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This invention relates to improvements in cata~
lytic processes. More particularly it relates to
nove] methods of bringing mobile catalysts into
contact with resctants. It has particular rele-
vance {o crganic reactions such as hydrocarbon
conversions.

This application is a continuation-in-part of
my copending application Serial No. 453,265, filed
August 1, 1942 now Patent No. 2,429,161, dated

ctober 14, 1847,

The use of catalysts has come to be of primary
importance in industry. Catalysts may greatly
accelerate the rate of reaction for many proc-
esses so that either a much more rapid conver-
sion at g given temperature is obtained, or 3 much
lower temperature may be used to accomplish a
given conversion. In fact in many cases, cata-
1ysts of one kind or another have made possible
the carrying cut of reactions which previously

had been helieved impossible. While catalytic ac-

tion cannot cause a reaction to occur which is
thermodynamically impoessible, it may be the only
means of attaining a practical rate of reaction
for a given conversion. Utilization of elevated
temperatures frequently cannot be relied on due
to shifts in equilibrium concentrations or due to
the cccurrence of undesired side reactions. Many
reactions which will not take place at practicable
temperature levels with any measurable speed,
may oceur almost quantitatively at reasonable
temperatures in the presence .of suitable cata-
iysts.

In the hundred years since Berzelis first recog-
nized the existence of certain reactions which
were promoted by substance not changed during
the reaction, and suggested the use of the term
“catalysis” for describing the forces invelved,
the search for effective catalytic materials has
commanded the attention of a great segment of
the technical world. Since the turn of the cen-
tury, the successful results of these investigations
have given rise to numerous new industries, as
well as providing greatly improved methods for
the older industries.

The petroleum industry may he taken as one
outstanding example. Whereas fifteen to twenty-
five years ago non-catalytic processes ‘were uti~
lized almost exclusively in all fields of petroleum
refining, the trend now is toward catalytic proc-
esses, which are rapidly replacing older methods
with results which are more satisfactory not only
in increased efficiency but also in producing en-
tirely new products. Present day needs call for
high-octane gasolineand variousether fuels having
Special requirerents. Aviation fuelsin particular
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must now be prepared by blending almost pure
individual hydrocarbons or hydrocarbon types in
order to meet the demand for fuels which will
readily respond to specific operating conditions.
Offshoots from the petroleum industry, such as
the production of synthetic rubbers, call for pre-
paring very pure single hydrocarbons for use as
raw materials, )

Not only is the chemical composition of the
catalytic material of importance in attaining
specific results in chemical conversions, but its
physical form, activation treatments, impurities,
methods of contacting with reactants, reactiva-
tion processes, ete., all exert their influences on
the course of the conversiong being catalyzed.
The particular products and yields thereof ob-
tained are also dependent to a great extent on
such reaction eonditions as pressure, tempera-
ture, time of contact between reactants and cata-
lyst, ete. Careful control of all these variables
is required for production of the optimum quan-
tities and quality of products. Organic conver-
siolls are particularly susceptible to the effects
of these various factors, due to the numerous side
reactions which can occur.

One of the most important influences on the
course -of catalyzed reactions, and frequently one
of the mest difficult to control, is temperature.
Most of such reactions are either highly endo-
thermic or highly exothermic, and maintenance
of the desired range of temperature is a major
operating difficulty, The activity of a catalyst for
a definite conversion is usually of economic sig-
nificance only within a fairly narrow tempera-~
fure range, and a particular process using that
catalyst must obviously be operated within the
active Tange. This tondition is shown by the
great change in the degree of conversion usually
occurring with relatively smal] temperature
‘changes. ’

Thus, in the case of endothermic reactions, the
temperature drop which normally occurs may be
So pronounced that the rate of conversion will
rapidly decrease to an uneconomic level. In the
case of exothermic reactions, a rise in tempera~
ture normally oceurs which, if not controlled in
some way, will rapidly bring the temperature to
a boint at which undesirable side reactions oc-
cur. In fact, such side reactions may frequently
become the predominant reaction at tempera-
tures only relatively slightly above those required
for the -desired cenversions. Or, the principal
reaction may be caused to proceed too rapidly, in
which case the reaction rate and temperatire be-
-ecome -uncentrollable with undesirable or even
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disastrous results. Accordingly, the careful con-
trol of temperature within narrow limits through-
out s reaction zone for either endothermic or
exothermic reactions is not only highly desirable
but is ordinarily a necessity.

Many methods have been offered for the con-
trol of temperatures in catalytic conversions,
usually involving complicated apparatus designs
whereby indirect heat transfer is utilized in con-
nection with portions of catalytic materials so
small as to allow sufficient heat to pass from or
into the catalyst mass to accomplish the desired
results. For example, particles of solid catalyst
have been packed into relatively small tubes so
that no portion of the catalyst is more than say
one inch from a tube wall, and a number of such
tubes connected in parallel, with a heat trans-
fer medium being circulated about the exterior
of the tubes. An alternative method has been to
provide a system of coils or the like within a cata-
lyst mass so that a heating or cooling medium,
as required, may be circulated throughout the
catalyst bed. Similar arrangements have been
provided for reaction vessels employing moving
catalysts. However, these methods have not been
able to compensate fully for the low thermal
conductivity of the usual catalysts. Furthermore,
the surface of the tubes or other elements
through which the heat transfer takes place, is
at g temperature appreciably different from that
generally prevailing in the reaction zone. This
is disadvantageous, particularly with endothermic
reactions where, in the case of hydrocarbon con-
versions for example, cracking, coke formation
and other reactions take place on the superheated
surfaces, which causes loss of materials and foul-
ing of equipment.

Other methods proposed for compensating for
heat of reaction include superheating of react-
ants involved in endothermic processes above op-
timum temperatures, or the converse, that is in-
sufficient preliminary heating of exothermic re-
actants. The inefficiencies of such methods are
obvious. Catalyst poisoning may sometimes oc-
cur to an increased extent at either lowered or
increased temperature.

Probably the most common method of bring~
ing solid catalysts into contact with reactants is
to place the catalyst in a reaction chamber, and
pass the reactants therethrough at the desired
flow rate, temperature, and pressure. However,
in many cases, it has been found useful to cause
the solid catalyst particles to move through the
reaction zone. Also in the case of gaseous or
liquid catalysts, the catalyst is frequently passed
through the reaction zone. Such catalysts,
whether solid, liquid, or gaseous, which are passed
through a reaction zone, are referred to herein
as mobile or fluent catalysts. They may be
passed either concurrently with or countercur-
rently to the reactants, depending upon the re-
actions being catalyzed, the catalyst, and other
variables.

1t is an object of this invention to provide novel
catalytic processes. Another object is to provide
improved methods of operating catalytic systems,
particularly those employing mobile catalysts.
Another object is to enable a more delicate control
of catalyzed organic reactions, particularly hydro-
carbon conversion. A further object is to provide
improved methods of contacting mobile catalysts
with reactants. A further object is to provide
for the control of catalyzed reactions with respect
to temperature and/or products obtained. Yet
another object is to permit controlled variation
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in the quantity and/or activity of catalyst pres-
ent at all points in a reaction zone. A still fur-
ther object is to provide for the introduction of
one or more catalysts into a reaction zone at a
plurality of points. Another object is to provide
for the concurrent or countercurrent flow of cat-
alyst thus introduced relative to the flow of re-
actants. Another object is to correlate the in-
troduction of catalyst with certain reaction con-
ditions in an exact manner so as to compensate,
at least in part, for change in temperature and/or
change in concentration of reactants or other
reaction conditions. A further object is to pro-
vide for reactivating catalysts which have become
deactivated in such processes so that the reac-
tivated catalyst may be re-introduced into con-
tact with reactants. Yet another object of the
present invention is to carry out in an improved
manner an endothermic reaction effected at high
temperatures under conditions such that the
temperature drops along the line of flow of re-
actants. A still further object is to produce a gas
comprising hydrogen and carbon monoxide,
which is suitable for use in the synthesis of hy-
drocarbons, by reaction of methane, steam,
and/or carbon dioxide in the presence of mobile
heated refractory materials, at least part of the
reaction being effected with the aid of a mobile
catalyst. Other objects and advantages of the
invention will become apparent from the follow-
ing disclosure.

My invention is essentially a method for care-
fully controlling catalytic processes by the multi-
point addition of catalyst, specifically correlated
with reaction conditions. Specific methods of
operating are disclosed which are especially
adapted for given types of conversions. These
different methods, while each employing the in-
troduction of catalyst into a reaction zone at a
plurality of points, are not at all to be considered
as exact equivalents inasmuch as each is par-
ticularly designed to give optimum results for the
given application, as will be more fully explained.
I am aware that catalytic materials have occa-
sionally in the past been described as being in-
troduced into a reaction zone at more than one
point. Such disclosures, however, have heen
vague, indefinite, and most unenlightening as to
the purposes involved and exact results accom-
plished. I have found specific relationships be-
tween catalyst introduction and reaction condi-
tions, and have devised novel methods of cor-

. relating the various factors involved whereby new
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and highly useful results are accomplished, as
will be apparent from the detailed feachings
hereinbelow set forth.

From one point of view, the invention may be
considered as comprising three principal opera-
tional modifications. A first modification has to
do with catalysts which are miscible with one or
more reactants, either by virtue of mutual solu-
bility or because of small particle size of the ca-
talyst allowing its suspension in reactants. Such
a suspension may be in a more or less stable form,
or in a relatively separable form in which the
catalyst is maintained in suspension by means of
turbulent flow, static charges, etc. Finely divided
solid catalysts are frequently suspended in gase-
ous reactants and passed through a zone main-
tained under desired reaction conditions. Such
catalysts have been called “fluid catalysts,” which
is in actuality a misnomer. However, they do
often pass at the same rate of flow as the re-
actants and the entire mixture may be handled
more or less as a single fluid. As is well known
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-in the art, the term “fluid” when applied to pow-

dered solid catalysts includes the suspension of
same in reactants under conditions of straight-
through flow, hindered settling, or even in “fluid-
ized beds.” Accordingly, I may define “fluid” cat-
alysts broadly to include not only gaseous and
lquid catalysts, but also finely divided solids sus-
vended in reactants. A second modification in-
volves catalysts which are immiscible with react-
ants undergoing treatment, with the catalyst
passing concurrently with the reactants through
the reaction zone, generally at a rate different
than the rate of flow of reactants. A third modi-
fication relates to catalytic materials which are
non-miscible with reactants wherein the catalyst
after being introduced at a plurality of points

‘ subsequently moves countercurrent to the react~

ants. In some cases there is a combination of the
maodifications, in which at least one reactant
passes countercurrently to at least one other re-
actant, in which case the catalyst will move con~
currently with one reactant and countercurrent-
ly to another reactant.

The choice of operating method, and the man-
ner of applying that method, will of course be
based on the type of catalyst, reaction, and other
factors. However, the choice of points for in-
troduction of the catalyst and the rate at which
catalyst is introduced at each point is correlated
with change in temperature, change in conecen-
tration of reactants, etc., so as to compensate for
such changes, as will now be more fully described.

By the use of my inventicn I meay so inter-
relate the various factors such as temperature,
flow rate of reactants, diluents, and catalysts,
catalyst activity, time of contact between re-
actants and catalyst, efc., as to provide a most
complete and delicate contro! over the nature
and extent of reacticn at all points in the re-
action zone.

As pointed out above, temperature control is
possibly the major problem in carrying out exe-
thermic and endothermic reactions. The pres-
ent invention provides methods for maintaining
preper reaction velecity in the face of increasing
or decreasing temperatures, or of aveiding such
increases or decreases in temperature.

In the case of an endothermic reaction, the
catalyst may be introduced at a plurality of
points spaced in the direction of flew of react-
ants for concurrent flow therewith. The amount

of catalyst is smallest in the first portion of the

reaction zone, and largest in the last portion
of the zone, due to the incremental additions of

catalyst whieh occeur along the path of flow. &

The temperature at the outlet of the reaction

-zone is considerakly lewer than at the inlet be-

cause the endothermal reaction takes up heat.
The amount of catalyst added at each point is
chosen so as to provide sufficient additional cat-
alytic activity to maintain the rate of reaction
in spite of the lowered temperature existing at
that point. Thus, even though under ordinary
conditions the rate of reaction at a temperature,
say 50 or 100° F., lower than the optimum re-
action temperature would be several times less,
resulting in much lowered conversion in the lat-
ter portions of the reaction zone, the additional
catalyst compensates ab least partially for the
lowered temperature and may maintain substan-

-tially constant conversion throughout the zmone

if added in sufficient quantity at each point.
Another manner of utilizing this invention for

endothermic reactions involves multipoint ad-

dition of catalyst with subsequent countercur-
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rent flow relative to the reactants. 'This may

be done especially if the catalyst used undergocs
very rapid deactivation at the given reaction
conditions. In this case, the rate of introduc-
ticn and flow of catalyst is regulated so that it
is substantially spent, that is, deactivated for
the reaction, by the time it exits from the re-
action zone. The point of exit of catalyst is at
or near the point of entrance of reactants. Ac-
cordingly, the reactants first contact a relatively
large mass of substantially deactivated catalyst
containing only a small proportion of active
catalyst introduced at the later (earier, with
respect to reactants) points of the reaction zone.
The total activiy is quite limited, and smalier
here than at subsequent peoints. As the react-
ants pass on through the zone, they contact
smaller quantities of total catalyst, but the cat-
alyst contacted has greater aectivity. The de-
activated catalyst also has a diluent effect, and
a unit volume of reactants passes through the
first portions of the reaction zone more rapidly
Flow of
reactants continues countercurrent to the flow
of catalyst until just before leaving the reac-
tion zone they come in contact with a relatively
small quantity of catalyst having very high ac-
tivity. The increasing catalyst activity thus en-

countered by the reactants as they flow enable

the reaction rate to be maintained in spite of
the decreasing temperature caused by the endon-
thermic nature of the reaction. The increments
of catalyst added at the points of lowest temper-
ature may, if necessary, be larger than those
added at the points of higher temperatures, the
quantity added, rate of addition angd rate of
flow through the reaetion zone always being so
chosen and related as to compensate at ieast in
part for the variation of reaction rate with tem-
perature. Alternatively, or additionally, catalyst
regenerated at a high temperature may be used
in such quantities as to maintain reaction tem-

‘perature constant or to minimize the extent of

temperature drop.

An exothermic reacticn masy be handled in a
somewhat different manner, but with the same
end in view, namely, the control of catalyst ac-

tivity and contact time between catalyst and
‘reactants so as to compensate, in part at least,

for variation of rate of reaction with temper-
ature. Generally, the most satisfactory control
is obtained by use of countercurrent flow of re-
actants and catalyst introduced multipoint. Re-
actants first are contacted with a relatively large
volume of catalyst, the ratio of catalyst activity
to volume of reactants being greatest at this
point and progressively decreasing in the direc-
tion of reactant flow, while the temperature
correspondingly increases. At the higher tem-~
perature levels, less catalyst activity is encoun-
tered, so that reaction velocity may be main-
tained as nearly constant as desired. Near the

-exit from the reaction zone, the reactants are

contacted with the smallest quantity of catalyst,
this quantity, however, being sufficient to main-
tain the desired rafe of reaction. The advan-

‘tages of operating in this manner may readily

be seen by contrasting with prior methods where-~
in either the heat of reaction must be removed
by difficult means heretofore discussed, or, if
the temperature is allowed to increase, contact
with equal increments of catalyst combined with
the higher temperatures causes greatly increased
reaction rates.

Another method of controlling excthermic re-
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actions which is particularly, although not ex-
clusively adapted for use with catalysts which
become rapidly deactivated, is the concurrent
flow of multipoint-introduced catalyst. In such
usage, a first portion of catalyst is introduced
either along with the reactant feed or separately
into the reaction zone near the point of entrance
of the reactants, and the next portion of cat—~
alyst, generally smaller, is added at a point abt
which the first portion is mostly deactivateds;

at any rate, the relationship of the amount of -

catalyst thus introduced to the extent of de-
activation of previously introduced catalyst is
such that the ratio of total catalyst activity to
volume of reacants at that point is less than at
the earlier point of catalyst introduction the dif-
ference being generally inversely proportional to
temperature. It would not be at all desirable
to introduce catalyst increments of equal activity

at equal points while the temperature is rising. ¢

As the temperature increases in the direetion of
flow of reactants, the catalyst activity decreases
so as to avoid a cemstantly increasing conver-
sion rate as would normally be encountered.
The above discussion is directed towards proc-
esses carried out under adiabatic, or at least par-
tially adiabatic conditions in which the heat of
reaction causes a temperature gradient to exist
along the direction of flow of reactants. A com-
bination of indirect heat exchange to partially
overcome heat of reaction, with the controlled
introduction of catalyst as described above, may
be used for exothermic or endothermic reactions.
In case it is desired to maintain substantially

isothermal conditions in endothermic or exother-~ :

mic reactions by means of indirect heat exchange
or other methods, this invention may be utilized
to obtain a more satisfactory control of reaction
and to simplify the temperature control. When
reactants are passed through a stationary bed of
catalyst, or contacted with a single portion of
mobile catalyst, there is a tendency for the reac-
tion to proceed too rapidly at first, with conse-
quent overheating or cooling, as the case may be,
at the first point of contact between reactants
and catalyst and too rapid catalyst deactivation
at that point. However, by adding catalyst to
the reaction zone in controlled increments in ac-
cordance with my invention, the extent of reac-
tion and temperature may be maintained under
strict control since reactants are contacted with a
limited portion of catalyst, and are not contacted
with an additional portion until the temperature
is brought back to the desired value. The cata-
lyst is not added haphazardly, but the addition is
carefully correlated with the amount of heat
produced or consumed by the reaction and with
the amount removed or introduced, so as to avoid
localized spots of overheating or excessive cooling.
Catalyst and reactants may flow countercurrently
or concurrently, depending upon the type of re~
action, catalyst, etc., the proper maodifications be-
ing readily chosen in view of these detailed dis-
closures offered herein.

Other operating problems frequently encoun-
tered in catalytic reactions involve catalyst de-
activation and means for avoiding same or for
reactivating catalyst, the activity of which has
dropped to an uneconomic level. Mobile cata-
lysts are generally subjected to reactivation
treatment either after each passage through a
reaction zone, or a portion only may be treated
each time to keep the overall activity at the de-
sired level. One of the advantages of mobile
catalysts over stationary catalysts is that control
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-of regeneration is thus obtained in a fairly sim-
ple manner. However, only the overall activity

is thus affected, the actual activity at any par-
ticular point in the reaction zone being depend-
ent upon conditions therein which are not readily
changed with respect to deactivation of catalyst
which is occurring. For example, many cata-
lysts will be subjected to a rather extensive de-
activation in a relatively small first portion of the
reaction zone, due to temperature conditions,
poisons, ete., with deactivation in subseguent
portions of the reaction zone continuing at a
much slower rate. In such a case, it will be seen
that while the average or overall activity may
be regulated, the uneven loss in activity causes an
inefficient operation.

My invention provides a means for controlling
the activity of mobile catalysts at any point in
a reaction zone. This may readily be accom-
plished by controlling the quantity and/or ac-
tivity of catalyst introduced at the different
points. Thus in certain cases, partially or com-
pletely deactivated catalyst may be admixed in
varying proportions with fresh or reactivated
catalyst to give the desired activity for introduc-
tion at any particular point. In fact, in some
cases more than one different type of catalyst
may be used for introduction at different points
into a single reaction zone to give controlled ac-
tivity, which may be either maintained constant
or varied from point to point to meet the needs
of the particular reaction being catalyzed. Ex-
amples given herein will serve to point out more
clearly a few of the many ways in which con-
trolled variation or constant activity of catalyst
is obtained and correlated with other reaction
conditions through use of this invention.

Another method by which my invention makes
possible a more effective use of catalyst is by con-
trolling the quantity and/or activity of mobile
catalyst in a reaction zone in relation to the con-
centration of reactants existing at various points
in the zone. The change in concentration of re-
actants in a reaction zone depends upon the ex-
tent of conversion occurring. If, as in many
cases, a substantially complete conversion of re-
actants to products is desired by the time the
reaction mixture leaves the reaction zone, it will
be seen that the concentration of at least one
reactant must approach zero at the reaction zone
exit. In many other reactions, however, an equi-
librium may exist which prevents, or economic
considerations may make undesirable, a complete
conversion. The extent of conversion may vary
greatly with the type of reaction being cata-
lyzed, one process involving say a one per cent
conversion per pass while another may accom-
plish forty, sixty, or more per cent conversion in
one pass. Ordinarily in case the percentage con-
version is low, the loss in concentration of re-
actants as the reaction proceeds does not greatly
affect the reaction rate. However, in the case
of higher conversions ranging on up to 100 per
cent, the lowered concentrations of reactants
existing in the latter parts of the reaction zone
may greatly decrease the reaction rate, even
though expedients such as using a large excess of
one reactant or the like are resorted to. By con-
trolling the multipoint introduction of catalyst
in accordance with the decrease in reactant con-
centration I may partially or completely com-
pensate therefor, and avoid too great or any de-
crease in reaction rate by providing more catalyst
activity at the points of lower concentration.
The dilution effect of the catalyst is also to be
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considered. Again, the catalyst may pass either
concurrently or countercurrently to the reactant
depending upon the various factors involved for
any particular reaction.

It is to be understood that the various methods
of utilizing the present invention, that is, for ex-
ample, by controlling the introduction of cata-
lyst to compensate for changes in temperature,
catalyst activity, reactant concentration, etc.,
may be used either alone or in various combina~
tions, one with the other, as will be well under-
stood by one skilled in the art in view of the full
and complete disclosure given herein. Obviously
the choice of one or a combination of methods
of operating will have to be made with due con-
sideration for the reactions heing catalyzed, the
type of catalyst most suitable, the extent of re-
action, the thermal changes involved, the neces-
sities and possibilities of applying reactivation
processes to the catalyst, etec. Various modifica-
tions such as introducing diluents, refrigerants,
heat carriers, reactants, and the like, multipoint
along with or separately from the multipoint-in-
jected catalyst, may be used as found advan-
tageous for any particular process.

A numerical treatment may be used at this
point in order to bring out more clearly the here-
inbefore discussed principles upon which the in-
vention is based. A number of assumptions will
be made to eliminate variables and simplify the
presentation. A simple example would be an en-
dothermic conversion involving heterogeneous
catalysis, for example. the conversion of an or-
ganic fluid using a solid contact catalyst in finely
divided form. The data below will show how the
invention is utilized to maintain a constant re-
action rate by overcoming the effects of decreas-
ing temperature, decreasing concentration of
reactants, and any deactivation of the catalyst,
which would, if the invention were not used but
the same total conversion were obtained, cause
the reaction rate to drop to0 a value in the last
part of the reaction zone equal to only one-sixth
that at the first part of the reaction zone. As-
sume no change in volume of reactants upon
reaction, and assume .that doubling the number
of perticles of catalyst will cause twice as much
reaction to occur in. g given time due to the
doubled area of catalytic contact surface offered
the reactants. Let a cylindrical .reaction zone
through which reactants and catalyst flow con-
currently at the same rate be considered as di-
vided into six cylindrical increments of equal
volume referred to hereinafter as unit volurnes.
Let 0.5 unit volume of reactants enter one end
of the reaction zone per minute, and a total of
0.5 unit volume of catalyst enter the zone per
minute in equal increments of 0.083 volume at
each of six equally spaced points; that is, 0.083

volume of catalyst is introduced into each  of.

the six aforementioned incremental unit vol-
umes of the catalyst zone. In the first unit vol-
ume of the reaction zone, the ratio of volume of
catalyst to volume of reactants is

0.083 _..0.083
1—0.0880.907 0%°
in the sixth and last

unit volume of the reaction
zone the ratio is !
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Thus the ratio of catalyst to reactants at the
outletis ™~ - -7 - o v e oo

10_

0.09

that af the inlet, and
the reaction rate wot

1

1 times

accordingly, the effect on
d be to increase thé rate

11 times. " ConsideFing mow the contact time, 1t
will be seen on foilowing 0.5 yolume of reactants
through’ the zone that it requifes
0.917
_—O.T=1'83

minutes to trayerse the first unit volume of the

0:¢

minute to traverse the last unit volume of the
zone. ]

Thus it is seen that the contact time ot

‘particular amount of catalyst
onis is'less in the later
tion zone than in® the
herefore the” tendency

earliey in¢rements, &
is for the éxtent of €o to decrease: “The
effect of contact ‘alonte on-éxtent of conver-
SIOR i eqiiml to 1 0t . it o
7 1.0
U B

that is, the conversion would be approximately
halved. " Taking the two -effects  of contact time
and ratio of catalyst to- reactants, the-overall
tendency toward change in-conversion would:be
approximately ¢xpressedas -~ - - . v

1.0°,,1.00

These figures indicate quantitatively the tend-
ency toward increased reaction rate caused by
the multipoint introduction of catalyst in the ex-
act manner just described, which tendency may
be used to maintain a substantially constant
overzall reaction rate by counteracting the effects
of such changes in reaction conditions as drop
in temperature due fo the endothermal nature
of the reaction and/or decrease in-concentration
of reactants, ete.;:to the extent that any of such
changes in conditions, or the effect of all com-
bined, tend to cause a six-fold decrease in re-
action rate. In similar cases in which the:de-
bressing influences on the reaction rate -are
greater or less than six fold, the rate would be
held constant by_a corresponding increased or
decreased overall ratio of catalyst to reactants,
or by a controlled change in the activity of cat-
alyst introduced at succeeding points, etc., the
exact conditions being Acaléulated in a ‘manner
Similar to that shown above. Application of
this type of procedure to-a specific endothermal
reaction will be described in more detail herein-
below with reference to Figure 1.  In order to
explain the invention-more fully, the following
examples and appended drawings are provided
Yo illustrate specific embodiments of the proc-
ess, but no limitations are thereby implied in-
asmuch. as the invention may be utilized in.nu-
merous other manners by: following: the-teach-

;o Pty

ings of this disclosure: : -

Figure 1 shows in diagrammatic form an ar-
rangement .of equipment .for carrying out the
catalytic cracking of petroleum oils, an- endo-
thermic reaction, using a finely - divided -solid
catalyst suspended in_vaporous reactants and
thus .flowing .concurrently: therewith; *corhnmonly

. termed a “fluid catalyst” process. -
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‘ i"ig'ﬁre- ‘5 shows -diagrammatically “apparatus’

for polymerizing butenes, an exothermic reac-
tion, in which a gaseous catalyst immiscible with
the liquid reaction mixturé is passed counter-
currently to the reactants.

“Tigure 3 is a diagrammatic drawing of appa-
ratus used for the vapor phase reduction of ni-
trobenzene with gaseous hydrogen, an exother-
mic reaction, wherein a metal catalyst supported
on a2 solid granular carrier material is passed
concurrently with, but at a different rate than,
the reactants. T

Figure 4 is a diagrammatic jllustration of one
form of apparatus and flow of materials there-
through for the manufacture of synthesis gas
(containing carbon monoxide and hydrogen),
wherein a concurrent flow of catalyst and react~
ants together with heated refractories is em-
ployed. :

In Figure 1, the reactant, for example gas-oil
derived by straight-run distillation of crude pe-
troleum, passes from line 10 into blower i1, and
thence through line 12 into heater 13 wherein it
is raised to a suitable temperature such as 900°
F. for the initiation of the reaction upon contact
with the catalyst. From heater (3 the heated
reactants are sent through line 14 into the re-
action chamber 15. This reaction chamber may
take the form of an elongated tube, as shown
diagrammatically in Figure 1. Various types of
reaction chambers suitable for use with pow-
dered catalysts are known in the art. A very
finely divided solid catalyst is injected into re-
action chamber 15 at spaced points along the

path of flow of reactants through lines (6, IT, 3f

18, and 19. Obviously, although only four lines
are shown, the number of such lines may be var-
ied at will to obtain suitable operating conditions
compatible with economy of equipment. The
catalyst may be of the natural clay type such as
fuller’s earth, bentonite, etc., preferably acti-
vated in known manner, or of the synthetic type
such as silica-alumina or other effective catalysts
known to the art. The method of introducing
the finely divided catalyst into the reaction zone
may include such operations as suspension in
liquid or gaseous reactants or diluents.

The catalyst may enter lines 6, {1, I8, and 18
from two sources. The first source is conduit 20
which carries recycled catalyst which has been
partially deactivated by previous use in the proc-
ess. The second source is conduit 21 which car-
ries regenerated catalyst from catalyst regenera-
tion zone 22. Carbonaceous deposits are removed
from the catalyst in zone 22 by burning in an
oxygen-containing gas. The quantity of catalyst
from each source injected at each point is regu-
lated by suitable means so that all of the catalyst
entering through line 18 is the partly deactivated
catalyst from conduit 20; most of that entering
through line 17 is of the same type, but has ad-
mixed with it by means of line 23 a small portion
of freshly regenerated catalyst from conduit 21;

that entering through line 18 has a larger propor-’

tion of reactivated catalyst, which reaches line

18 through line 24; and that entering at the last’
point through line {9 is composed entirely of re--

generated catalyst from conduit 2:

The mixture of products, excess reactants il
any, and catalyst passes from reaction zone {5
through conduit 25 into a catalyst separation zone
26, which may be a cyclone separator, electrical

precipitator, or any other suitable means for.

accomplishing the separation- of finely divided
catalyst from the-hot- vapors. - Catalyst passes
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from zoné 26 into conduit 27 and a portion i¥
taken from conduit 27 through conduit 28 to the
catalyst regeneration Zone 22. Vapors leave the
catalyst separating zone 26 through line 29, and
may bhe condensed and fractionated to separate
out the desired cracked gasoline product, with
unreacted gas-oil being recycled to the reaction’
chamber. If desired, various other modifications
of such a cracking process which are known to
the art, for example recycle of very small amounts
of hydrogen, etc., may beused. oo

The cracking of petroleum oils is an endother--
mic process, and, as heretofore explained, under
ordinary methods of operation a substantial tem-
perature drop cccurs which causes a decrease in
reaction rate as the reactants proceed through:
the cracking zone. However, by controlling the
relative volumes of partially deactivated and of
activated catalyst and also the total volumes of
the eatalyst introduced into the reaction zone as
just described, in conformity with the principles
heretofore discussed in detail, the total catalytic
activity at each succeeding point in the cracking
zone in the direction of flow ‘of reactants is
greater than the activity at the preceeding points,
the increase in activity being such that the nor-
mal decrease in reaction rate accompanying
dropping temperatures and catalyst deactivation
is partially or completely obviated. This increase

“in total catalyst activity is obtained by the in-

creasing volume of catalyst due to its multipoint
introduction, and the increasing activity of the
catalyst introduced, due to the use of relatively
greater proportions of freshly reactivated cat-

“alyst in the increments introduced along the path

of flow of reactants. Of course, the actual quan-
tities of catalyst introduced at the various points.
will depend upon the catalyst being used, its rate
of deactivation under the given reaction condi-
tions, rate of flow of reactants and catalyst, ex-
tent of reactivation effected in the catalyst re-
generation zone, the characteristics of the gas-oil
being cracked, temperature and pressure condi-
tions in the cracking zone, extent of indirect heat
exchange occurring between the cracking furnace
and any outside sources of heat or cooler sur-
roundings, ete. However, the general principles
set out in this disclosure will readily enable one
skilled in the art to correlate these various factors

“for any particular application to obtain the ad-

vantages of the invention. Although in the draw-
ing the first point of catalyst introduction into
the reaction zone is shown past the reactant in-
let, this first point may also be positioned at or
just before the inlet so that the first increment of
catalyst enters along with the reactants.

Tt will be noted that in the cracking process as
shown in Figure 1, several of the aspects of my
invention which were described before in some
detail may be involved. For example, the endo-
thermic nature of the reaction will, unless suffi-
cient heat exchange is provided, cause the tem-
perature to drop. The multi-point introduction
of ‘eatalyst is so -controlled as to counter-balance
this effect in-order to maintain desired reaction
velocities. The catalyst during its travel through
the cracking zone becomes at least partially de-
activated, thus tending to slow the reaction even
at constant temperatures. Additional catalyst,
including regenerated.catalyst, is introduced in
such quantities as to compensate for the deacti-
vation occurring in the cracking zone. Another
factor tending to decrease reaction rates is the
decrease in concentration of reactants which oc-
curs as the reaction proceeds. Since in a gas-oil
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cracking process of the type described, only
partial conversion, say from 15 to 40 per cent, is
permitted to occur in -one pass, the decrease in
reactant concentration does mnot influence the
course of reaction so mueh as in the case of re-
actions giving complete conversion in a single
pass, EHowever, any effect of this kind is readily
overcome by the controlled addition of catalyst
at thedifferent points along the cracking zone.

Thus it is seen that in a typical process, gas-0il
cracking, contrel of catalyst addition may be re-
lated to several variables. ‘On the other hand,
well known expedients might in some -cases be
utilized to control certain of these variables. For
example, sufficient heat may be introduced into
the «cracking zone by various means as o main-
tain ‘a substantially constant temperature, al-
though this is ‘difficult to accomplish in :gctual
practice, at least by indirect means. In such a
case, catalyst addition at points would be con-
trolled to make up for the combined effects of
loss in catalyst activity and change in reactant
concertration. On the other hand, reaction con-
ditions may be maintained which are so mild that
the amount of catalyst deactivation occurring in
a single pass will be very slight, so that the prin-
cipal purpose of introducing the catalyst at points
will be to compensate for decreasing tempera-
tures and/or concentration of reactants .in-order
to maintain a substantially -constant reaction
rate.

In Figure 2, an elongated reaction chamber 46
is provided, the interior of which may be filled
with ‘packing material for promoting intimate
contact between gases and liquids. Fed to the
system through line 4} is a-gaseous hydrocarbon
mixture -containing a substantial proportion of
butenes, preferably isobutylene although normal
butenes may also be present. This gas is com-
pressed in compressor 42 and then passes via line
43 to-heat exchanger 44 where it is cooled by in-
direet exchange with efluents from the reaction
chamber. ‘From the heat exchanger the cooled
hydrocarbons pass via line 45 into the top of re-
action chamber 40, wherein they are subjected to
the -polymerizing action of boron -trifluoride
(BFs) as hereinafter described. Refrigeration
means 48 is interposed in line 43, and serves to
cool the reactant feed to the desired reaction
temperature, in this case —30°-C. The hydro-
carbons making up-the feed are in liquid phase
at -this temperature, and the reaction chamber
is-operated at substantially atmospheric pressure.

Ordinarily a Cs: fraction is used which contains

substantial amounts.of butanes, which serve as

a diluent and as a solvent for.the high molecular
weight polymers formed in the reaction. If such
butanes are not available admixed  with the
butenes, they may be supplied, or pentane or
other suitakle saturated hydrocarbon solvent
may be used. The liquid butenes and accom-
panying hydrocarbons flow downwardly in cham-
ber 48 countercurrernt to. gaseous BFs and gase-
ous. propane, and substantially complete poly-
merization of the butenes occurs to form poly-
mers of a molecular weight suitable for use as
lubricating oils, additives to oils, ete.

The boron fluoride catalyst passes from con-
duit 4% into reaction chamber 40 at a plurality
of points by means of valved lines 48A—48G in-
clusive. Also intréduced into chamber 490 at the
same points” is liquefied propane from conduit
48 via valved lines $8A-50G inclusive. This lig-
uid propane acts as a coolant, diluent, and dis-
pérsant for the BFs, as will be explained in more
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detail below. Ordinarily a eatalyst activator such
as hydrogen fluoride, or other materials ‘which
will cause the production of hydrogen halides in
the reaction zone, is intreduced in small amount
along with the boron fluoride or otherwise. Fur-
thermore, metallic nickel or other metals are oc-
casionally used in the reaction zone to help cat-
alyze or promote the reaction.

The bubenes upon first entering chamber 49
and beginning their downward flow therethrough
come into contact with a gas phase which com-
prisss propane and BFs. The volume of the gas
phase is greater at this point than at any other
point in the chamber. Polymerization is initiated
by the catalytic action of the boron fluoride.
This polyraerization reaction is highly exother-
mic, and the temperature must be held under
very careful control, particularly since the type of
product obtained may.change greatly with a rela-
tively small change in temperature; that is, the
product formed at —30° C. may have an average
molecular weight several times that of the prod-
uct formed at 0° C. For this reason, it is pre-
ferred to carry out the reaction as nearly isother-
mzally as possible.

The amount of boron fluoride introduced will
ordinarily vary from point to point,-being small-
est at the top point (conduit 48A) and greatest
at the bottem point (conduit-48G). By thismul-
tipoint addition of the :catalyst, a much more
efficient reaction.contrel is.realized, since-the re-
actants do not contact the ‘total amount of .caf-
alyst at once. The catalyst .contacted -at the
first point comprises :nob only “that .intreduced
through conduit 484, but;also any -bubbling up
rom the lower part.of :the :reaction .chamber.
ust enough is .introduced ‘through :line :48A to
urnish sufficient fresh catalystto:initiate the.re-
action o the desired extent. It will he seen-that
the downward-flowing: reaction mixture continy-
ously contacts upwardly flowing .catalyst. Due-
to the formation of complexes between boron
fluoride and olefins, assubstantial part of the:cat-
alyst combines with reactants and is earried.down
as complex. Such complexes have only g lim-
ited amount of catalytic activity, if at all. Thus,
if all the catalyst were: introduced at ‘the ‘bot~
ton: it would be continuously reacting with ole~
fins as it rose through the chamber, and -the
upper part of the chamber:would be deficient:in
catalyst. In order to ensure.that some catalyst
reaches the top of the chamber, an otherwise un-
necessary - excess would have to be introduced:at
the bottom. DMuch better results are chiained; by
the multipsint addition, by-which each increment
added to the gas phase flowing upward through
the reaction chamber :can -be  controllad :in
amount to give just the desired concentration: of
catalyst at the given point. It is preferable-that
the ameunt of catalyst be relatively small-at:the
top of the chamber where the reaction :starts,
since the major - part of the reaction and thus
heat evelution generally occurs in:the upper half
of the chamber where the-greatest concentration
of monomers is found.

The introduction of controlled amounts of cold
liquid propane at points along with the eatalyst
gives effective control of temperature through-
out chamber 8. The propane vaporizes immedi-
ately upon entering the chamber, and in so doing
absorbs the heat of reaction. Of course, addi-
ticnal indirect heat-exchange:may be provided
for chamber - 48 to-assistin-removing the heat
of reaction if desired, particularly in-order: to
avoid “having too“large-an amount-of gaseous

Peby Ly behy
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propaie passing through the reactor. A conven-
jent way to do this is to pass chilled liquid
propane through coils in chamber 40 in indirect
heat exchange with the reactants, and then to
pass the desired amount of the propane into con-
duit 49 for direct introduction through conduits
50A, 50B, ete.

Since the amount of BFs used is only a small
percentage of the hydrocarbons charged, say
from 0.5 to 5.0 mol per cent, the propane gas is
very effective in promoting a more thorough dis-
persal of the catalyst throughout the reaction
zone. It also serves as a diluent both for the lig-
uid reactants and for the gaseous BFs. For this
reason, larger amounts of BF: may be passed
through reaction chamber 40 thus admixed with
propane than would be suitable in the absence of
the added gas. This excess BFs is recovered and
recycled. The amount of liquid propane added
through the lower conduits, for example, 50G to
50F, is less than that added through the upper
conduits such as 50A and 50B. This is because
more heat of reaction is developed at the top of
chamber 48 than at the bottom, and more
evaporation of propane is needed at the top to
maintain the desired low temperature.

Flow rate of reactants through chamber 40 is
preferably such that substantially no unpolymer-
ized butenes are present in the effluents and the
polymers in the effluents are predominately of
high molecular weight, for example over 2000.
The character of the polymers can be controlled
to a certain extent by controlling the reaction
time and thus the extent of conversion, although

a change in operating temperature will generally

have more influence on the final product. A
short conversion time will ordinarily produce
some of the high molecular weight polymers, with
a larger percentage of intermediate polymers
which may be used for different purposes or
which may be recycled to reaction chamber 490.
The volume of propane gas passed through reac-
tion chamber 40 will generally be several times
the volume of liquid reactants and solvent passed
through the chamber in a given time.

Propane gas and boron fluoride gas leaving
the top of chamber 40 via line 51 are compressed
in compressor 52, chilled, by partial evaporation
in known manner, if desired, in refrigeration

means 53 to condense liquid propane, and then 5

passed to accumulator §54. Cold gaseous horon
fluoride leaves the top of accumulator 54 through
line 47 for re-use in the process, while cold ligquid
propane leaves the bottom of accumulator 54 by

line 49 to be introduced into chamber 40 as de- 5!

seribed above. Of course, the gas phase from ac-
cumulator 54 contains some propane, and the
liquid phase contains some boron fluoride in
solution.

Since butenes are appreciably volatile at the
temperature of operation of chamber 40, the gas
jeaving that chamber via line 51 has some
butenes in it, and these butenes tend to undergo
some polymerization in line 5f and compressor
52. TFor this reason, it is desirable that the
length of line 51 between chamber 50 and com-
pressor 52 be short, and that the line 51 and com-~
pressor be flushed periodically with a solvent for
the polymers such as liquid butane., Not much
trouble is experienced from compressor 52 on,
since liquid propane is present which acts as sol-
vent. The amount of polymer formed is small
compared to the amount of butenes passing
through this part of the system, most of the
butenes returning unchanged into reaction
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chamber 40 along with the propane. A very
satisfactory way to obviate any difficulty in this
regard is to wash the gas in line 51 with suffi-
cient liquid butane or pentane to remove prac-
tically all of the butene. The liquid may then
flow directly into chamber 40. This modification
is not shown in the drawing for the sake of sim-
plicity.

Liquid products leave the bottom of reaction
chamber 40 through line 55 and pass through line
55 and pass through heat exchanger 44 to be
warmed to 2 higher temperature and to cool
the incoming butenes. From exchanger 44 the
products pass via line 56 to separator 51 wherein:
dissolved and/or entrained boron fluoride and
propane gas are evolved, which pass via line 58
to line 51 for recovery and re-use. Liquid prod-
ucts pass from separator 57 via line §9 to boron
fluoride and solvent recovery means which are’
indicated diagrammatically at 60. The solvent,
which ordinarily is butane, is recovered by evapo-
ration and leaves the system through line 61.
Part or all of the solvent may of course be re-
cycled to line 41 or elsewhere if desired. Boron
flyoride is recovered from its complexes by heat-
ing or other means, and is returned to the sys-
tem by lines 62, 58, and 51. Ordinarily heating
the product to 125° C. or higher will serve to re-
lease at least part of the boron fluoride from the
hydrocarbons. Polymer is removed from the sys-
tem at §3. Any make-up BF3 and/or propane
required may be supplied through line 64.

The above-described process exemplifies an
adaptation of my invention to a highly exother-
mic reaction wherein the temperature is main-
tained constant. The multipoint addition of
catalyst is controlled with respect to two princi-
pal variables. One is the loss of catalyst by com-
plex formation. Catalyst is added at points to
maintain the desired amount of active catalyst.
The other is change in concentration of react-
ants. The smallest concentration of catalyst is
maintained at the point of greatest concentra-
tion of butenes, while the greatest concentration
of catalyst is at the outlet where reaction is being
completed with practically no butenes remain-
ing. It is to be noted that due to the diluent
effect of the gaseous propane, the actual quantity
of catalyst may under certain conditions be
greater at the top point than at the bottom point,
but the ratio of catalyst activity to reactants de-
creases from bottom to top, the diluted catalyst
having less effect than the undiluted catalyst.
The catalyst activity thus changes in relation to
the extent of reaction, to compensate at least in
pa;'t for the tendency toward decreased reaction
rate.

An important aspect of the polymerization
process as described is the fact that, while actual
cooling is accomplished by the propane, tem-
perature control is effected to a large extent by
the multipoint addition of the catalyst. This is
because the rate of addition of catalyst at each
point is so controlled and correlated with the
other factors that catalyst activity at the point of
greatest tendency toward heat evolution, that is.
the butene inlet, is smaller than at any other
point, and the catalyst activity is increased as
the tendency toward heat evolution decreases.
The entire process may be contrasted with the
prior art methods wherein the boron fluoride is’
added all at one point with consequent violent
reaction at that point with little or no reaction at
other points or wherein inefficient batch methods
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are employed with wvigorous stirring, gradual
addition of catalyst and/or reactants is resorted
to, and the reaction time is unduly extended be-
cause of the inherent limitations of that method
of operating.

In Figure 3, the reaction chamber 78 is prefer-
ably provided with means (not shown) for remov-
ing at least most of the heat of reaction by in~
direct heat exchange. A cerfain amount of heat
is also lost to the atmosphere, but in .order to
avoid uneven cooling the entire chamber is ordi-
narily provided with some insulation. Heated
vaporized nitrobenzene from line 71 and hydro-
gen from line 72 join in line 718, and flow into re-
action chamber 70 for downward flow there-
through. The hydrogen may bhe admixed with
substantial amounts of carhon monoxide, or with
inert gases such as methane or nitrogen. In fact,
in carrying out the reduction of nitrcbenzene in
accordance with the present invention, I prefer
to have some inert gas with the hydrogen. The
ratio of hydrogen to nitrobenzene must be held
within relatively narrow limits to obtain the high-
est yield of aniline, since a ratio considerably
higher or lower than the stoichiometrical amount
gives rise to reduction products other than ani-
line. It is best to have somewhat more than the
theoretical ratio of hydrogen to nitrobenzene, but
not too much more, in order to ensure completion
of the reaction, and some inert gas is preferably
used in admixture with the hydrogen.

A suitable supported hydrogenation catalyst in
granular form is caused to pass through conduit
74 into manifold 75. Branching off from manifold
1% are branches T8A-78% inclusive through which
the catalyst is introduced into the reaction cham-
ber 70 at spaced points along the path of flow of
reactants. The quantity of catalyst introduced
through each branch 764, ete., may ke controlled
by any suitable means. It will he appreciated
that due consideration must be given .to the fact
that chamber 78 is operated under pressure. The
lines, 76A to T8F inclusive, are shown egually
spaced; however, the lines may be more-or less

in number, and evenly or unevenly spaced, in 43

accordance with the capacity of the system, con-
venience of fabrication, operating conditions, rate
of catalyst introduction at the various points,
and economy of equipment. A series of bafiles

77 is provided.in chamber 78 to keep the catalyst &

particles dispersed -and in.gecod contact with re-
actants as the catalyst falls to .the hottom of
chamber 18. The bafles preferably have only
a slight inclination from the horizontal so that

catalyst is more or.less pushed off of one bafis !

down to the next by incoming . catalyst.

In the hydrogenation of nitrobenzene by vrior
‘methods, the reaction mixture is passed through
a stationary bed.of catalyst. .Since.the concen-
tration of reactants is greatest in the first por-
tions. of the catalyst bed, the major part of the
reaction occurs kefore the bed . is halfway trav-
ersed. This means that the amount of heat
liberated in the upper parts.of the catalyst cham-
ber is greater than.in the lower parts, and thus
the load .on_heat exchange coils or the like with
which the chamber may be provided is greatest
at the top and least at the bottom. Thus the heat
exchange means must.either be oversized at points
or is overloaded. .In practical operation, the heat
of reaction cannot be satisfactorily removed, and
a serious temperature rise occurs. This is very
undesirable, since the optimum yield of aniline,
when. using. any. given. catalyst, is _obtained .only
in a relatively narrow temperature range, Sin-
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tering of catalyst is also likely to occur on the
most active catalytic points where the actual
temperature may be from 25 or 50 to a hundred
or so degrees centigrade higher than the mean
temperature of the reactants and catalyst near
those points. A further disadvantage lies in the
fact that the temperature rise serves to increase
the already excessive reaction rate still more.
. By means of my invention the catalyst addi-
tion is controlled in accordance with the rate
of reaction or rate of evolution of heat, .so that
substantially equal, or at least regularly varying
quantities of heat are evolved and removed along
equal increments of the length of reaction eham-~
ber 718, Thus, in the first part of reaction cham-
ber 18, a relatively small amount of .catalyst is
introduced through branch 76A. Since the high-
est concentrations of nitrobenzene and of hy-
drogen are found in this portion of the reaction
zone a small amount of catalyst is sufficient to
promote considerable reaction. As the reaction
rate tends to lessen :due to the diluent effects
of the aniline formed, or stated another way,
due to the lowered concentrations of nitrobenzene
and hydrogen, additional catalyst enters the -re-
action zone through 76B, and the reaction -rate
tends to increase again. Thus, the quantity of
active catalyst surface present at various points
in reaction chamber 70 is maintained sufficiently,
as the reactants flow therethrough, so as to give
a completely reduced product in the effluents.
The amount of catalyst in the parts of chamber
19 is small at the inlet thereof, and increases
gradually toward the outlet, where it reaches a
maximum. The reaction rate is maintained more
or less constant throughout the reaction zone,
in .contrast to other methods wherein the last
half of the catalyst chamber may be used for
effecting only five or ten per cent of the total
conversion. The temperature may be maintained
substantially constant due to the fact that the
amount of heat liberated is not excessive-at any
point, or a gradual temperature gradient may
be allowed to exist, an increase of say 50° C. from
the inlet to the outlet being permissible without
undesirable effects. It is to be noted however,
that in using my invention, such-a temperature
gradient is regular, and is obtained gradually-as
the reactants flow through the apparatus, rather
than being obtained all at once as by other meth-
ods, in which case a peak temperature may even
occur, with a subsequent falling off in the latter
stages where very little reaction is cccurring.

A certain amount of catalyst deactivation will
occur which tends to lessen the reaction rate,
and this is also.compensated for by the fresh
catalyst added. The rate of catalyst deactiva-
tion will of course depend upon the catalyst used,
the.severity of reaction conditions, and particu-

v larly upon the purity of the reactants. Generally,

the amount of catalyst poisons present in the
nitrobenzene and hydrogen gas is small, and
catalyst. deactivation is not of .great consequence
in lessening the reaction rate in the passage of

5 catalyst from one point to the next in reaction

chamber 70. ‘The.relative rates at which catalyst

Is introduced at the various points will be deter-

mined as described above with reference to con-

‘trol of rate of reaction, while the total rate .of

catalyst .flow .into and thence out .of .chamber
T8 will generally be chosen with respect to the
type of reactivation treatment to which the cata-

lyst is subjected outside the chamber. Tt .is

ustially preferable to reactivate the catalyst be-
fore it has lost too much of .its activity, .since
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considerably higher temperatures frequently
must be used in the reaction zone with a less
active catalyst. Thus it is seen that a continuous
flow of catalyst is maintained through chamber
10 so that the catalyst as removed from the
bottom thereof is usually still fairly active. The
rate of flow of gaseous reactants through the
catalyst chamber 10 will be many times greater,
on a volume basis, than the rate of flow of cata-
lyst therethrough.

The total efluent from reaction chamber 78
passes out through conduit 18 and then to cata-
lyst separator 79 where the catalyst separates
from the gases by gravity. This catalyst is re-

moved through conduit 80 containing suitable i

conveying means such as serew 8{. From 80 the
catalyst passes through conduit 82 to conduit 74
for re-use in the process. A portion of the cata-
lyst stream may be continuously by-passed
through a regeneration zone indicated diagram-
matically at 83 to maintain the total catalyst
stream at the desired activity. The regeneration
in zone 83 comprises conventional chemical treat-
ments to remove accumulated impurities and to

restore the catalyst to substantially its original ¢

conditions. The entire stream of catalyst, rather
than a portion, may be passed through regenera-
tion zone 83 if desired.

The gases in catalyst separator 18 comprise

aniline produced in the process, any traces of &

unreduced nitrobenzene, steam formed as a by-
product, any excess hydrogen, and any inert gas
introduced along with the hydrogen. This gas
phase is passed via line 84 through cooler 8% and

into product separator 8§, wherein a liquid water- &

rich phase, a liquid aniline-rich phase, and 2 gas-
eous phase separate out. The gas is recycled via
line 87 to line 12 for re-use of the hydrogen in
the process. In order to prevent inert gases from
pyramiding in the system, a portion of the gas
is allowed to leave line 87 through valved branch
88. The aniline is removed from separator 86
through line 89 and passed to suitable apparatus
for removing dissolved water and any other im-
purities. Water is removed from separator 86
through line 89, and passed to a system for re-
covering dissolved aniline therefrom. One very
effective method of accomplishing this is to ex-
traet the aniline from the water with nifro-
benzene, the extract then being led to the reac-
tion zone for reduction of the nitrobenzene.

Suitable catalysts for the reduction of nitro-
benzene according to the system just described
may comprise metals such as gold, silver, nickel,
copper, or tin, either alone or in admixture, and
preferaply supported on granular carriers such
as pumice, poreelain, alumina, ete. It is neces-
sary that the catalyst composition have sufficient
mechanical strength for withstanding the effects
of continuously moving through the equipment.
A preferred catalyst comprises supported tin pre-
pared from the precipitated hydroxide or car-
bonate. With such a catalyst, an operating tem-
perature in reaction chamber 10 in the range
of about 275° C. to 375° C. is suitable.

Figure 4 illustrates the application of certain
principles of the invention to the manufacture
of synthesis gas. In the synthesis gas reaction,
wherein carbon monoxide and hydrogen are pre-
pared for use in the synthesis of liquid fuels by
the Fischer-Tropsch reaction or for other uses,
it is desirable to eliminate all possible nitrogen
and other diluents from the product gas. This
is accomplished in the process to be described
wherein air is used for heating purposes but with-
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out diluting the product with nitrogen and with-
out the necessity of supplying large amounts of
high purity oxygen for the reaction. In this proc-
ess the catalyst is subjected to a relatively small
amount of coking, even though the reaction is
carried out in part at lower temperatures at
which coking usually becomes excessive. 1In
Figure 4, a refractory, preferably in pebble form:
of one quarter inch to one inch in diameter, is
introduced through conduit {6{ to a combustion
chamber 162 where it is heated to 2,000 to 2,800°
F. by the burning of s fuel in air. The fuel is
introduced through conduit (%3 and the air,
which may be preheated as in exchanger {84, is
introduced threugh conduit (05. The refractory
is continuously conducted through the combus-
tion chamber and drops by gravity via line {67
into the reactor {88 where it supplies the heat
of reaction for the reforming of the natural gas
with steam and/or carbon dioxide. These re-
actants enter the top of reactor 198 through con-
duit 124 and pass downwardly through the re-
actor concurrently with the refractory. Said re-
actants may be preheated in a suitable heat ex-
changer (not shown) to any desired degree or
may enter cold; upon meeting the hot refractory,
the reactants are heated to 1,800 to 2,500° F., at
which temperature they begin to react. With no
catalyst present the reaction will not proceed
kelow a temperature of approximately 1,800° F.
For this reason a suiteble catalyst, preferably in
the form of quite small pebbles or powder, is in-
jected through conduit 109 into the moving re-
fractory and stream of reactants at an upper
point of the reactor 188. Because of the presence
of catalyst, additional reaction will occur and
thereby lower the temperature still further be-
cause of the endothermic nature of the reaction,
dilute the reactants with products, and reduce
the catalyst activity by coking. In order to over-
come the effect on extent of reaction of the less
in temperature, the reduced catalyst activity, and
the dilution, additional catalyst is injected
through conduit 110 at a point somewhat lower
in the reactor. This procedure is continued
throughout the length of the reactor, additional
catalyst being injected as desired through simi-
lar conduits as represented in the drawing by
lines ti1, 112, ang 113. Catalyst flow through

y lines 109 to 113 may be suitably regulated by

star valves (14 to 118 or by other suitable mecha-
nisms. The products are withdrawn as gases
through line (19 at the bottom of the reactor and
are subjected to suitable treatment (not shown)
prior to employing these products in the Fischer-
Tropsch synthesis. The ultimate ratio of Hz to
CO in the synthesis gas product is preferably
about 2:1 for most purposes. The refractory
pebbles and catalyst exit from the reactor
through conduit 120 and are separated one from
the other by screen 12¢ so that the refractory
pebbles are conveyed through the conduit 181 to
the top of the combustion chamber to start a new
cycle while the catalyst particles are collected in
hopper 122 and conveyed through conduit 123 to
the injection lines 109 to 113 for repeating their
cycle through the reactor.

By separating the refractory heat carrier from
the catalyst, the catalyst injection may be actu-
ated and controlled by known devices built of
standard high-temperature materials. If the
catalyst were heated along with the refractory
to some temperature in the neighborhood of 2,000°
P, it would be extremely difficult to find satisfac-
tory means of injecting the catalyst in a con-

v
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trolled fashion since sueh-a ‘temperature ‘would
‘be too hot for present ‘day “structural .metals.
“This is-a marked advantage “of ‘the "particular

procedurs just described.
‘High purity oxygen may he :added ‘to :each
stream of catalyst just before‘the catalyst-enters

‘the reactor in order to burn off the carbon that

may have been deposited thereon during-the re-
action. Such oxygen is‘added downstream from

‘the control devices {14 to 118 by means of the
‘lines shown on the drawing in order to prevent

raising the temperature of the catalyst above a
safe operating temperature for -said control de-
vices. By using high purity oxygen instead of
air, any additional dilution of “the -reaction by
combustion preduets is avoided.

One modification of the above described inven-
tion includes the addition of enough oxygen over
and above that raguired for the removal of the
carbon from the catalyst to supply sufficient heat,
by reaction with the methane or naturalgas, to
zeep the reaction mass ab g constant temperature
level throughous. In this modification the-addi-

tional eatalyst added at the various levels is con-
“trolled to off-set the effects of dilution of the

reactants by products, or in other words the
effect of decrease in concentration of reactants,
and also to off -set the reduction in activity of the
catalyst that has beenadded dt a higher level.

In some instances it may be desirable to intro-
duce the refractory at high enough temperature
that reaction will proceed for a while without a
catalyst. In this case, the upper portion of the
reactor may be left without any catalyst by simply

stopping the inje¢tion mechanism or the control- ¢

ling devices and allowing the reaction to proceed
downward through the reactor until the temper-
ature is lowered almost to 1,800° F. because of the
endothermic reaction; catalyst may then be in-
wroduced in order to confinue the reaction: below
that temperature as deseribed: above.

A further modification, not shown in the draw-
ings for the sake of simplicity, involves the in-
jection of both .catalyst and refractory:at-a plu-
rality of points, both the refractory and catalyst
having been heated tegether to the desired tem-
perature. In this case, moving control devices to
regulate the Sow of hot solids into the reactor at
aach level are not completely satisfactory be-
cause of the hizgh temperatures of the refractory
and catalyst. Regulation can he accomplished by
an obstruetion of a refractory material built into
each conduit in such a fashion that the obstruc-
tion can he adiusted any time the unit is not

operating. By this modification the temperature 7

of the reaction mass can be kept as nearly con-
stant as dssired by adding the heat carrying solids
to off-set thie heat absorbed by the endothermic
reaction. The additional catalyst which enters
at each level is so controlled in amount as to off-
set by increased catalyst concentration, the dilu-
tion effect of the product formed and the loss
in activity experienced by the catalyst previously
sdded. Ttis obvious that the catalyst would be re-
generated by its passage through the combustion
zone and therefore would be fresh when injected
on each cycle. Varicus catalysts for the syn-
thesis gas reaction are well known in the art and
hence need not be listed in detail. The preferred
catalyst in my operation is nickel oxide, while
iron oxide and other catalysts, solid or non-solid
and in various forms, may be used.

The applicability to the manufacture of syn-
thesis gas of various other modifications of the
invention as described in general hereinabove
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will berobvious,and:thedescription just-completed
is ;:exemplary -of :preferred .modifications and is
1106 ‘all-inclusive. “Thus the procedure described

above-with-respect to Figure.1 is-advantageously
appliedito the:synthesis gas reaction, whereby the
catalyst:iswithdrawn from the-reactor in-a par-
tidlly deactivated-condition, a portion is recycled
to the reactor at several points including the first

-and excluding the last'and in increasing amounts

without :reactivation, ‘while another portion is
reactivated-and then introduced into the reactor
at-a-plurality: of points:excluding the first but in-
cluding the:last, with increasing amounts of the
reactivated.catalyst :dlong the line of flow. The
catalyst activity is thus readily caused to increase
inithe:direction:of flow of reactants and thereby
overcome to:any desired extent the effects of de-
creasing: temperature and decreasing concentra-
tion of reactants:and the effects of the decrease in
catalyst-activity ‘which would otherwise occur'in
thesabsence of such practice.

“Various ‘modes of operating have been dis-
closed herein,-dlong with ‘the broad concepts in-
yolved, so‘that one skilled in the art may, by suit-
able simple modifications, apply the principles of

‘my ‘invention ‘to conform to the economic and

practical ‘considerations which will vary some-

‘what with ‘each particular material treated. By
‘following the teachings of my invention, the con-
‘facting - of catalysts ‘with reactants may be so
‘exdctly correlated with regetion conditions as to
‘give a “well ‘regulated operation not heretofore
‘taught. While T have disclosed certain specific

vrocesses, with particular reference to petroleum

‘conversions, I do not wish to be limited to the
-exact modifications described, but cnly by the

appended claims.
I claim:
1, 'In the manufacture of synthesis.gas by the

reaction of ‘methane with steam to form a syn-

thesis gas containing hydrogen -and .carbon mon-

‘oxide” with -the ‘hydrogen .being in molar excess
‘of -the carbon ‘momnoxide, the improvement which
‘comprises passing a reaction mixiure comprising
‘methane and steam downwardly through a ver-
‘tical -reaction chamber,

passing downwardly
through-said chamber a mass of preheated re-

‘fractory - pebbles ‘at ‘an inlet temperature suffi-

cient ‘toeffect the desired reaction, flowing the
and .pebbles concurrently
through said-reaction zone whereby the temper-
ature in ‘the direction of flow decreases due to
theendothermic nature of the reaction, introduc-
ing catalyst for said reaction into said reaction
‘zone for downward flow therethrough, said cata-

‘lyst being introduced “at a plurality of poinis

spaced along the line of flow and being ad-
mixed with said pebbles and reaction mixture
in said zone, separately regulating the quantity
and activity of the catalyst introduced at each
of said points so as to provide an inecreasing
catalyst activity in the -direction of flow, said
increasing activity tending to counteract the
depressing effect of said decreasing temper-
ature on the extent of reaction in the lower por-
tions of said reaction zone, recovering said peb-
bles from the bottom of said reaction zone, re-
heating same, and reintroducing same into the
top of said reaction zone in a continuous cycle,
separating said catalyst from admixture with said
pebbles, subjecting a portion of said catalyst
to reactivation while returning the remaining
portion to the reaction zone without reactivation,
introducing said unreactivated catalyst into said
zone at a plurality of the aforesaid points in-



2,661,270

23

cluding the first and excluding the last of said
points in the direction of flow, the unreactivated
catalyst introduced to said first point being the
sole catalyst introduced thereto and a diminishing
guantity of unreactivated catalyst being intro-
duced at each succeeding point in the direction of
fiow, introducing said reactivated portion of said
catalyst into the reaction zone at a plurality of
points excluding the first and including the last
of said points in the direction of flow, the reac-
tivated catalyst introduced to said last point be-
ing the sole catalyst introduced thereto and an
increasing quantity of reactivated catalyst be-
ing introduced at each succeeding point in the
direction of flow, and so portioning the relative
amounts of unreactivated and reactivated cata-
lysts introduced at the respective points as to
maintain an increasing catalytic activity in the
direction of flow such as to establish a substan-
tially constant extent of reaction throughout the
reaction zone despite said decreasing tempera-
ture, otherwise decreasing catalyst activity, and
decreasing concentration of reactants.

2. In the manufacture of synthesis gas by the

reaction of methzane with steam to form a syn- .

thesis gas containing hydrogen and carbon mon-
oxide with the hydrogen keing in molar excess of
the carbon monoxide, the improvement which
comprises passing a reaction mixture comprising
methane and steam downwardly through a verti-
cal reaction chamber, passing downwardly
through said chamber a mass of preheated re-
fractory pebbles at an inlet temperature suffi-
cient to efiect the desired reaction, all of said

pebbles being introduced at the top of said reac- ¢

tion zone, ficwing the reaction mixture and
vebbles concurrently through said reaction zone
wherehy the temperature in the direction of flow
decreases due to the endothermic nature of the
reaction, introducing catalyst for said reaction
into said reaction zone for downward flow there-
through, said catalyst being of a different particle
size from said refractory pebbles, said catalyst
being introduced at a plurality of points spaced
along the line of fiow and heing admixed with
said pebbles and reaction mixture in said zone,
separately regulating the guantity and activity
of the catalyst introduced at each of said points
so as to provide an increasing catalyst activity
in the direction of fow, said increasing activity
tending to counteract the depressing effect of
said decreasing temperature on the extent of re-
action in the lower portions of said reaction zone,
separating refractory pebbles from catalyst after

passage throuzh said reaction zone by virtue of 5

the difference in particle size, introducing thus
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separated catalyst into said reaction zone at said
plurality of points, subjecting catalyst being in-
troduced into at least some of said points first to
contact with substantially pure oxygen to remove
carbonaceous matter from said catalyst by com-
bustion thereof, and introducing the thus treated
catalyst and resulting combustion products to-
gether into said reaction zone.

3. In the manufacture of synthesis gas by the
reaction of methane with steam to form a syn-
thesis gas containing hydrogen and carbon mon-
oxide with the hydrogen bheing in molar excess
of the carbon monoxide, the improvement which
cemprises passing a reaction mixture comprising
methane and steam downwardly through a ver-
tical reaction chamber, passing downwardly
through said chamber a mass of preheated re-
fractory pebbles at an inlet temperature sufficient
to effect the desired reaction, flowing the reaction
mixture and pebbles concurrently through said
reaction zone whereby the temperature in the
direction of flow decreases due to the endothermic
nature of the reaction, infroducing catalyst for
said reaction into said reaction zone for down-
ward flow therethrough, said catalyst being in-
troduced at a plurality of points spaced along the
line of flow and being admixed with said pebbles
and reaction mixture in said zone, separately reg-
ulating the quantity and activity of the catalyst
introduced at each of said points so as to provide
an increasing catalyst activity in the direction of
flow, said increasing activity tending to counter-
act the depressing effect of said decreasing tem-~
perature on the extent of relation in the lower
portions of said reaction zone, subjecting catalyst
being introduced into at least some of said points
first to contact with substantially pure oxygen to
remove carbonaceous matter from said catalyst
by combustion thereof, and introducing the thus
treated catalyst and resulting combustion prod-
ucts together into said reaction zone.

THOMAS B. HUDSOI.
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