some 1,2-epoxy-2-methylpropane (8%) was also present.
For the case of 1-butene the epoxide mixture consisted
largely of 1,3- and 2,3-epoxybutanes as well as some
ethylene and propylene oxides. No 1,2-epoxybutane

was found.
GO co, H, 0 TEMP. °C.
ETHANE 810
PROPANE 555
n-BUTANE 375
ISOBUTANE 420
I-BUTENE 390
2-BUTENE 455
\SOBUTENE _ ; 540
o B0 €Y 2 100

PER GENT OF O, CONSUMED

Figure 6, Oxygen distribution during oxidation of hydrocarbons

Exit Gas Composition. Figure 5 illustrates the compositions
of the exit gas obtained. In many cases these gases could
be recycled to the reaction zone.

Oxygen Distribution. The proportions of oxygen appearing
in the various reaction products as carbon oxides, water,
and organic oxygenated compounds are shown in Figure 6.
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Vapor Phase Oxidation of Aromatic Hydrocarbons

JENNINGS H. JONES, MERRELL R. FENSKE, DAVID G. HUTTON, and H. DONALD ALLENDORF
Petroleum Refining Laboratory, The Pennsylvania State University, University Park, Pa.

A“RAIN” of fine solids which remove reaction heat and
prevent combustion in vapor phase oxidation reactions has
been further studied. The solids needed for good tempera-
ture control occupy only a small proportion of the reaction
zone and thus allow reaction in essentially an open tube.

The utility of the present reactor in the oxidation of
paraffin hydrocarbons ranging from ethane to a paraffin wax
as well as of certain olefin hydrocarbons has been described
(2, 3). This article presents the results obtained for a variety
of aromatic hydrocarbons.

APPARATUS

The apparatus has been described (3). The solids circu-
lated for heat removal consisted of fused zircon silica (The
Carborundum Co.) about 300 microns in diameter. Cylinder
oxygen (purity 98.5%) was the oxidant, equally distributed
through four separate inlets along the length of the reaction
zone.

EXPERIMENTAL RESULTS

No attempt was made to determine the optimum reaction
conditions for any single product or type of products; all
experiments reported are of an exploratory nature.

The quantities of hydrocarbons subjected to oxidation
varied from about 300 to 2000 grams. Material balances for
the experiments varied from 90 to 100%; however, to express
the results on a common basis, all data were calculated using
carbon and oxygen balances based on the quantities of
products actually found.

Source of Materials. The hydrocarbons used as feeds were
purified by careful fractionation and possessed the following
properties (boiling point, ° C., refractive index, n*p, and
estimated purity, %, listed in order in parentheses following
the name of each hydrocarbon): toluene (110.7° C. at 760
mm., 1.4969, 99+ %); ethylbenzene (131.15° C. at 760 mm.,
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1.4959, 99+ %); isopropylbenzene (152.4° C. at 760 mm.,
1.4910, 99+ %); 1,2,4-trimethylbenzene (169.4° C. at 760
mm., 1.5047, 98+ %), and a mixture of 1,2- and 1,3-diiso-
propylbenzenes (203.4° C. at 760 mm., 1.4908, 95+ %).

Product Analyses. The oxidation products consisted of
noncondensable gas, an organic layer rich in hydrocarbons
and oxygenated compounds, and an aqueous layer con-
sisting largely of water from the steam used to lift the
cycling solids but also containing the water of reaction and
some water-soluble oxygenated compounds. Vapor-liquid
gas chromatographic procedures were used extensively in
the analytical work but, in addition, all of the major
reaction products were isolated in quantity by distillation
techniques, and compound identifications were made using
standard qualitative and quantitative analytical proce-
dures.

A Perkin-Elmer Model 154 C unit was used for the gas
chromatographic analyses. The gaseous products were
analyzed for C: to Cs hydrocarbons and carbon dioxide
using a 25-foot column packed with hexamethylphosphor-
amide on Chromosorb at 30° C. Hydrogen, oxygen, nitro-
gen, methane, and carbon monoxide were separated on a
20-foot column packed with Linde 5A Molecular Sieves at
100° C. Analyses of the gaseous products were corrected
using average relative thermal response values.

The organic layer products from the experiments on
toluene, ethylbenzene, and isopropylbenzene were analyzed
using a 20-foot column packed with Carbowax 1500 on
Chromosorb, operated at 100° C. and a helium flow rate of
68 ml. per minute. All of the compounds present were eluted
in this column, but some of the lower boiling products were
not separated. For this reason, the organic layer product
was also analyzed using a 25-foot column packed with
8,8"-oxydipropionitrile operated at 100° C. and a helium
flow rate of 57 ml. per minute. The final analysis was
determined by combining the results obtained from these
two columns.
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Samples of the various organic layers also were analyzed
using careful fractional distillations, by means of which
many products were isolated and identified by preparing
known derivatives; functional groups were determined
quantitatively by standard analytical methods.

A major portion of each water layer was distilled through
an efficient glass helices-packed distillation column to
recover the organic material distilling below 100° C. This
material was analyzed by vapor phase gas chromatography
using Carbowax 1500 and §,8’-oxydipropionitrile columns.
Average relative response values were not used in this
analysis, since they were not available for all the compounds
present in either the organic layer or the water layer organic
material. No appreciable amount of residual organic
material was isolated from the aqueous layer on stripping
off the water to dryness under vacuum.

Formaldehyde in the water layers was determined by the
chromotropic acid procedure (1), and acids (assumed to be
acetic acid) were titrated with standard base.

624

PRODUCTS, LB. PER 100 LB. ETHYLBENZENE REACTING

Ease of Oxidation. In contrast to the behavior of paraffin
and cycloparaffin hydrocarbons of similar carbon content,
aromatic hydrocarbons are difficult to oxidize at atmos-
pheric pressure and require elevated temperatures. Aro-
matic hydrocarbons containing side chains of only a single
carbon atom (toluene and 1,2,4-trimethylbenzene are
examples) require a temperature of at least 500° to 550° C.
before any appreciable reaction occurs and yield carbon
dioxide and water as the major products. Aromatic hydro-
carbons containing side chains at least two carbon atoms
long (ethylbenzene and isopropylbenzene are examples)
slowly react at temperatures ranging from 450° to 500° C.
to give styrene, styrene derivatives, and oxygenated com-
pounds such as acetophenone and benzaldehyde as major
products.

The variety and yields of products obtained from the
various aromatics are tabulated in Figure 1, while Figure 2
shows the distribution of oxygen. The operating conditions
for the experiments appear in Table I.
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10 mole % of hexane, about 50% of the hexane and 22% of
the ethylbenzene were converted. .

In experiment 11 the hexane content of the feed was
increased to 50 mole %. This experiment was made at a low
temperature level, under which conditions 28% of the ethyl-
benzene and 56% of the hexane were converted. On the
basis of the ethylbenzene reacting, the yield of benzalde-
hyde was increased considerably, as shown in Figure 6.

Isopropylbenzene. This compound readily oxidized at
temperatures above 500° C. at atmospheric pressure. The
major products of the reaction consisted of styrene,
a-methylstyrene, acetophenone, and benzaldehyde. The
relative proportions produced are given in Figure 1. The
composition of a typical organic layer product as deter-
mined by distillation is presented in Figure 7. The distil-

220

c
)
=]
o

1.5400

15300

15200

REFLUX TEMP.

15100

1.5000

Lu ‘x3anl 3mLovaday

GCOMPOSITION, WT. %

WEIGHT % DISTILLED

Figure 7. Distillation of isopropylbenzene products

lation was carried out under reduced pressure (20 mm. of
mercury) using a glass-packed column having about six
theoretical plates, and operated at a reflux ratio of about
50r10tol.

The reaction products were identified by gas chromato-
graphic procedures as well as by the preparation of known
derivatives as outlined under ethylbenzene.

Diisopropylbenzene. This compound readily oxidized to
give styrene and oxygenated derivatives as principal
products. Although none of the individual compounds were
identified, the presence of isopropylstyrene, isopropyl-
«-methylstyrene, and carbonylic compounds was indicated
on carefully distilling portions of the liquid product. The
relative proportion of each product in the distillate was
estimated on the basis of the unsaturation and carbonyl
content of the various boiling ranges. The data are summa-
rized in Figure 1.
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Flame Luminosities of Hydrocarbons and Hydrocarbon

Mixtures Burned in the Gas Phase
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DURING THE COMBUSTION of a hydrocarbon fuel
in a jet engine, the extent to which microscopic carbona-
ceous particles form in the flame can substantially affect
engine performance (6). Incandescent carbonaceous parti-
cles increase the rate of radiant energy transmission to the
walls of the combustion chamber, resulting in increased wall
temperatures. Excessive wall temperature shortens combus-
tion chamber life, and incomplete combustion of the fuel
represents a loss in fuel efficiency, leading to decreased
range and payload. Therefore advantages could accrue from
use of a jet fuel with little tendency to form carbon in the
flame. Although carbon formation can also be controlled by
modifications of engine design such as premixing techniques
or varying fuel-air ratio, accompanying space, weight, or
other penalties may make it impractical.
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This investigation was undertaken in connection with a
project to study the feasibility of cooling very high speed
aircraft by means of an endothermic reaction of the fuel
prior to combustion. A number of endothermic reactions of
hydrocarbons have been under consideration for this
purpose, including aromatization, cracking, depolymeri-
zation, dehydrogenation, and isomerization. In evaluating
each reaction one of the criteria has been the burning
characteristics of the products, particularly the luminosity.

The carbon-forming propensities of fuels have usually
been measured and compared by determining the maximum
rate at which each fuel could be burned in a specially
designed apparatus (3, 4, 5) without smoking. The figure of
merit may be the actual limiting burning rate or the
corresponding flame height. In some cases smoking charac-
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