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Catalytic Cracking of Pure
Hydrocarbons

Secondary Reactions of Olefins

H. H. VOGE, G. M. GOOD, AND B. S. GREENSFELDER
Shell Development Company, Emeryville, Calif.

The secondary reactions of olefins—isomerization, hydro-
gen transfer, polymerization, and aromatization—were
found to be extensive and to influence greatly the nature
of the products from catalytic cracking. Isomerization,
both double-bond shift and chain-branching, occurred
rapidly under conditions of catalytic cracking. Saturation
by hydrogen transfer was shown to be faster for tertiary
than for secondary olefins. This, together with the rapid
chain-branching isomerization of olefins, affords an ex-

HE four previous papers (6, 7) in this series described indi-

vidually and compared as classes the catalytic cracking of
many paraffin, olefin, naphthene, and aromatic hydrocarbons of
a wide variety of types and molecular weights. A total of fifty-
six hydrocarbons was tested with a silica-alumina-zirconia cata-
lyst under conditions similar to those used in the commercial
cracking of petroleum fractions. In addition to the primary
cracking reactions involving the severance of carbon-to-carbon
bonds, a number of secondary reactions were shown to partici-
pate to an important extent in the hydrocarbon transformations
observed in catalytic cracking systems; they consequently ex-
erted a substantial influence upon the nature of the products ob-
tained.

The majority and the most important of these secondary re-
actions are those characteristic of the ethylenic double bond,
either in the original hydrocarbon or in the products resulting
from cracking. This consideration led to a series of experiments
on the secondary reactions of olefins in the catalytic cracking sys-
tem, in the following respects: the nature and extent of olefin
isomerization; olefin saturation via hydrogen transfer, and the
effect on saturation of the variables of temperature,; flow rate, and
diluents; the effect of olefin structure upon hydrogen transfer
reactions; Decalin and Tetralin as hydrogen donors; a compari-
son of hydrogen transfer and catalytic hydrogenation; the pro-
duction of polymers and aromatic hydrocarbons from olefins.

In addition to the silica-alumina-zirconia cracking catalyst
(C.0.P. type B) used in most of the experiments, commercial
synthetic silica-alumina, a silica-alumina-magnesia, and activated
natural clay cracking catalysts were used in some cases and gave
similar results.

planation of the high ratios of iso- to normal paraffins
observed in catalytic cracking. Molecular hydrogen had
no more influence than nitrogen on the saturation of ole-
fins; both acted as inert diluents. Polymers were readily
formed from lower olefins, but were rapidly converted to
other products at the usual conditions for catalytic crack-
ing. Such products from the treatment of normal bu-
tenes were found to include benzene, toluene, xylenes, and
higher boiling aromatics in important quantities.

In addition to the terminology previously applied, the following
definitions are required: ‘Hydrogen transfer’ is the saturation of
an ethylenic double bond by direct catalytic transfer of hydrogen
to the bond from another hydrocarbon, with no essential partici-
pation of free molecular hydrogen; “self-saturation’” or “auto-
saturation” is a special case of hydrogen transfer in which a single
hydrocarbon provides both acceptor and donor molecules;
“hydrogen donor” is any hydrocarbon which provides hydrogen
for the general case of hydrogen transfer; and “hydrogen accep-
tor’” is any compound containing an ethylenic double bond which
becomes saturated via hydrogen transfer. “Coke” is the car-
bonaceous deposit remaining on the catalyst after the reactor is
purged with nitrogen; it is measured by the carbon dioxide and
water in the regeneration gases after conversion of carbon monox-
ide to the dioxide. “Reactor purge” is material collected by con-
densation and by combustion of noncondensables over copper
oxide during a 20-minute purge of the catalyst with nitrogen.

Differing slightly in temperature limitations from previous defi-
nitions, “gas” is all material boiling below 25° C., and “liquid
product’”” is any material boiling above 25° C. “LHSV" (liquid
hourly space velocity) is the liquid input per volume of catalyst
space per hour at room temperature, usually about 25°C.
“Amount cracked’ includes gas, liquid boiling below the original,
and coke, summed on a no-loss basis.

EXPERIMENTAL PROCEDURE

A vertical, fixed-bed reactor system was used for the experi-
ments. The hydrocarbon feeds were metered, pumped into the
top of the reactor, and passed over the catalyst. Products left
the reactor through a condenser and were collected in a still kettle
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TaBrE I,
Catalyst — U.0.P.-B
Temperature, ° C. 205 162 162 104
Time after start, min, 12 10 80 30
Flow rate, moles/l./hr, 68 55 55 16
LHSV 6.4 5.2 5.2 1.5
Gas, mole 9, Feed — Products ——————~
Below Cy 0.0 .
Is0-CiHs 0.1 L. . S
1-C«Hs 93.0 31.2 42,4 54.3
trans-2-CaHs 5.8 38.5 30.5 22.2 23.1
¢15-2-C4Hze 1.1 30.3 27.1 22.6
CiHuy 0.0 ven . vee
Liquid, wt. &% of feed Present Present Present Present
2-C(Hs in product as %
of equil. concen. .. 79 64 47 49

DousLE-BoND-SHIFT ISOMERIZATION OF 1-BUTENE

Nalco
— Nalco No. 300 —— Filtrol No. 300
500 400 270 400 150
10-18 3-27 0-6 5~15 0-31
il 32 191 95 21
9 3 18 9 2
Feed — Products ——— Feed Product
0 5.7 9.4 1.1 0.0 ..
0 8.6 13.4 4.6 0.7 0.7
98 27.1 21.2 19.0 21.4 99.3 34.7
1 58.6 53.2 71.7 {8'8 809
1 0.0 2.8 . 1.2 0.0 0.0
5.0 24.3 >8 8.0 .. Present
98 96 98 102 .. 72

or distillation. Gas was composited from noncondensables and
distillation gas. The wusual conditions were: temperature,
400° C.; flow rate, 0.5 to 3.0 LHSV; process period, 15 minutes;
catalyst volume, 25 to 75 cc.  All experiments were at atmospheric
pressure. ‘The usual cycle of operation was as follows:

Heat the reactor to temperature and flush the system with
nitrogen; process hydrocarbon feed for 15 minutes; shut off feed
and drain reactor for 3 minutes; connect reactor outlet to cold
trap followed by copper oxide furnace and water and carbon di-
oxide absorbers; purge reactor with nitrogen up to 550° C. for
20 minutes; regenerate catalyst with air free of carbon dioxide
and water, and collect water and carbon dioxide evolved in ab-
gorbers after the copper oxide furnace; debutanize liquid product
and distill in precision column equivalent to ten theoretical plates
at 10 reflux ratio.

Caravvsts. The following were used, with analyses as weight
per cent of ignited sample, unless otherwise stated: U.O.P.
cracking catalyst, type B, from Universal Oil Products Com-
pany. The sample used in this work was found to contain 86.2%
silica, 9.49, zirconia, and 4.3% alumina, and was in the form of
3 X 3 mm. cylindrical pellets. Nalco No. 300, a silica~alumina-
magnesia catalyst from National Aluminate Corporation, was
used in the form of 8-14 mesh granules. An earlier batch of this
catalyst contained 8.1% magnesia and 18.1% alumina. Filtrol
(No. X-189) is an activated bentonitic clay from the Filtrol Cor-
poration and was used in the form of !/s-inch extruded pellets.
A chromia-alumina hydrogenation-dehydrogenation catalyst was
prepared by impregnating 8-14 mesh granular Alorco grade A
alumina with chromic acid and contained 13.7% chromium. A
silica-alumina catalyst, made by the Davison Chemical Company,
contained 11.99 alumina and 0.09%, ferric oxide and lost 19.3%,
on ignition. This catalyst was calcined for 3 hours at 550° C.;
it was in the form of 3/i¢-inch pellets.

HyprocarBoxs. These are arranged in the order of increasing
molecular weight. 1-Butene was obtained by careful fractiona-~
tion of butenes resulting from the dehydration of n-butanol over
Alorco activated alumina. Mixed normal butenes were made by
dehydration of sec-butanol; they analyzed about 99% normal
butenes. The main lot contained 24.4% 1-butene and 75.6% 2-
butenes. Another lot, used only for the run at 500° C., contained
65.4%, 1-butene and 33.3% 2-butenes. Isobutene made by dehy-
dration of fert-butanol analyzed 98.1% isobutene and 0.8%
propylene plus normal butenes. Normal pentenes were prepared
by dehydration of sec-amyl alcohol over Alorco activated alumina
at 350° C. The product was fractionally distilled, and the portion
from 30-38° C. was used. Cyclohexene from the Dow Chemical
Company had a boiling range of 83-84° C., d?° = 0.8044, n%) =
1.4461. Hexenes used were better than 95% olefinic and were
obtained from the distillation of propylene polymer from Shell
0il Company, Inc. The boiling range was 59-76° C., and bro-
mine number was 189. 2 3-Dimethyl-2-butene was made by
dehydrochlorination (and simultaneous isomerization) of 1-chloro-
3,3-dimethylbutane. Boiling range was 71-73.56°C,, P =
1.4111, bromine number 173. Tetralin from Eastman Kodak

Company, after being fractionally distilled, had a boiling range
of 206-207° C., d2° = 09714, n%0 = 1.5427. Decalin from East-
man had d3° = 0.8827, n%0 = 1.4795.

ISOMERIZATION REACTIONS

Olefins are extensively isomerized over cracking catalysts under
the normal commerecial operating conditions. Several types of
molecular isomerization may be distinguished, only two of which
will be dealt with: (I) a change in the position of the double
bond, which involves the breaking of carbon-hydrogen bonds and
the movement of hydrogen atoms and (II) a change in the original
configuration of the carbon skeleton, which involves the breaking
of carbon-carbon bonds and the movement of alkyl groups. This
latter type may be subdivided into case (a) in which the number
of terminal carbon atoms is changed (for example, normal to iso-
butene) and case (b) in which the number of terminal carbon
atoms is unchanged (for example, 2-methyl-1-pentene to 3-
methyl-1-pentene). In view of analytical limitations, this paper
is concerned primarily with types I and Ila, which are called
“double-bond shift’’ and “chain-branching”, respectively. Other
types of olefin isomerization, such as cis-trans and optical sterco-
isomerism, are not taken into consideration.

Isomerizations of types I and Ila usually reach equilibrium
under the conditions of commercial catalytic cracking, according
to the analyses available and the limited data on the equilibria.
In the C, fraction the rapid double-bond-shift isomerization
causes the normal butenes to have an equilibrium composition of
about 309, 1-butene and 709, 2-butenes at 500° C. Likewise the
chain-branching isomerization of butenes proceceds close to
equilibrium, for isobutene is 34 to 409, of the total butenes in
catalytic cracking of a variety of pure hydrocarbons and petro-
leum fractions at 500-550°C., with depths of cracking varying
from 30 to 80%. The estimated equilibrium between isobutene
and the normal butenes is in the same range (4).

The C; fraction from the catalytic cracking of a Los Angeles
Basin heavy gas oil over a silica-alumina catalyst at 550° C.
showed the following distribution of olefinic components:

Cs Olefin Per Cent
1-Pentene 8
2-Pentene 27
2-Methy}-1-butene 26
3-Methyl-1-butene 7
2-Methyl-2-butene 32

The content of tertiary olefins, 589 of the total Cs olefins, is repre-
sentative of products [rom catalytic cracking. Data from several
petroleum gas oils, cracked to the extent of 20 to 859, at 500° to
550° C., show tertiary olefins to be 54 to 609, of the total Csole-
fins, and this is believed to be essentially equilibrium. Turther,
the distribution of the methylbutenes listed compares fairly well
with that calculated for this temperature from the free-energy
equations of Ewell and Hardy (3), who measured approximate
cquilibria at somewhat lower temperatures. The data are as
follows:
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<% of Total Methylbutenes

Cs Olefin Observed Calculated
2-Methyl-1-butene 40 33
3-Methyl-1-butene 11 5
2-Methyl-2-butene 49 62

Experiments with pure hydrocarbons that gave definite in-
formation on the olefin isomerization reactions are described in the
following two sections. Analyses were made by infrared absorp-
tion, distillation, and sulfuric acid absoerption.

DousrLe-Boxp Surrr.  This isomerization was tested with 1-
butene over several cracking catalysts, Results are presented in
Table I. The isomerization to cis- and trans-2-butenes was very
rapid; at 270° C. equilibrium was reached over Nalco No. 300
catalyst with a flow rate of 191 moles per liter of catalyst per hour.
Even at 100° to 150° C. the isomerization proceeded at quite a
high rate over Nalco No. 300 and U.O.P. type B catalysts.
There can be little doubt that equilibrium among the isomerie
normal butenes will be reached in present commercial catalytic
cracking.

The data in Table I are presented only to give the order of
magnitude of the isomerization rate. Accurate material balances
are not available for several of the runs. Some cracking and
conversion to isobutene occurred at temperatures of 400° to
500° C., while some polymerization took place in most of the runs.
Mention of the presence of liquid in the product may mean any-
thing from 0 to 307, by weight of the feed.

At the lower temperatures (100-200° C.) it was found that the
extent of isomerization depended markedly on the process period,
even though practically no coke was formed. This is exemplified
by the run at 162° C. with U.0.P. type B catalyst, in which the
conversion after 80 minutes was much less than it was at 10 min-
utes. A likely explanation for the deactivation is accumulation
of polymer on the catalyst.

Degrees of approach to equilibrium for the products in Table L
are based on the following experimental values (12):

% 1-Butene in Total

Temperature, ° C. n-Butenes at Equilibrium

100 7
200 13
300 19
400 25
500 30

TasrLe II. CHAIN-BRANCHING ISOMERIZATION OF ISOBUTENE
AT 500° C.
Catalyst Naleo No. 300 U.O.P.-B
Process period, min. 20 18 23
Flow rate, moles/l./hr 30 91 30
LHSV 3 o] 3
Ratio, gas out/gas in 0.99 1.01 0.91
Liquid product Neone None None
Feed Products
(Gias analysis, mole 97
Below Cq 0.5 #.1 Trace 11.7
Is0-C¢Hs 48 21.2 33.3 12.4
n-CsHy 1 14.7 10.7 10.6
C:Hp 30 53.5 53.1 60.3
Above Cu 0.5 4.5 2.9 5.0
% Isomerization of iso-CiHs to n-CiHy ... 33 21 21

CHATN-BrancHING IsomerIZATION. Conversion of isobutene
to normal butenes was tested with U.O.P. type B and Nalco
No. 300 catalysts. A feed containing 489, isobutene and 50%
butanes was used for the experiments, which are rcported in
Table JI. Conversion to normal butenes was extensive but did
not reach equilibrium at 500° C. with a flow rate of 30 moles per
liter per hour. Reactions to form products of lower and higher
molecular weights accompanied the isomerization.

Ixamples of the conversiou of normal butenes to isobutene are
listed in Table I, wherc data for runs over Nalco No. 300 catalyst
at 400° and 500° C. show appreciable production of isobutene.
Chain-branching isomerization of butenes was also noted in pub-
lications and patents by a group of investigators of the Universal
0il Products Company (2, 11).
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The chain-branching isomerization of butenes proceeds at a
rate that is of the same order of magnitude as the rate of cata~
Iytic cracking of typical gas oils at about 500°C. The butenes
from such catalytic cracking are usually, but not always, at
equilibrium. At temperatures much below 500° C. the isomeriza-
tion is slower. In the butenes saturation experiments: at 400°C.,
this isomerization was never close to equilibrium.

TasLe III. CHAIN-BRANCHING I[SOMERIZATION OF n-PENTENES
Nalco
Catalyst U.0.P.-B Filtrol No. 300
Temperature, © C. o 500 500 475
Process period, min. .. 30 30 60
Flow rate, moles/l./hr .. 28 28 93
LHSV .. 3 3 10
Material balance,
wt. % of charge
5 . 61.2 69.3 88.8
Higher liquid .. 16.0 11.8 8.4
Carbon . 2.6 1.8‘
Gas .. 19.1 15.5 .8
Loss .. 1.1 1.6
Feeds Products
Cjy analysis, mole %
tert-Olefins 4 47.3 54 58.06
gec-Olefins 96 30.3 .. 38.0
Saturates 0 22.4 .. 4.0
tert-CsHio as &, of feed v. 29 37 51

¢ Average, since the feeds were not quite the same in all experiments.

Pentenes were found to undergo chain-branching isomeriza-
tion much more readily than the butenes. Data are presented
in Table III for experiments with U.O.P. type B, Filtrol, and
Nalco No. 300 catalysts. The isomerization appears to have
reached equilibrium (represented by about 58 to 609, tertiary
olefins in the total Cs olefing) in all the runs, including that at
475° C. with a flow rate of 93 moles per liter per hour. Isomeriza~
tion was accompanied by cracking, saturation, and formation of
higher boiling products, but these secondary reactions were re-
duced to minor percentages at the highest flow rate.

Another example of chain-branching isomerization is found in
the conversion of cyclohexene to methylcyclopentenes, which is
rather readily effected over ecracking catalysts. Bloch and
Thomas () found 299, conversion of cyclohexene to methyley-
clopentenes at 300°C. and 4 LHSV with a silica-alumina~thoria
catalyst. The isomerization reaction was more rapid than poly-
merization, eracking, or saturation of this hydrocarbon.

HYDROGEN TRANSFER REACTIONS

Hydrogen transfer reactions in the catalytic cracking system
cause a partial saturation of the olefins and lead to an increased
production of isoparaffins. These reactions are especially impor-
tant in the retreatment of olefinic cracked gasolines over cracking
catalysts to produce less olefinic gasolines of higher lead suscep-
tibility. Thomas (I0) presented interesting data on the self-
saturation of normal octenes by hydrogen transfer. Hydrogen
transfer was studied by the authors in more detail.

LErrEcT oF OPERATING VARIABLES ON SELF-SATTURATION OF
Hexe~xes, A mixture of hexenes derived from propylene poly-
mer, consisting predominantly of 2-methyl-2-pentene and 3-
methyl-2-pentene, provided the base material for a series of ex-
periments. The hexenes are of sufficiently high molecular weight
to display cracking as well as saturation and polymerization
tendencies. Furthermore, since hexenes are formed in ordinary
commercial catalytic cracking, this mixture is of practical inter-
cst.  Study was made of the effects of temperature, flow rate,
and diluents upon the self-saturation.

Temperature. Operating successively at 350, 400°, and 450° C.
demonstrated that increasing temperature results in more ex-
tensive formation of both lower and higher boiling products, as
shown in Table IV. Examination of the products showed that
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TasiLE IV. EFrFECT OF TEMPERATURE ON SELF-SATURATION «OF

HexENES

(Catalyst, U.0.P.-B; process period, 15 minutes; flow rate, 16.4 moles/l./
br.; LHQ\ 2.0)

Temperature, ° C. 350 400 450
Fate of hexenes, wt. %
Cracked 12 21 26
Saturated 25 26 28
Higher boiling 15 18 20
Recovered as hexenes 48 35 26
Baturates in Cs cut, wt. 35 43 52
Ratio of cracked plus hxgher boil-
ing to Ce saturated 1.08 1.50 1.64
Gaseous product
Moles/mole of charge 0.170 0.196 0.310
Vol. % Hs 3.4 6.8 9.0
Saturates 34.5 36.9 34.6
Olefins 62.1 56.3 56.4
Matenal balance, wt. % of charge
8.3 10.5 16.5
qumd product
<50° C. 0.0 4.6 3.4
50-75° C, 69.9 56.5 49.7
>75° C. 14.2 16.7 18.7
Carbon in goke 3.4 4.3 4.2
Hydrogen in coke 0.3 0.3 0.2
Reactor purge 0.6 5.8 0.9
Loss (to 1009%) 3.3 1.5 6.4
Bromine No.% of liquid products
50-75° C. 124.0 108.5 90.35
>75° C, 60.1
Whole liquid product 120.5 . 83.35

8 Rosenmund method used throughout this work, expressed as grams
bromine per 100 grams hydrocarbon.

the saturation of the Csg fraction increased about 509 over this
temperature range, but the accompanying increase in Cq disap-
pearance acted to reduce the total Csrecovered by some 25%, and
the net result was a very small increase of Cq saturates as weight
per cent of charge. At a given total conversion of the hexenes,
judging from these results and the flow rate series, saturation was
greatest at the lowest temperature.

Flow Rate. As the flow rate decreased from 2.9 to 0.5 LHSYV,
the hexenes disappearance increased rather regularly. The extent
of saturation of the Cs fraction increased markedly, with the sharp-
est rise between 1.5 and 1.0 LHSV. The greatest efficiency for the
production of hexanes occurred at the low LHSV of from 0.3.to
1.5 (Table V).

TasLE V. Errecr oF FLow RATE oX SELF-SATURATION OF
HEexXENES
(Catalyst: U.Q.P.-B; process period, 15 minutes; temperature, 400° C.)
LHSV 0.5 1.0 1.5 2.0 2.9
Fate of hexenes, wt. %
aCx-a,cl-:ed % 38 30 24 21 18
Saturated 46 45 31 26 23
Higher boiling 14 17 19 18 16
Recovered as hexenes 2 8 26 35 43
Saturates in Ce cut, wt. % 96 84 54 43 36
Ratio of cracked plus hi, %er
boiling to Cs saturated 1.13 1.04 1.39 1.50 1.48

Gaseous product

Moles/mole of charge 0.280 0.278 0.225 0.196 0.182
Vol. ¢ Ha 15.9 11.8 8.5 6.8 6.2
Saturates 57.0 45.8 39.2 36.9 29.6
Olefins 27.1 42.4 52.3 56.3 64.2
Material balance, wt. % of
charge
Gas 13.9 14.1 12.1 10.5 10.2
Liquid product
<50° C, 4.8 4.6 3.8 4.6 4.3
50-75° C. 41.5 50.0 52.8 56.5 61.5
>75° C. 12.0 15.6 17.8 16.7 14.5
Carbon in coke 13.9 8.5 5.6 4.3 2.8
Hydrogen in coke 0.7 0.7 0.4 0.3 0.2
Reactor purge 10.7 5.8 4.2 5.6 1.6
Loss (to 1009%) 2.5 6.7 3.8 1.5 4.9
Brmm’ne No. of liquid cuts
50-75° C. 5 28.2 85.5 108.5 119
>75° C. 6.9 22.8 43.9 60.1
Whole liquid product N el N N 119
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Diluents. The preceding data showed a large effect of flow rate
on the self-saturation of hexenes. The higher the flow rate, the
shorter the residence time of the hydrocarbon, and the less the
saturation. A similar but lesser effect can he produced at con-
stant LHSV of hydrocarbon feed by adding a diluent. Two dilu-
ents—hydrogen and nitrogen—were used, each in equimolal mix-
ture with hexenes. Results (Table VI) show there was no signi-
ficant difference in the effects of these two gases. This important
observation establishes the fact that free molecular hydrogen
does not enter into the saturation reaction.

The effect of diluents on saturation was marked. The bromine
number of the whole liquid product was 17 at 0.45 LHSV of hex-
enes with hydrogen added or at 0.68 LHSV of hexenes alone (by
interpolation), and about 52 at 0.8 LHSV of hexenes with hydro-
gen or nitrogen added or at 1.25 LHSV of hexenes alone (by in-
terpolation). In other words, it appears that equimolal dilution
under these conditions has approximately the same effect as a
50%, increase in the LHSV of the hexenes alone.

Use of the bromine number of the whole liquid produect in
roughly evaluating the degree of saturation of the hexenes is jus-
tified because the Cs cuts (50-75° C.) made up about 759, of the
whole liquid products, and because close agreement was found
in those runs for which both the Cs fractions and the whole liquid
products were analyzed (Tables IV and V).

EFFECT OF OLEFIN STRUCTURE

Analysis of the products from the catalytic cracking of a nor-.
mal paraffin such as cetane reveals a high ratio of iso- to normal
paraffins, particularly in the butane and pentane fractions. The
rate of isomerization of paraffins over a cracking catalyst is neg-
ligible (6, 7). Therefore, the large amounts of isoparaffins found
in the cracked products cannot be attributed to the isomeriza-
tion of the corresponding normal (or less highly branched) paraf-
fins or to the isomerization and subsequent cracking of higher
paraffins. Since hydrogen transfer and isomerization were shown
to occur extensively with olefins, an explanation was sought in
the isomerization of olefins to branched structures followed by
saturation to paraffins via hydrogen transfer. In addition it
was observed that the ratio of iso- to normal paraffins usually ex-
ceeded the equilibrium ratio of the corresponding iso- and normal
olefins, To illustrate, ratios of iso- to n-butane commonly ob-
tained with the usual commercial eracking catalysts range from 2
to 6 at about 525° C. At this temperature the equilibrium ratio of
iso- to normal butenes is only about 0.65. Studies were therefore
initiated to explain these observations by the hypothesis that the
rate of saturation of a given olefin via hydrogen transfer is de-
pendent upon the structure, with particular emphasis upon the
comparison of secondary and tertiary olefins.

Burenes. Preliminary experiments not reported here in detail,
on the self-saturation of pure iso- and normal butenes at 400° C.
and a flow rate of 7.6 moles per liter per hour, showed the rate
of formation of total butanes to be twice as great with isobutene.
However, since the iso- and normal butanes in the product were
not separated and there must have been some concomitant isom-
erization of the original olefins, the full extent of the difference in
the rates of saturation of iso- and normal butenes was not clearly
defined.

To determine the difference in rates of saturation, a mixture of
butenes approximating the thermodynamic equilibrium at 400° C.
(namely, 42 isobutene-58 n-butenes) was tested under conditions
similar to those of the preliminary experiments. The data in
Table VII show that the recovered total C, fraction, 50 mole %
of the C; feed, contained 46 %, butanes with an iso-normal ratio of
7. This means that the rate ratio of saturation was greater than
7, since isobutene was more nearly used up than were the normal
butenes. Isomerization was not so rapid as saturation. More
complete data on this experiment are presented in Table VIL.
The following table shows the saturation of butenes at 400°C.,
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using U.0.P. type B catalyst, a process period of 15 minutes, and
a flow rate of 7.6 moles per liter per hour:

C Fraction, .
Mole 4 Feed Product
Is0-CyHs " 39.9 10.1
n-CsHs 54.3 43.7
1s0-CsHie 4.2 40.4
n-CiHie 1.8 5.8
TasLE VI. Saturariox oF HEXEXEs AND EQUiMOLAL

Drirvent-HEXENE MIXTURES
(Catalyst, U.O.P.-B; temperature, 400 C.; process period, 15 minutes)

LHSV of Bromine No. of
Feed Hexenes ‘Whole Liquid Product
Hydrogen + hexenes Q.43 17.3
Hydrogen + hexenes Q.81 53.5
Nitrogen + hexenes Q.77 51.0
Hexenes 0.45 5.4
Hexenes 1.0 34.5
Hexenes 1.5 68.0

Another experiment at 500° C. and flow rate of 6.9 moles per
liter per hour with pure normal butenes gave a ratio of iso- to n-
hHutane of 8.5. Here isomerization preceded part of the satura-

zion. In this experiment only 38.2% of the feed was recovered as
rotal C, fraction, and only 79, as normal butenes (Table VII).
The following table shows ‘che saturation of normal butenes at
500°C., using U.O.P. type B catalyst, a process period of 15 min-
utes, and a flow rate of 6.9 moles per liter per hour,

C4 Fraction,

Mole % Feed Product
Is0-CsHs L 9.1
n-CsHs 98.7 18.7
Iso-CysHie P 56.1
n-CsHio s 16.1

Brrexes 1N PREsENCE oF CYCLOHEXENE., Experiments were
made with butenes plus cyclohexene to determine the effectiveness
of the cyclohexene as a hydrogen donor and the influence of the
structure of the butenes. It was found that the latter effect was
again quite marked and that no simple conclusions could be drawn
as to the former,

Equimolal mixtures of cyclohexene and (a) normal butenes,
{h) isobutene, and (¢) a ratio of 45 n-butenes-55 isobutene were

Tasre VII. SartratioN oF OLEFINS
42 Isobutene—
Feed n-Butenes n-Pentenes 58 n-Butenes
Catalyst U.0.P.-B  8i02-Al20s U.0.P.-B
Temperature, ° 500 500 400
Flow rate, moles/l /hr. 6.9 2.8 7.6
Process perlod minutes 15 1 15
Moles of gas/mole of charge 0.862 1.387 0.670
Gas + Cs
Vol. % H: 9.8 3.9 2.9
CH; 12.7 15.4 4.76
CaHy 3.1 5.5 0.5
C:Hs 3.5 4.3 Ce
CsHs 17.1 6.8 9.5
CsHg 6.8 12.0 L.
Is0-C4Hs 3.8 1.3 8.3
n-CyHg 7.8 2.1 36.0
Is0-C4Hu 23.4 19.9 33.3
n-CaHypo 6.7 3.9 4.8
tert-CsHio 1.2 1.9 .
sec-CsHio 0.7 0.8
Iso-CsHig 2.9 20.0
n-CsHis 0.5 2.2
‘\Iaterial balance, wt. ¢ of charge
61.0 36.7 64.7
quuld product 20.7 39.4 10.3
Carbon in coke 13,7} 20.6 13.2
Hydrogen in coke 0.7 2.7
Reactor purge .. .. 9.4
Loss (to 1009%) 3.9 3.3 -0.3

@ Ci—Cs saturates.
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tested at 400° C. and 16.7 moles per liter per hour. The data ob-
tained substantiate previous statements concerning the higher
rate of saturation of iso- compared with normal butenes. As-
suming a first-order rate law, it is calculated that the isobutene is
saturated more than 10 times as rapidly under these conditions
as are normal butenes. The following table shows saturation of
butenes in the presence of ¢yclohexene, using U.Q.P. type B cata-
lyst, a temperature of 400° C., a 15-minute process period, and a
total flow rate of 16.7 moles per liter per hour.

Equimolal Mixture of Cyclohexene and:

Feed (Cs Fraction), 45 n-CiHy
Mole ¢, n-CiHs Iso-C¢Hs 55 Iso-CiHs
Is0-C4H, 2.5 12.5 13.5
n-CqHg 72.6 3.1 45.3
Is0-CqHie 9.9 84.3 34.6
n-Cq(Hu 15.0 0.1 6.4
Ratio, iso-CeHin/n-CiHyo 0.66 843 5.4

More complete data on these experiments are given in Table
VIII. No correction was made for C, derived from cyclohexene,
since this was estimated to be no more than 79, of the C, from the
butenes. It is seen that the isomerization of normal to isobutene
and vice versa is quite small under these conditions.

TasLE VIII. SarurarioN oF BUTENEs IN PRESENCE OF

CYCLOHEXENE

(Temperature, 400° C.; catalyst, U.O.P.-B; process period, 15 minutes;
equimolal mixtures)

Cyeclo-
hexene
Cyclo- Cyclo-
hexene hexene  Normal-
Cyclo- + n- ~+ Iso- 55 Iso-~
Feed hexene Butenes butene butenes
LHSV
Cyclohexene 1.29 0.86 0.86 0.86
Butenes v 0.78 0.78 0.78
Gaseous product
%\Igleémf{le of total charge 20 . é04 0.519 0.427 g.542
“ol. % Ha 4. .5
C]i{Cl saturates 5 T 18.7 12.3 6.6%
2 Hy .3 = 15.1
CaH, 5.9 3.1 {4.5
Iso-CeHs 31.3 1.9 10.6 9.1
n-CsHs . 54.7 2.6 30.6
Iso-C4Hio 36.6b 7.5 71.3 23.3
n-CiHio : 11.3 0.1 4.3
Material balance, wt. % of charge
Gas 3.6 37.4 33.3 38.0
Liquid product 82.8 47.7 56.8 46.8
Carbon in coke 6.7 6.0 7.7 5.5
Hydrogen in coke 0.4 0.5 0.4 0.6
Reactor purge 5.9 3.3 1.6 2.2
Loss (to 100%) 0.6 5.1 0.2 6.9

4 Carbon number = 1.7.
b Total saturates, carbon number = 4.0,

In these cyclohexene experiments particular attention was given
to the course of reactions other than saturation and to the re-
sulting product distribution, material balance, and carbon and
hydrogen balances. Information was thus obtained about reac-
tions which liberate hydrogen for transfer. The liquid products
comprised a large fraction at 60-90° C. and another large fraction
above 130°C., with little intermediate material. The 60-90° C,
fraction contained mostly saturates (chiefly methyleyclopentane),
some olefins, and a little benzene. The benzene accounts for
no more than 7% of the hydrogen transferrcd on the basis of the
three runs considered here. Coke production ranged from 6 to
8 weight 9, of the charge but accounts for less than half of the hy-
drogen demand., Examination of the high boiling liquid product
showed that 329 of the total liquid product from cracking cyclo-
hexene alone (Table VIII) distilled ubove 200° C. and had a high
refractive index; a small amount of naphthalene was isolated.
Bloch and Thomas (1) identified 2,6-dimethylnaphthalene in the
products from cyclohexene cracking at 400°C. The three experi-
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Tasrte IX. Hyprocen Baraxce rroM CYCLOHEXENE AND
CycLOHEXENE-BUTENES RUNS

(Catalyst, U.O.P.-B; temperature, 400° C.; process period, 15 minutes;
equimolal mixtures)

n-Butenes  Isobutene
Cyclo- 4 Cyclo- + Cyeclo-
Feed hexene hexzene hexene
Cs product (60-90° C.), wt, %
Of total liquid 65.3 5%.5 44.5
Saturates in cut 96.8 77.4 77.3
Aromatics in cut 0.3 5.2 2.5
Higher liquid (>90° C.)
ni? 1.5379 1.5219 1.5252
Moles of H: produced, computed as
Tetralin 0.459 0.172 0,280
Estimated Hi balance: moles of H2 re-
quired for
Gas® 0.115 0.142 0.249
Cs saturates 0.565 0.132 0.117
Total 0.680 0.274 0.366
Estd. H; balance, moles of Hs available
from formation of:
CsHe 0.004 0.021 0.008
Cokebd 0.263 0.087 0.185
Higher aromatics 0.459 0.172 0.280
Total 0.728 0.280 0.453

8 1 mole of hydrogen required for 2 moles of gaseous aliphatic olefins
formed from CsHw; computed for the cyclohexene experiment only.
b Moles of hydrogen produced, deducting remaining hydrogen in coke.

ments with mixtures of butenes and cyclohexene also contained
much high boiling material; a third of it distilled between 160°
and 180° C., corresponding to Gy and Cy aromatics, whose pres-
ence was confirmed by high refractive index. The remainder,
above 190° C., had physical properties corresponding to the
analogous fraction from the test with pure cyclohexene. For the
sake of calculation, the total fraction boiling above 90° C. was
assumed to have the carbon to hydrogen ratio of Tetralin, in
rough correspondence with the measured refractive indices.

Using the calculations shown in Table IX (based on experimen-
tal data in Table VIII) it is estimated for the case of the eyclo-
hexene runs that the hydrogen transferred in saturation of total
product up to 90°C. originated as follows: 359, from coke for-
mation, 82 %, fromformation of high boiling aromatics, and only 3%,
from direct dehydrogenation of cyclohexene to benzene. These
results agree with observations of Bloch and Thomas (1) for
treatment of cyclohexene alone.

NorMAL PENTEXES. An experiment was made with the Cs
normal olefing at 500° C. and 2.8 moles per liter per hour over
silica-alumina eatalyst (Table VII), The total C; fraction recov-
ered was 22.3 weight 9 of the charge; of this fraction, 89.2 mole
9, were pentanes with an iso- to normal ratio of 9.1. Over 999
of the original pentene was converted to other materials. A simi-
lar selective saturation was shown by the C; fraction (19.7 weight
%, of charge), which contained 87.5 mole % butanes with an iso-
to normal ratio of 5.1. It may be concluded that preferential
saturation of tertiary olefins produced by isomerization accounts
for the high yields of isopentane and isobutane.

Hexexes. The total conversion to hexanes of a mixture of
2- and 3-methyl-2-pentenes was recorded under the section on
operating variables. It is of interest to examine the composition
of the product hexanes as an introduction to some further experi-
ments on the relation of olefin structure to rate of saturation via
hydrogen transfer. The total liquid product from the run at 2,9
LHSV and 400°C. in Table V was distilled in a forty-plate col-
umn at 42 reflux ratio, and the primary cuts were analyzed for
bromine number, density, and refractive index. The greatest
saturation was shown by those cuts in the range 52° to 65°C.,
bracketing the boiling points of 2- and 3-methylpentanes and 2,3-
dimethylbutane, These cuts were washed with sulfuric acid to
remove the remaining olefins, redistilled, and analyzed by infra-
red spectrophotometer for hexane isomers, This analysis only
approximated the true composition when more than two isomers
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were present. The figures were used in preparing the following
table showing hexanes derived from self-saturation of hexenes.
The catalyst used was U.0.P. type B, with a 15-minute process
period, LHSV of 2.9, and temperature of 400° C,:

2,2-Di- 2,3-Di-
ne methyl- methyl- 2-MMethyl- 3-Methyl-
Hexane butane butane pentane  pentane
Wt., 9% in total Cs cut 0.8 0.8 7.8 14.8 141
Wt, 9% of hexenes fed 0.5 0.5 4.7 9.5 9.1
Wt. 7 of total hexanes 2.0 2.0 19.4 39.2 374
Calcd. equil. conen, at
400° C. of corre-
sponding hexenes (8) 30 1 16 25 28

The chief point of interest for the present discussion is the
nearly tenfold ratio of 2,3-dimethylbutane to n-hexane. It is
likely that both these paraffins were formed by isomerization of
the original methylpentenes followed by saturation. Although
thermodynamic data are not very accurate, they indicate that the
normal hexenes should equal or exceed in amount the 2,3-di-
methylbutenes in equilibrium with them at 400°C. Therefore,
this is another convincing case of preferential saturation of ter-
tiary olefins.

An experiment was carried out to test the selectivity of satura-
tion of dibranched as compared to monobranched hexenes. The
feed stock comprised an equimolal mixture of methylpentenes and
2,3-dimethyl-2-butene. The methylpentenes were secured as a
65-70° C. fraction of the hexenes, and consisted chiefly of the 2-
and 3-isomers. A self-saturation test was made at 400° C.and 2.8
LHSYV (Table X). The resulting liquid product was distilled at
42 reflux ratio in a Stedman column of 6-mm. inside diameter.
containing 256 screen cones, approximating 72 (theoretical}
plates. The C; fraction analyzed 50.3% hexanes, 95.3% of
which were 2-methylpentane, 3-methylpentane, and 2,3-dimethyl-
butane in the ratio of 2 to 1 to 2, respectively, These figures indi-
cate that the dibranched olefin is no more rapidly saturated than
the monobranched.

Examination of the distillation curve and analysis for individual
components, however, identified less than 209, of the remaining
hexenes as 2,3-dimethylbutenes. From this it may be concluded
that the dibranched olefin undergoes saturation less rapidly than
it does other reactions. Product analysis shows that at least 9057
of the 2,3-dimethylbutene disappeared, but direct saturation
could account for no more than 209,. Since cracking and poly-
merization were about the same as in the run with methylpen-
tenes alone, apparently a large portion of the 2,3-dimethylbutene
disappearance is accounted for by chain-branching isomerization
to other hexenes. This statement is consistent with thermody-
namic data, which indicate an equilibrium concentration at
400° C. of only 16.19, of 2,3~dimethylbutenes in total hexenes.
It is concluded that saturation of the dibranched hexene actually
may be two to three times as fast as that of the monobranched.

The following tabulation shows the percentages of the five
hexane isomers derived from analysis of the Cg fraction. The
feed was an equimolal mixture of 2,3-dimethyl-2-butene and 2-
and 3-methylpentenes. The catalyst used was U.O.P. tvpe B,
with a 15-minute process period, LHSV of 2.8, and temperature
of 400°C.:

2,9-Di-  2,3-Di-

ne- methyl- methyl- 2-Methyl- 3-Methyl
Hexane butane butane pentane  pentane-
Wt. %% in total Cs cut 1.3 1.0 19.0 19.2 9.8
Wt. 9, of hexenes fed 0.7 0.5 9.7 9.8 5.1
Wt. % of total hexanes 2.6 2.1 37.6 38.2 9.5
Caled. equil. conen. at
° C. of corre-
sponding hexenes (8) 30 1 16 25 28

HYDROGEN DONORS

The definition of hydrogen transfer in catalytic cracking =ys-
tems stipulates that the hydrogen acquired by an ethylenic
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double bond shall come from other hydrocarbons present. The
two previous sections showed that a single olefin as well as a mix-
ture of two or more olefins may undergo extensive hydrogen trans-
fer, In mixtures of olefins with other types of hydrocarbons com-
monly encountered in cracked petroleum fractions, the questions
arise as to whether any components besides olefins may act as
hydrogen donors, and whether these components will donate
their hydrogen more or less readily than will the olefins themselves,
The same general problem arises in the catalytic eracking of vir-
gin petroleum fractions, in which the initial cracking immediately
provides a mixture of olefins together with unreacted feed and
nonolefinic cracked products. To examine these questions, and
particularly to determine whether cyclic structures which may
lose hydrogen by conversion to aromatics are effective hydrogen
donors, experiments were undertaken,

TETRALIN AND DEcaniN. To follow the behavior of these hy-
drocarbons as hydrogen donors, experimepts were made with
pure Decalin, Tetralin, hexenes, and mixtures of the latter with
each of the first two. The total liquid produet was quite satu-
rated in the case of both Tetralin and Decalin but quite olefinie
from the hexenes. When hexenes were mixed in equimolal
amounts with either Tetralin or Decalin, the saturation of the
total liquid product was considerably above that derived by sim-
ple additivity of the results from the pure materials. The degree
of saturation was about the same in both cases—namely, 72.7 and
70.49, saturation of the corresponding Cs fractions, compared
with only 35.6%, from hexenes alone. The Decalin and Tetralin,
by cracking, contribute, at most, 6%, to the C; fraction. A com-
parison of these two hydroaromatics as hydrogen donors is pre-
gented in the following table., The temperature was 400° C., the
process period 15 minutes, and the catalyst U.O.P. type B; the
mixtures were equimolal.

Hexenes + Hexenes +

Feed Decalin Decalin Tetralin Tetralin Hezxenes
LHSV

Hydroaromatic 3.9 4.0 3.9 4.0 Cey

lefin 3.1 3.0 2.9

Bromine No. of

whole liquid

product 3.8 24.0 3.1 24.5 118
Olefins in Cs cut,

wt. 9% 27.3 29.6 64.4

Enough naphthalene was recovered from the Tetralin-hexenes
experiment to account for 35% of the hydrogen needed to produce
the hexanes observed; this was not all the naphthalene formed.
Coke production ranged from 1.0 to 2.7 weight 97 of charge in the
runs with mixed feeds; it provided but a small portion of the hy-
drogen demand. The major portion of the hydrogen evidently
came from aromatic formation (Table X),

In another experiment normal
pentenes were passed along with
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saturating tertiary olefins more rapidly than secondary olefins.
The same effect is also obtained with the synthetie silica-alumina
catalysts in commercial use. This selective reaction leads to
the preferential formation of isoparaffins in the product, a great
advantage with respect to the engine performance characteristics
of the gasolines derived from them. To evaluate the degree of
selectivity in comparison with straightforward hydrogenation of
iso~ and normal butenes with molecular hydrogen over an active
hydrogenation-dehydrogenation catalyst, experiments were made
with a chromia-alumina catalyst. The U.0.P. type B catalyst
has already been indicated to have no appreciable activity for hy-
drogenation.

Starting with equimolal mixtures of hydrogen and either iso-
or normal butenes at 400° C. and atmospheric pressure, both the
secondary and the tertiary butenes hydrogenated at exactly the
same rate, within experimental error, to the extent of 659 satu-
ration. Isomerization was negligible, and there was little forma-
tion of cracked or higher boiling materials (Table XI). The con-
clusion to be drawn from these experiments is that the selective
formation of isoparaffins in catalytic cracking systems is due to
a specific property of the silica-alumina and similar cracking
catalysts, which differentiates the tertiary from the secondary
double bonds.

Another pertinent experiment presented in Table XI involved
the use of an equimolal mixture of cyclohexene and 45 normal-55
isobutenes over the chromia-alumina catalyst with no added hy-
drogen. Here the cyclohexene was expected to yield free hydro-
gen by direct conversion to benzene, or might conceivably do-
nate hydrogen directly to the olefins. The product gas contained
37 mole 9 of hydrogen, and the butenes were hydrogenated about
169, indicating substantial dehydrogenation of the cyclohexene.
Again, however, no preferential saturation of the tertiary butene
could be observed, nor was there any appreciable isomerization of
the C, components.

POLYMERIZATION REACTIONS

Catalysts of the silica-alumina type considerably accelerate
the polymerization of olefins. At atmospheric pressure, however,
the polymerization of an olefin such as a n-butene cannot exceed
about 20% at 400° C. for thermodynamic reasons, and at higher
temperatures it is even more limited. In catalytic cracking at
500-550°C. any polymer formed is rapidly converted to other
products, so that very little true polymer is obtained as a final
product. Nevertheless, the activity of the catalyst for polymeri-
zation is clearly shown by experiments at low temperatures, and
it is possible that other products are formed by way of intermedi-
ate polymers at normal cracking temperatures.

Decalin in an equimolal mixture
at a partial olefin LHSV of 3.9.
The pentanes recovered—37%
by weight of the pentenesfed and
459, of the Cs recovered—were

over 959 isopentane, and prob- ii;gv
ably not more than 29, of the Olefin
pentanes came from the cracking Hydroaromatic

Gaseous product

of Decalin itself. This was an- Nols/ mols sharge

other case of isoparaffin produc- Vosl. g% P{:
. N . . aturates
tion by isomerization and selec- Oleﬁ;s

rive saturation. Material balance,

% of charge

wt.

Eps id duct
iquid produc
<50° C

50-75° C.

>75° C.
Carbon in coke
Hydrogen in coke
Reactor purge
Loss (to 100%)

COMPARISON OF CATALYSTS

Hydrogen transfer over silica-
alumina-zirconia cracking cata-
lyst has now been shown to have
the important characteristic of

TaBLE X. SATURATION OF OLEFINS

(Process period, 15 minutes; temperature, 400° C.; equimolal mixtures; catalyst, U.O.P.-B)

Methyl-
pentenes +
. Hexenes 4 Hezenes + n-Pentenes 2,3-Dimethyl-
Decalin Decalin Tetralin Tetralin + Decalin 2-butene
3.1 3.0 3.9 2.8
3.9 4.0 3.9 4.0 5.7
0.176 0.092 0.153 0.045 0.070 0.247
5.8 14. 19.8 2.7
48 .4 33.7 39.2 34.5
45.8 52.2 41.0 62.8
5.1 4.5 5.4 1.7 3.3 14.3
0.0 0.0 0.0 0.0 28.1 1.6
3.1 24.2 2.9 31.2 67.7 57.7
85.1 65.8 86.6 62.2 21.0
1.1 2.1 0.6 0.9 0.5 3.0
0.2 0.6 0.1 0.1 0.1 0.2
0.8 3.7 0.0 0.0 0.2 0.0
4.6 -0.9 4.4 3.9 0.1 2.2
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TaBrLE XI.

(Temperature, 400° C.; catalyst, Cr:Os-Al:Os; process period, 15 minutes;
equimolal mixtures)

SATURATION OVER CHROMIA-ALUMINA CATALYST

Cyclohexane —

n-Butenes Isobutene 45 Normal-
Feed + Hydrogen + Hydrogen 55 Isobutenes
Total low rate, moles/l./hr, 16.2 16.1 16.7
LHSV
Cyclohezene . . 0.86
Butenes 0.76 0.75 0.78
Gaseous product
Moles/mole of total charge 0.610 0.705 0.590
Vol. % Ha 20.0 19.9 37.2
Ci—Cs saturates 1.4 4.7 1.5
CeHa 0.0 0.1 0.0
CsHs 0.1 4 1.1 0.4
Iso-CsHs 0.0 25.9 27.0
n-CaHg 27.5% 0.2 24.4
Iso-CiHio 0.6 47.4 4.6
n-CiHio 50.4 0.7 4.9
Material balance, wt. % of
charge
Gas 89.3 91.0 31.3
Liquid product 0.0 0.0 54.5
Carbon in coke 1.3 2.1 1.6
Hydrogen in coke .. 1.1 0.6
Reactor purge 3.6 5.8 8.6
Loss (to 1009%,) 5.8 0.0 3.4
& Includes 0.29, CiHs. .

TaBLE XII. PoLYMERIZATION OF 1-BUTENE OVER NALCO
No. 300 CaTaLysT
Temperature, ° C. ’ 210 250 270
Process period, min, 51 13 [¢]
Flow rate, moles/}./hr. 5.3 93 191
LHSV 0.5 9 18
Liquid product, wt. 9 of feed 23 23 10

Gayer (5) found that alumina adsorbed on purified silica gel
made an effective catalyst for the polymerization of propylene.
He obtained 209, polymerization at 340°C., 2 LHSV, and at-
mospheric pressure. Polymerization of propylene and butenes
with several cracking catalysts at 165-175° C. and elevated pres-
sure was reported by Thomas (9). A few experiments with a
silica-alumina-magnesia catalyst known as Nalco No. 300 are
listed in Table XII and show polymerization at 210-270° C. and
atmospheric pressure. The Nalco catalyst is similar in properties
to U.O.P. type B catalyst and conventional silica-alumina crack-
ing catalysts, and the results with Nalco are believed to be analo-
gous to those with other cracking catalysts. In the polymeriza-
tion of 1-butene at 270° C. or below, almost no gas below C, was
formed. The polymer was a clear liquid, chiefly composed of Cs
material. This polymerization was much slower than the double-
bond shift but faster than the chain-branching isomerization.

AROMATIZATION REACTIONS

Aromatic hydrocarbons of eight or more carbon atoms are
formed in considerable quantities from the catalytic eracking of a
wide variety of pure hydrocarbons and petroleum fractions. The
results cited in earlier papers (6, 7) show that aromatics in the
gasoline fraction may arise from the dealkylation of higher boiling
aromatics or from the cracking and concomitant dehydrogenation
assisted by hydrogen transfer from C; or higher naphthenes, es-
pecially those of the hydroaromatic type. However, these reac-
tions in no way explain the presence of moderate quantities of
aromatics in the products from the catalytic cracking of Ci; and
higher paraffins and aliphatic olefins (6, 10). One supposition is
that aromatics are formed by dehydrocyclization of such ali-
phatics, analogous to the conversion of n-heptane or n-heptene to
toluene over chromia-alumina catalyst. However, the rather
weak dehydrogenation activity (to yield free hydrogen) of the
cracking catalyst, together with the fact that no tolucne is ob-
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tained from n-heptane under rather severe catalytic cracking
conditions, led to a search for an alternative explanation for the
production of aromatics from higher aliphaties with conventional
cracking catalysts.

Since the primary production of lower olefins is common to all
those catalytic cracking experiments which yielded aromatics
from higher aliphatics, experiments were initiated using butenes
as the feed stock.

Normar BrTeNes. Operating at 500°C., 6.9 moles per liter
per hour, and 15-minute process period, the disappearance of
normal butenes amounted to 939%. Aromatic production
amounted to 9.2 weight 97 of charge in a total liquid product of
20.7 weight 9 of charge. Of these aromatics, 399, comprised
benzene, toluene, and xylene, and 329, corresponded to the 152°
to 174° C. fraction, which was wholly aromatic by. refractive dis-
persion. The remainder—29 weight 9,—was in the material
above 174° C., which also appeared wholly aromatic by refractive
index. The gas analysis and material balance for this run are
presented in Table VII.

These results demonstrate, under experimental conditions
conforming to normal catalytic cracking operations, that a wide
range of aromatics may be derived from the butenes which are
directly produced in the catalytic cracking of most petroleum
fractions and in relatively large quantities from high boiling
{above gasoline) aliphatic hydrocarbons. Propylene, pentenes,
and hexenes can be expected to undergo similar aromatization re-
actions.

In addition to the foregoing, condensation reactions between
aromatics and olefins or between two aromatic molecules are
strongly indicated by various data obtained. Thus the experi-
ments with butenes and cyclohexene gave large and highly aro-
matic fractions boiling between 160° and 190°C., corresponding
to Cy and Cy aromatics. Furthermore, the catalytic cracking of
all alkylbenzenes above toluene yielded bottoms of enhanced re-
fractive index, which indicate aromatic condensation products
.

All these observations lead to, but do not rigorously prove, the
conclusion that direct dehydrocyeclization of aliphatics is not re-
sponsible for the large amounts of aromatics found in the products
of catalytic cracking.
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