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This invention relates to endothermic chemica.li

reactions conducted in the presence of catalysts.
It deals with a novel apparatus especially designed
so that reactions of this type may be carried
out more efficiently and with a new process where-
by these reactions may be conducted in a more
advantageous and economical manner, partic-
ularly with reaction mixtures containing an added
product of the reaction. )
Considerable difficulty is usually encountered
in carrying out endothermic catalytic reactions
on a commercial scale due to the sensitivity of
the catalysts and reaction to temperature varia-
tions coupled with the fact that a uniform tem-
perature is hard to maintain in a large volume
of catalyst. Many suggestions for overcoming
these difficulties have been made, but no entirely
satisfactory procedure has heretofore been known
and no apparatus adapbed for the most efficient
execution of these reactions has been available.
It is an object of the present invention to over-
come these and other disadvantages of prior
methods of carrying out endothermic catalytic
reactions. Another object is to provide an im-
proved apparatus in which reactions of this type
may be conducted under more uniform condi-
tions with minimum undesirable side reactions.
Still another object is to prolong the effective life
of catalysts used in these reactions and to increase
the yield and quality of the reaction products.
Further objects and advantages of the invention
will be apparent from the following more detailed
description of the invention. '
In order to simplify the description of the in-
vention, its application to the dehydrogenation
of hydrocarbons, particularly the production of
aromatic hydrocarbons by dehydrogenating
naphthenic hydrocarbons, will be used to illus-
trate the principles involved. This application
of the invention has been chosen as an illus-
trative example not only because of its great
commercial importance but also because it in-
volves a reaction which heretofore has presented
considerable difficulty in large scale operations.
It will be understood, however, that the inven-
tion is not limited to this application but that
the new apparatus and method may be applied
advantageously to a wide variety of other proc-
esses involving endothermic reactions. Thus, for
example, not only the dehydrogenation of other
compounds, such for example as the dehydro-
genation of alcohols to produce aldehydes or
ketones, but also other endothermic catalytic re-
actions such as the dehydration of alcohols to
olefins, dehydrohalogenation of organic halides,

2

cracking of hydrocarbons, depolymerization of
polymers, cyclizing and/or reforming treatments,
etc.,, may be more efficiently and economically
carried out according to the invention.

As is known, many of the straight-run petro-
leum fractions of the nature of gasoline contain

. appreciable to large concentrations of hydro-.
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aromatic naphthenes such as cyclohexane, methyl
cyclohexane, etc. These fractions, hereinafter
referred to as naphthenic straight-run petroleum
fractions, have in general relatively poor anti-
knock properties and are therefore generally un-
suited for blending in high octane gasolines such
as are particularly desired for aviation fuels. On
the other hand, it is known that aromatic hydro-
carbons, such as toluene, are particularly valu-
able hydrocarbons and furthérmore, in view of
their excellent anti-knock properties, are desir-
able constituents of such fuels.

A great deal of effort has been given to the
development and perfection of dehydrogenation
processes whereby these wvarious straight-run
naphthenic fractions may be practically treated
on a large scale. Several of such processes have
been proposed and one in particular has developed
into a practical workable process. This process,
of which there are several possible variations,
involves the catalytic. dehydrogenation of the
naphthenic fraction at relatively high temperax
tures with dehydrogenating metal oxide cata-
lysts. Suitable catalysts comprise the oxides of
such metals as Ti, V, Cr, Mn, Mo, W, and U. Of
these, the oxides of Cr and/or Mo are generally
employed. With catalysts of this type, the proc-
essing period is generally from one to a few hours
after which carbon and/or heavy tarry material
deposited on the catalyst is burned off under care-
fully controlled conditions and the cycle is re-
peated. Copending application Serial No. 457,-
682, filed September 8, 1942 and now abandoned,
of which the present application is a continua-
tion-in-part, describes and claims an improved
method of operation using a catalyst comprising
a sulfide of a metal of the iron group and tung-
sten sulfide in the presence of an olefinic hydro-
carbon and a molar excess of added hydrogen
based upon the total hydrocarbon feed. This im~
provement permits substantial increases In the
processing period with resulting economy of oper-
ation. The present invention provides a further
improvement on such methods as well as a more
efficient apparatus for carrying out the process.

According to the present invention the aro-
matization of naphthenic hydrocarbons is car-
ried out by contacting such hydrocarbon and a
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substantial molar excess of hydrogen with a
catalyst having hydrogenating and dehydrogen-
ating properties and introducing an olefin or
other dehydrogenatable compound into the re-
acting mixture at one or more points along the
length of the reaction zone, while it is maintained
under conditions conducive to the simultaneous
dehydrogenation of the hydroaromatic naph-
thene and hydrogenation of the olefin or other
unsaturated hydrocarbon introduced into the sys-
tem.

It has already been proposed to carry out simul-
taneous treatment of a hydrogen donor and hy-

10

drogen acceptor. In these known reactions the

eftect of the hydrogen acceptor is to decrease the
partial pressure of hydrogen in the reaction sys-
tem, thus disturbing the equilibrium between the
hydrogen and the hydrogen donor and causing a
more complete reaction, In the process of the
present invention this is not the case since the

process is executed in the presence of a mole -

excess of hydrogen which is usually recycled
through the reaction zone. Any decrease in the
partial pressure of hydrogen caused by the hy-
drogenation reaction is negligible and altogether
insufficient to exert any appreciable effect upon
the equilibriums whica may be present in the
system. Furthermore, according to the present
invention a new and radically different method
of operation is employed which gives greatly im-
proved control of the reaction and makes it pos-
sible to maintain a more uniform temperature
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throughout the reaction zone. This new method -

of operation is based upon the discovery that
when using olefinic hydrocarbons in the aromati-
zation of naphthenes, the hydrogenation of these
olefins takes place at a faster xate than the de-
hydrogenation of the naphthenes involved.

Since the dehydrogenation of hydroaromatic
naphthenes is an endothermic reaction there is a
decreasing temperature gradient through the re-

_action zone under normal conditions of operation

in which the feed is preheated to about the opti-
mum reaction temperature before being fed to the
reaction zone. Such a decreasing temperature
gradient results in inefficient conversion, espe-
cially toward the exit end of the reaction zone.
Heating coils in the catalyst bed and/or reactor
jacket improve the operation but greatly increase
the cost of the apparatus and also tend to cause
local overheating at the walls of the heating ele-
ments, Olefins added with the feed so as to sup-
ply heat as a result of their simultaneous highly
exothermic hydrogenation have the advantage of
eliminating such localized overheating. They
cannot overcome the undesirable decreasing tem-
perature gradient through the reaction zone, how-
ever, because of their faster reaction rate pre-

“viously mentioned. However, by introducing ole-

finic feed stock in controlled amounts at an in-
termediate point or points along the path of flow
of the reaction mixture instead of adding it solely
with the feed, the exothermic heat of the hy-
drogenation may be regulated so as to balance
the endothermic heat of the slower dehydrogena-
tion reaction at all points in the reaction zone and
50 obtain a uniformity of reaction conditions not
heretofore possible.

A wide variety of different naphthenic hydro-
carbon fractions may be a narrow cut such for
example as a fraction boiling between about 165°
F. and about 185° F.. which is suitable for the pro-
duction of substantially pure benzene or a frac-
tion of 200° F. to about 250° F, boiling range which
ylelds nitration grade toluene by the process of
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the invention, or a higher boiling narrow fraction
such as is suitable for the production of higher
boiling aromatic hydrocarbons in a substantially
pure form. Where the purpose is to improve the
properties of the fraction with no intention of
recovering pure products broader fractions boiling
up to and including the gasoline end point, for
instance 400° F. to 450° F., may be employed.
These fractions are usually substantially satu-
rated in character, i. e, they have bromine num-
bers below about 8; but more highly unsaturated
starting materials such, for example, as may
be obtained by lightly cracking a naphthenic

- straight-run naphtha to increase the ratio of
-olefins to hydroaromatic naphthenes therein, may

also be used although it is desirable that such
ratio not exceed about 0.5:1 and most preferably
the ratio of olefins to hydroaromatic naphthenes
in the feed is not greater than about 0.3:1 regard-
less of the source of such olefins.

Among the unsaturated materials which may
be used in the process are, for example, the va-
porizable olefin hydrocarbons and hydrocarbon
mixtures consisting of or containing appreciable
concentrations of such olefins. Although gaseous
olefins such as ethylene, propylene, the butylenes,
butadiene, etc., may be used, the process may
usually be more advantageously effected with the
normally liquid olefins, Thus, any of the vaporiz-
able olefinic hydrocarbon fractions such as the
usual thermally cracked and/or reformed gaso-
lines, once-run catalytically cracked gasoline
stocks, iso-formed stocks, and fractions thereof
may be suitably employed. Also, olefinic hydro-~
carbons having & branched or iso structure are
exceptionally suitable. These olefinic hydrocar-
bons are generally more easily hydrogenated than
their corresponding straight chain isomers, Their
use therefore generally allows the production of
products having & lower bromine number. Fur-
thermore, the branched chain paraffins produced
therefrom in the process are generally more valu-

‘able products than the corresponding normal par-

affins, particularly for motor fuel use. While the
various applicable olefinic hydrocarbon fractions
may contain considerable amounts of non-olefinic
hydrocarbons, it is generally desirable to employ
olefinic hydrocarbon fractions which are rela-
tively highly unsaturated, for example those hav-
ing bromine numbers of 50 or above. The use
of such highly olefinic materials allows a con-
siderably higher throughput of the naphthenic
fraction per volume of catalyst. The various ole-
finic polymers produced by the polymerization of
one or more of the normally gaseous olefins and
boiling in the gasoline boiling range are particu-
larly suitable since they offer a very concentrated
source of olefins having highly branched struc-
tures. Thus, for example, a particularly suitable
olefinic material to be employed is the dimers pro-
duced by the polymerization of butylenes. An-
other advantageous source of olefinic fractions
are those which contain appreciable contrations
of aromatic hydrocarbons suitable for augment-
ing the yield of desired aromatics in the process.
Among stocks of this type are the highly reformed
cracked gasoline stocks such as are produced by
subjecting thermally reformed straight-run frac-
tions to a severe thermal reforming treatment,
preferably in the presence of added gaseous hy-
drocarbons. The boiling point or range of the
olefinic material may be an important factor in
determining the particular material to be used.
Thus where the object is to produce pure or sub-
stantially pure aromatic hydrocarbons, it is de-
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sirable to select an olefinic material which yields
hydrogenation products which can be readily sep-
arated from the desired aromatic product by
fractionation.

A characteristic feature of the process of the
invention is that the treatment of the naphthenic
hydrocarbon fraction in the presence of the de-
scribed concentrations of unsaturated hydrocar-
bons is effected in the presence of appreciable
concentrations of added hydrogen. Thus, there
is added to the reaction zone a volume of hydro-
gen (or more preferably a recycle gas rich in hy-
drogen) at least equivalent to and preferably in
excess of the volume of hydrocarbon vapors. Al-
though mole ratios of hydrogen to hydrocarbon
as high as 30 to 1 may be suitably employed, it
is usually more advantageous to employ ratios
between about 3:1 and 12:1, for instance 7:1.
When the process is conducted so that there is a
net hydrogen consumption and when first start-
ing the process, it is necessary to provide hydro-
gen or a hydrogen-containing gas from a sepa-
rate source. However, as will be pointed out more
fully hereinafter, the process is usually effected
with a net hydrogen production. - The hydrogen

required in the process is therefore usually pro-

duced by the process and is continuously re-
cycled through the reaction zone. The recycle of
the hydrogen-containing gas separated from the
product is particularly advantageous not only in
allowing large ratios of hydrogen to be more
economically employed but also in providing a re-
cycle gas of more desirable characteristics. Most
hydrocarbon feeds, regardless of their history,
contain traces to appreciable amounts of sulfur
compounds. In the present process a part at
least of these-sulfur compounds is reduced to hy-
drogen sulfide which then concentrates in the re-
cycled gas to a certain extent. The presence of
these small amounts of hydrogen sulfide in the
recycle gas may increase the activity and life of
the catalyst.

During operation of the process small amounts
of normally gaseous hydrocarbons such as meth-

ane, ethane and propane, formed by side reac- °

tions, gradually accumulate in the recycled gas
and tend to dilute the hydrogen. In a preferred
embodiment of the process of the invention suffi-
cient recycle gas is continuously or intermittently

withdrawn to maintain the concentration of hv-

drogen above 80% by volume, and the composi-
tion of the hydrocarbon feed is adjusted to pro-
duce a net production of gas equivalent to the
amount withdrawn. In this method of operation
a maximum amount of olefinic material may be
treated without recourse to extraneous hydrogen.
If desired, the recycle gas withdrawn from the
system may be treated by known means (for in-
stance, by scrubbing or high temperature crack-
ing) to remove hydrocarbon diluents and the hy-
drogen then returned to the reaction system.

" The preferred catalysts for this application of
the process of the invention are intimate mixtures
of tungsten sulfide with one or more sulfides of
metals of the iron group having a mole ratio of
iron, cobalt and/or nickel sulfide to tungsten sul-
fide between about 0.4:1 and 2.5:1, preferably
nickel sulfide and tungsten sulfide in a mole ratio
of about 2:1 as described in the copending appli-
cations previously referred to. However, other
catalysts capable of promoting simultaneous hy-
drogenation and dehydrogenation may also be
used as previously indicated, molybdenum sulfide
being particularly useful for this purpose.

The optimum amount of olefinic material to
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introduce into the reaction depends upon several
factors such as the degree of unsaturation of the
olefinic material employed, the concentration of
hydroaromatic naphthene hydrocarbons in the
fraction being treated, the thermal efficiency of
the reactor, the amount of fixed gases such as
methane produced in the process, etc., and can
therefore only be stated to lie within certain rela-
tively broad limits. One of the most important
considerations in this connection is that the
amount_ of olefinic hydrocarbon should be ad-
justed to give a favorable heat balance in the
process. If the reacted olefins and hydroaromatic
naphthenes are in a mole ratio of about 1.8:1
(this ratio varies somewhat depending upon the
particular olefin and hydroaromatic naphthene),

- an overall reaction results which is neither en-
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dothermic nor exothermic. By employing a ratio
of olefinic material slightly higher than this the
process may be made just sufficiently exothermic
to counterbalance any heat losses from the re-
actor. When employing material relatively con-
centrated in olefins and properly spacing the
points of olefin introduction so that a uniform
reaction temperature is assured, the beneficial ef-
fect of the olefin on the reaction is roughly pro-
portional to the amount used up to a ratio of
about 3 moles of olefin per mole of hydroaro-
matic naphthene fed. Although the process may
be operated at higher ratios at which there is a
net consumption of hydrogen, it is generally more
economical to employ ratios at which there is a
net production of hydrogen. . Therefore, as a
general rule, mole ratios of olefin to hydroaro-
matic naphthene of from about 1.8:1 to about
2.8:1 are preferred. Within these limits a ratio
may usually be chosen so that, with a smal] with-
drawal of recycle gas to prevent dilution of the
recycled hydrogen by fixed gases such as meth-
ane, etc., to below about 80% by volume, both the
heat balance and hydrogen production are favor-
able. However, when the concentration of hydro-

- aromatic naphthenes in .the fraction being

treated is relatively low, for instance less than
about 15 mole per cent, smaller ratios, for ex-
ample down to about one mole of olefin per mole
of hydroaromatic naphthene, may be more de-
sirable. Also, when the degree of unsaturation
of the olefinic material used is relatively low, it
may be advantageous to use somewhat lower ra-
tios of olefin to hydroaromatic hydrocarbons, e. g.
between about 0.5:1 and about 2:1, in order to
avoid excessive lowering of the throughput of
the naphthenic fraction. .
Whatever overall ratio of olefin to hydroaro-
matic hydrocarbon is used, it is important, as
rreviously pointed out, that all of the olefin -be
not introduced with the feed but that at least a
part be added at one or more intermediate points
along the path of flow of the reactants through
the reaction zone. The number of points at which
it will be most advantageous to add olefin, and
relative amounts of the olefinic feed which should
be added at such different points may vary with
the type of reactor used but in any given case
can be readily adjusted in accordance with the
invention so as to give substantially uniform re-
action conditions throughout the reaction zone.
The process may be carried out in any of the
reactors conventionally employed for effecting
other dehydrogenation ang hydrogenation reac-
tions if these reactors are suitably modified so
that the unsaturated hydrocarbon may be added
at an intermediate point or points in the reac-
tion. Thus, for example, the catalyst may be -
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-employed in the form of a finely divided powder

“which may be circulated through the reaction

zone concurrent or countercurrent to the react-
ant vapors while an unsaturated readily hydro-
genatable hydrocarbon is admitted at one or more

points in said zone other than with the feed.’

Alternatively the catalyst may be disposed in a
fixed, or & continuously or intermittently re-
newed, bed through which the aromatic naph-
thene and hydrogen, with or without a small
amount of olefin, is passed while additional olefin
is injected further along the path of the re-
actants in the reaction zone. However, in order
to realize the full advantages of the new method
of operation it should be carried out in the im-
proved reactor of the invention shown as a sec-
tional elevation of one simpler form of a chamber
type reactor embodying the features of this phase
of the invention of Figure 1 of the accompanying
drawing which is not to any exact or relative
scale.

In the form shown in Figure 1 the reactor of
the invention comprises a substantially cylindri-
cal outer shell 1, having its ends closed except
for ports 2 and 3. For ease in charging, one or

. both end closures may advantageously be re-

movable. Thus, a removable head 4, having a
flanged inlet 2, may be secured by suitable bolts,
not illustrated, to flange 5. A tube 6, of heat con-
ducting material, having a flange 7, attached
thereto by welding or in any other suitable man-
ner, is secured to flange 8 of shell | by bolts, not
illustrated. Shell { is also provided with another
flanged inlet 9. The annular space between shell
t and central tube 6 may be substantially filled
with a bed of suitable pelleted or granular con-
tact material indicated by numeral 10. The cata-
lyst bed rests, in the case here illustrated, on a
perforate, annular plate |l supported adjacent
the lower end of shell { and preferably above
flanged inlet 9 by suitable clips 12 attached at
special points to the inner surface of shell 1. A
sleeve (3 around tube § may be used to assist
in maintaining plate 11 in position. A suitable
screen |4 may, when desired, be provided over
the upper surface of perforate plate {I. Central
tube 6 is likewise substantially filled with a bed
of granular contact material I8 supported in a
similar way by a screen 15 and perforate plate {6
held in place by spaced clips 17T attached to the
inner wall of tube 6. Continuous rings or the like
attached to the inner walls of tubes | and 6
may be substituted, if desired, for clips 12 and
11. Perforate plate 16 is preferably located at a
point in tube 6 below flanged inlet 9 of shell 1.
Tube 6 may advantageously be provided with fins
or other suitable projections, not illustrated, on
jts inner and outer surfaces, which fins no{ only
may assist in promoting the desired heat trans-
fer between the different parts of the reaction
zone formed thereby but also may aid in sup-
porting the catalyst and in improving the con-
tact of the reactants with the catalyst by pro-
longing the path of flow through the catalyst bed.

When carrying out simultaneous endothermic
and exothermic catalytic reactions in the appa-
ratus illustrated in Pigure 1, the endothermic re-
actant, with or without a part of the relatively
faster reacting exothermic reactant, is preferably
introduced via flanged inlet 9 and passes over
the catalyst in the annular space between shell
1 and tube 6 which constitutes a first reaction
zone preferably maintained under conditions
such that there -is a net absorption of heat in
the reaction or reactions taking place therein.

8

- Tube 6 extends to a point short of the closure 4
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of shell | so that a path is provided whereby the
fluld reaction mixture leaving the first reaction
zone passes into the central tube. - A reactant
capable of undergoing exothermic reaction with
a component of said reaction mixture is intro-
duced by inlet 2 and passes together with sald -
mixture through the catalyst bed in the central
tube which constitutes a second reaction zone in
which sufficient heat is generated to supply heat
not only for the endothermic reaction taking
place simultaneously therein but also for at least
a part of the endothermic heat of reaction re-
quired in the surrounding annular space. It is
also feasible, and in some cases desirable, to
reverse the points of entry of the reactants so
that the reaction carried out in the annular first
reaction zone is predominantly exothermic in-
stead of endothermic while that effected within
the central tube has a net endothermic heat of
reaction. Often periodic reversals of flow of this
kind are advantageous during operation because
of the beneficial effect they may have on the
catalyst. In any case, of course, both types of
reaction may be conducted simultaneously in
both of the reaction zones or one such zone may
be used for one type of reaction only. In design-
ing the new reactors, the different reaction zones
are preferably proportioned in accordance with
the volume of reactants which they will handle
so as to give a suitable rate of flow throughout
the system. Thus, due to the introduction of
olefin via inlet 2 of the apparatus shown in Fig-
ure 1, it will usually be desirable to construct
the unit so as to provide a greater area inside
the interior tube 6 than in the annular chamber
containing catalyst 10. For the same reason, in
the form of apparatus illustrated in Figure 2,
annular chamber 13 will usually have a greater
cross-sectional area than either of the other parts
of the reaction zone.

This type of reactor has important advantages
over the forms heretofore used for carrying out
catalytic reactions. It not only permits the use
of large beds of catalyst without danger of ex-
cessive variations in temperature between dif-
ferent parts of the bed but also it makes more
efficient use of the exothermic heat of reaction
produced in the process by transferring it to an
adjacent reaction zone in which it may be ef-
ficiently utilized. In fact, by proper adjustment
of the relative amounts of endothermic and exo-
thermic reactants added at inlets 2 and 9, the
simultaneous reactions may be carried out with-
out substantial loss or generation of heat in the
reaction, particularly when, as is preferred, the
reactor is well insulated, and the only heating
needed, if any, is that required to bring the re-
actants to the necessary reaction temperature.
This is accomplished in the present reactor with-
out the usual difficulties due to differences in
temperature in different parts of the reactor.
These improvements lead to material increases
in yield of desirable products and substantial
prolongation of the operating cycle of the cata-
lyst which greatly reduce the cost of operation.
A further advantage of the new apparatus is its
simplicity of design which makes fabrication easy
and construction inexpensive. The new design
also is of advantage during the regeneration pe-
riod of the cycle since the heat transfer between
the different catalyst zones makes for more uni-
form temperatures during this operation and the
inlet provided for the second reaction zone makes
it possible to introduce regenerating gases and/or
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. diluents therefor, such as steam, at more than

S

he

accurate control of the regeneration tempera-
O ture is achieved and danger of catalyst damage
is minimized.

Since the time of catalyst regeneration is usu-

C ally proportional to the length of the catalyst
@ bed, regeneration in the apparatus of the inven-
+ tion is much faster than in conventional reactors
E because the regeneration is carried out with cata-
. lyst beds of shorter length operated in parallel.

Furthermore, during the burning period of re-
generation a plurality of flame fronts are used

and these move in different directions tending
Z to maintain a more uniform temperature.
The form of the new reactor is not limited to

5-1:ha.t; described in the foregoing specific example,

* however, since not only may the method of con-
= struction of reactors of this type be varied but
also the type may be considerably modified with-
out departing from the principles of the inven-
tion. For example, more than one partitioning
Interior tube may be employed so that the re-
actants make more than two passes when going
through the reactor. Pigure 2 of the drawing
shows in sectional elevation one such modified
reactor which has special advantages. In the
form illustrated in Figure 2 the reactor com-
prises an outer shell 1, formed with an integral
bottom closure 2 having a flanged outlet port 3.
A removable fop closure 4 having an inlet port
§ is attached by bolts not illustrated to periph-
eral flange 6 of shell §. Shell f is also provided
with a flanged inlet port 7 through which a pipe
8 passes and leads through a port 10 in an inner
partitioning member I{ which is preferably
tubular in form and concentric with shell {. In-
let pipe 8 is securely attached to partitioning
member I, preferably removably, as by screw-
ing a threaded end into a threaded flange 12, so
that feed stock introduced thereby will not es-
cape Into the annular chamber 13 formed by shell
{ and member 11. Member {{ is provided with a
bottom closure {4 which may advantageously be
removably attached thereto by bolts, not shown,
joined to peripheral flange 15 or in any other
suitable manner. Bottom closure {4 contains a
port 27 through which another inlet pipe 22
may pass and be attached in the same manner
as pipe 8. Brackets 16 attached to closure 14 or
to closure 2 or other types of spacing means
whether attached or not are used to support
closure {4 and partitioning member 11 in spaced
relation to bottom closure 2 and provide a pas-
sage from annular chamber {3 to outlet 3. These
brackets or-other means, not illustrated, may be
constructed, as with arms or the like abutting on
shell {, so as to maintain member (1| in concen-
tric position with respect to shell {. Member {1
has an upper annular closure 7 attached by
bolts, not shown, to a flange 18. Closure 17 is
also attached by bolts, not shown, to a flange
I8 of a central tube 20 which is thus maintained
concentric with member (i and shell I. Central
tube 20 and member (! thus form an annular
chamber in heat transfer relationship with both
the interior of tube 20 and the annular chamber
formed by shell | and member II. Positioning
members 2/, which may be integral with tube 20
or fastened thereto in any suitable manner,
maintain tube 20 in spaced relation to closure 14
on which the tube is thereby supported and pro-
vide a passageway through which reactants from
the annular chamber between member i1 and
tube 20 may enter the latter in admixture with

one point along the flow of the gases so that more .

9,472,254

fluids introduced by pipe 22 through port 21.

Tube 20 and partitioning member 1§ are made

sufficiently shorter than shell 1 so that a path is

provided whereby reactants from the interior of
5 tube 20 may pass between closures 4 and (7 into
the annular chamber between shell { and mem- ]
ber {1 after admixture with a reactant intro-
duced by pipe 23 through port 5. The entire re-
_ action space within shell | may be filled with
10: suitable catalyst for the reaction involved in
‘" which case it is generally desirable to provide in-
let pipes 8, 22 and 23 with perforated caps, not
- shown, preferably conical in form to promote bet~
ter distribution of the reactants and to cover out-
let port 3 with a screen or othe: means for pre-
venting loss of catalyst. Better mixing of the
reactants is usually achieved, however, by pro-
viding other catalyst supporting means (ndi-
cated in Figure 2 by the numerals 24, 25 and 26)
which may be of the same type as those described
in connection with Figure 1 or of any other suit-
able form, and by incompletely filling the pas-
sage way between the central reaction zone and
that forming the outer annular chamber,

In a reactor of the type shown in Figure 1, the
aromatization of hydroaromatic naphthenes
such, for example, as g mtehylcyclopentane-con-
taining straight-run fraction is preferably car-
ried out as follows:

The naphthenic fraction, together with from
three to twelve moles of hydrogen per mole of
hydrocarbon and about 0.5 to 1.0 mole of olefin,
such as diisobutylene, per mole of hydroaromatic
naphthene in the feed, is preheated to about 400°
C. to 500° C. under a pressure of 5 to 75 atmos-
pheres and fed through inlet 9. The reaction
mixture is fed at a rate corresponding to a liquid
hourly space velocity of total hydrocarbon of 0.3
to 5 based upon the total volume of catalyst in
the reactor and passes first through the outer
annular reaction space formed by shell | and
central tube 6. About 1.0 to 2.0 moles of olefin
per mole of hydroaromatic naphthene in the feed
are continuously introduced via inlet 2 so as to

‘provide an overall addition of about 1.8 to 2.8
moles on the same basis before the reaction mix-
ture passes down through the central tube and
is discharged via outlet 3. Under these condi-
tions substantially uniform reaction at a tem-
perature within the range of about 425° C.
to 525° C. may be readily maintained throughout
the reactor and with an active tungsten sulfide-
nickel sulfide catalyst, for example, conversion
efficiencies of about 90% may be maintained for

55 periods in excess of 1000 hours without regen-
eration.

Equally good results are obtained with the re-
actor of Figure 2 when using essentially similar
conditions except that only about one-tenth to
about one-fourth of the total added olefin is in-
troduced with the feed and the remainder is
added in equal amounts through inlet pipes 22
and 23.

It will thus be seen that the apparatus and new
reaction method of the invention offer many ad-
vantages over prior practice in this field, particu<
larly with respect to economy of construction
and operation and in efficiency of conversion of

-the reactants treated. The new apparatus and
method are capable of wide variation not only
with relation to the endothermic and exXothermic
reactants which may be used but also in regard
to the methods and conditions of reaction which
may be employed. Thus, for example, while the

75 use of the new apparatus for carrying out the
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new method has been emphasized because of the
outstanding advantages which may be realized
thereby, it is also feasible to employ more con-
ventional types of reactors such, for instance, as
tray type catalyst towers having means for intro-
ducing between one or more trays a reactant ca-
pable of undergoing exothermic reaction with &
product of endothermic reaction of another com-

pound which is being passed successively through

such trays together with an added excess of such

reaction product. Also, it wiil be understood that-

in some cases it will be more advanatgeous to
introduce the endothermic reactant at interme-
diate points along the path of flow of an exo-
thermic reactant or reactants through the sys-
tem. Instead of the same catalyst throughout
the reaction, different catalysts may be used in
different parts thereof. Still other variations in
the process and apparatus may be made within
the scope of the invention, which is not limited
to the details described by way of example nor by
any theory advanced in explanation of the im-
proved results obtained.

I claim as my invention:

1. A method of producing toluene which com-
prises subjecting a mixture of methyl cyclohex-
ane, between about 3 and 12 moles of hydrogen,
and 0.1 and 0.5 mole of diisobutylene per mole of
hydroaromatic naphthene present, which mix-
ture also contains a small amount of a sulfur
compound, to partial dehydrogenation in the
presence of a catalytic mixture of tungsten sul-
fide with a sulfide of a metal of the iron group
at g temperature of 400° C. to 525° C. under a
pressure of 5 to 75 atmospheres at which a net
absorption of heat takes place in the reaction,
adding sufficient additional dilsobutylene to the
reaction mixture in substantially equal amounts
at a plurality of points along the path of flow of
the mixture to make the overall molar ratio of
diisobueylene to starting hydroaromatic naph-
thene between 1.8:1 and 2.8:1, completing the
dehydrogenation in the presence of the same cat-
alyst and in indirect heat exchange with the first
said partial dehydrogenation under conditions at
which sufficient heat is evolved in the hydrogena-
tion of the added diisobuetylene to supply heat
not only for the completion of the dehydrogena-
tion but also for the first said partial dehydro-
genation and a net production of hydrogen is ob-
tained, separating from the gaseous components
of the final reaction mixture hydrogen of at least
80% purity containing hydrogen sulfide formed
in the reaction, recycling said hydrogen to the
first said partial dehydrogenation and periodical-
1y reversing the flow of reactants through the cat-
alyst system so that the first said partial dehy-
drogenation is carried out with catalyts previous-
1y used in the said completion of the dehydro-
genation and vice versa, whereby prolonged op-
erating cycles of the catalyst under uniform re-
gction conditions are obtained.

2. A method of producing aromatic hydrocar-
bons by dehydrogenating hydroaromatic naph-
thenic hydrocarbons which comprises subjecting
a hydroaromatic naphthenic hydrocarbon to par-
tial dehydrogenation by contacting a mixture of
said hydroaromatic naphthenic hydrocarbon, a
molar excess of hydrogen, and between 0.1 and 0.3
mole of a normally liquid olefin based upon the
naphthenic hydrocarbon present with a catalyst
having hydrogenating and dehydrogenating
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properties in a first reaction zone under condi-

tions of reaction at which a net absorption of
heat takes place, adding additional olefin to the
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effluent of sald reaction zone in an amount such
that the total molar ratio of olefin used fo start-
ing naphthenic hydrocarbon employed is be-
tween 1.8:1 and 2.8:1, completing the dehydro-
genation in a second reaction zone in the pres-
ence of the same catalyst in indirect heat ex-
change relationship with the first reaction zone
whereby an increasing t{emperature gradient is
maintained in the flowing stream of reaction mix-
ture and s net production of hydrogen is ob-
tained, separating from the gaseous components
of the final reaction mixture hydrogen of at least
809% purity and recycling said hydrogen to the
first reaction zone.

3. A method of simultaneously carrying out the
dehydrogenation and hydrogenation of hydrocar-
bons which comprises passing vapors of a dehy-
drogenatable saturated hydrocarbon together
with at least three moles of hydrogen and be-
tween 0.1 and 1.0 mole of an unsaturated hydro-
carbon based on said dehydrogenatable hydrocar-
bon into contact with a catalyst capable of pro-
moting dehydrogenation of the saturated hydro-
carbon and hydrogenation of the unsaturated hy-
drocarbon in g first reaction zone under tempera-
ture and pressure conditions at which partial de-
hydrogenation of said saturated hydrocarbon and
hydrogenation of said unsaturated hydrocarbon
takes place with a net absorption of heat in the
overall reaction, adding an additional amount of
said unsaturated hydrocarbon between about 0.5
and 2.0 moles of unsaturated hydrocarbon per
mole of saturated hydrocarbon present, complet-
ing the dehydrogenation in g second reaction zone
in the presence of a catalyst having hydrogenat-
ing and dehydrogenating properties in indirect
heat exchange relationship with the first reac-
tion zone whereby an increasing temperature
gradient is maintained in the flowing stream of
reaction mixture and a net productiorn of hydro-
gen is obtained, separating from the gaseous com- |
ponents of the final reaction mixture hydrogen
produced in the reaction in excess of that initially
fed and recycling the remaining hydrogen to the
first said reaction zone.

4. A method of simultaneously carrying out
endothermic and exothermic catalytic reactions
of hydrocarbons which comprises passing a hy-
drocarbon in the fluid state in a flowing stream
through a first reaction zone containing a catalyst
capable of promoting an endothermic reaction
of said hydrocarbon under the reaction condi-
tions, which catalyst normally has a decreasing
temperature gradient in the reaction, feeding into
said reaction zone a substantial molar excess
based upon said hydrocarbon of a product of said
endothermic reaction of said hydrocarbon and a
minor amount based upon said starting hydrocar-
bon of another hydrocarbon capable of reacting
exothermally with said reaction product under the
reaction conditions, maintaining rates of flows of
said reactants at which there is a net absorption
of heat in the overall reaction, adding a further
amount of said other hydrocarbon to the reaction
products and feeding the mixture to a second re-
action zone in the presence of the same catalyst
in indirect heat exchange relationship with the
first reaction zone whereby an increasing tem-
perature gradient is maintained in the flowing
stream of reaction mixture and a net production
of the product of said endothermic reaction is ob-
tained, separating from the final mixture an
amount of said product equal to that initially
used in the reaction and recycling said product to
the first reaction zone,
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5. A method of slmultaneousl& carrylnc out

endothermic and exothermic catalytic reactions
which comprises feeding a chemica] compound in
the fluld state at reaction temperature to a. first
reaction zone containing a catalyst under con-
ditions at which said compound undergoes an
endothermic reaction normally resilting in a
decreasing temperature gradient through the re-
action zone, also feeding into said reaction zone

_ & substantial molar excesg, based upon said com-

pound, of a product of said endothermic reaction,
and a minor amount, based upon said chemical
compound, of another chemical capable of re-
acting exothermally with sald reaction product

under the reaction conditions, maintaining rates

of flows of sald reactants at which there is a net
absorption of heat in the overall reaction, adding
a further amount of said other chemical to the
reaction products and feeding the mixture to a
second reaction zone in the presence of the same
catalyst in indirect heat exchange relationship

10

16

14

7. A reactor for carrying out catalytic reac-
tions comprising an outer shell, a bottom closure
for said shell having an outlet port therein, a top
closure for said shell having an inlet port there-
in, a heat conducting partitioning member with-
in said shell forming a first reaction space be-
tween said partitioning member and shell and
terminating at a point sufficiently short of said
top closure to provide a passageway from the inlet
port in said top closure to said first reaction space
formed by sald partitioning member and shell, a
bottom closure for said partitioning member hav-
ing an inlet pipe attached thereto and communi-
cating exteriorly of the outer shell, means for sup-
porting the bottom closure of the partitioning -
member in spaced relation to the shell bottom to
provide a passageway from the said first reaction
space between said partitioning member anhd the

-. shell to said outlet port in the bottom closure of

with the first reaction zone whereby an increasing
temperature gradient is maintained in the flow- .

ing stream of reaction mixture and a net produc-

tion of the product of said endothermic reaction
is obtained, separating from the final mixture an

amount of said product equal to that initially.

used in the reaction and. recycllng sald product
to the first reaction zone.

6. A reactor for carrying out catalytlc retctions
comprising an outer cylindrical shejl formed with
an integral bottom having an outlet port therein,

" & removable top closure for said shell having an

inlet port therein, a heat conducting tubular par-
titioning ‘member within saild shell, concéntric
therewith and terminating at a point sufficiently
short of said removable top closure to provide a

" said shell, a heat conducting central member

forming a second reaction space between said
central member and the aforesaid partitioning

‘member and enclosing a third reaction space, a

closure attached in fluid tight relationship to the
upper part of sald central member and to said
partitioning member, means for conducting fluid.
through the outer shell into said second reaction
space hetween the central member and partition-
ing member without escaping into the said first
reaction space, fiow communicating means be-
tween sald second reaction space and said third :
reaction space, means in the interior of the heat

- conducting central member adapted to hold cata~

passage way from the inlet port in sald top closure . .

to a first annular space formed by sald partition-
ing member and shell, a bottom closure for sald
partitioning member ha.v!ng an inlet pipe at-

. tached thereto and extending through the. outlet

port in the shell bottom, said pipe being suffi-
ciently smaller in diameter than said outlet port

to leave a fluld passage way in the latter, means

for supporting the bottom closure of the par-

titioning member in spaced relation to the shell -

bottom to provide a passage way from the an-
nular space between sald partitioning member
and the shell to the outlet port, & heat conducting
central tube within said partitioning member and
concentric therewith, -an annular closure at-
tached in fluid tight relationship to the upper part
of said central tube and said partitioning mem-

" ber, means for conducting fluid through the outer

cylindrical shell into a second annular space be-

tween the central tube and the partitioning mem- -

ber without escaping into the said first annular

space, flow communicating means between satd

second annular space and the interior of sald
central tube, means in sald central tube at a level
above said flow communicating means adapted
to hold catalytic material and means adapted to

‘ holdcatalyticmaterlalwlthmmanrstandwc-

mdannulurspaces.

85 catalytic material within said ﬂrst and second
reaction spaces.
, AVA J. JQBN_SON.
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