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9 Claims,
1

This invention relates to the catalytic conver-

sion of carbon oxides with hydrogen to form
valuable synthetic products. The invention is
more particularly concerned with an improved
method of employing and reconditioning finely
divided catalysts having a high activity and se-
lectivity for the formation of normally liquid
hydrocarbons in the catalytic conversion of car-
bon monoxide with hydrogen employing the so-
called fluid solids technique.
" The synthetic production of liquid hydrocar~
bons from gas mixtures containing various pro-
portions of carbon monoxide and hydrogen is
already known and numerous catalysts, usually
containing an iron group metal, have been de-
scribed which are specifically active in promot-
ing the desired reactions at certain preferred
operating conditions. For example, cobalt sup-
ported on an inert carrier is used when rela-
tively low pressures (atmospheric to about 5 at-
mospheres) and low temperatures (about 375°-
425° P.) are applied in the manufacture of a sub-
stantially saturated hydrocarbon product while
at the higher temperatures (about 450°-750° ¥'.)
and higher pressures (about 5-25 atmospheres
and higher) required for the production of un-
saturated and branched-chain products of high
anti-knock value, iron-type catalysts are more
suitable.

In both cases, the reaction is strongly exo-
thermic and the utility of the catalyst declines
steadily in the course of the reaction due in part
at least to the deposition of non-volatile con-
version products such as carbon, paraffin wax,
and the like, on the catalyst.

The extremely exothermic character and high
temperature sensitivity of the synthesis reac-
tion and the relatively rapid catalyst deactiva-
tion have led, in recent years, to the application
of the so-called fluid solids technique wherein
the synthesis gas is contacted with a turbulent
bed of finely divided catalyst fluidized by the
gaseous reactants and products. This technique
rermits continuous catalyst replacement and
greatly improved heat dissipation and tempera-
ture control.

However, the adaptation of the hydrocarbon
synthesis to the fluid solids technique has en-
countered serious difficulties, particularly with
respect to catalyst deposits and their detrimental
effects on the fluidization characteristics and
mechanical strength of the catalyst.

As stated above, one of the most important
modifications of the hydrocarbon synthesis re-
quires the use of iron-type catalysts. These
catalysts are the outstanding representatives of
a group of catalysts which combine a high syn-

10
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thesizing activity and selectivity toward normally
liquid products with a strong tendency to car-
bonize during the synthesis reaction, that is, to
form fixed carbon or coke-like catalyst deposits
which cannot be readily removed by conven-
tional methods of synthesis catalyst regeneration
such as extraction, reduction, or the like, )

These carbon deposits, when allowed to accu-
mulate, weaken the catalyst structure which
leads to rapid catalyst disintegration, particu-
larly in fluig operation.. The reduction of the
true density of the catalyst resulting from its
high content of low-density carbon coupled with
the rapid distintegration of the catalyst particles
causes the fluidized catalyst bed to expand,
thereby reducing its concentration of catalyst
and ultimately resulting in the loss of the cata-
lyst bed because it becomes impossible to hold
the catalyst in a dense phase at otherwise simi-

20 lar fluidization conditions. With these changes

in fluid bed characteristics, the heat transfer

. from and throughout the bed decreases mark-
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edly, favoring further carbonization and accel-
erating the deterioration of the fluidity charac-
teristics of the bed.

Prior to the present invention, it has been
suggested to reduce the carbon content of the
catalyst of this type by withdrawing the car-
bonized material from the synthesis reactor and
subjecting it either to a destructive hydrogena-
tion treatment or to a combustion treatment
with free oxygen-containing gases to remove car-
bon either in the form of volatile hydrogenation
products or of carbon oxides. These treatments
have various disadvantages. Destructive hydro-
genation requires large amounts of expensive
high pressure hydrogen. Removal of the carbon
by combustion with free oxygen-containing gases
may either excessively oxidize the catalyst or
lead to undesired physical changes, such as ag-
glomeration due to sintering, ete. Also, the com-
bustion temperatures and oxygen requirements
are usually excessive if substantially complete
carbon removal is desired.

The present invention overcomes the afore-
mentioned difficulties and affords various addi-
tional advantages. These advantages, the nature
of the invention and the manner in which it is
carried out will be fully understood from the
following description thereof read with refer-
ence to the accompanying drawings.

In accordance with the present invention,
catalyst carbonized in the synthesis of hydro-
carbons from CO and Hz is subjected to an oxidiz-
ing treatment with an oxidizing gas at conditions
permitting substantially complete removal of
the carbonaceous deposit without undesirable ef-
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fects on the active catalyst component, par-
ticularly iron. It has been found that it is possi-
ble to effect the oxidation of coke with such
oxidizing gases as sair, oxygen, steam, carbon
dioxide or mixtures of these gases, without oxidiz-
ing the iron or even with an appreciable reduc-
tion of any iron oxide present in the catalyst.

The invention is based on the discovery that
the ultimate state of oxidation of the iron, coke
and hydrogen present in the system may be con-
trolled by a suitable control of pressure, tem-
perature and rate and composition of the oxidiz~
ing gas. The system may be operated at pres-
sures ranging from close to vacuum to 100 atmos-
pheres or more and temperatures varying from
about 800°-2000° F. provided temperatures,
pressures and gas feed are properly correlated.
However, relatively low pressures of, say, about
atmospheric and high temperatures of above
about 1300° F. generally favor the desired reac-
tions.

The reactions encountered in this process may
be summarized briefly as follows:

, C+02=COz M
‘ 2C+0:=2C0O @
FeO+Ha=—Fe+H:O 3
H;0+C=CO-+H; (4)
CO+H:0=CO2+Ha (5)
C0:+C=2CO0 - (6)

Y, FesOs+ Hi=¥%Fe H:0 M

At any given temperature and pi'wsure of the

Temperature, °F______ ... 1100 1200'| 1300 l pLyy]
Pcot-Pcog, Atm. ... . 0.132 § 0.42 | 1.32 | 6.14
8 PcoyPeo- - wmemmemeemeeeeeeeeeas 0.24 | 0.74 | 0.65 | 0.52
Mi Pco,IPcn _________________ 0.5 | 0.44 | 0.36 | 0.20
L0211 L0 1 4 1 FeO | FeO | FeO | FeO

At these conditions, the ratio Pco,/Pco is such

10 that the gas phase is just in equilibrium with

solid carbon and also with both Fe and FeO.
Practical operation will preferably be conducted
at a pressure sufficiently low so that the value of
Pco+Pco, is lower than indicated for the respec-

13 tive regeneration temperature given in the above

tabulation. Under these conditions, the ratio
Poo,/Pco may be taken from the tabulation at
the temperature chosen for operation in which
case the iron oxide will remain unaitered but the

20 carbon will tend to be removed. A lower ratio

may be chosen in which case some iron will be
reduced. The ratio, however, should not be lower
than required for coke oxidation. The minimum
" ratios which must be exceeded for coke oxidation

25 at an operating pressure such that Pco+Pco,

is, for example, 1 the value indicated are like-
wise given in the above tabulation.

The ratio of Pco,/Pco and the value of Poo+Poo,
attained, are functions of the relative rates of

30 oxidizing gas to coke and the operation of the

system, the ultimate results obtained depend -

on the total pressure of the carbon oxides and
the ratio of partial pressures of carbon dioxide
and carbon monoxide present. Whether or not
the iron is left unaffected, oxidized, or reduced
depends on the partial pressure ratio CO2/CO or
H2:O/Hz within the reacting atmosphere. The
fluid technique results in the gas composition
throughout the reactor tending to be essentially
the same as the exit gas composition. There are
different ratios of CO3/CO or H20/H2 at which
the state of the iron will not be affected. These
ratios are slightly dependent on the temperature
but independent of the pressure of the operation.
There also exists a certain ratio of carbon dioxide
to carbon monoxide partial pressures above which
carbon will be oxidized by the gas phase or
below which carbon will be deposited from the
gas phase. The ratio is dependent on both tem-

process is dependent on proper control of these
rates. Perfect control is not necessary, since con-
siderable latitude is possible while still maintain-
ing the desired conditions. For example, if at

35 1472° F. the combined carbon oxides partial pres-

sure is maintained at 6.14 atmospheres in the
reactor outlet, no reaction will occur on either
the iron or coke in the system providing the
CO3/CO ratio is held at 0.52. However, if at this

40 temperature the combined carbon oxides partial

pressure is raduced to 1 atmosphere and the -
CO2/CO ratio is maintained at 0.52, the iron will
not be affected while the coke will be oxidized.
In other words, at 1 atmosphere partial pressure
5 of the combined carbon oxides, if the CO:/CO
" ratio is permitted to go below 0.52 the iron will
be reduced while coke will continue to be oxi-
dized unless the COz2/CO ratio drops to 0.12 at
which point no change will occur in the coke.

50 ‘However, if the CO2/CO ratio is permitted to fall

perature and carbon oxides partial pressure.

Thus, at a given temperature and COz/CO ratio,
a decrease in the sum of partial pressures of the
carbon oxides allows for easier oxidation of car-
bon and vice versa. For a definite temperature
and CO:z/CO ratio there exists a definite partial
pressure of carbon monoxide above which carbon
will be deposited and below which carbon will be
oxidized.

The present invention is based on.the discovery
of the practical conditions which will permit the
treatment of the coked iron catalyst with an
oxidizing gas so as to remove the coke deposit
but lecave the iron unchanged, or even so as to
reduce the iron. In effect, the process of the
invention consists in an oxidation of the car-
bonaceous deposit with a predetermined quan-
tity of oxidizing gas under these conditions of
temperature and pressure so that the flue gas
formed will not burn iron.

The following - tabulation shows the partial
pressures of carbon monoxide plus carbon dioxide
below which our process can be made to operate
at different temperatures.

below 0.12, coke will tend to be deposited. At
1472° P, if the combined carbon oxides partial
pressure is allowed to rise above 6.14 atmospheres
and if the ratio of CO3/CO is permitted to rise
5 above 0.52 both the coke and the iron will tend
to change to the oxidized state.
Broadly, these relationships may be expressed

" by the following equations:
(1) e [—1 l7°+¢-l:43600 (1)
re -—%Ha\/ 1 +—;—m (2)
10 0

wherein r is the ratio of the partial pressure
of COz to that of CO, s is the sum of these par-
‘t'al pressures in atmospheres and tisthe tempera-
ture of operation in °F. For operation excluding

70 an oxidation of-iron during carbon removal, the

value of r should be equal to or less than that
given by Equation 1 but greater than that de-
fined by Equation 2. In using Equation 2, the
vtemperature t and the sum s must be selected
75 and any value of s which results in a value of r
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from Equation 2, lower than the value of r result-
ing from Equation 1, is satisfactory.
It may be desirable to reduce the oxygen con-

- tent of the iron catalyst without affecting its car~

bon content or even with an accompanying in-

-crease of its carbon content in the form of free

carbon. In these instances, r should be equal
to or lower than the value defined by Equation

2. Problems like this may occur in connection.

with synthesis reactions wherein little or no car-
bon is formed in the synthesis stage. In order to
oxidize the iron without burning carbon, the
value of r must be greater than that given by
Equation 1 and the value of s must be at least
equal to that given by Equation 2 for a value
of r greater than that given by Equation 1.

‘5

10

15

: 6
of the operation as well as the composition of
the coke to be burned in order adiabatically to
control the process. However, it may be stated
that the decarbonization of an iron catalyst
containing in the neighborhood of 15% of car-
bon and 1% of Hz, without affecting the state of
oxidation of the iron, may require about 0.03 1b.
mols of air and about 0.01 1b. mols of steam for
each pound of catalyst to be regenerated. 'The

-temperature in this modification of the process

may conveniently be controlled by regulating
air preheat, which is most readily accomplished
by heat exchange of the air with the exit re-
generator gases. The presence of steam, in ad-
dition to making the operation adiabatic, has the

- further advantage of diluting the carbon oxides

Similar results may be obtained when using .

steam as the oxidizing gas in place of free oxy-
gen or carbon dioxide. Instead of using the com-
bined partial pressures of carbon oxides and the
ratio of carbon dioxide to carbon monoxide as the

20

factors controlling the oxidation conditions, the -

reaction with steam may be governed in the di-
rection of carbon removal without iron oxidation
by controlling the steam quantity so as to estab-
lish the proper HaO/Hz ratio and the proper
partial pressure ratio

Pgo X Prs
Pazo

in the system. In this reaction, carbon oxides
will likewise be present in the gas phase and the
relationships outlined above also hold in the. case

A particular advantage in using steamiinstead
of free oxygen in the form of air is the fact that
the exit reactor gases are suitable for use-in. the
hydrocarbon synthesis process since they do not
contain nitrogen which would be present had air
been used as the oxidizing agent.

Free oxygen, carbon dioxide and steam have
been treated above as oxidizing gases substan-
tially equivalent for the purposes of the inven-
tion. . While this is true as far as the reaction
mechanism is concerned which determines the
degree of oxidation in the iron-iron oxide-car-
bon-carbon oxides-hydrogen-steam system, the
heat effects of the reactions involved are basi-
cally different. The oxidation with free oxygen
is strongly exothermie, those with carbon dioxide
and steam are endothermic. Oxidation with
free oxygen in the form of air, mixtures of air
with oxygen, or pure oxygen, requires, there-
fore, the provision of suitable heat withdrawal
means which may have the form of conventional
cooling equipment or of & preferably continuous
solids cycle from the combustion zone through a
cooling zone back to the combustion zone.
Oxidation with steam or carbon dioxide, on the
other hand, demands the addition of heat which
may be accomplished by installing a firetube
heating coil, or the like within the reactor so

‘that the reaction may be carried out at any de-

sired temperature.
However, it has been further found that the
process of the invention may be carried out sub-

. stantially adiabatically when suitable mixtures

of air and/or oxygen, steam and/or carbon di-
oxide are used as oxidizing gases under properly
controlled conditions.

For example, it is possible to control both tem-
perature and selectivity of coke oxidation and/or
iron oxidation by the use of proper mixtures of

~air and steam. The ratio of air to steam re-

quired depends on the temperature and pressure

25

30

in the system whereby it is possible to operate
the system at higher total pressure at a given
temperature than without the steam addition,
since the partial pressure of carbon oxides is re-
duced.

Adiabatic operation of the process may also be

-accomplished when using carbon dioxide as the

principal oxidizing gas, by the addition of free
oxygen, for instance in the form of air, to the’
system in quantities that depend on the quan-
tity and composition of the coke to be removed,
in a manner similar to that outlined in conne"-
tion with the use of steam.

Instead of adding air alone to the steam oxi-
dation system, mixtures of free oxygen, such as

* air, with gaseous or liquid hydrocarbons or hy-

- 40

60

drogen may be used in proportions adequate to
balance the heat requirements of the system, by
the exothermic combustion of the hydrocarbons
or hydrogen with the free oxygen added. This
modification is particularly beneficial when there
is insufficient coke on the carbonized catalyst to
supply the required heat for maintaining the
desired reactor temperature. Suitable propor-
tions are, for example, 8200 Ibs./hr. of iron,
11.29, of coke on iron, the coke containing 94.5%
C. and 5.5% Hz, a temperature of 1400° F., a
maximum pressure of 140 p. s. i. a. and a supply

5 of 26 1b. mols/hr. of CHs, 52 1b. mols/hr. of Oa,

and 81.9 Ib. mols/hr. of steam.

A similar procedure may be followed when car-
bon dioxide is used as the principal oxidizing
gas. Thus, it has been found that by charging
a mixture of methane and free oxygen contain-
ing gas, such as air, to the steam oxidation sys-
tem either internally or externally from the
coke-burning reactor it is possible to operate the
system adiabatically. In all cases, there will be
a definite ratio of carbon dioxide, free oxygen
and hydrocarbon required for adiabatic decar-
bonization, depending on the type of hydrocar-
bon used, the amount and composition of the
coke to be burned and the temperature a,nd pres-
sure of the operation.

Instead of using a hydrocarbon ag described

' above, hydrogen may be added to the system to

7%

render the operation adiabatic. It has been
found that this may be accomplished by charg-
ing a mixture of hydrogen and oxygen in a ratio
of about 2:1 along with the steam. The amount
of hydrogen required for this type of operation
again depends on the temperature and pressure
of the operation as well as the composition and
quantity of the coke to be burned. In general,
the oxygen is fed in a ratio such that it supplies
the heat requirement of the system and has the
same effect on the system as the steam which
it replaces. By way of examplze, operating condi-
tions suitable for this embodiment of the inven-
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tion may be given as follows: 83200 lbs./hr. of
catalyst expressed as iron, 11.2% of coke on fron,
the coke containing 94.5% C and 5.5% Hs, tem-
perature 1400° F., maximum pressure 189 p.s.1.s.,
supply of about 85.9 1b. mols/hr. of steam, 71.8
1b. mols/hr. of Ha and 36 1b. mols/hr. of Os.

It has been shown above that for every tem-
perature there is a definite combined carbon
oxides partial pressure above which, and a defl-
nite CO1/CO ratio below which it is not possible
to oxidize coke. Now, it has been further found
that the process may be operated at any pressure
desired for any given temperature when an inert
gas, such as nitrogen, is added to the system
in suitable amounts. In this manner, the total
pressure of the system may be raised without af-
fecting the ratio and relative partial pressures
of the carbon oxides. By the same means i{ be-
comes poasible to operate at lower temperatures,
if it is desired to operate at a definite pressure,
For example, when using pure oxygen, the maxi-
mum pressure may be, say, about 80 p, s. 1. a. to

produce 100 mols of inert-free outlet gas. By’

adding 100 mols of inerts such as nitrogen to the
gas feed, the process may be operated at a maxi-
mum pressure of 160 p. s. L. a. Thus, in this case,
the maximum allowable pressure is d.oubled by &
dilution of the active gas constituents with an
equivalent quantity of inerts.

It will be readily understood that this modifi-
cation of the invention has significant advantages

_ since it facilitates operation of the catalyst re-

generation system at the pressure of the synthe-
sis process and at temperatures more closely ap-
proaching those of the synthesis process. ’

Having set forth its objects and general na-

-10

15

physical disintegration so that fines in excessive
quantities will be formed. If this condition is not

-corrected, the density of-the catalyst phase will

drop rapidly and the entire catalyst will be even-
tually blown out of reactor §0.. The present in-
vention corrects this difficulty by subjecting the’
carbonized catalyst to a continuous regeneration
mrecenerator“atthecondlﬂomotthemven-
tion as will appear more clearly hereinafter.

By way of example, it is mmedth;tazoolbl.
per hour of catalyst (expressed as weight of pure
iron) containing 11.2% coke on iron is to be re-
generated without affecting the state of oxidation
of the iron. The coke contains 94.5% C, 5.5% H.
The carbonized catalyst is withdrawn downwardly
through a system of lock hoppers 12 wherein the

-pressure may be reduced to atmospheric at which

- the catalyst may be charged through line 1§ to

20

25

30
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ture, the invention will be best understood from -

the more detailed description hereinafter in which
reference will be made to the accompanying
drawings wherein:

PFigure I is a semi-diagrammatical vlew of &
system suitable for carrying out the regeneration
of iron-type synthesis catalyst in an exothermic

<0

or endothermic reaction in accordance with the -

present invention;

Figure II is a similar illustration of a system
suitable for the regeneration of the same catalyst
in an adiabatic operation; while-

Figure IITI {llustrates the case of indirect hea.tk

supply to the system.

Referring now in detail to Figure I, the system:

illustrated therein essentially comprises a syn-
thesis reactor 18 and a catalyst regenerator 30,
whose functions and cooperation will be rorth-
with explained.

In operation, synthesis reactor {0 contains a

4

60

regenerator 38 which may have a diameter of
about 10-12 ft. and a height of about 25-40 ft.
Alir is supplied by blower 17 through lines {9 and
21 to the bottom of regenerator 30 which it en-
ters through a distributing means, such as grid
13, at a velocity of about 0.5-5 ft. per second to
regenerate and convert the catalyst within regen-
erator 30 into a dense fluidized mass having an
upper level Lss. About 1,620 normal cu. f. of air
per minute is suitable for this purpose at the con-

.ditions indicated.

The regeneration reaction is exothermic and
about 3.5 million B. t. u, per hour must be re-
moved from the catalyst mass to maintain it at a
temperature of about 1400° P. At these condi-
tions, the combined carbon oxides partial pres-
sures equal 0.2¢ atmosphere and the ratio

Poo,

Poo
equals 0.58, and the iron will leave the regenera-
tor with the same oxygen concentration as it en~
ters the regenerator.

However, in order to assure a non-oxidizing
atmosphere with respect to iron throughout re-
generator 30, it is desirable to circulate flue gas
from the top of regenerator 38 to the regenera-
tor inlet. For this purpose, the flue gas leaving
level 1oo overhead may be passed through a con-
ventional gas-solids separation system 25 which
may include cyclones, precipitators and/or fil-
ters and from which separated catalyst fines may
be returned through line 27 to regenerator 30, or
discarded through line 28. The gas now substan-

-tially free of entrained. solids may be passed

55

dense, turbulent, fluidized mass of iron catalyst

such as sintered pyrites ash promoted with about
1.5% of potassium carbonate. Synthesis feed gas
containing about 0.8-3.0 volumes of Ha per volume
of CO s supplied from line { to reactor 18 at a
suitable synthesis pressure of 5-50 atmospheres,
preferably 20-40 atmospheres. The synthesis
temperature may be maintained between the ap-
proximate limits of 500°-800° F., preferably be-
tween about 550° and 700° F. by conventional
methods of heat removal (not shown). Detailsof
the operation of fluid synthesis reactors using
iron catalyst are well known and need not. be
further specified here. -

As stated before, carbon deposits form on the
catalyst in reactor 18 and in about 100 hours as
much as 50 lbs. of carbon may be deposited on
each 100 1bs. of catalyst. This will tend to dimin-

co

65

through line 31 and a cooling means such as a
waste heat exchanger 33 over a recycle blower 3§

“and line 37 back to air feed line 21. The propor-

tion of gas recycled through line 37 preferably
amounts to about 2-8 times the quantity of flue
gas produced in regenerator 39...  Excess flue gas
may be vented through line 39.

In accordance with a preferred embodiment of
the invention, the recycle gas is subjected to a
partial combustion in an auxiliary burner 40 by
the process air supplied through line 18, In this
manner, substantially all thé oxygen of the air
is converted to carbon oxides outside the regener-
ator, which facilitates the maintenance of the de-
sired oxidation conditions in regenerator 30 .so
as to avoid undesired oxidation of iron. As a
result of the high flue gas recycle ratio, all of the
oxygen in the air is converted into carbon oxides
and water vapor while still maintaining a desir-
able ratio of CO2:CO in the feed gas to regenerator
30. 8ince, in this case substantially no exother-

ish the actlvity of the catalyst and also cause its 75 mic reaction takes pla.ce in regenerator 38 itself,
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o cooling of the regenerator is required, the heat
needed to support the endothermic reaction in
regenerator 30 being generated in burner 40 which
is preferably operated at a temperature of about
1800° to 3000° F.

In this manner, the temperature of regenera-
tor 30 may be readily controlled. In cases re-
quiring heat removal from regenerator 38, any
additional heat withdrawal means such as cooling
coils or jackets (not shown) may be provided. . It
is preferred, however, to accomplish any neces-
sary additional cooling' by means of catalyst cir-

.culated from regenerator 30 through a cooling

means such as a waste heat exchanger 42 back
through line 21 to regenerator 30.

_Decarbonized catalyst is withdrawn downward-
ly through bottom drawoff line 45 and cooler 47
to be cooled to about 400°-600° F. and to be
passed via & lock hopper system 48 to synthesis
gas feed line I. The catalyst suspended in the
synthesis gas-is returned to synthesis reactor {0
for reuse.

The system illustrated by the drawing permits
of various modifications. For example, certain
iron catalysts tend to sinter under the above de-
scribed decarbonization conditions, which inter-
feres with a proper fluidization of the catalyst in
regenerator 30. In these cases, regenerator 30
may have the form of a rotary kiln to which the
oxidizing gas is charged. Iron oxidation may be
substantially eliminated by passing solids and
gases concurrently through the rotary kiln, be-
cause although iron may tend to be oxidized in
the feed portion of the kiln, the gas composition
in the remaining portion of the kiln is such as
will reduce any iron which may have been pre-
viously oxidized. Flue gas recycle substantially
as described above may be used to suppress iron
oxidation in the case of either concurrent or
countercurrent flow of catalyst and gases. Heat
may be removed by recycling a cooled portion of
the flue gases to the kiln.

The regeneration may also be carried out at
elevated pressures, if desired, particularly in the
presence of inert gases so that pressure reduction
on the catalyst flowing from the synthesis reactor
to the regenerator may be substantially mini-
mized. For example, at the conditions specified
above for the operation of the system of Figure I,
pressures up to about 222 Ibs, per sq. in. abs. may
be used. Operation at higher temperatures per-
mits the use of higher pressures. Either one or
both of the lock hopper systems {2 and 49 may
be replaced by standpipes or mechanieal con-
veyors, if the prevailing pressure conditions
permit.

As a result of the high temperatures employed
in the regeneration stage, substantial proportions
of the alkali metal promoter content of the cata-
lyst may be lost. This promoter may be advan-
tageously replaced at any point of the system
after the catalyst has been completely regener-
ated. For example, a suitable promoter solution
such as an aqueous solution of a potassium hy-
droxide, carbonate or halide may be injected
through line 51 into catalyst withdrawal pipe 45.
A conventional steam-separating zone (not
shown) may then be provided above line 5. Ad-
dition of the promoter at this or a similar point
rather than in the synthesis reactor is of ad-
vantage since the catalyst at this point is free of
oil and coke and the promoter may thus pene-
trate the eatalyst much more effectively than if it
is added to the catalyst in the synthesis reactor.

It may also be desirable to subject the regen-
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10
erated catalyst to a carbiding treatment prior to
its return to the synthesis stage. This may be
advantageously accomplished by contacting the
regenerated catalyst, preferably after reduction,
with CO-containing gases at relatively low CO-
partial pressures, of preferably less than 1 atm.
and temperatures of about 500°-800° F. Condi~
tions should be so controlled that the atmosphere
in contact with the catalyst is non-oxidizing with
respect to iron and its carbides and that about
20-50% of the iron is converted to iron carbides.

Other modifications will appear to those
skilled in the art without deviating from the
spirit of the invention.

Referring now to Figure II, the system illus-
trated therein is similar to that of Figure I, like
reference characters identifying like elements.
However, the regeneration of the catalyst is car-
ried out adiabatically in the case of Figure II, a
suitable mixture of free oxygen and steam being
used as the oxidizing gas.

The carbonized catalyst is transferred from
fluid synthesis reactor 10 to regenerator 30 sub-
stantially as described before. Air is fed by
blower 11 through line 2§ and mixed with steam
supplied through line 22. The air-steam mixture
enters the bottom of regenerator 30 through grid
23, in suitable proportions and in amounts suf-

ficient to maintain a regeneration temperature

of about 900° to 1500° F. without the addition or
withdrawal of heat and a flue gas composition
permitting substantially complete coke removal
without affecting the state of oxidation of the
iron.

For example, when 5,660 1bs. per hour of cata-
lyst expressed as iron containing 15.3% of car-
bon and 0.9% of hydrogen on iron is to be re-
generated, the air required for regeneration
amounts to 169.6 1b. mols per hour and the steam
needed to establish the desired heat balance
amounts to 53.3 1b. mols per hour.

The air may be preheated to about 200° to
1000° F. in heat exchange with flue gas flowing
through lines 31 and 37 and heat exhanger 33.
If desired, a portion of the flue gas from line 31
may be recycled to regenerator 30 substantially
as described above. The remainder may be
vented through line #1. Pressures up to about
210 lbs. per sq. in. abs. may be used at the con-
ditions specified above. However, higher pres-
sures may be used at higher temperatures., If
the temperatures attain or exceed the sintering
temperature of the catalyst, a rotary kiln may
replace fluid regenerator 30 substantially as de-
scribed in connection with Figure I. Return of
decarbonized catalyst and promoter restoration,
likewise, may take place in the manner pre-
viously described.

In the system of Figure III, steam alone is
used to remove the coke in an endothermic re-
action and heat must be supplied to regenerator
30. For this purpose, a bank of fire tube heating
coils §5 is arranged within regenerator 30 below
level Lao of the fluidized catalyst mass therein.
Steam is supplied through line 22. A combus-
tion mixture of air and gaseous, liquid or pow-
dered solid fuel is fed from lines 57 and 59, re-
spectively, through line 61 to coils 55 wherein
combustion takes place at a temperature of
about 1500° to 3000° F. to maintain the fluidized
catalyst bed at a suitable coke oxidation tem-
perature of about 1100°-1500° F.

The amount of steam supplied is so controiled
that conditions non-oxidizing with reference to
iron are maintained. Suitable operating condi-
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tions may be chosen, for example, as follows:
8200 lbs./hr. of catalyst as iron, 11.2% coke on
iron, the coke containing 94.5% C and 5.5% Ha,
supply of 157.7 1b. mols./hr. of steam, tempera-
ture 1400° F., maximum pressure 189 p. s, 1. a.
At these conditions, about 9,000,000 B. t. u. per
hour of heat must be:transferred through tubes
§5, which requires a supply of about 40 1b.
mols./hr. of methane and 380 1b. mols of air to

‘tubes 88 for heating.

All other steps are similar to those set forth
in connection with Figures I and II, like refer-
ence characters identifying like elements. The
system of Figure III may be used in a substan-
tially analogous manner when COz alone is em-
ployed as the oxidizing gas. When it is desired
to supply heat to regenerator 38 by burning a
hydrocarbon or hydrogen with free oxygen with-
in reactor 30, suitable mixtures of air with hy-
drogen and/or hydrocarbons may be supplied
through lines 2{ and/or 22 in any of the systems
illustrated in the drawing. Likewise, an inert
gas such as nitrogen may be supplied through
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these lines whenever high pressure operation or .

low temperature operation at a definite pressure
is desired.

If the oxygen content of the catalyst with-
drawn from regenerator 30 through line 48 in
any of the systems described is higher than
would be desirable for an efficient operation of
the hydrocarbon synthesis, the regenerated cata-
lyst may be subjected to a reducing treatment

with a reducing gas, preferably hydrogen, under”

i_:‘onventlonal conditions and, if desired, at tem-
peratures and pressures approximating those of
the hydrocarbon synthesis.

It may also be desirable to carry out the hy-
drocarbon synthesis in a plurality of fluid type
reactors through which the catalyst is passed in
series to withdraw catalyst of uniformly highest
carbon content rather than of average carbon
concentration from the last reactor and to re-
turn regenerated catalyst to the first reactor.
This method of operation, which is disclosed
and claimed as such in the copending Martin
and Mayer application, Serial No. 788,537, filed
of even date herewith and assigned to the same
interests, affords substantial savings in oxidiz-
ing gas and solids circulstton rate, as shown in
greater detail in said copending application.

While synthesis catalysts, such as iron-type
catalyst, have been specified by way of example
in the preceding description, it will be under-
stood by those skilled in the art that the process
of the invention may be applied in a substan-
tially analogous manner to the decarbonization
of other oxidizable materials which are asso-
ciated with carbon, such as other metals, for ex-
ample nickel, cobalt, molybdenum, manganese,
chromium, noble metals, etc. or their oxides,
without affecting their state of oxidation. Gen-
erally it may be stated that the process of the
invention may be successfully applied to car-
bonized metals or their oxides which stand in
about the same or a higher (nobler) position
than iron, in the electromotive series. The
nobler the metal the broader may be the range
of operative ratios of CO2/CO partial pressures
and the lower may be the operating tempera-
tures. '

Whiie the foregoing description and exemplary
operations have served to illustrate specific ap-
plications and results of the invention, other
modifications obvious to those skilled in the art
are within the scope of the invention. Only
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such limitations should be imposéd on the inven-
tion as are indicated in the appended claims.

We claim:

1. A method for removing carbonaceous depos-
its from an iron catalyst contaminated therewith
without substantially increasing the oxygen con-
tent of the iron, which comprises oxidizing the
contaminated catalyst in a decarbonization zone
in an atmosphere containing carbon oxides and
essentially no free Oz at a temperature above
about 1000° F. while correlating the partial pres-
sures of COz and CO with the temperature in such
a manner that r will not be greater than that de-
fined by the equation

1730
. 10[—1.170+t—_w10 (1
but greater than r as defined by the equation
r=—%+%\/1+———4'—m,—0 @ -
9. 25— ——
10 14460

wherein r is the ratio of the partial pressure of
COz to that of CO, s is the sum of these partial
pressures in atmospheres and t is said tempera-
ture in °F.

2. The process of claim 1 in which said atmos-
phere comprises steam.

3. The process of claim 1 in which free oxygen
and an extraneous combustible material are add-
ed to said combustion zone in amounts and pro-
portions adequate to supply by combustion of sald

" material the heat required by said oxidation re-
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action.

4. The process of claim 3 in which said ma-
terial is a hydrocarbon.

5. The process of claim 3 in which said ma-
terial is hydrogen.

6. The process of claim 1 in which an inert

.gas is added to said decarbonization zone.

7. The process of claim 1 in which gas pro-
duced in said decarbonization zone is recycled to
said decarbonization in a volume ratio greater
than 1 with reference to the net volume of gas
leaving the decarbonization zone.

8. The process of claim 7 in which said recycle
gas is partly burned prior to its return to said de-
carbonization zone.

9. The process of claim 1 in which a promoter
is added to the decarbonized catalyst.

HOMER Z. MARTIN.

IVAN MAYER.

CHARLES W. TYSON.
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