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This invention relates to improvements in ¢at-
alytic processes. More particularly it relates to
novel ‘methods of bringing mobile catalysts into
contact with reactants. It has particular ele-
vance to organic reactions such ag hydrocarbon
conversions. In some of its preferred ‘emhodie
ments- it ‘pertains to the Synthesis of organie
compounds from hydrogen and carbon morox-
ide.

This application is a continuation-in-pait of
my copending application Serial No. 779,786, filed
October 14, 1947, now Patent No. 2,590,539 which
in tarn is a continuation-in-part of my appli-
cation Serial No. 453,265, filed August 1, 1942,
issued October 14, 1947, as U. S. Patent 2,429,161.

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 tnore Tapid conver-
sion at a given temperature s obtained, or a
much lower temiperature may be uséd to accom-
plish a given conversien. In fact in many cases,
catalysts of one kind or another have made pos-
sible the carrying out of réactions which previ-
ously had been bslieved impossible. While cata-
lytic action cannot ecause a reaction to oceur
Which is thermodynamically impossible, 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 equilibrivim eoncentia-
tions or due to the occurrence of undés_ired side
reactions. Many reactions which will not take
place at practicable temperature levels with any
measurable speed, may occur almost quantitg-
tively af reasonable temperatures in the presence
of suitable catalysts.

In the hundred years since Berzelius first rec-
ognized the existénce of certain reactions which
were promoted by substances not changed dur-
ing the reaction, and suggested the use of the
térm “catalysis” for describing the forees in-
volved, the search for effective catalytic materials
has commanded the attention of a great segment
of the technical world. Since the turn of the
century, the successful results of thése investi-
gations have given rise to numerous new indus-
tries, as well as providing greatly improved meth-
ods for the older industries. - _

The petroleum industry may be taken as one
gutstanding example, whereas fifteen to twenty-
five yeais 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 ate moz¢ satisfactory not only.

in increased efficiency but also in producing en-
tirely new products: Present day needs eall for
high-octane gasoline; ‘and various other fuels
-having special requirements.. Aviation fuels in
particular must now be prepared by blending
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hydrocarbons or hydro-
to meet the demand for
respond to specific: oper-
ating conditions. Offshoots fromi thé petroleumn
industry, such as-the production of synthetie
rubbers, call for preparing VEry pure singlé hy-
drocarbons for use as raw materials.

Not only is thé chémical composition of the
catalytic material of importance in attaining spe-
cifi¢ results in chémical conversions, but it§ pliy-
sical - form, -activation treatments, impurities,
methods of contacting with reactants, reactiva-
tlon processes, etc., all exert their influences on
the course of the conversions being catalyzed.
The particular products and vields thereof ob-
tained are also dependent to 5 great extent on
Such reaction conditions as pressure, tempera-
ture, time of contact between reactants ahd cat-
alyst, ete. ‘Careful contro] of all these variables
is required for production of the optimum guanc
Organie ¢onver-
sions 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 in the
course of catalyzed reactions, ang frequently one
of the most difficult to control, is temperatire.
Most of such reactions are either highly endo.
thermic or highly exothermie, and maintenance
of the desired range of temperature is g major
operating difficulty. = The activity of a eatalyst
for a definite conversion is usually of econemis
significance only within a fairly narrow tem-
berature range, and a particular process using
that catalyst must obviously be operated Wwithin
the active range. ‘Thisg condition is showh by the
great change in the degree of conversion usually
occurring  with relatively smal] temperature
changes. .

Thus, in the case of endothermic reactions, the
temperat_ure drop which normally occurs may be
S0 pronounced that the rate of conversion will
rapidly decrease to an uneconomie level. In the
case of exothermic reactions, a rise in temper-
ature normally oceurs which, if not controlled in
some way, will rapidly bring the temperature to
a point at which undesirgble side reactions ocecur.
In fact, such side reactions may frequently be-
come the predominant reaction at temperatures
only relatively slightly above those required for
the desired conversions. ‘Or, the principal reaé-
tion may be caused to proceed too rapidly, in
which" case the . reaction rate and temperature
become uncontrollable with undesirable or éven
disastrous results. Accordingly, the eareful con-
trol of temperature within narrow limits through-
cut a 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 temperature in catalytic conversions,

almost pure individual
carbon types in order
fuels which will readily
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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
vesults. 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
transfer medium being circulated about the ex-
terior of the tubes. An alternative method has
been to provide a system of coils or the like
within a catalyst mass so that a heating or cool-
jng medium, as required, may be circulated
throughout the catalyst bed. Similar arrange-
ments 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 cat-
alysts. Furthermore, the surface of the tubes or
other elements through which the heat transfer
takes place, is at a temperature appreciably dif-
ferent from that generally prevailing in the re-
action zone. This is disadvantageous, particu-
larly with endothermic reactions where, in the
case of hydrocarbon conversions for example,
cracking, coke formation and other reactions take
place on the superheated surfaces, which causes
loss of materials and fouling of equipment.

Other methods proposed for compensating for
heat of reaction include superheating of reactants
involved in endothermic processes above optimum
temperatures, or the converse, that is insufficient
preliminary heating of exothermic reactants.
The inefficiencies of such methods are obvious.
Catalyst poisoning may sometimes occur to an
increased extent at either lowered or increased
temperature.

Probably the most common method of bringing
solid catalysts into contact with reactants is to
place the catalyst ina 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 reac-
tion zone. Also in the case of gaseous or liquid
catalysts, the -catalyst is frequently passed
through the reaction zone. Such catalyst, wheth-
er 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 countercurrently to
the reactants, depending upon the reactions be-
ing catalyzed, the catalyst, and other variables.

. Tt 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 con-
trol of catalyzed organic reactions, particularly
‘hydrocarbon 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 ob-
tained. Yet another object is to permit con-
trolled variation in the quantity and/or activity
of catalyst present at all points in g reaction zone.
A still further object is to provide for the intro-
duction 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 catalyst thus introduced relative to the
flow of reactants. Another object is to correlate
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the introduction of catalyst with certain reaction
conditions in an exact manner so as to compen-~
sate, at least in part, for change in temperature
and/or change in concentration of reactants or
other reaction conditions. A further object is to
provide for reactivating catalysts which have be-
come deactivated in which processes sO that the
reactivated catalyst may be re-introduced into
contact with reactants. Yet another object is to
apply the principles of the invention as disclosed
herein to the reaction of hydrogen with carbon
oxides, particularly carbon monoxide, to form or-
ganic compounds including hydrocarbons and
oxygenated derivatives thereof. A further ob-
ject is to effect the reaction of hydrogen with car-
bon monoxide by means of a plurality of fluidized
beds of powdered catalyst, the beds being main-
tained at different levels of activity by separate
introduction thereinto of catalyst streams which
have undergone reactivation to different extents.
A still further object is to reactivate iron or other
metallic synthesis catalyst in an impreved man-
ner by a process involving use of a plurality of
fluidized beds maintained in a reactivation zcne
with separate withdrawals of catalyst from each
bed. Another object is to provide improvements
in the formation of aldehydes, ketones, and/or
alcohols by reaction of carbon monoxide and
hydrogen with olefins. Other objects and ad-
vantages of the invention will become apparent
from the following 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 metheds 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 particu-~
larly designed to give optimum results for the
given application, as will be more fully explainzd.
T 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 been
vague, indefinite, and most unenlightening as to
the purposes involved and exact results acconi-~
plished. I have found specific relationships te-
tween catalyst introduction and reaction condi~
tions, and have devised novel methods of corre-
lating the various-factors involved whereby new
and highly useful results are accomuplished, as
will be apparent from the detailed teachings here-
inbelow 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 cata-
1yst 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
Finely
divided solid catalysts are frequently suspend-

‘ed in gaseous reactants and passed through a

zone maintained under desired reaction condi~
tions. 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 reactants and the entire mixture may
be handled more or less as a single fluid. As is
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“well known ih the art, the term “fluld” when ap-
“plied to powdered solid catalysts includes the sus-
‘bension of same in reactants under conditions -of
“straight-through flow, hindered settling or even
‘in “fluidized beds.” Accordingly, I may define
“fluid”  catalysts broadly ‘to include not only
gaseous and lquid catalysts, but also finely di-
vided solids suspended in reactants. A second
modification involves catalysts which are ‘im-
miscible with reactants undergoing treatment,
“with the catalyst bassing concurrently with the
reactants through the reaction zone, generally at
a rate different than the rate of flow of reactants.
A third modification relates to catalytic materials
which are non-miscible with reactants wherein
the catalyst after being introduced at a plurality

' “especially. if ‘the ‘catalyst used ‘undersoes Very

of points subsequently moves countercurrent to .

the reactants. 'In some éases there is a combina-
tion of the modifications, in which at least one re-
actant passes countercurrently to at least one oth-
er reactant, in which c¢agé the catalyst will move
concurrently with one reactant and countereur-
rently 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 intro-
duction of the. catalyst and the rate at which
catalyst is introduced at each point is correlated
with change in temperature, change in concen-
tration of reactants, ete., 50 as to compensate for
such changes, as will now be more fully described.

By the use of my invention T may so interre-
late the various factors such as temperature; fiow
rate of reactants, diluents, and catalyst; catalyst
activity; time of contact between reactants and
catalyst; etc.; as to provide a most complete and
delicate control over the nature and extent of re-
action at all points in the reaction zone.

As pointed out above, tempearature. control is
possibly the major problem in carrying out ex-
othermic and endothermic reactions. .The pres-
ent invention provides methods for maintaining
broper reaction velocity in the face of increas-
ing or decreasing temperatures, or of avoiding
such increases or decreases in temperature.

In the case of endothermic reaction, the cata-
lyst may be introduced at a plurality of points
spaced in the direction of fiow of reactants for
concurrent flow therewith. The amount of cata.-
lyst is smallest in the first portion of the reaction
zone, and largest in the last porticn of the zone,
due to the incremental additions of catalyst
which occur along the path of ficw. The tem-~
perature at the outlet of the reaction zone is
considerably lower than at the inlet because the
endothermal reacticn takes up heat. The amount
of catalyst added at each point is chosen so as
to provide sufficient additional catalytic activity
%0 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°
., lower than the optimum reaction temperature
would be several times less, resulting in much

" lowered .conversion in the Iatter portions of the
reaciion zone, the additional catalyss compen-
sates at least partially for the lowered tempera-
ture and may maintain substantially constant
conversion throughout the zone if added in suf-
ficient quantity at each point. ‘
" . Another manner of utilizing this invention for
endothermic reactions involves multipoint addi-
tion of catalyst with subsequent counteréurrent
flow relative to the reactants.  This may be dohe
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sively adapted for use with catalysts

Tapid deactivation at the given reaction condi-
tions. - In this ease, the rate of introduction and
flow of catalyst is regulated so that it is substan-
tially spent, that is, deactivated for the reactien,
by the time it exits from the reaction zone. The
point of exit of eatalyst is at or near the point
of -entrance ‘of reactants. Accordingly, the re-
actants first -contact g relatively large mass of

‘substantially deactivated catalyst containing only

a small proportion of active catalyst introduced
at the ldter (eailier, with respect to reactants)
points of the reaction zone. - The total activity
is quite limited, and smaller here than ab subse-
quent points. As the reactants pass on through
the zone, they contact smaller quantities of total
catalyst, but the catalyst contacted has greater
activity. The deactivated catalyst also has a dilu-
ent effect, and a unit volume of reactants passes
through the first portions of the reaction zone
more rapidly than it does through the last por-
tions. Flow of reactants continues ccuntercur-
rent to the flow of catalyst until just before leav~
ing the reaction zone they come in contact with
a relatively small quantity of catalyst having
very high activity. The increasing catalyst ac-
tivity thus encountered by the reactants as they
flow enable the reaction rate to be maintained in
spite of the decreasing temperature caused by
the endothermic nature of the reaction. The in-
crements of catalyst sdded af the points of low-
est temperature may, if necessary, be larger than
those added at the points of higher temperatures, .
the quantity added, rate of addition and rate of
flow through the reaction zone always being so
chosen and related as to compensate at least in
part for the variation of reaction rate with tem-.
peraturs. Alternatively or additionally catalyss
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 éxothermié reaction may ve handled in a
somewhat different manner, but with the same
end in view, namely, $he control of catalyst se-
tivity and contact time between catalyst and re-
actants so as to compensate; in part at least, for
variation of rate of reaction with temperature.
Generally, the most satistactory control is ob-
tained by use of countercurrent fiow o7 reactants
and catalyst introducéd muliipoint. - Reactants
first are contactéd with g rélatively Iarge volume
of catalyst, the ratio of catalyst activity to vol-
‘ume of reactants heing greatest at this point ang
progressively decreasing in the direction of react-
ant flow, while the temperature correspondingly
increases. At the higher temperature levels, less
catalyst activity is encouritéred, so that reaction
velocity may be maintained as nearly constant as
desired. Near the exit from the reaction ZOne,
the reactants are contacted with the smallest;
aquantity of catalyst, this quantity, however, being
sufficient to maintain the desired rate of reaction.
‘The advantages of operating in this manner may
readily he seen by conirasting with pricr metheds
wherein either the heat of reaction must he ye-
moved by difficult means heretofore discussed; o,
if the temperature is allowed to increase, contacs
with equal increments of catalyst combined with
the higher temperatures causes greafly increased
reaction rates. . . o .
~ Another method of controlling exothermis ro-
actions which is particularly, although not exeiu-
which pas
come rapidly deactivated, is the concurrent fiow

of multipoint-introduced -catalyst. . In ‘such us=
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.age, 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 catalyst,
generally smaller, is added at a point at which
the first portion is mostly deactivated; at any
rate, the relationship of the amount of catalyst
thus introduced to the extent of deactivation of
previously introduced catalyst is such that the
ratio of total catalyst activity to volume of re-
actants at that point is less than at the earlier
point of catalyst jntroduction, the difference
being generally inversely proportional to tem-
perature. It would not be at all desirable to in-
troduce catalyst inerements of equal activity at
equal points while the temperature is rising. As
the temperature increases in the direction of flow
of reactants, the catalyst activity decreases so as
to avoid a constantly increasing conversion 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 heab of
reaction causes & temperature gradient to exist
along the direction of flow of reactants. A com-
pination of indirect or direct heat exchange to
partially overcome heat of reaction, with the
controlled introduction of catalyst as described
above, may be used for exothermic or endother-
mic reactions.

Tn case it is desired to maintain substantially
jsothermal conditions in endothermic or exother-
mic reactions by means of indirect heat exchangs
or other methods, this invention may be utilized
to obtain a more satisfactory control of reaction
and to simplify the temperature contrel. When
reactants are passed through a stationary bed of
catalyst, or contacted with a single portion of
mobile catalyst, there is & tendency for the reat-

ion 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. IHowever, 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
o limited portion of catalyst, and are not con-
tacted with an additional portion until the tem-
perature is brought back to the desired value.
The catalyst 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 ex-
cessive cooling. . .

Catalysts and reactants may flow countercur-
rently or concurrently, depending upon the type
of reaction, catalyst, ete., the proper modifica-
tions being readily chosen in view of the detailed
gisclosures offered herein.

Other operating problems frequently encoun-
tered in catalytic reactions jnvolve catalyst de-
activation and means for avoiding same or for
reactivating catalyst, the activity of which has
dropped to an uneconomic level. Mobile catalysts
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 desired level.
One of the advantages of mobile catalysts over
stationary catalysts is that control of regenera-
tion is thus obtained in a fairly simpie manner.
However, only the overall activity is thus affected,
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_the actual-activity at any particular point in the

reaction zone being dependent upon conditions
therein which are not readily changed with re-
spect to deactivation of catalyst which is oc-
curring. For example, many catalysts will be
subjected to a rather extensive deactivation in a
relatively small first portion of the reaction zone,
due to temperature conditions, poisons, ete.,
with deactivation in subsequent portions of the
reaction zone continuing at a much slower rate.
Tn such a case, it will be seen that while the aver-
age or overall activity may be regulated, the un-
even loss in activity causes an inefficient opera-
tion.

My invention provides a means for controlling
the activity of mobile catalysts at any point in a
reaction zone. This may readily be accomplished
by controlling the quantity and/or activity of
catalyst introduced at the different points. Thus
in certain cases, partially or completely deacti-
vated catalyst may be admixed in varying rropor-
tions with fresh or reactivated catalyst to give
the desired activity for intreduction at any par-
ticular point. In fact, in some cases more than
one different type of catalyst may be used for in-
troduction at different points into a single re-
action zone to given controlled activity, which
may be either maintained constant or varied
from point to point to meet the needs of the par-
ticular reaction being catalyzed. Examples given
herein will serve to point out more clearly a few
of the many ways in which controlled 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, o substantially complete conversion of re-
actants to products is desired by the time the re-
action mixture leaves the reaction zone, it will be
seen that the concentration of at least one re-
actant must approach zero at the reaction zone
exit. In many other reactions, however, an
equilibrium may exist which preyvents, or eco-
nomic considerations may make undesirable, a
complete conversion. The extent of conversion
may vary greatly with the type of reaction being
catalyzed, one  process involving say a one per
cent conversion rer pass while another may ac-
c_omplish forty, sixty, or more per cent conver-
sion in one pass. Ordinarily in case the per-
centage conversion is low, the loss in concentra-
tion of reactants as the reaction proceeds cdoes
not greatly affect the reaction rate. However, in
the case of higher conversions ranging on up to
100 per cent, the lowered concentrations of re-
act?,nts existing in the latter parts of the re-
action zone may greatly decrease the reaction
rate, even though expedients such as using a
large excess of one reactant or the like are re-
sorte_d to. By controlling the multipoint intro-
duction of catalyst in accordance with the de-
crease in reactant concentration, I may partially
or completely compensate therefor, and avoid tob
great or any decrease in reaction rate by pro-
viding more catalyst activity at the points of
lower concentration. - The dilution effect of the
catalyst is also to be considered. Again, the
catalyst may pass either concurrently or counter-
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currently -to. the reactant depending upon the
various factors involved for any particular re-
action. .

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-
Iyst to compensate for changes in temperature,

. catalyst activity, reactant concentration, ete.,
may be used either alone or in various combing-
tions, one with the other, as will be well under-
steod by one skilled in the art in view of the full
and complete disclosure given herein, Obviously
the choice of one ora combination of methods of

operating will have to be made with due’ con~

sideration ‘for the reactions being catalyzed, the
type of catalyst most suitable, the extent of re-
action, the thermal changes involved, the neces-
sities -and. possibilities .of applying reactivation
brocesses to the catalyst, ete. 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
bresentation. -A simple example would be an
endothermic ‘conversion. involving heterogenous

catalysis, for example the conversion of an or-

ganic fluid using a solid contact catalyst in finely
divided form. ‘The data below wil] show how the
invention s utilized to maintain s constant re-
action rate by overcoming the effect of decreasing

temperature, decreasing ‘concentration of re=

actants, and ahy "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 to 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 re-
action, and assume that doubling the number of
particles of catalyst will-cause twice as much re-
action to occur in a given time due to the doubled
area of catalytic contact surface offered the re-
actants.. Let a cylindrical reaction zone through
which reactants and catalyst flow concurrently
at the same rate be considered as divided into
six cylindrical increments of equal volume re-
ferred to hereinafter as unit volumes. Let 0.5
unit volume of reactants enter one end of the
reaction zone per minute; and g 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 afore-
mentioned incremental unit volumes of the cata-~
lyst zone. In the first unit volume of the re-
action zone, the ratio ‘of volume of catalyst to
volume of reactants is

_00% 0033

1'—0.—0‘%3_',0,917
in the sixth and last unit volume of the reaction
zone the ratio is

=0.09

0.5
| 0.5=10
Thus the ratio of.catalyst to reactants at the
outletis -
. “1.00 .
“.‘(Iog‘:"lzl
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at at the inlet, and accordingly, the ef-
fect on the reaction rate would be to increase the
rate 11 times. Considering now the contact time,

it will be seen on following 0.5 volume of reactants

times th:

- through the catalyst zone that it requires

0.917
‘ 0.5
minutés to traverse the first unit volume of the
zone and : :

=1.83

0.5
ﬁ-fl.o
minute to traverse the last unit volume of the
zone. Thus it is seen that the contact time of
reactants with the barticular amount of catalyst
present in the various zones is less in the later
increments of the reaction Zone than in the
earlier increments, and therefore the tendency is
for the extent of conversion to decrease. The
effect of contact time alone on extent of conver-
sion is equal to ‘ ' '
10
1.83

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 could be
approximately expressed as :
1.0 :1.00 .

. 0.09% 18361 -
These figures indicate quantitatively the tendency.
toward inecreased reaction rate caused by the
multipoint introduction of catalyst in the exact
manner just described, which tendency may be

=0.545

-used to maintain a substantially constant overall

reaction rate by counteracting the effects of such
changes in reaction conditions as drop in tem-
berature due to the endothermal nature of the
reaction and/or decrease in concentration of re-
actants, 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 he
held constant by a corresponding increased or de-
creased overall ratio of catalyst to reactants, or by
2 controlled change in the activity of catalyst
introduced at succeeding points, ete, the exact
conditions being ealculated in a manner similgr
to that shown above. Application of this type of
brocedure to.-a specific endothermal reaction will -
be described in more detail -hereinbelow with
reference to Figure 1. In order to explain the
invention more fully, the following examples and.
appended drawings are provided to illustrate spe-
cific embodiments of the process, but no limita-
tions are thereby implied, inasmuch as the in-
vention may be utilized in numerous other man-
ners by following the teachings of this disclosure.

Pigure 1 shows in diagrammatic form an ar-
Tangement of equipment for carrying out the
catalytic cracking of petroleum oils, an endo-
thermic reaction, using a finely divided solid cata-
lyst suspended in vaporous' reactants and thus
flowing concurrently  therewith, commonly
termed “fuid catalyst” process. '

Figure 2 shows diagrammatically apparatus for
bolymerizing butenes, an exothermic reaction, in
vyhich 2" gaseous .catalyst immiscible with the
liguid reaction ‘mixture is pased countercurrently
to the reactants. - : .

Figure 3 is a diagrammatic drawing of appara-
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tus used for the vapor phase reduction of nitro-
benzene with gaseous hydrogen, an exothermic
reaction, wherein a metal catalyst supported on &
solid granular carrier material® is passed con-
currently with, but at a different rate than, the
reactants. ;

Tigure 4 shows diagrammatically an apparatus
and flow of materials therethrough wherein &
mixture of carbon monoxide and hydrogen is
converted into hydrocarbons and/or oxygenated
organic compounds using a powdered catalyst in
a plurality of keds of varying intensity, the cata~
lyst also being regetivated to varying extents in
a plurality of beds.

Figure 5 shows diagrammatically one form of
apparatus and fiow of the materials therethrough
for converting olefins plus carbon monoxide and
hydrogen into alcohols by the so-called “Oxo0”
process.

It will be understood, of course, that numerous
items of auxiliary equipment, such as pumps,
valves, heat exchangers, controllers, and the like,
are not shown in the drawings for the sake of
simplicity, and these items will be readily sup-
plied by one skilled in the art in view of the
present disclosure.

Tn Figure 1, the reactant, for example gas-oil
derived by straight-run distillation of crude pe-
troleum, passes from line {0 into blower {{, and
thence through line {2 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 I3 the heated re-
actants are sent through line {4 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 powdered
catalysts are known in the art. A very finely
divided solid catalyst is infected into reaction
chamber 15 at spaced points along the path of
flow of reactants through lines 18, 17, 18, and 8.
Obviously, although only four lines are shown,
the number of such lines may be varied 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, ete., preferably activated in known
manner, or of the synthetic type such as silica-
alumina,
bauxite, known to the art. The method of intro-
ducing the finely divided catalyst intc the re-
action zone may include such operations as sus-
pension in liquid or gaseous reactants or diluents.

The catalyst may enter lines 16, {7,
{a from two sources. The first source is con-
duit 26 which carries recycled catalyst which has
been partially deactivated by previous use in t.he
process. The second source is conduit 21 which
carries regenerated catalyst from catalyst regen-
eration zone 22. Carbonaceous deposits are re-
moved from the catalyst in zone 22 by burning in
an oxygen-containing gas. The quantity of cata‘-
1yst from each source injected at each point is
regulated by suitable means soO that all of the
catalyst entering through line {6 is the partly
deactivated catalyst from conduit 20; most of
that entering through line 11 is of the same type,
but has admixed with it by means of line 23 3
small portion of freshly regenerated catalyst
from conduit 21. that entering through line 18
has a larger porportion of reactivated catalyst,
which reaches line {8 through line 24; and that
entering at the last point through line (9 is com-

or other effective catalysts, for example 5

{8, and i

10

12
posed entirely of regenerated catalyst from con-
duit 21.

The mixture of products, excess reactants if
any, and catalyst passes from reaction zone {5
through conduit 25 into .a catalyst separation
zone 25, which may be a cyclone separator, elec~
trical precipitator, or anyother suitable meansfor
accomplishing the separation of finely divided
catalyst from the hot- vapors. Catalyst passes
from zone 26 into conduit 27 and. a portion is
taken from conduit 21 through conduit 28 to the
catalyst regeneration zone 22. Vapors leave the
catalyst separating zone 26 through line 29, and

~ may be condensed and fractionated to separate
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out the desired cracked gasoline product, with un-
reacted gas-oil being recycled to the reaction
chamber. If desired, various other modifications
of such & cracking process which are known to
the art, for example recycle of very small
amounts of hydrogen, use of steam diluent, ete.,
may be used.

The cracking of petroleum oils is an endo-
thermic prozess, and, as heretofore exple ined, un-
der ordinary methods of operation a substantial
temperature drop occurs which causes a decrease
in reaction rate as the reactants proceed through
the cracking zone. However, by controlling the
relative volumes of partially decctivated and of
activated catalyst and also the total volumes of
the catalyst introduced into the reaction zone as
just described, in conformity with the principles
heretofore discussed.in detail, the total catalytic
activity at ecch succeeding point in the cracking
zone in the direction of flow of reactants is greater
than the activity at the preceding points, the in-
crease in activity being such that the normal de-
crease in reaction rate accompanying dropping
temperatures and catclyst deactivation is par-
tially or completely obviated. This increase in
total catalyst activity is obtained by the increas-
ing volume of catalyst due to its multipoint in-
troduction, and the increasing activity of the
catalyst introduced, due to the use of relatively
grec ter proportions of freshly reactivated catalyst

- 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 cnd catalyst, ex-
tent of reactivation effected in the catalyst regen-
eration 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 cny outside sources of heat or cooler sur-
roundings, etc. However, the general prineiples
set out in this disclosure will readily enable one
skilled in the art to correlate these various fac-
tors for any particular application to obtain the
advantages of the invention. Although in the
drawing the first point of catalyst introduction
into the recction zone is shown past the reactant
inlet, 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.

It will be noted that in the cracking process as
shown in Figure 1, several of the aspects of my in-
vention which were described before in some de-
tail may be involved. For example, the endo-
thermic nature of the reaction will, unless suffi-
cient heat exchcnge is provided, cause the tem-
perature to drop. The multipoint introduction of
catalyst is so controlled as to counter-balance this
effect in order to maintain desired reaction veloc-



ities. The catalyst during‘its_ travel thrdugh- the-

cracking zone becomes
tivated, thus tending to
constant temperatures. Additional catalyst, in-
cluding regenerated catalyst, is introduced in such
quantities as to compensate for the deactivation
oceurring in the cracking zone. Another factor
tending to decrease reaction rates is the decrease
- In concentrr tion of
reaction proceeds, Since in 3. gas-oil cracking
brocess of the type described, only partial conver-
sion, say from 15 to 40 per cent, is permitted to
occur in one pass, the decrease in reactant con-
centration does not influence the course of reac-
tion so much as in the case of reactions giving
complete conversion in a sinele pass.

at least partially deac-

any effect of this kind is readily overcome by the. )

controlled cddition of catalyst at the different
points along the cracking zone,

Thus it is seen that in a tvpical process, gas-
oil cracking, éontrol of catalyst addition may: be
related to several variables: On the other hand,
well known expedients might in Some cases be
utilized fo control certain of these variables. For
excmple. sufficient heat may
the cracking rone by various means ag to main-
tain g substantially constant temberature; al-
though this is difficult to accomplish in actual
brartice, at least by direct means. In such a eese,
catalyst addition at points would be controlled. to.
make up for the combined effects of loss in eat-
. alvst activity and chanee in reactant concentra-
- tion. On the other hand, reaction conditions mey-
be maintained which are 50 mild that the amount
of eatalyst deactivation occurring in g single pass;
will be very slight, so that the prineipal purpose
of introducine the catalyst at points will be to
compensate for decreasing temperetures and/or
concentration of reactants in order. to maintain
a substantially constant reaction rate. s

slow the recetion even at.

reactants which occurs as the:

be introduced, into-
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In Figure 2. an elongated reaction chamber 48

is provided, the interior of which may.be filled.
with ‘packing matericl for vrometing intimate
contact between gases and liguids, Fed to the
system throuch line 4{ is g gaseous hydrocarbon
mixture containing s substantial proportion of

butenes, preferably isobutvlene although normal

butenes may also be present. This gas is com-

pressed in compressor 42 and then basses via line:-

43 to heat exchanger 44 where it is cooled by in-

direct exchange with effluents from the reaction

chamber. From the heat exchanger the cooled
hydrocarbons pass via ‘line 45 into the top of
reaction chamber 41, wherein they are subjected

to the polymerizing action of boron trifluoride:

(BF3)- as hereinafter described. Refrigeration
means 4§ is interposed in line 45, end serves to
cool the reactant feed to the desired reaction tem-
perature, in this case —80° C. The hydrocarbons

meaking up' the feed are in liquid bhase at this

temperature, and the reaction chamber is oper-

ated at substantially atmospheric pressure.
Ordincrilya Cs fraction is used which contains

substantial amounts of butanes, which serve as

& diluent and as a solvent for the hich molecular ,‘
weight polymers formed in the reaction. If such

butanes are not available admixed with the bu-
tenes, they may be supplied, or pentane or other

suitable scturated hvdrocarbon. solvent ‘may be.
used: The liquid butenes and accompanying hy-.
dléoéarbons fiow downwardly in chamber 48 coun-.

tercurrent to gaseous BFs and. gaseous. propane,

and substantially complete polymerization of the:
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continuously contacts

weight suitable for use as Iubricating oils, addi-
tives to oils, ete.  ~ . ‘ '
The boron fluoride catalyst passes from con-
duit 47 into reaction chamber 49 at a plirality
of points by means of valved lines 48A-48G in-
clusive. Also introduced into chamber 48 at the
same points is liquefied bropané from conduit 49
via valved lines 80A-56G inclusive. This liquid
bropane ccts as a coolant, diluent, and disperant
for the BF;, as will be explained in more detail
below. Ordinarily g catalyst activator such as
hydrogen fluoride, or other materials which will
cause. the production of hydrogen halides in the
reaction zone, is introduced in small amount
along with the boron fluoride or otherwise.  Fur-
thermore, metallic nickel or other metzls are oc-
casionally used in the reaction Zone to help cat-
alyze or promote the reaction. ;
" .The butenes upon first entering chamber 48
and beginning their downward flow therethrough
come into contact with a gas phase which com-
prises propane and BFs. The volume of the gas
phase is greater at this point then at any other -
point in the chamber. Polymerization is initiated
by-the catalytic action of the boron fluoride. This
polymerization reaction is highly exothermic, and
the temperature must be held under very careful
control, particularly since the type of product
obtained may change greatly with g relatively
small change in temperature; that is, the product
formed at —30° C. may have an average molecular
weight several times that of the product formed
at 0° C. For this reason, it. is preferred to carry
out the resection asnearly isothermally as possible;
The amount of boron fuoride introduced -will
ordinarily vary from point to. point, being small-
est at the top point (conduit, 43A) and greatest.
at’ the bottom point (conduit 483G .. " By this
multipoint addition of the catalyst, g much.more:
efficient. reaction. .control  is realized, since the
reactants do not contact. the. total’ amount of
catalyst. at. once. The catalyst. contacted at the
first. point comprises. not only that introduced
through conduit 48A; but also any bubbling up:
from the. lower part of the reaction chamber.
Just enough is. introduced. through line. 48A to -
furnish sufficient fresh catalyst to initiate the
reaction to the desired extent. It will be seen
that. the downward-fiowing reaction mixture.
upwardly. flowing catalyst.
Due to the formation of complexes hetween boron.
fluoride angd olefins, a. substantia] bart of the.
catalyst. combines with reactants ang is carried
down. as complex. Such complexes have only a,
limited amount of catalytic activity, if at all.
Thus, if all the catalyst. were introduced at the
bottem, it would be continuously. reacting, with .
olefins as it rose through the chamber, and the
upper part of the chamber would. be deficient:
in catalyst. In order to ensure that some catg-
lyst. reaches the top of the chamber, an other-
wise. tnnecessary excess would have to be in-
troduced at the. bottom. Much. better results
are- obtained by the multipoint addition, by
which. each increment added. to the gas phase
flowing upward: through the reaction chamber
can be controlled in amount to give-just the de-
sired concentration of catalyst at the given point..
Tt is preferable that the amount 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 evblutionrgenerally oc=:
curs:in: the, ugper: half of the chamber’ where-
the greatest concentiation of monomers:is'found..

butenes occurs.to form polymers of.a; molecular: 75: The:;intr-_odu;:tions.ofxcontrblled:amounts';of;fcold;‘i
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liquid propane at roints along with the catalyst
gives effective control of temperature through-
out chamber £9. The propane vaporizes imme-
diately upon entering the  chamber, and in 80
doing absorbs the heat of reaction. Of course,
additional indirect heat exchange may be pro-
vided for chamber 48 to assist in removing the
heat of reaction if desired, particularly in order
to avoid having too large an amount of gaseous
propane passing through the reactor. A con-
venient 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
conduit 49 for direct introduction through con-
duits 584, 568, etc.

Sinece the amount of BF: used is only a small
percentage of the hydrocarbons charged, say
irom 0.5 to 5.0 mol per cent, the propane gas 1S
very effective in promoting a more thorough dis-
persal of the catalyst throughout the reaction
zone. Tt also serves as @ diluent both for the
liguid reactants and for the gaseous BFs.. For
this reason, larger aniounts of BFs may be passed
through reaction chamber 48 thus admixed with
propane than would be suitable in the abhsence
of the added gas. This excess BFz is recovered
and recyeled. - The gmount of liquid propane
added tarough the lower conduits, for example,
55G. to 'BOF, is less than that added through
the upper conduits such as 80A and $9B. This
is because more heat of reaction is developed at
tne top of chamber 40 than at the bottom, and
more - evaporation of propane is needed at the
top to maintain the desired low temperature.

Tlow rate of reactants through chamber 48
is preferably such that substantially no unpoly-
merized 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
controlied 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 prod-
uct. - A short conversion time will ordinarily pro-
duce some of the high molecular weight poly-
mers, with a larger percentage of intermediate
polymers which may be used for different pur-
poses Or which may ke recycled to reaction
chamber 48. The volume of prcepane gas passed
through reaction chamber 49 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 vig 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
passed to accumvlator 54. Cold gaseous boron
fluoride leaves the top of accumulator 52 through
jine &1 for re-use in the process, while cold liquid
propane leaves the bottom of accumulator 54
by line 49 to be introduced into chamber £3
as described above. Of course, the gas phase
from accumulator 54 contains some  propane,
and the liguid phase contains some horon fiue-
ride in solution.

since butenes are appreciably volatile at the
temperature of operation of chamber 490, the
gas leaving that chamber via line §1 has some
pbutenes in if, and these bubenes tend to undergo
some polymerization in line 5¢{ and compressor
52,  For this reason, it is-desirable that the length
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of line 5! between chamber 53 and Compressor
52 be short, and that the line 51 and compressor
be flushed periodically with a solvent for the
polymers such as liguid butane. Not much
trouble is experienced from coOmpressor 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
chamber 40 along with the propane. A Very
satisfactory way to obviate any difficulty in this
regard is to wash the gas in line 3{ with suffi-
cient liquid butane or pentane to remove prac-
tically all of the butene. The liquid may then
flow directly into chamber &8. This modifica-
tion is not shown in the drawing for the sake of
simplicity.

Ligquid products leave the bottom of reaction
chamber 46 through line §5 and pass through
heat exchanger 44 to be warmed to a higher tem-
perature and ‘o cool the incoming butenes.
From exchanger 43 the products pass via line
B3 to separator 57 wherein dissclved and/or en-
trained boron fiuoride and propane gas are
evolved, which pass via line 86 to line &{ for re-
covery and re-use. Liquid products pass from
separator 57 via line &8 fo boron fluoride and
solvent recovery means which are indicated di-
agrammatically at 63. The solvent, which- or-
dinarily is butane, is recovered by evaporation
and leaves the system throigh line g, Part
or ‘ail of the solvent may of course be recycled
to line &1 or elsewhere if desired. Beron fluoride
is  recovered from its complexes by heating or
other means, and is returned to the system by
lines 62, 58, and 5i. - Ordinarily heating the
product to 125° C. or higher will serve to release
at least part of the boron fluoride from the hy-
drocarbons. Polymer is removed irom the sys-
tem 2t 53. Any make-up BT and/or propane
required may be supplied through line 64.

_The above-described process exemplifies an
adaptation of my invention t¢ a highly exothermic
reaction wherein the temperature is maintained
constant. The multipoint addition of catalyst is
controlled with respect to two principal variables.
One is the loss of catalyst by complex formation.
Catalyst is added at points to maintain the de-
sired amount of active catalyst. The other is
change in concentration of reactants. The
smallest concentration of catalyst is maintained
at the point of greatest concentration of butenes,
while the greatest concentration of catalyst is at
the outlet where reaction is being completed with
practically no butenes remaining. It is to be
noted that due tothe 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 decreases from bot-
tom to top, the diluted catalyst having less effect
than the undiluted catalyst. The catalyst ac-
tivity thus changes in relation to the extent of
reaction, to compensate at least in part for the
tendency toward decreased reaction rafte.

An important aspect of the polymerization
process as described is the fact that, while actual
cooling is accomplished by the propane, tempera-
ture control is effected to a large exient by the
multipoint addition of the catalyst. - This is be-
cause 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
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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 bhe contrasted with the priorx
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 are
employed with vigorous stirring, gradual addi-
tion of catalyst and/or reactants is resorted to,
and the reaction time is unduly extended because
of -the inherent limitations of that method of
operating,

In Figure 3, the reaction chamber 10 is pref-
erably provided with means (not shown) for re-
moving at least most of the heat of reaction by
indirect heat exchange. A certain amount of
heat is also lost to the atmosphere, but in order
_to avoid uneven cooling the entire chamber is
ordinarily provided with some insulation. Heated
vaporized nitrobenzene from line 71 and hydro-
gen from iine 72 join in line 13, and flow into re-
action chamber 79 for downward flow there-

through. The hydrogen may be admixed with .

. substantial amounts of carbon monoxide, or with
inert gases such as methane or nitrogen. In fact,
in earrying out the reduction of nitrobenzene 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
highest yield of aniline, since a ratio considerably
higher or lower than the stoichiometrical amount
gives rise to reduction products other than aniline.
It is best to have somewhat more than the theo-
retical 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
14 into manifold 75. Branching off from mani-
fold 75 are branches T6A-16F inclusive through
which the catalyst is introduced into the reaction
chamber ¢ at spaced points along the path of
flow :of reactants. The guantity of catalyst in-
troduced through each branch 76A, ete., may be
controlled by any suitable means. It will be ap-
preciated that due consideration must be given
to the fact that chamber 70 is operated under
pressure. - The: lines, ‘18A to T6F inclusive, are

. shown equally spaced; however, the lines may be
more or less in number, and evenly or unevenly
spaced, in accordance with the capacity of the
system, convenience of fabrication, operating con-
ditions, rate of catalyst introduction at the
various points, and economy of equipment. A
series of bafles 77 is provided in chamber 70 to
keep the catalyst particles dispersed and in good
contact with reactants as the catalyst falls to the
bottom of chamber 70. These bafies preferably
have only a slight inclination from the horizontal
5o that catalyst is more or less pushed off of one
bafile to the next by incoming catalyst.

In the hydrogenation of nitrobenzene by prior
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 before the bed is halfway trav-
ersed. This means that the amount of heat
liberated in the proper 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
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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 re-
moved, and a serious temperature rise oceurs.
This is very undesirable, since the optimum yvield
of aniline, when using any given catalyst, is ob-
tained only in g reiatively narrow temperature
range. Sintering of catalyst is also likely to
occur on the most active catalytic points where
the actual temperature may be from 5 or 50 to a
hundred or so aegrees 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 in-
Crease the already excessive reaction rate stiil
more,

by means of my invention the catalyst addition
is controlled in accoraance with the rate of re-
action or rate of evolution of heat, so that sub-
stanuially equal, or ag least regularly varying
quanuitles of heat are evolved ang removed along
equal increments of the length or reaction chame-
ber 18. Thus, in the srsg bart of reaction cham-~
ber 18, a relatively smail amount of catalyst is
imtroauced tarcugh branch 16A. Since the
highest concentrasions Of nitrobenzene and of hy-
drogen are found in this bortlon of the reaction
zone a small amount of catalyst is sufficient to
promote considerabie reaction. As the reaction
Tate wends wo lessen aue 16 vne diuent eifecis of
the aniune formea, or ssateq anowner way, due
o the lowerea concensrations 0f nitropenzene and
hydrogen, acditional catalyst enters the reaction
Zone through 1$8, and the reacton rate tends to
increase again. Thus, the quantivty of active
catalyst suriace present at various points in re-
action chamber ig is mmamtamned sufficiently, as
the reactants flow therethrough, so as to give a
completely reduced broduct in the efiuents. The
amount of catalyst in the parts of chamber 78 is
small at the inlet thereoi, and increases gradu-
ally toward the outlet, where it reaches g maxi-
mum. 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 eﬁécting
only five or ten per cent of the total conversion.
The temperature may pe 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 methods, in
which case a peak temperature may even occur,
with a subsequent falling off in the latter stages
where very little reaction is occurring,

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 partic-
ularly upon the purity of the reactants. Gen-
erally, the amount of catalyst poisons present
small,
and catalyst deactivation is not of great con-
sequence in lessening the reaction rate in the
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passage of catalyst from one point to the next
in reaction chamber T0. The relative rates at
which catalyst is introduced at the various points
will be determined as deseribed above with refer-
ence to control of rate of reaction, while the total
rate of catalyst flow into and thence ocut of
chamber 10 will generally be chosen with respect
to the type of reactivation treatment to which

‘the catalyst is subjected outside the chamber.
Tt is usually preferable to reactivate the catalyst
before it has lost too much of its activ'ty, since
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 18 so
‘that the catalyst as removed from the bottom
thereof is usually still fa'rly active. The rate of
flow of gaseous reactants through the catalyst

_chamber 10 will be many times greater, cn a

" yolume basis, than the rate of flow of catalyst
therethrough.

" The total effuent from reaction chamber 70
passes out through conduit 18 and then to
catalyst separator 79 where the catalyst sepa-
rates from the gases by gravity. This catalyst

_js removed through conduit 83 containing suit-

" able conveying means such as serew 81, From
80 the catalyst passes through conduit &2 to con-

" quit 14 for re-use in the process. A portion of
the catalyst stream may be continuously by-

“passed through 2 regeneration zone indicated
disgrammatically at 83 to maintain the total
catalyst stream at the desired activity. The
regeneration in zone 83 comprises conventional

* chemical treatments to remove accumulated im-
purities and to restore the catalyst to substan-

“ tially its original conditions. The entire stream

" of catalyst, rather than a portion, may be passad

- through regeneration zone 83 if cesired.

* - The gases in catalyst separator 79 comprise
an‘line 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 89

- and into product separator 85, wherein a liquid

- water-rich phase, a liquid aniline-rich phase,

-~ and a gaseous phase separate out. The gas is re-
cycled via line 87 to line 712 for re-use of the
hydrogen in the process. In order to preveib
jnert gases from pyramiding in the system, a

- portion of the gas is allowed to leave line 87

through valved branch 88. The anline is re-

moved from separator 86 through line 89 and

- passed to suitable apparatus for removing dis-

solved water and any other impurities. Water

- is removed from separator 86 through line 99,

. gnd passed to a system for recovering dissolved

. aniline therefrom. One very effective method of

. accomplishing this is to extract the aniline from

. the water with nitrobenzene, the extract then

being led to the reaction 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 t'n, either alone or in admixture, and

. preferably supported on granular carriers such

- ‘as pumice, porcelain, 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 preciptated hydroxide or carbon-

ate. With such a catalyst, an operating tem-
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perature in reaction chamber 19 in the range of

about 275° C. to 375° C. is suitable.

The processes described above with reference
to Figures 2 and 3 have illustrated two specific
methods of effecting exothermic reactions, viz.,
polymer zation and hydrogenation, respectively.
1t will be appreciated that some of the principles
of the invention and procedures deseribed herein
will ke applicable to exothermic reactions as a
class, with suitable modifications being made in
view of particular known characteristics of spe-
cific reactions which may differ from one reaction
to another. Thus, polymerization reactions
broadly are comprehended w'thin the scope of
this disclosure. Polymerization may be broadly
considered to be any chemical combination of two
or more similar molecules to form a single mole-
cule, the reaction usually involving primary
valence forces. The combining molecules may be
all of the same k'nd, or they may be of two and
possibly more types. The most common and
largest number of polymerization reactions in-
volve organic molecules which contain an un-
saturated carbon-to-carbon linkage, for example,
a double bond. Polymerization in the presence
of a gassous, liquid, or solid catalyst may bhe
carried out with the reactants in the vapor or
liguid phase, at high or low temperatures and ab
high or low pressures. The operating conditions
are known and will vary according to the react-
ants, the catalyst, and the type of products in-
volved. Many types of polymerization are
known, for example, the reactions involving vinyl
compounds such as styrene and vinyl chloride,
unsaturated acids, ketones, nitriles, and the like,
olefins, diolefins, acetylenes, and condensation
reactions of aldehydes, urea plus formaldehyde,
ete.

One preferred modification comprehends the
polymerization of low-boiling olefins at elevated
temperatures to form liquid fuels. For example,
a mixture of three and four carbon atom hydro-
carbons containing propylene and one Or more
butenes, and preferably containing considerable
quantities of isobutylene, is passed upwardly in
the vapor phase, or in the 1.quid phase, through
an elongated reaction zone countercurrent to a
downwardly flowing stream of granular synthetic
silica-alumina type polymerization catalyst.
Such catalysts are made from hydrous silica gels
activated with minor amounts of alumina or zir-
conia or other metal oxides and are well known
in the art; hence detailed discussion of their com-
position is not necessary at this point to a full
understanding of the invention. -This type of
polymerization  will take place in the presence
of an active catalyst at temperatures of about
950° F. However, the reaction is not partic-
ularly sensitive to temperature, and satisfactory
products may be obtained at temperatures within
the range of say 250° to 400° F. or even somewhat
higher. The reaction is of course highly exo-~
thermic and due to the lack of sensitivity to tem-
perature just mentioned the temperature may he
allowed to rise substantially in the direction of
flow of reactants through the reaction zone with-
out adversely affecting the final products. ‘While
some heat exchange may be employed in order
to minimize the temperature rise it is not nec-
essary to remove all the heat of reaction when
operating in accordance with the present proce-
dure. This desirable result is obtained by in-
troducing the granular catalyst into the reaction
zone ab a plurality of points along the length
thereof, the quantity and activity being controlled
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in accordance with the principles hereinbefore
outlined so that as the reaction mixture proceeds
upwardly in the reaction zone the activity. of
catalyst encountered is substantially constantly
decreasing; in this connection by activity I
mean the total catalyst activity available, as
affected by quantity and/or activity of a given
portion of catalvyst,. .

The catalyst may be introduced by known
means and allowed to move slowly down through
the reactor, for example in a reactor constructed
similar to that shown in Figure 3 which includes
baffles for slowing the flow of catalyst. In this
modification the reactor is not maintained full
of catalyst but rather the catalyst is allowed to
move slowly down from one bafle to another.
Thus, the reaction mixture when first introduced
contacts a maximum of catalyst at a minimum
inlet temperature. The inlet temperature is
chosen with respect to the particular catalyst and
reactants so that in the presence of the par-
ticular quantity of catalyst present in the lower
part of the reaction zone the reaction will be
initiated. As the reaction proceeds upwardly,
the temperature tends to increase due to the
exothermic nature of the reaction. This in-
crease in temperature causes an increase in re-
action rate which would soon cause the reaction
to.“run away” if the same amount of catalyst
were being contacted. However, in the practice
of this invention the amount of catalyst in the
reaction zone constantly decreases in the direc-
tion of flow of reactants and this decrease in
catalyst tends to off-set the effect, on the re-
action rate or extent of reaction, of the in-
creasing temperature just mentioned. While the
decrease in concentration of reactants in the di-
rection of flow of reactants tends to cause a
decrease in reaction rate, the heat liberated is
sufficient that the temperature can be allowed
to increase to such extent that the effect of
temperature on the reaction rate will more than
overcome the effect of decrease in concentration
of reactants. By contacting less and less cata~-
lyst’ as the reaction mixture nears the top of
the reactor the overbalancing effect of tempera-
ture is compensated for. As an example, the
inlet temperature may be 250° F. and the outlet
temperature at the top may range from 350° to
400° F. with catalyst of the usual activity.

If the reactor is maintained substantially full
of catalyst so that it moves downwardly there-
through as a moving bed thus dispensing with
the use of bafies, the activity of catalyst intro-

duced at the various points must be controlled 5

so that the activity in the upper portions of the
moving catalyst bed is less than the activity in
the lower portions. This can be done by partial
regeneration of the catalyst and blending of re-~
activated and unreactivated catalyst in varying
portions as described hereinbefore. In any man-
ner of operating, part or all of the unreactivated
or reactivated catalyst may be introduced into
the reaction zone at s temperature considerably
lower than the reaction temperature in order to
take up at least a part of the heat of reaction,
or this may be supplemented by or replaced by
indirect heat exchange means.

Another method of polymerizing olefins or
other unsaturated organic compounds is to. op-
erate as described above with reference to Figure
3, the temperature being maintained constant
or at least the temperature rise being greatly
limited- by use of indirect hesat exchange or
otherwise, but the heat exchange requirements
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in the various sections of the reaction zone being
equalized by virtue of the controlled introduc-
tion of catalyst as described.

Another conversion process in which the prin-
ciples of the invention are applicable is that
commonly known as the Fischer-Tropsch syn-
thesis, in which hydrogen and carbon monoxide
are reacted to form hydrocarbons suitable for use
as fuels. By control of ratios of reactants, tem-
beratures, contact times, and catalysts, the prod-
ucts may range from gases to solid waxes, and
from essentially hydrocarbons to essentially oxy-
genated hydrocarbon derivatives. The particular
brocess of this type of commercial interest at
the present time involves the reaction of a syn-
thesis gas containing about two mols of Ha to
one mol-of CO, in the presence of a cobalt or
iron catalyst, to form gasoline-boiling-range hy-
drocarbons, along with substantial amounts of
oxygen-containing aliphatic compounds includ-
ing =alcohols, aldehydes, ketones, acids, and
esters. The reaction is believed to involve a pre-
liminary formation of methylene, i. e, —CHg~—,
groups, several of which unite or polymerize to
form at least some of the reaction preducis, and
hence may be broadly thought of as involving
polymerization as well as other reactions. How-
ever, the over-all conversiocn has -characteristics
distinguishing it from other conversions. Ordi-
narily the temperature must be controlled with-
in very narrow limits to produce a given prod-
uct, and since the reaction is highly exothermic
this involves the removal of large quantities of
heat from the reaction zone. In some instances,
however, a limited temperature rise may be per-
mitted. Application of various principles of the
present invention as set forth hereinabove will be
apparent on consideration of the specific at-
tribues and requirements of the Fischer-Tropsch
type synthesis.

For example, the procedure Jjust described in
which olefins are polymerized in the vapor phase
in the presence of g granular catalyst moving
countercurrently to the reactants, the tempera-
ture being allowed to rise appreciably in the
direction of flow of reactants, may be used for
the synthesis reaction provided the temperature
rise is limited, by removal or absorption of some
heat of reaction, to a smaller figsure than that
allowable in the polymerization of olefins. Thus,
with a reduced iron oxide catalyst, a H2:CO ratio
of 2:1, and a reaction temperature in the neigh-~
borhood of 800° F',, the inlet temperature may be
575° P, and the outlet temperature 630° ., only
sufficient heat being removed by heat exchange
coils or tubes in or around the reactor or by
other known methods to establish a regular and
deliberate temperature rise; the catalyst in pellet
or even powdered form is passed into the verti-
cal reactor at a plurality of points and passed
downwardly through the reactor, removed from
the bottom, and returned, with or without re-
activation, to the inlet points again. The higher
the temperature the less catalyst contacted by re-
actants, with consequent advantages and results
as described hereinabove.

If desired, the procedure of Figure 3 may be
used for carrying out the Fischer-Tropsch syn-
thesis, whereby temperature is held constant by
removal of heat. catalyst and reactants flow con-

" currently, and the increasing amounts of catalyst

75

encountered along the line of flow overcome the
effect of the decreasing concentration of re-
actants. Likewise, heat removal and tempera-
ture - control ‘are made easier as desecribed by
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providing a niore nearly equal extent of reaction
throughout the various sections of the reactor.

The use of powdered reduced iron oxide cata-
1yst has proved to be of great advantage in this
reaction, and this catalyst may be suspended in
an upflowing gaseous reaction mixture, the sus-
pension being passed through vertical heat ex-
change tubes or contacted with other heat ex-
change means for removal of the heat of the
Fischer-Tropsch reaction. Additional catalyst is
introduced at a plurality of points along the
length of the reactor, and an advantageous
methed of constructing the ractor is to superim-
pose a series of vertical tube bundles, a space
being provided between each two bundles by
means of horizontal tube sheets into which space
catalyst is injected; the space also serves to
ensure re-mixing of reaction mixture and cata-
1yst at several points along the line of flow. With
or without the use of such heat exchange tubes,
the velocity of gas flow may be sufficiently low
to provide a so-called hindered settling of cata-
1yst, by which all catalyst is eventually carried
upward and out, but the average rate of flow
of catalyst is less than the rate of flow of gases,
thus increasing the density of the catalyst_sus-
pension. This is particularly desirable when the
catalyst, as in this case, is only slowly deacti-
vated.

Tn any of the foregoing methods of carrying
out the synthesis of organic compounds from
hydrogen and carbon oxides, the activity of
catalyst introduced at each point may be sepa-
rately controlled by any suitable means, includ-
ing the proportioning of unreactivated and re-
activated catalyst. Specifically, the procedure
of Figure 1 above may be utilized in any of the
concurrent flow methods in order to provide in-
creasing activity in the direction of flow to mini-
mize the decreasing extent of reaction - which
would otherwise occur because of the decrease
in concentration of reactants. This is particu-
larly desirable when per-pass conversions of 80
to 90 per cent or more are obtained, which is not
unusual for this reaction.

Another method of effecting a Fischer-Tropsch
synthesis reaction embodying certain principles
of my invention is illustrated in Pigure 4. In
that figure, reaction chamber 100 and reactiva-
tion chamber 181 are provided. Each contains a
plurality of horizontally disposed perforated
plates {182. Above each plate there is maintained
g, “fAuidized” bed 103 of powdered solid catalyst,
preferably reduced iron oxide promoted -with
alumina, potassia, and caleium oxide. Within
the reactor 189 five such beds are shown, plus a
bed in the bottom of the reactor which acts the
same way, but more or fewer may be used. The
Ho—CO synthesis: gas, including recycled tail
gas, is introduced at the bottom of reactor 198
through inlet conduit 104 and passes upward-
ly through a mass of powdered catalyst
maintained in fluidized condition in the con-
ical bottom of reactor {60 and thence up-
wardly through each of the perforated plates
{92 and fuidized beds of catalyst 183 to the
top of the reactor. The carbon monoxide
and hydrogen reacts in the presence of the
iron catalyst to form hydrocarbons and OXy-
genated chemicals.. A gas comprising these
products, any unreacted hydrogen and CO, and
any diluent gas, passes through one or more Cy-
clone separators 185 and thence through line
106 to conventional fractionation and related
equipment for recovery of products and recycle
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streams. Ordinarily 2 high recycle ratio of tail
gas, which is rich in hydrogen, to fresh feed gas
is used, for example a 4:1 recycle ratio. This
2ids fluidization of the catalyst particles, reduces
the quantity of exothermic heat which must be
removed in the reactor 169 itself, and minimizes
contraction in volume of the reacting gas.
Where necessary or desired, this volume may be
maintained in the upper portions of the reactor
by introducing additional quantities of tail gas or
diluent gas below one or more of the perforated
plates 102 in quantity sufficient to maintain the
space velocity throughout the reaction at such
values as to give proper fluidization of catalyst.
Heat of reaction is at least partly removed by
heat exchange means of any suitable type (not
shown) in reactor {00. It has been found that
introduction of feed gas at a temperature con-
siderably below the reaction temperature is un-
desirable, and accordingly it is preferable to in-
troduce gas through conduit {04 preheated to
approximately reaction temperature, and rely on
heat exchange coils embedded in the masses of
fluidized catalyst for removal of heat of reaction.
Catalyst introduced into each of fluidized beds
{83 as described hereinafter may also be cooled
prior to such introduction in order to take up
part of the heat of reaction. Preferably a sub-
stantially constant temperature is maintained
throughout the reactor.

The catalyst slowly becomes deactivated dur-
ing use. This deactivation is caused by several
factors, those which are pelieved at the present
time to be of most importance being the accumu-
lation of wax on the particles and the forma-
tion of carbon on the surface of and/or in ad-
mixture with catalyst particles. Catalyst is
withdrawn from the bottom of reactor 100 and
passed via conduib {01 into the top of reactivator
igi. A transport gas, preferably one rich in
hydrogen, enters conduit 107 from line 108 at
sufficient velocity to lift: the catalyst particles
through line {87 and carry them into the re-
activator 10i. The rate of catalyst withdrawal
from the reactor 180 is such that the catalyst
passed to the reactivator 101 has lost a con-
siderable amount of its initial activity. Ordi-
narily however, this catalyst still has some activ-
ity for the synthesis reaction. The catalyst
enters the uppermost fluidized bed 103 in reacti-
vator 181, and the particles in that bed overflow
through one of the dOWNCOMErs 109 into the nexb
lower fuidized bed 10i. This in turn overflows
through its downcomer into the bed below, and
50 on until the fluidized bed in the bottom of
reactivator 181 is reached. Into the bhottom,
which is preferably cone shaped as shown, the
reactivation gas is introduced from line 1i0.
This gas is ordinarily hydrogen of fairly high
purity, for example a hydrogen-methane mixture
containing at least 50 per cent hydrogen or a hy-
drogen-steam mixture contaihing not more than
5 per cent steam, which has been preheated to
temperatures of the order of 600 to 900° F.. The
reactivation gas, which also acts as a fluidizing
gas, flows through the bed maintained at the
bottom of reactivator 101 and upwardly through
each of the fluidized beds 103 and finally out
cyclone separator or separators 111 and conduit
i12.

In accordance with my invention reactivator
{01 is operated in a particular way so as to give
the most efficient utilization of reactivation gas
while at the same time supplying portions of
catalyst of varying levels of activity. The cat-
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alyst which is passed entirely through reactiva-
tor 101 has been maintained under reactivation
conditions for a maximum period of time, and
has also encountered during passage through
reactivator 181, increasing concentrations of hy-
drogen in the reactivation gas, finally contacting
the fresh gas introduced through conduit. $10.
This catalyst is withdrawn from the bottom of re-
activator {81 and passed via valved line 113 into
the uppermost fluidized bed {03 maintained in the
top of reactor #00. Less active catalyst, which
however has had most of its catalytic activity re-
stored, is withdrawn from the first fluidized bed
183 above the bed in the bottom of reactivator

181 and passed via valved line {14 into the next 1

to the top fluidized catalyst bed {02 maintained
in reactor {00. Similarly, catalyst of an inter-
mediate stage of activity is withdrawn from the
next higher bed in reactivator 181 and passed
via valved line (15 into the next lower bed in
reactor 100. In like manner, valved lines 115
and {17 are employed to withdraw less active
catalyst from the next to the top bed 103 in
reactivator (81 and introduce it into the next to
the bottom bed {03 in reactor 108, and withdraw
the least active but partially reactivated catalyst
from the highest fiuidized bed in reactivator
{01 and introduce it into the bottom bed of
reactor 100.

The reactivation gas is most efficiently used
by the procedure described, since it first con-
tacts in the bottom of reactivator ig! the most
nearly reactivated catalyst which needs the high-
est concentration of hydrogen, and subsequently

contacts catalyst which is more and more clearly

deactivated but which undergoes appreciable re-
activation even in the presence of the relatively
dilute hydrogen in the upper portions of reacti-
vator [0f. The dilution. of the: reactivation gas

is caused by liberation of hydrocarbons and other

materials from the catalyst which have been
occluded on the catalyst or which have been
formed during the reactivation reactions.

I prefer to introduce the reactivation gas into
the bottom of reactivator 10f st the maximum
desired reactivation temperature, for example
900° F., and allow its temperature to drop as it
passes upwardly through successive fuidized
catalyst beds, leaving the topmost bed at a tem-
perature approximating that of the entering cata-
lyst, say 600° F. Additional cooling in or between
beds o provide this decreasing temperature gradi-
ent may be employed. However, it is preferred
to adjust the relative fow rates of gas and cata-

lyst so as to achieve the gradient without any .

'separate cooling steps. This feature.of my in-
vention has several advantages. There is maxi-
mum heat economy and efficiency, as it is most
convenient to preheat the hydrogen-rich reacti-
vation gas rather than the solid catalyst particles.
The maximum temperature - is provided where
most needed, which is also the point of maximum
hydrogen concentration thus giving most efficient
reaction. The incoming catalyst in the top bed
of reactivation 10f is subjected to the lowest
reactivation temperature which avoids too fast
an action but which is quite adequate to effect the
first removal of occluded material from the
catalyst, probably more by volatilization than
by chemical action. As the catalyst passes down-
wardly it encounters the increased temperatures
and hydrogen concentrations required for the
succeeding stages of reactivation. Another ad-
vantage useful when eatalyst. is not veing cooled
prior to reintroduction into reactor {90 is that
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the hottest catalyst enters the top of the reactor
where its higher temperature is not nearly so ob-
Jjectionable as it would be in lower parts of the
reactor where the concentration of reactants is
higher.

Flow of catalyst through reactor {08 is similar
to that described above in reactivator 181 in that
each fluidized bed of catalyst overflows into the
next lower bed through a downcomer {05, The
synthesis gas entering the bottom of reactor 100
via line 104 first encounters the least active cata-~
lyst in the system. This avoids too complete a
reaction in the first portions of the reactor. As
the reaction mixture flows upwardly - through
the reactor 188 it encounters fuidized beds con-
taining more and more active catalyst. The
last or uppermost bed through which the reac-
tion mixture flows is the only one in which the
completely reactivated catalyst from the bottom
of reactivator 101 is encountered. By maintain-
ing the highest level of activity in the uppermost
fluidized bed, the conversion of carbon monoxide
can be driven to completion without unduly ex-
tended contact times. If all of the catalyst were
reactivated to the same level and introduced into
the top part and then allowed to flow downwardly
through the reactor, the synthesis reaction in the
lower portion of the reactor would be unduly
slowed down by virtue of the relative uniformity
of catalyst activity for all particles of the catalyst
mass. By operating as described, catalyst which
has just undergone some reactivation is made
available in each bed of the reactor. This admix-
ing of catalyst reactivated to an extent . chosen
in accordance with the location in the reactor,
and catalyst which has passed downwardly from
upper portions of the reactor, provides the most
eflicient catalyst mixture ‘for the reaction at
each level in the reactor. The exact mechanism
of reactivation is not fully understood, but the
catalyst withdrawn from intermediate points in
reactivator 101 is believed relatively free of highly
active particles of g nature of those passed from
the bottom of reactivator 181 via line 113 to the
top-most tray of reactor 00. Thus the method of
operating described is also superior to one in
which simple mixtures of unreactivated and com-~
pletely reactivated catalyst are used for introduc-
tion at various levels in the reactor. Highly active
catalyst, either new or prepared by a relatively
complete reactivation, give very undesirable re-
sults when contacted with fresh synthesis gas,
producing excessive amounts of light gases on
the one hand and heavy tars or carbonaceous
materials on the other hand, the catalyst itself be-
coming too rapidly deactivated and undergoing a
certain amount of permanent impairment of ac-
tivity. Further advantages of my procedure will
thus be seen. The most active catalyst encounters
only a highly diluted synthesis gas in the upper
portions of reactor {08, and the relatively high

‘activity of this catalyst is needed in order to

effect the final stages of conversion while mini-
mizing the undesirable effects on reactants and
catalyst just deseribed.

A certain damount of catalyst hecomes perma-
nently lost to the system as fines or otherwise,
and fresh make-up catalyst must therefore bhe
introduced. This introduction is ordinarily made
in a batchwise manner, since the new catalyst
is best prepared in relatively small batches and
introduced into the system fairly soon after its
reduction from the oxide to the active metal form.
I prefer not to prepare large quantities of the
active eatalyst for storage, since this is a pyro-
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phoric material and very dangerous to store. The
make-up catalyst is introduced, as described, via
line 118, only into the upper bed or beds of re-
actor (60 via valved lines {13 and/or 14, 1
sometimes prefer to introduce make-up catalyst
in the oxide form, thus allowing reduction in
situ in reactor 100 during the conversion, and
avoiding the necessary equipment and operation
required for separate reduction and the necessity
of storing reduced catalyst. By proper control
of the relative quantities of make-up iron oxide
promoted with the usual promoters and active
catalyst, the over-all composition of catalyst in
the uppermost beds of reactor {00 immediately
after the make-up iron oxide has been introduced
thereinto can be maintained at a value equivalent
to catalyst which is between 80 and 90 per cent
reduced. Operation with a catalyst mixture con-
taining iron oxide which mixture is less than 80
per cent, or more than 990 per cent, reduced to the
metallic form is in this way avoided, thus pre-
venting the undesirakle effects which are dis-
closed in the copending application of John Paul
Hogan, Serial No. 100,139, filed June 20, 1949.
The final reduction is gradually effected. in situ,
so. the over-active effects of new completely re-
duced make-up catalyst are not encountered.

As an alternative, I may introduce make-up
unreduced iron oxide in admixture with promo-
tors into the reactivation zone (31 (by means not
shown) and effect its reduction to active catalyst
from therein. This introduction is best made into
the bottem one or two beds in zone {01, in order
to take advantage of the higher temperatures I
normally maintain in those beds: the presence of
some not completely reduced make-up catalyst in
the catalyst streams passed to the reactor through
lines {13 and 114 is also advantageous in modify-
ing the over-all activity of those streams.

While the relative guantities of catalyst in the
various parts of reactor 108 and/or reactivator
i9i can be varied, T prefer that the quantity in
each bed in reactor {00 be essentially equal.
Similarly the various beds in reactivator {01 are
also preferably equal in volume to each other. It
will be clear that the quantity of catalyst passing
through the downcomers 109 in reactor 100 will
be ‘progressively greater in the downcomers
nearer the bottom of the reactor since they must
carry the overflow from higher beds as well as
material introduced into the particular bed itself;
however, beds of equal volume are ordinarily con-
trolled by the height of the top of the downcomer
above the perforated plate. Similarly, in reac-
tivator 101 the downcomers will carry a smaller
and smaller volume as the bottom of the reacti-
vator is approached since catalyst is being with-
drawn from each bed for passage to the reactor.
A certain amount of catalyst will be carried over
from one bed to the next higher bed by suspen-
sion in the upwardly flowing gases. Ordinarily,
the quantity so carried over will not be sufficiently
great to throw the system out of balance as suf-
ficient space is provided above the level of each
fluidized bed to allow reasonably satisfactory dis-
engagement of suspended particles from the
gases. However, any suitable means may be pro-
vided between the beds for further minimizing
catalyst carry-over if desired.

In the method of effecting the Fischer-Tropsch
synthesis described and shown in Figure 4, the
temperature is preferably maintained constant by
heat exchange, and the depressing effect on the
reaction rate normally caused by the decrease
in concentration of reactants in the direction of
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flow thereof is at least partially and preferably
completely overcome and compensated for by the
increasing catalytic activity provided in the
direction of flow of reactants. Various advan-
tages thus obtained are similar to those described
earlier in this application.

Another related process in which various fea-
tures of my invention may be employed to good
advantage is that known as the “Oxo” process.
In this process unsaturated organic compounds,
usually olefinic compounds, are reacted with a
mixture of hydrogen and carbon monoxide, pref-
erably having a H2:CO ratio of about 1:1, at
high pressures of the order of 1000-3000 p. s. i
and in liquid phase. Suitable temperatures vary
with reactants and products desired but are gen-
erally in the range of 250-300° F. for the first
stage and somewhat higher say 350° for the sec-
ond stage. A cobalt catalyst is ordinarily used,
though others, especially iron, are sometimes
applicable. The various modes of operation de-
scribed herein may be applied to this process
with suitable modification which will be apparent
from - consideration of the present disclosure.
The procedure described above with respect to
Pigure 3 is particularly suitable. When impure
heavy olefins are used as reactants in the Oxo
process, my invention provides great advantage
in giving clean catalyst surfaces throughout the
reaction zone by virtue of the multipoint intro-
duction of the catalyst. Products of the reaction
are largely aldehydes and alcohols, with perhaps
some ketones, in the first stage, and are usually
subjected to hydrogenation in a second stage for
more complete conversion into alcohols. In one
preferred modification, I introduce hydrogen
multipoint into at least the latter portions of
the reaction zone in order to increase the H2:CO
ratio. By this means aldehydes formed in the
first portion of the reactor are further hydro-
genated to alcohols in the latter portions of the
reactor, so that -alcohols, which are ordinarily
preferred, are obtained directly in a once-through
operation. This operation is illustrated in Fig-
ure 5 wherein a reactor 130 of any suitable type
for carrying out the Oxo process has introduced
into it at one end olefin reactant from line i32
and hydrogen plus carbon monoxide reactants
from line 134. Catalyst from line {36 is intro-
duced into reactor 130 at a plurality of points
via lines 138, 140, 142, {44 and 146 which are
exemplary of any deswed number of such lines,
while a hydrogen-rich gas from line 148 is intro-
duced multipoint into the latter portions of the
reaction zone as through lines 159, {52 and {84.
Total reaction mixture, including alcohols formed
as described above, issues from reactor 139 via
line §56. One desirable operation involves multi-
point addition of hydrogenation catalyst to the
second stage. This catalyst can be different
from, and preferably readily separable from by
virtue of particle size or otherwise, the catalyst
used for the initial reaction between olefins and
the Ha-CO gas. For instance nickel, or copper
chromate, may be used. They are not subject
to much carbonyl formation under the given con-
ditions as is the cobalt catalyst, hence a removal
of CO between stages, which is a common feature
of conventional operations, is obviated.

Various modes of operating have been disclosed
herein, along with the broad concepts involved,
so that one skilled in the art may, by suitable
simple modifications, apply the principles of my
invention to conform to the economic and prac-
tical considerations which will vary somewhat
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With each particular material treated. By fol-
lowing the teachings of my invention, the con-
tacting of catalysts with reactants may be so
exactly correlated with reaction conditions as to
give a well regulated operation not heretofore
taught. While I have disclosed certain specific
processes, with particular reference to petroleum
conversions, I do not wish o be limited to the
exact modifications described, but only by the
appended claims.

I claim;

1. A method of synthesizing aliphatic organic
‘compounds by reaction of hydrogen with carbon
monoxide, which comprises passing a gas com-
prising hydrogen and earbon monoxide upwardly
through seversl individual fluidized beds of pow-
dered synthesis catalyst maintained one above
the other in a reaction zone maintained at syn-
- thesis conditions, introducing reactivated cata-
Iyst into the uppermost of said beds, intreducing
catalyst reactivated to a lesser extent into the
next lower of said beds, and introducing into each
of the remainder of said beds catalyst activated
to successively lesser extents, the least activated
catalyst being introduced into the lowermost of
said beds, fiowing catalyst downwardly through
said several beds to mamtain & fixed height of
catalyst in each bed, withdrawing catalyst at
least partially deactivated from the lowermost of
said beds and passing same into the topmost of
several individual superimposed fiuidized beds in
2 reactivation zone, passing reactivation gas up-
wardly through said beds in said reactivation
zZone under conditions effecting reactivation of
said catalyst for said synthesis reaction, passing
catalyst downwardly through said several beds in
sald reactivation zone and withdrawing the
aforesaid most reactivated catalyst from the bot-
tom thereof for passage to the uppermost catalyst
bed in said synthesis reaction zone, as described,
and withdrawing catalyss from each of said beds
in the reaciivation zone for introduction into the
successive beds of said reaction zone, the more
reactivated catalyst withdrawn from lower beds
in said reactivation zone being introduced into
the upper beds of said reaction zone and the less
reactivated catalyst withdrawn from higher beds
of said reactivation zone being introduced into
successively lower catalyst beds in said reaction
Zone as described, whereby synthesis reaction
mixture passing upwardly through said reaction
Zone encounters successively more catalyst activ-
ity in the direction of flow,

2. A method according to claim 1 wherein an
essentially constant temperature is maintained
throughout said synthesis reaction zone, and the
quantity and activity of catalyst introduced into
each of said catalyst beds in said synthesis re-
action zone is separately controlied to provide an
essentially constant rate of reaction throughout
said zone despite the decreasing concentration of
reactants in the direction of Aow of synthesis gas.

3. A method according to claim 1 wherein 3
reduced iron oxide synthesis catalyst is employed.

4. A method according to claim 1 wherein a
metallic synthesis catalyst and s hydrogen-rich
reactivation gas are employed, said reactivation
gas is introduced into the bottom of said reactiva-

tion zone at a maximum reactivation tempera-.

ture, and a decreasing temperature gradient is
maintained in the direction of flow . thereof
through said zone. .

5, A method according to claim 1 wherein fresh
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make-up catalyst is introduced into the systeni
only into at least one of the two uppermost fluig-
ized beds of catalyst in said synthesis reaction
zone.

6. A method according to claim 5 wherein fresh
make-up catalyst is introduceg intermittently in
the form of unreduced iron oxide, and in such
quantities that the compesition of the bed into
which same is introduced corresponds, immedi-
ately after said introduction, to catalyst from 80
to 90 per cent reduced to the metallic form.

7. An improved method of reactivating metallic
synthesis catalyst employed for the synthesis of
aliphatic organiec compounds by reaction of hy-
drogen with carbon monoxide which comprises
maintaining g plurality of individual fluidized
beds of catalyst Superimposed one above the other
in g reactivation zone, passing hydrogen rich re-
activation gas upwardly through said individua]l
beds from the bottom to the top of said reactiva~
tion zZone at conditions effecting reactivation of
said catalyst for said synthesis reaction, intro-
ducing catalyst to be reactivated into the topmost
of said beds, flowing catalyst downwardly into
each bed from the next higher bed to maintain a
constant catalyst level in each bed, providing suf-
ficient residence time of catalyst within each bed
to effect some reactivation thereof and such that
catalyst withdrawn from the lowermost bed is the
most active, andg withdrawing catalyst from g
blurality of said beds each portion of withdrawn
catalyst being reactivated to g different extent
for introduction into a synthesis reaction.

8. A method aceording to claim 7 wherein a de-
creasing temperature gradient is maintained in
the direction of flow of reactivation gas whereby
catalyst entering the top of said reactivation zone
brogressively encounters higher temperatures and
higher hydrogen concentrations as it passes
downwardly through the successive beds in said
zone.

9. In the reaction of organic compounds con-
taining olefinic unsaturation with carbon mon-
oxide and hydrogen to form at least one material
selected from the group consisting of aldehydes
and alcohols, the improvement which comprises
effecting said reaction in the presence of a mobile
catalyst for the reaction, introducing said caia-
lyst into the reaction zone at a plurality of pointe
for flow through said zone, and introducing a hy-
drogen-rich gas into said reaction zone at a plu-
rality of points past the point of introduction of
reactants thereinto in such quantities as to pro-
vide sufficient hydrogen to effect conversion of
aldehydes to aleohols in the latter portion of the
reaction zone.

THOMAS B. HUDSON. -
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