the cracking of a number of range of behavior is observed, from nearly inert com- a boiling range of 205.9- 
paraffins, olefU18, and naph- pounds like toluene or biphenyl to highly reactive ones 206.8" e., n v  1.5405-1.5435 
thenm Over a s i l i c ~ z i r c o ~ a -  such as aromatics with substituent alkyl or cycloalkyl (average 1.54191, d:' 0.9714, 
alumina catalyst under con- groups containing three or more carbon atoms, for which 0*m6% by weight' n-Butylbenzene from East- 
ditions similar to those ern- the removal of the whole substituent group is the chief man had a boiling range of 

cracking reaction. Results from catalytic cracking of 181-182.5' C., di0 0.8564, ployed in the commercial the various hydrocarbon classes are reviewed. The stabil- 
sec-Butylbenzene irom 

Eastman had a boiling range 
cracking Of frat- ity of compounds of a given carbon number in processing 

(4, '* are over the cracking catalyst increases in the order: olefins, of 173-1740 c,, d,DD 0.8605, 
given here from the cracking aromatics with CI or larger substituent groups, naph- n p  1.4901. 
Of various kinds Of aromatics* thenes, polymethyl aromatics, paraffins, and unsubsti- tert-Butyllbenzene from 

compare the catalflic with 
the thermal cracking of the M e t h y l n a p h t h a l e n e s :  
same compounds. Thomas, Eastman practical grade 
Hoekstra, and Pinkston (15) studied the catalytic cracking of a-methylnaphthalene waa distilled in a 60-om. Vigreux column, 

and the fraction 243-244' C. was used. Judging by the pro r- 
ties i t  ws8 a mixture of a- and &methylnaphthalenes, a c g  some alkylbawenes, and reported results similar to ours. 

The cablyd employed waa described previously (4); it  Was with impurities. The sulfur content was 0.98%, nitrogen about 
obtained from Universal Oil Products Company, and was desig- 0.25%. It had di0 1.0188, ny 1.6073. 
nated as UOP cracking catalyst, type B. The sample was found Cycbpentylbenzene was prepared by condensation of cyclo- 
to contah 86.2% silica, 9.4% zirconia, and 4 . 3 ~ ~  by pentene with benzene in the presence of aluminum chloride. It 

had a boilin range of 210-215O C., d:" 0.9451, ny 1,5269. 
weight, and waa in the form of 3 X 3 mm. cylindrical pellets. Pentamet%ylbenzene from Eastman had a meiting range of 
This catalyst gives results similar to those from the synthetic 45-60' C., while the melting point of the pure compound is 54' C. 
silica-alumina catalysts currently employed on a large industrial Fractional distillation showed the presence of about 50% tetra- 

methylbenzenes, probably durene (melting point 79.3" C.). The 
mixture as received was used for the cracking experiment. scale. 

The experimental procedure, definitions, and terminolow were hylbenzenes, from Shar les Chemicals Inc., were said to 
given in an earlier paper (4). The preferred conditions of opera- contain a t  least 90% second& amyl structures, with the rest 
tion of the reaction system, which was arranged for flowing the tertiary. The sample had a boiling range of 185-195" C., d,Po 
hydrocarbon vapor over a fixed bed of catalyst, were: catalyst o*8611* n%' 1.4885* 

Biphenyl from Eastman melted at  68.9" C. 
volume 50 cc. of pellets, atmospheric Presswe, temperature Cyclohexylbenzene prepared by the condensation of cyclo- 
500' C., process period one hour, and flow rate about 13.7 moles hexene with benzene in  the presence of aluminum chloride had 
of hydrocarbon per liter of catalyst per hour. The last three amelting range of 5.0-5.8' C., boiling range of 230-233.5' d., d:" 
conditions were altered in many cases to attain suitable extents o * ~ ~ & ~ $ ~ ; ~ ~ ~ ~ ; s  from were fractionated under vacuum of reaction. The aromatics chosen covered a fairly wide range and a middle fraction boiling from I5&161' c. at ux) -. ww 
of structural types, and included compounds from C, to CIS. taken, ny 1.4960. 
Properties and sources of materials follow, with compounds ar- 1,l-Diphenylethane from Dow had boiling range (5-95%) of 

272.1-274.6' c., d:O 0.9882, n y  1.5658. 
tertButylnaphthalene was made by aluminum chloride alkyla- ranged in the order of increasing molecular weight: 

Toluene was Baker's C.P. grade, further purified by treatment tion of naphthalene with isobutene. The monobutylnaphthalene, 
Over a dehydrogenation catalyst and distillation. It had a probably largely beta-substituted, was recovered by fractionation, 
boiling point of 110.7' C., d:' 0.8664, n? 1.4964. with d:" 0.9648, nl,o 1.5757. 

Ethylbenzene from Eastman Kodak Company had b.p. Amylnaphthalenes from Sharples were said to be 1 0 0 ~ o  beta- 
136.3 C., d:' 0.8677, ny 1.4958. substituted, and to contain at least 90% secondary amyl struc- 

pXylene from Eastman had b.p. 138.0' c.3 d:' 0.858l, nv tures with the rest tertiary. They had a boiling range (initial, 1.4950. 95%) of 279-306' C., d:" 0.9645, nI,O 1.5727. Indan (or hydrindene) from Ertstman had b.p. 177.5' C., 
d:' 0.9499, nY 1.5321 bromine number 4.3. 

1.4982. 

boiling range (5-9573 of 152-153' C., d:O 0.8621, ny 1.4912. 

ny 1.4882. 

As before, an effort is made to tuted aromatics, This order differs substantially from Eastman had a boiling ran@ 
of 168-169O C., d:' 0.8648, that found in thermal cracking. n y  1.4930. 

Mesitylene from daatman had b.p. 165.0' C., d:" 0.8644, n%' INDIVIDUAL CRACKING BEHAVIOR 

Isopropylbenzene from the Dow Chemical Company had a 

n-Propylbenzene from Dow had a boiling range (5-95%) of 
Pseudocumene, Eastman technical grade, had a boiling range 

(5-95%) of 167-175' C., d:" 0.8871, nY 1.5038, and probably did 

~ ~ ~ ~ ~ ~ l ~ ~ n 5 ~ ~ ~ ~ ~ ~ ~ h ~ ~ .  ~ ~ f ~ ~ $ ~ , ~  :gg 
nSo 1.5047. 

TOLUENE, Tests a t  500' and 550' C. showed toluene to be 
very stable over the catalyst at these temperatures (Table I). 
Gas production was very small, and even at  550' there was only 
a trace of lower-boiling liquid. The total cracking in this run a t  
550° WW estimated to be about 1.2% by weight of the charge. 
The recovered toluene had a refractive index of 1.4967, compared 
to 1.4964 for the charged toluene, and was therefore nearly free 

155-158' C., d:' 0.8617, nY 1.4917. 

1168 



December, 1945 

150 

130 

3 

E 

110 

f 

$90 
t t  

I N D U S T R I A L  A N D  E N G I N E E R I N G  C H E M I S T R Y  

Isapropyl-' I I 1 

f b e n z e n e  

- 1.53 - 

I 
I - L5r 
I 
I 
I 

- 
cII 80 

n\O 1.40 g 
=. 'I 

Isopropyl- 

-1 
I - 

1169 

Tempemture benzene - 

I I I I 

- - -  
benzene w& 43% decomposed. Some of the propylene 
initially formed waa saturated to propane. 

IsoPrtoPnBnNzENE. Figure 1 is a distillation curve for the 
liquid product. The main reaction was scission next to the ring 
to yield benzene and propylene. This proceeded very extensively 
(about 80%) at 500' C. and a flow rate of 13.7 moles per liter per 
hour. The efficiency of benzene production, computed from t$e 
amount of feed cracked, was 90%. The mechanism is thus 
particularly well de6ned for a cracking reaction. Producta other 
than propylene and benzene were present in much smaller 
amounts; there waa no toluene, and CC aromatics were only about 
3% of the charge. Isopropylbenzene decomposed nearly twice as 
extensively aa n-propylbemne. 

BUTYLBENEENES. Three isomeric butylbenzenes (normal, 
secondary, and tertiary) were cracked under mild conditions- 
namely, 400' C. and 12.5 moles per liter per hour flow rate-to 
compare the relative stabilities. The results show that the 
structure of the alkyl group had a marked effect on the extent of 
cracking; tmbbutylbenzene was 80.4% decomposed while 
n-butylbenzene waa only 13.9% decomposed and sec-butylbenzene 
fell between with 49.2% decomposed. It is improbable that  these 
marked differences in extents of cracking can be ascribed to 
differences in thermodynamic equilibria; rather, it is believed that 
they are mainly the result of rate differences caused by the sev- 
eral unique structures of the butyl group. Although free-energy 
limitations indicate that dealkylation cannot be 100% complete 

f 
In? g u. 

a 

of condensation products. It was light yellow in color. 
The run at 500" C., low space velocity, and short proc- 
ess period, waa perhaps as severe &g that at 5W0, but 
a careful balance of toluene showed that only 1.7% or 
less disappeared, confirming the high degree of stability. 
An experiment reported by Natanson and Kagan (81, 
however, showed about 25% disproportionation of 
toluene to benzene and xylenes in treatment over silica- 
alumina at 430' C. and the very low flow rate of 0.5 
mole per liter per hour. 

ETE~TLBENZZENE. Results from the cracking of ethyl- 
benzene at 500' C. showed the main reaction waa scission 
next to the ring to yield benzene and ethylene. About 
1.5% of toluene was formed compared to 8% benzene, 
indicating a minor amount of cracking within the side 
chain. The refractive index of the remaining material 
above toluene showed a styrene content, if present, 
of less than 3%. 

Cracked at 500" C., n-propyl- 
benzene yielded almost exclusively propylene and 
benzene bv scission next to the ring. The n-prowl- 

~-PROPYLBBINEENB. 

under the conditions used, an unlisted experiment with n- 
butylbenzene, at half the flow rate used for the run listed in 
Table I, gave nearly twice the dealkylation (about 24% decom- 
position compared to 13.9%), showing that equilibrium was not 
limiting the reaction in the latter run. With 1111 three compounds 
the chief reaction wm dealkylation to benzene and butenes. 
This was followed by a certain amount of secondary reaction of 
the butenes, which are known under these conditions to give 
lighter gas, isomerized butenes, butanes, and higher-boiling 
material. Distillation and spectrophotometric analysis of the 
cuts indicated that toluene was less than 1 % of the liquid product 
in all the runs. Combined G, Ca, and G aromatics were not over 
4% by weight of the charge for any of the runs. 

AMYLBIDNEENES. The amylbenzenes, a mixture of secondary 
and tertiary monoamylbenzenes, were cracked at 500' C. The 
extensive reaction, chiefly to give pentenes and benzene, was 
similar to those of th6 butyl- or propylbenzenes. A loss of 13% 
in the distillation of the liquid product made the distribution 
of the products somewhat uncertain, but it appeared that benzene 
recovery was 94% of the theoretical for the simple splitting to 
benzene and pentenee, based on the disappearance of amyl- 
benzenes. The Cr material actually recovered (50% of the theo- 
retical amount based on disappearance of charge) contained 86% 
olefins. Dmtillation clearly showed that liquids other than 

Hydrocarbon 
Tern erature, ' C. 
Flow rate, moledl./hr. 
Process period, min. 
L H S ~  

Qaseous roduot 
Moles?mole charge 
Vol. % Hs 

CH4 
C.H. c;n; 
CaHa 
CaH8 
Ieo-C4H: 
n-C& 
C4&D 
Total ole5na 
Total saturates 

C No. of saturated 

Gas 
Liquid below ori 'nal b.p. 
Remaining l ipui8 
Carbon 

Material balanoe, wt. % of charge 

TABLE I. CATALYTIC CRACKINQ OF MONOALKYLBENZENES 
Ethyl- n-Propyl- Isopropyl- n-Butyl- am-Butyl- tstt-Butyl- Amyl- 

-Toluen- benxene benxene benrene beneene bensene benrene bensenes 
500 660 600 600 600 400 400 400 600 

16 60 60 60 60 46 46 46 60 

0.53 1.44 1.69 1.93 1.91 1.96 1.91 2.06 2.38 
5.0 15.6 13.8 13.8 13.7 12.6 12.8 15.2 13 8 

0.020 
31.8 ... ... ... ... ... ... ... 
3i:t 
34.9 
2.0 

0.033 
45 ... ... ... ... ... ... ... 
16" 
39 
2.2 

0.069 
24.6 
3i:s *.. ... ... ... ... 
ai:i 
23.9 
2.6 

0.873 
5.6 
3.6 
2.0 
1.7 
76.2 
7.4 
1.0 
1.0 
1.6 
80.2 
14.2 ... 

0.700 
2.6 
3.0 
0.6 
3.6 
86.2 
0.8 
1.2 
2.1 
0.1 
90.1 
7.4 
e . .  

0.124 
12.7 
0.0 
1.8 
0.0 
13.7 
10.0 
10.0 
11.8 
40.0 
37.3 
50.0 ... 

0.441 
4.4 
0.0 
0.3 
0.3 
6.4 
1.1 
3.6 
11.6 
82.7 
12.9 

7a.4 

... 

LOSS 

0 Liquid hourly apaoe velocity. b Carbon No. - n in CS&. a Ci, Ca, and Ca saturates, oarbon No. 2.6. 

0.694 0.195 
0.6 17.1 

23.4 6:i 6.7 
7.6 

1.1c 3.4 
70.7 8.1 
7.8 7.1 
10.6 7.7 
87.7 40.9 
11.7 42.0 

4:s 19.0 

... ... 
aa.7 
60.7 
1.0 
4.0 3 



1170 I N D U S T R I A L  A N D  E N G I N E E R I N G  C H E M I S T R Y  Vol. 37, No. 12 

220 

200 

I70 1.52 
* 

Mesitylene 

7 
1.50 

Mesitylene 

I30 1.48 
Li 

-I 

(Bottoms) c - 1.51 

>Trielhylbentenes 

7 - 
Ternperot ure 

50 I I I I 
0 5 IO 15 20 25 

Volume Percentope Distil led 
Figure 2. Distillation Curve for the Liquid Product from 

the Catalytic Cracking of Mesitylene at 500' C. 

- 
+ 

Refroctive Index 

Triethyl - 
benzenes -+ 

- 

- 
- 0 X I 2 0  - 

5 100 - 
- C - .- - 

- 

I I I I I I 60 

pentenes, benzene, and uncracked amylbenzenes were small in 
amount-about 5% from 40-75 O C. and the same from 85-180' C. 

This compound was treated under more severe 
conditions than were normally employed-namely, at 550' C. 
and a flow rate of 4 moles per liter per hour (Table 11). De- 
composition was quite extensive, only 47.1% by weight of the 
charge being recovered as xylenes. Besides 23.8% of lower- 
boiling liquid, chiefly toluene, there was also formed 16.1% 
higher-boiling liquid, chiefly CO aromatics. A disproportionation 
or methyl-group transfer must therefore have taken place. 
Analysis of the remaining xylenes showed that isomerization to 
approximately an equilibrium mixture had occurred, as follows: 

Isomer kxptl. from p-xyfene Theoretical at  550' C.(fO) 

 XYLENE. 

o/ in Xylene  Fraction - 

1.50 

1.49 %' . * 
0) 0 

u 

U 

1.48 E 

- - 
e .. 
d 

Para 

Ortho 
M e t 8  

27.4 
47 .3  
25 .3  

21 
58 
21 

The analysis of the xylene fraction was made by ultraviolet ab- 
sorption. 

MESITYLENE (1,3,5-TRI- 
METHYLBENZENE). Mesity- 
lene reacted to  a moderate 
extent when passed over 
the catalyst a t  500' c. 
The distillation curve in 
Figure 2 shows that the 
chief reaction was removal 
of one methyl group. No 
benzene was formed, only 
a trace of toluene, and 
considerable xylenes. A 
fair amount of condensation 
product was indicated by 
the elevated refractive in- 
dex of the recovered mesity- 
lene fraction (1.5073 com- 
pared to 1.4982 for mesity- 
lene), and further distilla- ' 

tion led to isolation of 6.3% 
by weight on the charge 
of bottoms above 185' C., 
with n': 1.5305. Isomeri- 
Eation of mesitylene was 
not examined. The gas 

analysis showed appreciable amounts of Cp, CS, and 
C4 compounds, believed to have been formed by the 
combination of CI fragments initially removed from 
mesitylene. 

nical pseudocumene decomposed about as extensively 
as mesitylene when cracked at 500' C. The lower- 
boiling products were toluene and xylenes, in about 
equal amounts. The fact that the feed was a tech- 
nical grade casts doubt on the results. In  another 
run at 550" C. a pure pseudocumene from the methyla- 
tion of p-xylene was charged. The high temperature 
coupled with the low flow rate of 3.2 moles per liter 
per hour caused the conversion of over 60% of the 
pseudocumene to  other products. The gas was 5.5% 
by weight and was chiefly methane and hydrogen, al- 
though small amounts of C2, C I ,  and CI were also 
present, an indication of secondary recombination 
reactions. Toluene and xylenes amounted to 4 and 
22% by weight of the charge, respectively. There 
was little or no benzene. Since the xylene product was 
an equilibrium mixture of the isomers, no conclusion 

PSEUDOCUMENE (1,2,4-TRIMETHYLBENZENE). Tech- 

can be reached as to which methyl group was most 
readily removed from the pseudocumene. About 13% 

of the pseudocumene charged appeared as higher-boiling material, 
Over 80% of which distilled within 40' C. above the boiling point 
of the feed and was, therefore, presumably tetramethylbenzenes 
or other Cl~-Cn aromatics. The bottoms above 209' C., amount- 
ing to 2.3% by weight of the charge, contained 42% of material 
boiling in the range 209-230" C., with n2' 1.5657. 

PENTAMETHYLBENZEXE. The trimethylbenzenes cracked 
much more readily than toluene. To ascertain the extent of this 
trend for benzenes with even more methyl groups, the behavior 
of pentamethylbenzene was studied. Unfortunately, the sample 
of pentamethylbenzene used was of poor quality, containing 
much tetramethylbenzene. The amount of cracking, which 
could be gaged only approximately, was of the order of the 
amounts for the trimethylbenzenes under equivalent, conditions- 
namely, about 20% by weight of the feed. The cracked gaa waa 
chiefly methane, and the lower-boiling liquid, CS and CIO aromatics, 

TR1ETHYLBENZEh-m. The cracking behavior of triethyl- 
benzenes was between those of monoalkylbenaenes and poly- 



I I i 111). Naphthalene isolated by distillation was 3% 210 . 
of the charge. The 1.2% of liquid distilling from 
80" to 200" C. wtw nearly 100% mononuclear 
aromatics, of which the origin is somewhat ob- 
scure, especially since the feed contained some 
impurities-for example, 0.98% sulfur in com- 
bined form and about 0.25% nitrogen; it may 110 - 
have been the nitrogen or sulfur compounds that 
cracked rather than the hydrocarbon. 

other aromatic compounds with large alkyl 
groups, cracked very extensively. Products were 

a solid (freezing point 66" C.), which was doubt- 
less impure naphthalene. The run was inter- 

system became clogged with solid product, and 
therefore the material balance is only approxi- 
mate. The high carbon formation is in part ex- 
plained by the short duration of the run. 

AMYLNAPHTEKALENES. Cracking waa very ex- 

liquid which was entirely CS hydrocarbons and 

naphthalene freezing at 70.5" C.). The com- 

+ Tatrotin 'gortomr 

I90 - - 

-- 

Tetrolin - tef'kBUTYLNAPHTHALENE. This compound, like I50 - - 

130 - - gaS, containing much isobutene and butane, and 

rupted after 15 minutes because the reaction 110 - - 
Refractive Inden 

- 

tensive. Products were a small amount of gas, - 
contained 91.5% olefins, and a solid (impure .- I 

plete cracking of amylnaphthalenes contrasts with 
the low reactivity of methylnaphthalene; the I 

G 
10 -- I - 

I 

difference is analogous to that between amyl- 1 
benzenes and toluene. 

30 .- - 
BIPHENYL. This compound underwent practi- 

I I I 10 L47 
cally no reaction in treatment a t  550" C.. Gas 
formation was very small. The lack of reaction IO 20 X r l  

1.57 

1.55 

1.53 

1.51 
c 

3 
u .- - u 

1.49 5 

was substantiated -by the melting point of the 
recovered biphenyl sample, which waa only 0.7" C. 
below that of the charge; this indicated only 1.4 

-- _ _  
Volume Percento~e Oirt i l lrd 

Figure 4. Disttllation Curve for the Liquid Product from 
the Catalytic Cracking of Tetraiin sit 5 2 5 O  C. 
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liquid above 200" C. from the run a t  525' C. (69% yield of such 
liquid, n2i 1.5694), it  is apparent that naphthalene or condensa- 
tion products of Tetralin must have been formed in the dehydra- 
genation reactions. Naphthalene (melting at  80.2 ' C.) was iso- 

naph- :,"%!- tgx!- Bi- phenyl- lated from the product of this run in an amount equal to 16% 
of the charge. Transfer of hydrogen to the olefins produced also Hydrocarbon thalenes thafene thalenes phenyl ethane 

500 500 500 550 500 seems to have occurred, for although the monocyclic Clo aro- Temperature, C. 
LHSV 1.94 2 . 6  2.7 
Flow rate moles/l./hr. 13.8 13.5 13.2 6 . 8  6 . 8  matics from cracking Tetralin (which boil below Tetralin) Process p&iod, min. 60 15 60 60 60 
Gaseous roduct should have unsaturated side chains, the C,U (175-195' C.) cut 

MolesTmole charge 0.104 (0.51) o.2*2 0.026 2g::31 was found to contain only 2% olefins. It is also possible that Vol. % Hr 58.9 15.0 26.5 ... 
olefin content of the gas again points to saturation. Bloch and Total saturates 30.8 36.4 40.4 39.5 

C No. of saturates 1 . 6  4 . 2  2 . 0  ... 1.9 
Material balance, wt. % Thomas ( I )  gave more complete analyses of products from 

Gas of charge 0.9 (13) 3.0 . . .  1.7 cracking Tetralin. Although obtained under somewhat differ- 
Liquid below original 

TABLE 111. CATALYTlC CRACKING OF BICYCLIC ~ O ~ T I C s ,  
BOTH RINGS AROMATIC 

terl- 
Methyl- 

1.070 1.26 

Totalolefins 10.3 48.6 33.1 ... 31.8 some indan or methylindan was present in this cut. The low ... 

ent conditions, their results agree in a general way with ours. 

over the catalyst; the chief reaction was scission a t  the link 
between the rings to give benzene and cyclopentene. The yield 
of benzene was practically quantitative a t  1 mole per mole of 
feed cracked; but the yield of C S  material was only about 0.35 
mole per mole of feed cracked, so that it is necessary to postulate 
additional reactions, such as cracking off part of the cyclopentyl 
ring followed by dealkylation of the remainder to  benzene, or 
socondary reaction of initially formed cg fragments. Yields of 
products were as follows: 

4.2 
Remaining material 87.4 {:!:*I E:% 
Carbon 4.6 
Loss 2.9 6.8 4.4 

. . .  13.9 CYCLOPENTYLBENZENE. Cyclopentylbenzene cracked rapidly b.p, . 

of4d li:: 
a Based on liquid at 100' C. 
h Solid 
0 Includes Cs only. 
d CO from regeneration not inoluded. 

1 ~ n - q ~  (HYDRINDENE). When indan wm cracked at  5000 <;. 
{Table Iv), the m o u n t  of decomposition  as rather small. 
The gas wm 51.3% hydrogen. The lower-boiling liquid was ai- 
most wholly aromatic; it  contained a little benzene, somewhat 
more toluene, and some CO aromatic material boiling below indan. 

remaining liquid consisted chiefly of unchanged 'indan, but the 
bottoms from the distillation, which amounted to 26% of the 
charge to the run, had na$ of 1.5558 (indan 1.5383, indene 1.5768) 
and thus contained dehydrogenated or more highly condensed The gas was rich in hydrogen. The Cs fraction contained 64% 
material. Carbon formation in the cracking of indan was fairly olefins and was evidently a mixture of cyclopentene and cyclo- 
high (4.8% by weight of the charge). pentane. The Cs fraction contained 90% benzene and 6% olefins. 

TETRALIN (TETRAHYDRONAPHTHALENE). Cracking was car- The small amount of material boiling above benzene but below 
ried out at 500" and 525" c. Figure 4 is a distillation curve for a the feed waa probably alkylbenzenes. Distillaton bottoms with a 
typical liquid product. The cracking of Tetralin proceeded by a high refractive index (n: 1.5855) gave evidence of condensation 
splitting of the naphthenic ring to produce monocyclic aromatic products. 
compounds. Benzene, toluene, and Clu aromatics were readil) CYCLOHEXYLBENZENE (PHENYLCYCLOHEXANE). When cracked 
identified through the distillation curve, with smaller amount,s of a t  450" and 500" C., cyc:ohexylbenzene gave large yields of Ca 
Cs and Cs aromatics also indicated. The gas contained consider- compounds, as Figure 5 shows. The principal reaction was 
able quantities of methane, Ca and C, hydrocarbons, and small splitting apart of the two rings; the Ca fraction (66-82' C.) 
amounts of ethylene and ethane. The gas was fairly saturated. constituted almost the entire liquid product of lowered boiling 
Dehydrogenation was evident, reflected in part by the hydrogen point. It was made up of benzene, naphthenes, and small 
content of tho gas. From the refractive index of the remaining amounts of olefins and paraffins. Analysis of the Cg fractions 

showed for the run at 450' C. (in 
per cent by weight): 6.5 olefins, 
54.5 aromatics, 36 naphthenes, 
3 paraffins; and for the run at  

Cyclo- 500" C.: 8 olefins, 48 aromatics, 
pentyl- 

Hydrocarbon Indan P T e t r a l i n -  bensene ,---Cyclohexylbenmne-. 41 naphthenes, and 3 paraffins. 
Tern mature, ' C. 500 500 500 525 500 450 500 5000 In conjunction with refractive 

13.5 6.4 13.7 13.7 7.2 6 . 8  6 . 5  ::;:! index measurements, the flat LEIS$ 
Flow rate, moles/l./hr. 
Gaseous roduab portion of the distillation curve, 

MolesTmoie charge 0.149 0.310 0.516 0.322 0.302 0.144 0.358 0.1113 fronl 700 to 
Vol. % HI 51.3 36.4 57 35.3 60.1 25.8 51.1 90.2 

C Hd 14.2 7.5 . . .  4.76 7.1 ... 18.1 ... 80" C., appears to indicate the 
CZH4 4.2 2.7 3.2 5.4 ... 5.7 ... presence of methylcyclopentane. CiH6 7.9 5.3 . . .  . . .  8.1 ... 4.9 ... 
CaH6 10.6 9.4 . .* 17.3 6.8 ... 7.9 ... Dehydrogenation appears again 
CaHa 7.0 18.1 . . .  21.3 5.1 ... 4.1 ... 
bo-CaHs 0.5 1.5 ... 0.6 0.6 . . .  0.4 . . .  as an auxiliazy but important 
n-C4Ha 1.2 2.3 . . .  2.7 1.2 . . .  1.1 . . .  
C4HlO 3.1 16.8 . . .  14.9 5.6 . . .  6.7 . . .  

16.5 15.9 16.3 23.8 14.0 16.7 15.1 6.3 
32.2 47.7 26.7 40.9 25.9 57.5 33.8 3.5 the gas and bigh1y aromatic 

Total olefins 
Total saturates 

W t .  % of Charge Fraotion, e C. 
25-57 Cs) 11.9 

This Co fraction contained no more than 10% olefins. The 57-85 IC,) 46.8 
85-208 9.5 
208-218 8.5 
Bottoms 9.5 

TABLE Iv. CATALYTIC CRACKING OF BICYCLIC AROMATICS, ONE RING AROMATIC 
(Process period 60 minutes) 

1.68 0.87 1.87 1.86 1.12 1.16 1..11 

. . .  

reaction leading to hydrogen in 

C No. of saturates . . .  . . .  2.9 . . .  ... 2.9 . . .  3.1 substances in the distillation 
Material balance. wt.  % of bottoms. The high degree of 

aai3 2.2 6 .6  7.8 7.2 3.3 3.3 3.7 0.5 saturation of the gas, and 
especially of the CS fraction, is 

Carbon 4. a 1.9 1.0 0.8 1.5d 0.9d ; : j d  {5.0 noteworthy; it indicates con- 
siderable hydrogen transfer to Loas 2.8 6 . 0  3.3 1.5 9.0 7.8 

b Based on heated free space of 70 cc. d CO from regeneration not included. the initially formed olefinic 
products. 

charge 

2.6 Liquid below original b.p. 6 . 9  19.8 19.6 20.9 68.2 64.8 68.7 
Remaining liquid 83.3 65.7 68.3 69.6 18.0 23.2 17.8 91.9 

0 Thermal run. C Including CIHI. 
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Temperature increase from 
450" to 500" C. caused a little 
more cracking and greater 
hydrogen production. The 
gasoline fractions formed at 
t,he two temperatures appeared 
t o  be nearly identical. 

CRACKING OF AROMATICS 

The aromatic hydrocarbons 
show a wide range of stability 
in catalytic cracking. At one 
extreme the wholly aromatic 
compounds, such as biphenyl 
and certainly benzene and 
naphthalene in view of the 
stability of toluene and methyl- 
naphthalenes, are practically 
inert under normal oracking 
conditions. At the other ex- 
t,reme the aromatic compounds 
with large alkyl or cycloalkyl 
substituents are very reactive. 

I I I I I I I I I 
(Distillotion obove 200.C. I Bottoms 

01 15-l6mm..Temos. corr. 1,6095 

Cyclohexyl benzene '"1 200 

Refractive Index 

to 760mm.l I Icyclo- + 

]hexyl- - 
,<!- -- - - benzene 

o t  1 I I I I I I I I I 
0 20 40 60 80 IC 

Volume Rrcentoge Distilled 

1173 

1.54 

1.52 

I30 

1.48 

1.46 

f - 
1.44 5 

e 
.- 
L 

c 

L 
1.42 

IAO 

cording t o  structure, t he  
aromatics form a consistent 
picture. 

Monoalkylbenzenes crack with increasing ease aa the size of 
the alkyl group increases. Under fixed conditions, at 500" C. 
decomposition of toluene was about 1%, of ethylbenzene 11%, 
and of n-propylbenzene 43%. Isomeric structure has consider- 
able effect, for isopropylbenzene was 83.5% decomposed under 
the same conditions. The marked effect of structure was also 
noted with the butylbenzenes, which at 400" C. were cracked to 
the following extents: normal, 13.9%; secondary, 49.2%; 
tertiary, 80.4%. The cycloalkylaromatics, cyclopentylbenzene 
and cyclohexylbenzene, behave much like the monoalkylbenzenes. 
All these compounds are cracked primarily at the link joining the 
substituent group to the aromatic ring, producing benzene nearly 
quantitatively. The groups removed are frequently altered by 
secondary reactions. 

Polymethylbenzenes also crack with increasing ease as the 
molecular weight increases, but they are much less reactive than 
the isomeric monoalkylbenzenes. At 500" C. the cracking of 
toluene was about 1%, while that of mesitylene or pseudocumene 
at a higher flow rate and longer process period wa9 about 20%. 
Pentamethylbenzene may be a little less stable than the tri- 
methylbenzenes. Triethylbenzene appeared to combine the 
heightened reactivities arising from increased substitution and 
increased size of the alkyl group. A feature with the polymethyl- 
benzenes is the mobility of the methyl groups, evidenced both by 
isomerization and by disproportionation, Associated with this 

- Figure 5. Distillation Curve for the Liquid Product from the Catalytic Cracking When properly classified ac- 
of Cyclohexylhenzene at  450' C. 

phenomenon is the apparent combination of CI fragments from 
the methyl groups to yield CZ, CS, and CC material in small 
amounts. The transfer of alkyl groups among aromatics in the 
presence of silica-alumina catalysts w.w recently described by 
others ('7). 

Substituted naphthalenes behave in much the same way as the 
analogous benzene derivatives. Diphenylethane cracked readily; 
i t  may be regarded as an analog of isopropylbenzene, with a 
methyl replaced by aphenyl group. Biphenyl, on the other hand, 
with no aliphatic grwps, was almost inert. 

The condensed ring bicyclic aromatics with only one aromatic 
ring (also designated as naphthene-aromatics) crack fairly readily 
and yield, as the chief lower-boiling products, benzene and some 
of its homologs. The ease of cracking evidently depends on the 
size and st,ructure of the naphthenic ring, for Tetralin cracked 
more than twice as readily aa indan under the same conditions. 
Although cracking tends to take place at the links to the aro- 
matic ring, i t  does not occur there so exclusively a$ with the alkyl- 
and cyclodkyl- aromatics. 

Aromatics me generally considered to be relatively unreactive 
in cracking, but the results of the present study show that some 
types are highly reactive over the catalyst. Therefore, it is es- 
sential to specify the types of aromatics concerned before at- 
tempting to predict the behavior of an aromatic fraction in cata- 
lytic cracking. 

COMPARISON WITH THERBf A L  
CRACKING 

TABLE v. CHIEF LOWER-BOILINO PRODUCTS FROM CATALYTIC AND THERM.4L 
CRACKING OF AROMATICS The accelerative effect of the cata- 

--Catalytic Cracking- --Thermal Crachina--- lyst on the cracking of alkyl- or cyclo- 
Temp., Temp., Chief products Cita- tion alkyl-substituted aromatic compounds 

is great and comparison must be made 
bdrdgen ,  meihane (1, 0 )  with thermal cracking carried out ai 

somewhat higher temperatures. Com- 
parisons a t  the closest available tem- 
peratures used here or in the literaturo 
are listed below and followed by sub- 
stantiative evidence. Compared to 

Autoolave a t  25 atmospheres presaura. thermal cracking, catalytic crack- 
ing of these substituted aromatics is 

Compound c. Chief products c. 
Ethylbenzene 500 Benzene, ethylene 550-650 St rene toluene benzene, 

n-Propylbenzene 600 Beneene, propylene 650 Toluene, eth lene (8) 
Isopropylbenzene 600-550 Beneene, propylene 600-650 Styrene, metiane (8)  

{#) 

Am lbemenes 600 Benzene, pentenes 600-660 Toluene, styrene, gases (8) 
1 l-6il;henglethane 500 Beneene, ethylbenrene 67&700 Toluene, beneene, styrene (11) 
Methy nap thalenes 600 Naphthalene, methane 4500 Naphthalene, methane 
tert-Butylnaphthalene 600 Naphthalene, butene 650 Naphthalene 
Tetralin 600-525 CS CT CIC aromatics 600 Ca, CIC aromatics (18) 
Cyclohexylbenzene 500 Cfclohexane, beneene 600 Styrene, alkylbensenes. 

naphthalene, gases (8) 



I N D U S T R I A L  A N D  E N G I N E E R I N G  C H E M I S T R Y  Vol. 37, No. 12 1114 

found (a)  to be much faster, by factors of the order of 100 to 
10,OOO; (a) to take place preferentially at  the bond next to the 
aromatic ring, instead of in the substituent group; and (c) to 
give products of lower olefin content. 

Table V lists the chiet lower-boiling products obtained by 
catalytic and thermal cracking of typical substituted aromatics. 
The following detailed discussion of certain compounds brings 
out additional information. 

ETRYLBENZENE. Thermal cracking at  550-600' C. gave chiefly 
styrene and hydrogen (9 ) ;  catalytic cracking gave largely ben- 
Bene and ethylene. According to the reaction velocity constant 
for the thermal reaction, the amount of ethylbenzene that would 
have decomposed thermally under the conditions used for cata- 
lytic cracking is about 0.01%. The observed amount was 11.8%. 
Thus the catalyzed reaction not only follows a different course but 
proceeds about a thousand times as fast as the thermal a t  500' C. 
In another thermal study (8) at  6509, toluene and benzene were 
obtained in addition to styrene. 

PROPYLBENZENES. Thermal experimenh (8) showed that n- 
propylbenzene decomposed chiefly to toluene, and isopropyl- 
benzene to styrene. In catalytic treatment both yielded almost 
exclusively benzene and propylene. 

served at  450' C. in an autoclave at  25 atmospheres pressure. 
*Methylnaphthalene cracked three to four times as fast as 8- 
methylnaphthalene. Products were about equally divided 
among lower-boiling compounds, chiefly naphthalene and meth- 
ane, and higher-boiling condensation products. The rate of 
thermal cracking a t  500' C. is computed to be of the order of one 
hundredth that of catalytic cracking at  the same temperature, 

I n  thermal cracking (fa) there was no appreci- 
able reaction at 550 " C., with residence times twelve to twenty- 
four times those used for catalytic cracking. At 580" cracking 
was noticeable, and a t  600-625' it  proceeded fairly rapidly. 
Calculated firstsrder rate constants corrected to 500' (assuming 
an activation energy of 60 kg.-cal. per mole) indicate that the 
catalytic reaction is of the order of ten thousand times w fast as 
the thermal. Other comparisons, from the data in Table VI, 
show that catalytic cracking: (a) produces less hydrogen per 
mole aracked; (b)  gives a gas lower in methane, and containing 
considerable amounts of C, and C, components which are virtu- 
ally absent in the thermal gases, according to Sundgrhn's analyses 
(18) ; and (c) gives a somewhat higher ratio of gas to lower-boiling 
liquid. The liquid products also differ considerably. Approxi- 
mate analyses follow: 

METHYLNAPRPHALENES. Thermal cracking (16) W a s  ob- 

TETRALIN. 

Catal tic 
(This d o r k )  Thermal (18) 

500 500 625 580 600 625 
6.4 13.7 13.7 0.55 0.55 0.66 

29 36 34 10 7 10 
14 16 18 6 3 5 

36 22 48 {''I {18] 16 14 10 
41 30 30 33 64 27 

2 ... 2 80 60 86 

The catalytic liquid contains large amounts of Ce, Cr, and CUI; 
the thermal is predominantly Ca and Cl0. In  both cmes the liquids 
are made up of monocyclic aromatics, but in the thermal product 
the olefin content (CS and above) is much higher. It should agdn 
be pointed out, however, that the olefin content of the catalytic 
product is very dependent on operating conditions, and in some 
circumstances it might be quite high. 

CYCLOHEXYLBENZENE. This compound was cracked thermally 
at 500'C. (Table IV). The rate of cracking was only about one 
four-hundredth that of catalytic cracking. There was a little 
Iower-boiling liquid, which was not identified but wm certainly 
not the almost exclusively CS material found in catalytic cracking. 
Much hydrogen was formed in thermal cracking. At  600" C. 
thermal cracking of cyclohexylbenl;ene gave monocyclic aromSr 

tics with aliphatic side chains including styrene and naphthalene 
(a). Again the contrast with catalytic cracking is evident. 

COMPARISON OF HYDROCARBON CLASSES 

The results accumulated on the cracking of pure hydrocarbons 
portray the behavior of the principal classes met in virgin petro- 
leum-namely, paraffins, naphthenes, and aromatics. Although 
the isomers tested were not numerous for some classes, generali- 
zations have been drawn which are felt to be reasonably valid for 
the structures present in petroleum. Recent unpublished data 
obtained by us for paraffins do indicate that their cracking may 
depend to some degree on isomeric structure; our generaliza- 
tions are primarily for normal paraffins. 

TABLE VI. CATALYTIC AND THERMAL CRACEINQ OF TETRALIN 
-----Ca.taIytio- 

Type Reaction and Source (This work) -Thermal (I$)- 
Temperature, C. 500 500 525 580 600 626 
Rate, moles/I./hr. 6.4 13.7 13.7 0.55 0.65 0.55 
Time, sec." . 7.7 3.6 3.5 92 90 84 
% decomposedb 30.0 29.3 29.3 2.8 4.3 10.8 
Products, yo wt. of charge 

Gas 7.0 8.0 7.3 0.44 0.50 1.98 
Liquid below original 

b.p. 21.0 20.2 21.2 1.89 3.22 7.10 
Carbon 2.0 1.1 0.8 0.52 0.63 1.69 

Qss analysis, vol. % 
HI 36.4 57.0 35.3 56.2 66.6 84.7 
CHI 7.5 ... , . .  39.0 29.5 13.3 
CZHI 2.7 , . .  3.2 4.1 3.9 2.0 
Total olefins 16.9 16.3 23.8 4.1 3.9 2.0 
Total saturates 47.7 26.7 40.9 39.0 29.6 13.3 

Moles/mole charge de- 
composed 

HI 0.37 1.00 0.39 1.31 1.37 4.50 
Hydrocarbon gas 0.66 0.77 0.71 1.02 0.69 0.83 

0 Time of contact, assuming catalyst 100% void and allowing for expan- 

b To gas, lower-boiling liquid and carbon, on no-loss basis. 
sion. 

Figure 6 shows reactivities of representative hydrocarbons over 
the cracking cat rlyst, with percentages decomposed plotted 
against the number of carbon atoms in the molecule. A t  a given 
carbon number the paraffins are the most stable hydrocarbons 
in the figure, except toluene. Most stable of all are estimated to 
be the unsubstituted aromatics (not included in Figure 6), such 
as benzene, naphthalene, and biphenyl. The polymethylaro- 
matics are somewhat more reactive than the paraffins, judging 
from data for the polymethylbenzenes. Next in order of in- 
creasing reactivity are the condensed-ring naphthene-aromatics 
(not in Figure 6) such as Tetralin, then the naphthenes, and 
finally the aromatics with large alkyl or alicyclic groups, among 
which only the monoalkylbenzene series is illustrated. 

Olefins are important components of cracked and synthetic 
petroleum fractions, but cannot be directly compared with the 
other classes because of the lower reaction temperatures employed. 
Even at  400" C. the aliphatic olefins cracked more extensively 
than did the naphthenes at  500" C., an indication of their high 
reactivity. The alicyclic olefins or unsaturated naphthenes are 
similar in behavior. 

The primary products from catalytic cracking of the several 
hydrocarbon classes are determined by the carbon-carbon bond 
ruptures which occur. These may be summarized a~ follows: 

Paraffins are cracked preferentially at  those links which 
yield fragments of three or more carbon atoms. With normal 
paraffins, cracking occurs a t  gamma carbon-carbon bonds or at  
those still nearer the center of the molecule, and the product gas is 
correspondingly low in methane and CI. Long chains tend to 
crack simultaneously in several places and result in roducts 
comprising a molecular weight range very much Iower tgan that 
of the feed. 

Naphthenes also tend to give fragments of three or more 
carbon atoms. They are cracked in both the ring and the ade 

1. 

2. 
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chain, especially when the latter coiitains three or 
more carbon atoms. 

In  substituted aromatics the link to the ring 
is selectively attacked, and in the simplest case of 
monoalkylaromatics the substituent group is sheared 
of! to yield the bare aromatic and the complementary 
olefin. This reaction is very extensive with substit- 
uent groups of three or more carbon atoms. 

4. Olefins are cracked in much the same manner 
as paraffins but much more readily. 

3. 

In addition to the cracking reactions, there are 
secondary and auxiliary reactions which are important 
in determining the nature of the products. These 
include isomerization, saturation by hydrogen transfer, 
polymerization and condensation, cyclization to 
aromatics, dehydrogenation, and coke formation. 

Isomerization is most pronounced with olefins, both 
aliphatic and cyclic. A shift in the position of double 
bonds has been determined in unreported experiments 
to be very rapid. Branching of the carbon skeleton 
of olefins, while less rapid, is also prominent. Satura- 
tion of olefins by hydrogen transfer is particularly 
important, and since it acts selectively on tertiary 
olefins, it  leads preferentially to the formation of 
branched saturates. It is somewhat favored if high- 
molecular-weight naphthenes, such as Decalin, are 
present Lo act as donors of hydrogen. Direct 
isomerization of paraffins occurs to a very small 
extent. 

Polymerization and condensation are prominent 
with olefins, and to a lesser extent with higher 
aromatics. Cyclization and c o n d e n  s a t i on t o  
aromatics is noticed with Daraffins and aliuhatic 
olefins, and seems particularly to lead to aromatics in the range 
CS to GO. Dehydrogenation under catalytic cracking conditions 
is extensive only for the higher hydroaromatic compounds, such 
as Tetralin. Coke formation is invariably associated with 
catalytic cracking but is more marked with certain types of hydro- 
carbons, as will be outlined below. 

Compositions of gases from catalytic cracking are surprisingly 
uniform, except for compounds such ae the alkylbenzenes or the 
isobutylene polymers where the particular structure is of con- 
trolling importance. Gases are, in general, rich in CS and CC 
compounds because of the tendency to crack out large fragments. 
On the other hand, highly methylated chains such as 2,2,+tri- 
methylpentane tend to give moderately large amounts of methane. 
The degree of saturation of the gas depends on the conditions of 
cracking and on the efficacy of the parent hydrocarbon as a 
hydrogen donor. Hydrogen contents of gases are ordinarily 
low. This hydrogen does not necessarily imply direct dehydro- 
genation; often the major portion of it can be accounted for by 
the elimination of hydrogen in the condensation reactions that 
lead to coke formation, since most of the hydrocarbons have 
empirical formulas CnHn to CnH2,+2, whereas coke is about 

Coke formation, measured by the carbon deposited on the 
catalyst, is fairly characteristic for different classes. Aliphatic 
olefins produce more carbon, evaluated as weight percentage of 
the original hydrocarbon, than do the naphthenes and paraffins, 
and the aromatics range in an intermediate position. The great- 
est amounts of coke are formed by cyclo-olefins, diolefins, and 
unsaturated aromatics such as styrene. 

Comparison of catalytic and thermal cracking rates of the 
different hydrocarbon clwes brings out the striking fact that the 
catalyst markedly changes the relative order of stability of the 
aeveral classes. Thermally the stability for a given carbon 
number increases in the order: (1) paraffins and aliphatic olefins, 
(2) naphthenes, (3) alkyl aromatics, (4) unsubstituted aromatics. 
In catalytic cracking, stability increases in the order: (1) o l e h ,  
(2) aromatics with C1 or larger substituent groups, (3) naphthenee, 

CnHo.on. 

Number of Carbon Atoms 

Figure. 6. Catalytic Cracking of Various Hydrocarbon Classes 
From treatment over silica-rclrconla-alumina catalyst at 500° C. with flow rate of 
19.7 mol- par liter per how for 1 houri the percentage decomposed im the sum 

of gas, liquid boiling below the original b.p., and carbon. 

(4) polymethyl aromatics, (5) paraffins, (6) unsubstituted aro- 
matics. 

These orders are based upon the assumption that the major 
portion of the molecule is of the class specified, and they repre- 
sent only a rough segregation. For example, paraffins and olefins 
of the same carbon number are not necessarily identical in ther- 
mal stability, and actual rate ratios depend on conditions as 
well as on individual structures. For present purposes, however, 
the rates of therma1 cracking of olefins and paraffins a t  atmos- 
pheric pressure and about 500' C. may be taken as roughly equal. 

The change in the order of stability effected by the catalyst 
explains why petroleum cracking stocks cannot be rated uni- 
formly for both catalytic and thermal cracking. Of particular 
practical importance is the paraffin-naphthene relation, since 
many virgin cracking stocks contain large amounts of these two 
hydrocarbon types. Catalytically, in the range Clo to CIS, 
naphthenes crack two to three times as fast as paraffins; ther- 
mally the naphthenes crack at about one twentieth the rate of the 
paraffins'. A factor of about 50 is thus introduced in the rate 
ratio of naphthenes compared to paraffins, in favor of catalytic 
cracking. This explains the preferred position of naphthenic 
oils rn stocks for cracking with catalysts of these or similar char- 
acteristics. 

A rough measure of catalysis for any class is obtained by com- 
paring the 6rst-order rate constants computed for catalytic and 
thermal cracking. As pointed out previously (4, such a com- 
parison has only qualitative significance, and the ratios depend 
on the conditions for the catalytic reaction as well as on the as- 
sumptions applied in computing rate constants. Approximate 
ratios of catalytic to thermal decomposition rates are: paraffins, 
6 to 60; naphthenes, about 1OOO; aromatics, up to 10,OOO; 

1 

1 The ratio of rates for thermal Cracking of naphthenes and para5na has 
been obtained from two aourca: (a) a survey of the aparae data available 
from craaking at atmospheric pressure and about 500° C. and (b) the ool- 
lections of Tilicheev (Id), baaed largely on craoking in autoclaves. Both 
aouroen yield the same naphthene/paraffin rate ratio, although 8ource b 
givea absolute rate8 two to ten times a8 high aa source a. 
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olefins, over 1000. These values apply in the neighborhood of 
500' C. The temperature coefficient of thermal cracking is inuch 
higher than that for catalytic cracking, which denotes a higher 
Arrhenius activation energy. Accordingly, the rate ratios cited 
will be altered by any substantial change in the reaction 
temperature. 

In addition to the rate comparisons for the catalytic and 
thermal cracking of hydrocarbons, characteristic differences in 
reaction products have been shown in detail for individual com- 
pounds and for the major classes of hydrocarbons studied. An 
over-all comparison of these differences leads to  several generali- 
zations which help outline the nature of catalytic in contrast 
with thermaI cracking of petroleum hydrocarbons in terms of the 
kinds of cracked products obtained. In  summary, catalytic 
cracking gives rise to: (1) more selective cracking and relatively 
less ot the smaller (C, and C,) fragments; (2) more olefin iso- 
merization, both of double bonds and carbon skeleton; (3) a more 
controllable saturation of double bonds, especially in the frac- 
tions of higher molecular weight; (4) greater production of 
aromatics (except a t  extreme thermal conditions) ; (5 )  less diolefin 
production; (6) relatively more coke. 

ACKNOWLEDGMENT 

The authors are indebted to many members of the staff of 
Shell Development Company for assistance in preparation of 

materials, execution of experiments, analysis of products, and 
presentation of results. 

LITERATURE CITED 

Bloch, H. S., and Thomas, C. L., J. Am. Chem. Sac., 66, 1589 

DobryanskiI, A. F., Kanep, E. K., and Katsrnan, 8. V., Trans. 

Dobryanskil, A. F., and Katsman, 8. V., J .  Gen. Chem. (US. 

Greensfelder, B. S., and Voge, H. H., IND. ENO. CHEM., 37, 514 

Ibid., 37, 983 (1945). 
Ibid., 37, 1038 (1945). 
Hansford, R. C.,  Myers, C. G., and Sachanen, A. N., Ibid., 

Natanson, G. L., atid Kagan, ,M. Y., J. Phys. Chem. (U.  8. S .  R.), 

Pease, R. N., and Morton, J. M., J. Am. Chem. Soc., 55, 3190 

Pitzer, K. S., and Scott, D. W., Ibid., 65, 803 (1943). 
Sheibley, F. E., and Prutton, C.  F., Ibid., 62, 840 (1940). 
Sundgrbn, A., Ann. combustibles liquides, 5, 35 (1930). 
Thomas, C. L., Hoekstra, J., and Pinkston, J. T., J .  Am. Chem. 

Soc., 66, 1694 (1944). 
Tilicheev, M .  D., J .  Apptied Chem. (U.S.S.R.), 12, 105, 735 
(1939); tr. in Foreign Petroleum Technology, 7 ,  209, 331 
(1939). 

Tilicheev, M. D., and Shchitikov, V .  K., Khim.  Tvsrdogo Top- 
Eiva, 8, 876 (1937) : tr. in Foreign Petroleum Technology, 6, 43 
(1938). 

(1944). 

Research Plant Khimgat, 3, 1 (1936). 

S.R.), 7, 1352 (1937). 

(1945). 

37,671 (1945). 

17, 381 (1943). 

(1933). 

ANTISKINNING AGENTS.. . . ,, 
A number of nitroamines and poly- DERIVED FROM NITROPARAFFINS 
amines have been tested as anti- 
skinning agents for a badly skin- 
ning tung oil varnish. The results 
are given and are compared here 
with those from other antioxidants. 

HAL G .  JOHNSON' 
Commercial Solvents Corporation, Terre Haute, Znd. 

N THE manufacture of paints and varnishes, the use of tung I oil has always been a problem because of the gelling and 
skinning properties of the finished products before application. 
Tung oil (9, 14) is obtained from the nuts of the tree, Aleurites 
fordii, which grows chiefly in China. It differs from other dry- 
ing oils, except oiticica oil, in that it has conjugated double bonds 
which account for the characteristic waterproofness, fast drying, 
and durability it imparts to varnishes. The mechanism of dry- 
ing and oxidation of oil films is still the subject of study and con- 
troversy (12).  It is fairly well agreed that the reaction is complex 
and involves oxidation, polymerization, and colloidal gel forma- 
tion. As Bradley ( 1 )  pointed out, i t  is generally believed that a 
certain amount of linear polymerization is characteristic of the 
fusible polymer which makes up the film-forming material before 
final application. Drying is then a mechanism by which the 
linear polymer is converted to a cross-linked polymer. Any 
agent or means of activation to bring about this conversion may 
be considered as a promoter. 

The first step in the drying of the oil film is the addition of 
oxygen at the double bonds to form peroxides: 

0 2  

RCH=CHR + 02 -L RC&HR 
1 Present address, Dykem Company, St. Louis, Mo. 

The next steps in the mechanism are not clear. Elm (6) showed 
that, during the physical change of the oil, i t  is converted from a 
noncolloidal into a colloidal state upon exposure to oxygen. 
Just how the polymerization and/or association takes place has 
not been demonstrated. Later investigators (1,11) believe that 
oxidation followed by association is more likely in the light of the 
study of solvent action on the drying-oil f i l a .  

Irrespective of the mechanism, skinning and gelling of the 
paint or varnish are attributed to oxidation and/or polymeriza- 
tion in the presence of oxygen. The property of air hardening 
is necessary for the normal u6e of such paints and varnishes; 
obviously, then, attempts to eliminate skinning and related 
phenomena must a t  the same time avoid objectionable loss of 
air-hardening properties of the final film. 

The literature reveals a number of patents on antioxidant 
compositions suitable for use in inks, paints, varnishes, and the 
like. Most frequently mentioned are polyhydroxy phenols and 
their derivatives (4 ) .  Other compounds are the azones (6)- 
i.e., organic compounds containing the tetravalent azono group 
-C=N-N; the arylaminodihydrobeneofuranes (7) of the 
general formula: 

where aryl refers to the aryl nucleus of the benzene, naphthalene, 
or biphenyl series, and X is an alkyl group or hydrogen; and the 
arylamines (8) and alkylamino alcohols (19). One patent (3) 
discloses products of a nature somewhat similar to those dis- 
cussed in this paper. 


