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3 Claims.
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The present inventlon relates to the synthesis
of hydrocarbons from carbon oxides and hydro-
gen in the ‘presence of suitable catalysts. The
invention relates more particularly to a process
for obtaining high yields of normally liquid hy-
-drocarbons boiling within the gasoline and diesel

conjunctiop with the fluid solids type of oper--
ation ‘are the fouling and consequent inactiva-

" tion of ‘the catalyst by carbon deposition, and
- the tendency of catalyst particles to disintegrate,

b

~0il range and concomitantly retarding excessive

catalyst fouling and disintegration. _
The synthesis of hydrocarbons and other valu-
able products from gas miktures containing var-

‘10

ious proportions of hydrogen and carbon oxides, :

particularly carbon monoxide, both in fixed bed

as well as in dense phase fluid catalyst oper--

ation is well known in the art. The character

and quality of the 'synthesis product depends

largely on the temperatures, pressures, Hz:CO
ratios of the feed gas and the nature of the
catalyst used, the latter being usually an iron
group metal catalyst promoted with such pro-
moters as ‘various alkali metal compounds, rare
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earth metal oxides, magnesia, alumina, ete., in’

amounts of -about 0.5-10%. - Thus cobalt cat-
alysts promoted with thoria and/or magnesia

presumably as a result of the carbon formation
and deposition. Carbon deposition and catalyst
disintegration not only cut down product yield
but cause poor fluidization of the catalyst, ex-
cessive fines formation, agglomeration and con-
ditions requiring shut down of the plant.

It has heretofore been found that the tendency
for carbonaceous material to deposit on the cat-
alyst and for catalysts to dlsmtegrate may  be :
related to -certain operating variables. Thus it
is known that relatively fresh synthesis catalyst
tends to deposit carbon at a substantially higher:
rate than catalyst that has been resident in the '
system for a relatively longer period of time. ' It
is' also known that the carbon formation tend-
encies and characteristics of a catalyst can be
controlled and minimized to a considerable ex-
tent by 1ncreasmg the partial pressure of the

- hydrogen fed to the hydrocarbon synthesis zone.

have been. used at relatively low pressures of '

about 15-75 p. s. 1. . and relatively low tempera-
tures of about 350°-450° F, and high H2:CO ratio
of ‘2. or more to produce a substantially satu-
rated hydrocarbon material from which valuable

diesel fuels, lubricating oils, and waxes may be

obtained. ' Tron-type catalysts, usually promoted
with a suitable alkali metal compound, such as
carbonates, halides, etc., of potassium or sodium
may be used in combination with relatively high

30.

pressures up to 600-700 p. s. i.'g. and tempera- '

tures of 450°-~750° P, -and lower H2:CO ratios
generally not above 2, to produce predominantly
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unsaturated material from ‘which large propor- :

tions of high -octane motor fuels may be re-
covered.
While it has thus been possible to obtain: hlgh

40 .

octane motor fuels in good yields by this process, °

it has also been found that operations under

conditions . that - favor good yields "of useful

(i, e., Cq--0il) products are accompanied by ex-
cessive deposition -of carbon and carbonaceous

45

material upon the catalyst. This carbon dep-:

osition is a serious problem, particularly when
the catalytic operation is carried out by the
fluid catalyst technique, which latter because
of better heat distribution, transfer and con-
trol and because -of :the. more intimate mixing
and contact of the catalyst with the reactants,
is considered far superior to fixed bed processes
for effecting the catalytic synthesis -of hydro-
carbons.

AL

However, two problems that arise in
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Thus, typical experimental data have shown that,
at a hydrogen partial pressure of about 140 p. s. i.,
an iron synthesis catalyst, such as an alkali
metal promoted pyrites ash catalyst, will yield,
when it has an average age or residence time
under synthesis conditions of 0-75 hours, about
2.2 grams of carbon per m3(Hz+CO) consumed.
When the average catalyst age has increased to
75-400 hours, the carbon figure drops to about .
1.4. If the catalyst age for the same catalyst
averages 400+ hours, the rate of carbon forma-
tion drops to about 0.4 gram. Again, for a given
age catalyst, as it has been pointed out, the rate
of carbon formation decreases. with increase in
hydrogen partial pressure in the system. Thus,
at a catalyst age averaging 75-400 hours under
synthesis conditions and operating under hy-
drogen partial pressure of about 100 p. s. i. in.
the synthesis reactor, carbon was deposited at
the rate of about 3.2 grams per cubic meter of
H24-CO consumed. Operating at 180 p. s..i. re-
duced this figure to 0.9 gram, and at 240 p. s. i,
to about 0.6 gram. . :
Unfortunately, deswable as it is to keep car-
bon formation at a low rate it has been found
hitherto that, in general, these factors favoring
low rate of -carbon formation also.tend to keep

. down the yields of useful synthesis products and, -

. conversely,

those . operating - condltions which

- favor high yields of Cs-- hydrocarbons also favor-
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formation - of excessive amounts. of carbon.
Thus, as indicated, when the’ hydrogen partial.
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pressure in the synthesis feed gas is increased to,
say, about 200 psi., by raising the ratio of hydro-
gen in the feed, the selectivity to liquid hydro-
carbon of the gasoline range is generally low.
Similarly if, as a result of feeding fresh feed and
recycle tail gas, the ratio of hydrogen to the
total constituents of the gas feed, or
Ha/H2+CO--CO:2 ratio is low, the selectivity to
useful products is high, but the rate of carbon
formation also is excessive. Again, as has beemnr
pointed out, fresh catalyst is highly. reactive, bub
tends to form large quantities of carbon where-
as, under the same reaction conditions, aged

catalyst produces less carbon: but. also.. less”

Cs->- o0il. Again those hydrocarben. synthesis
catalysts that are active and give high yields of
Cs- products also form large-quantities-of: car-
bon, and those synthesis catalysts which deposit
low quantities of carbon under normal synthesis
conditions generally have a low selectivity to
useful. liquid synthesis products. -

It is; therefore, the principal object.of the pres-
ent ‘invention to provide: an: improved process

for: the conversion of CO.and:H: to- form: high .

yields. of normally liquid hydroearbon without
forming excessive-amounts-of carbon during the
conversion and without: excessive- iragmentation
of- the- catalyst.

Other and more; speclﬁc objects- and advan--
tages of the invention: will appear hereinafter.

It has now been found:that high yields of use-
ful synthesis products: unaccompanied-by. exces-
sive carbon formation. and: catalyst. disintegra~
tion may be obtained by operating: a- hydrocar-
bon synthesis: plant comprising twe synthesis. re-
action stages, using- a catalyst-of low activity in
the first reactor, followed by-a-eatalyst.of rela--
tively high activity in.the. secend reactor operat-

ing at substantially higher pressuxe than the. first .

reactor.

In accordance with: the--invention, a: catalyst.
of high mechanical. strength; but.-of relatwely low
activity at ordinarysynthesis temperatures, such
as severely sintered: red. iron. oxide, is employed
in the first stage-under known-synthesis condi-
tions, such as-650° F. and 400.p. s..1. g., synthesis
gas composition.of H2/CO.in the-ratio of about
1.0-1.7, and a- recycle/flesh feed ratio of: about
2/1.
converstion of about 10-80%..1s- obtained. Be--
cause of the low conversion.of the synthesis gas
the hydrogen partial pressure in.the.first stage
is comparatwely high, in' the neighborhood of.
145-175 p. s. i.,. thus further decreasing the.
tendency. for carbon formation. in: this zone, as
compared to carbon formation-tendencies at.the
normal. conversions. .of. 90-100%. which  obtain

with. active catalysts. Low activity  synthesis -

catalysts characteristically. form. negligible or
only slight. quantities of-carbon. in.the. course. of
the reaction and as'a.consequence,.disintegra-
tion of the catalyst is only very slicht. Further-
more, this low activity catalyst was. prepared by
sintering ' in.  hydrogen at temperatures .of
1550°-1650° F.,, a.procedure. which results in a.
catalyst which disintegrates much less readily
than more active catalysts sintered’at lower tem-
peratures ) .

The second. reaction stage contains a more ac-
tive catalyst; in order to: accomphsh a high over-
all’ conversion; alkali-metal promoted resintered
iron pyrites or ammoma synthe51s type catalysts
are suitable. Within the second stage reaction,
low: carbon formation rates are obtained without’
decreasmg select1v1t1es to useful 11qu1d hydro-
carbons by-increasing the hydrogen partial pres-

Under these condltlons, a . synthesis. gas..
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sure in the feed from the first reaction stage by
increase of the total pressure within the second
stage reactor. Thus by maintaining the hydro-
gen partial pressure of about 185 to 240 p. s. i. in
the second stage reactor but by increasing the
total pressure from the customary or normal
range of 350-450"p. s. i.'g. to the high pressure
range of 600-700 p. s. i. g., the low carbon for-
mation characteristics of high hydrogen partial
pressure operations are obtained even with an
active catalyst, but yields and selectivities to use-
ful: products- are not decreased as they normally
are under high hydrogen partial pressures.
Thus'in operating in-accordance with the present
invention, wherein a partial conversion of syn-
thesis gas is obtaihed in a primary ¢onversion
stage under conditions conductive to negligible
carbon formation and long catalyst life, and high
over-all conversion is obtained by contacting the
unconverted gases from the first stage with a
more-active catalyst.in.the: second. stage under
conditions: to give high yields. of useful products
and low quantities of earbon deposition; it is now -
possible:- to overcome:the catalyst disintegration.
problem associated with- the iron hydrocarbon
synthesis eatalyst. fluid: technique:

The present: invention and- its: application will
best be understood- from: the: more- detailed de-
scription hereinafter,- wherein reference will be
made to:the- accompanying. drawing which is a
schematic: illustration. of a:system. suitable for
carrying out: a: preferred. embadiment: of. the in-
vention. ) :

Referring -now to: the drawing, 2:represents. a.
reactor which is-preferably-in the form of a ver-
tical eylinder having a lower: conical. sectxon and
an- upper. expanded section. A synthesis feed
gas mixture: of hydrogen and carbon.manoxide
in the ratio of about. 1.0: to 2.0 mols Hz to 1 mol
CO is introduced into- reactor 2. through line 4
and flows upwardly- through a screen or- grid 6
to effect good gas-distribution:

Within -reactor 2 there: is: disposed a.mass of
relatively low activity: hydrocarbon synthesis
catalyst; such- as- KaCOs-promoted mill scale.or
Ka2COs-promoted red iron oxide severely sintered
at temperatures in the range:of 1550°-1750° F.
This high sintering temperature produces:a cat-
alyst of high- mechanical strength: and showing
a high resistance to- distintegration. This cat-
alyst is maintained:in the form of a. powder hav-
ing a particle size distribution such that less
than 20%: of the. particles have diameters 0-20
microns; and less:tHan 10% of the particles have
diameters larger:-than 80 microns. This catalyst,
which. is- preferably’ promoted” with an alkali
metal salt, such as: 0.5-1.5% K2CO3 may be sup-
fxliedl go: reactor 2 from-catalyst hopper 8 through
ine

The linear veloclty of’ the gases: to reactor 2
is' maintained w1th1n theapproximate range of
0.3 to 3.0 feet per second preferably between 0.5
to. 1.0 feet: per: second; Under these conditions
the catalyst in reactor 2 agsumes the: form of a

; dense, turbulent mass resembling a boﬂmg 11qu1d

with a ‘more or less WelI-deﬁned upper lever 12,
and. an apparent density of about 25't0'75 Ibs: .Jeu.
1t.- depending ‘upon' the ﬁuldlzatmn conditions,
the lower apparent den51ty bemg assocw,ted with
the higher velocities. ~The amount of” synthesis
gas supphed through line 4 is’ s0: controlled that
about 5 to 20 normal cubic-feet of H2+CO . enter .
reactor 2 per pound of" ca.talyst per hour..

Within reactor- 2 the total pressure-is adjusted

“to about: 350450 p:s; 1. g, with a recycle tail

4
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gas to fresh feed ratio of about 2 to 1. The reac-

tion temperature may be controlled by any con-
venient means, such as a cooling jacket or coil
(not shown) inside or outside reactor 2. The
temperature within the fluidized mass is kept
uniform at about 625° to 675° F., and under these
“-conditions a synthesis gas conversion of about
759 is obtained. At this relatively low conver-
sion level, a hydrogen partial pressure of about
-150-175 p. 5. i. obtaing in reactor 2.

When entering the enlarged section of reactor
2 the gas velocity is sufficiently decreased so
that the gases will no longer support any sub-
stantial quantity of catalyst, and most of-the
catalyst particles entrained in the upflowing
gases drop back into the fluidized mass. The
volatile reaction products and unreacted gases,
containing only small quantities of entrained
catalyst are passed through a gas-solids sep-
arator 14, such as one or more cyclones, filters,
etc. This removes all but traces of entrained
fines, and the fines thus removed may be re-
turned through line 16 to the ﬁu1d1zed bed in
reactor 2.

Product vapors and gases comprising  un-
reacted CO and Hz may be withdrawn through
line I8 and passed through cooler (I to high
- pressure- separator 13 wherein normally con-
densible hydrocarbons, oxygenated products,
and water condense and settle. These latter
may be removed via line {5 and sent to the
liquid products recovery system. Unreacted
synthesis gases comprising Hz and CO, and un-
condensed light hydrocarbons are withdrawn
overhead from separator (3 via line i1, a portion
recycled to reactor 2 via line 19 and recycle
pump 2{, and the balance passed to compressor
20, compressed to a pressure of about 650 p. s. 1. g.
and passed to the bottom of fluid reactor 24 via
line 22. 'The latter is essentially of similar de-
sign to reactor 2, but is operated under different
synthesis conditions. - Within reactor 24 there
is disposed a dense fluidized bed of an active hy-
drocarbon synthesis catalyst, such as ammonia
synthesis catalyst or resintered iron pyrites ash
preferably promoted with 0.5-1.5% Ka2COs, and
having essentially the same particle size distri-
bution as the catalyst in reactor 2. This catalyst
is admitted from hopper 26 via line 28. The
reaction conditions prevailing within reactor 24
are preferably a temperature in the range of
from about 650°-750° F., a pressure of aboub
550-750 p. s. 1. g., & synthesis gas feed rate of

“about 15-25 cubic feet/hour/pound catalyst, a
recycle rate of 2, linear velocity of about 0.7 to
3.0 feet per second Under these reaction con-
ditions, and in consequence of the 70 to 80%
conversion level of synthesis gas in reactor 2 the
hydrogen-partial pressure in reactor 24 is about
185-240 p. s. i., whereas the ' hydrogen - con-
centration in the feed gas to reactor 24, or
H2/H2-CO--COz2 ratio, is about 0.40. Thus in
the second reactive stage, by maintaining a rela-
tively high hydrogen partial pressure of about
185 to 240 p.'s. i., by increasing the total pressure
from the 400 p. s. i. g. level in reactor 2 to the
high pressure level of 600-700 p. s. i. g. in reactor
24, the low carbon formation characteristics of
high hydrogen partial pressures operation are
obtained, and yields and selectivities to useful
products are not decreased as they. normally
are under high hydrogen partial pressures.

As in the case of reactor 2, product vapors
and gases are passed upwardly through gas-
solids separator 28, then are withdrawn through
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line 32, cooler 34, and line 36 to6 separator 38,
where liquid products may be removed and
separated from the tail gas. Liquid products
may be withdrawn through line 49 for process-
ing by any method known in the arf, such as
distillation, extraction, catalytic reforming, etc.
Tail gas may be withdrawn overhead through
line 42 and he recycled to reactor 24 through
lines 44 and 46. - )

The invention admits of numerous modifica-
tions obvious to those skilled in the art. Instead
of employing two different species of catalysts
in the two stages, it may be desirable to use
only one kind of catalyst in the system, but at
different activity levels. Thus it has already been
disclosed that aged catalyst is less active than
relatively fresh catalyst and so it may be de-
sirable under certain conditions to maintain a
fluid bed of aged catalyst, such as red iron
oxide, in reactor 2 and a hed of relatively fresh
catalyst of the same species in reactor 24.

In accordance with the reaction condition dis-
closed, the feed from the first synthesis stage
is converted to the extent of about 80% in the
second synthesis zone, making an overall con-
version level of synthesis gas of about 95%. By
operating in accordance with ‘this invention, it
is now possible to employ a feed of relatively
low Ha/CO ratio, such as 1.5/1, which ordinarily
gives high yields of Cs«+ products but also de-
posits large quantities of carbon cn the catalyst,
and obtain good selectivity to useful products
without excessive carbon dep051t10n and conse-
quent catalyst fragmentation

The following illustrative data are included
in order to indicate operating conditions and
yields representative of this invention.

Ist Stage—
ngléerf;d %nf Stage—
2C0; Pro- mmonia
Catalyst moted Red | Synthesis
Tron Oxide Catalyst
Catalyst
Avg. Cat. Temp.,°F.._ ... ... 650 650
S.c. 1. h/lb. Cat (C+O free 10.0 20.0
Recycle Ratio.. _.....- 2.8 2.0
Fresh Feed H,/GO Rati: 1.1 1.4
Pressure, p. s. 1. g.. 400 650
Inlet Velocxty ft. /se .................. 0.4 1.0
Hy/H +(‘Og in total feed._ 0.40 0.236
H; Psrtrl Pressure, p. S. i . 148 191
H,+CO Conversion, vol. percent ...... 79.7 80.0 2(98.0)
Liguid . Yields, cc/m.? of Conv.
Hz-!-CO
C4+0 176 172
Cx+011+0x'v des in B0 Layel. 215 197
............................. 239 235
Carbop Formatmn gms./mn.3 of Conv
......................... 0.5 0.9
Ex1t Gas Composmon vol percent
H3, vol. percent .. 320.0 2.5
CO, vol. percent. .- 22.0 6.9
C03, vol. percent. 22.3 39.8
CH; vol. percent_. - 4.2 L
Co, vol. pereent .. .coooiil 1. 8.6 loeiaiait

1 Fused magnetite admixed vuth minor amounh of alumina and
potq%smm promoter, and reduced.:
Hy+CO conversion in second stago operation.of 90.0%
an overall Hg3+CO conversion of 98.0%.
3 Exit gas from stage 1 is fresh feed for stage 2.

% represents

The data in the first column are pilot plant
results obtained with a KzCO3 promoted red
iron oxide catalyst which had been sintered in
Hs at 1570° F. The low conversion of 79.7 volume
percent is typical of catalyst sintered at a very
high temperature. The Cs4 oil yield was 176
cc./m3 of converted Hz4CO. The carbon for-
mation was only 0.5 gm./m3 of converfed feed;
the carbon content of the catalyst was 6.1%
after 235 hours. The low carbon formation
is characteristic of this severely sintered catalyst
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and represents-about 50% of-the-carbon formar -

tion: that. would be predicted for a more active
catalyst produced by sintering at 1500° F. or
lower. After 235 hours of operation the 040
micron fraction of this catalyst increased from
10 to 17 weight percent and then to 20 weight
pereent-after 451 hours indicating good mechan-
ical strength. . :

If now the exit gas from the first stage is
passed to a second reactor containing ammonia
synthesis catalyst, a conversion of 90% is readily
obtained in this reactor because of the high
activity of this catalyst. In this way, a high
conversion of 98% on the-original synthesis gas
is obtained. By increasing operating pressure
to 650 p, s. i. g., carbon formation is main-
tained at a reasonable level (0.9 zm./m3 of
H2+-CO converted) in this “clean-up” reactor.
Since this reactor operates on tail gas irom the
first stage, the -size of the second high pressure
reactor is smaller than the 1st stage reactor (in
the order of ¥ the size).

As indicated above, in the two-stage operation,
by using the severely sintered catalyst in stage
one; carbon formation is roughly 50% of that
neormally obtained with active. catalyst. In the
second stage wherein synthesis operation is car-
ried out on the remaining 20% of the original
synihesis feed gas unconverted in the first stage,
carbon formation based on the feed to the sec-
ond stage is equivalent to that normally obtained
in high pressure. operation. However, since
only- 20% of the total feed gas is treated in
the sscond stage, and: since in the first stage,
wherein 809%. of the synthesis gas was converted,
only 80% of the usual carbon depcsition took
place, an over-all net decrease of about. 60% in
carbon formation is realized when operating in
accordance with the present invention.

It is to be understood that the term “active”
or “inactive’” catalyst refers to the activity of
a given catalyst under the synthesis condition,
such as temperature and pressure, prevailing in
the synthesis reaction zone.

While the foregoing description has served to
illustrate specific applications and results of the
invention, other modifications obvious to those
gkilled in the art are within its scope.

What is claimed is; :

1. An improved process for producing valuable
conversion products from CO and H: by a cata-
lytic synthesis reaction without excessive deposi-
tion of solid carbonaceous material in the course
of said synthesis which comprises contacting a
synthesis feed gas mixture containing H: and
CO in the ratio of about 1.0-1.5:1 at a tempera-
ture of about 650° to 700° F. with a dense, tur-
bulent mass of finely divided potassium salt pro-
moted iron hydrocarbon synthesis catalyst of rel-
atively low activity under the synthesis conditions
prevailing in said zone, maintaining a total pres-
sure of about 350-450 p. s. 1. g. within said zone,
maintaining a hydrogen partial pressure of about
156 to 175 p. s. i. within said zone, maintaining
a synthesis gas conversion level of about 70-80%
within said zone, withdrawing reaction products
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angd unreacted gases from sald zone and passing
unreacted carbon monoxide and hydrogen with-

drawn from said first zone to a second synthesis
zone, maintaining. g total pressure of. 600-750

p. 5. i. g. and a temperature level of frem about

650 ta about 700° F. in said second reaction zone,

maintaining a dense fluidized bed of iron type

potassium: promoted hydrocarhon synthesis cata~

lyst: of high activity unger the synthesis condi-

tions prevailing in said. second zone,; contacting

‘the reactants with said catalyst for a sufficient

period of time to attain the desired conversion,

and recovering a product containing substantial .
amounts. of hydrocarbons boiling in the gasoline
range from hoth reaction zones. -

2. The process of claim 1 wherein the feed rate
of said synthesis gas mixture to said primary
Zone:is ahout 10~-20 cubic feet per -pound of cata~
lyst per-hour. and the rate of feed gas to said
second reaction zone is about 20-30.cubic feeb
per pound catalyst per- hour.

3. An improved process for producing valuabie
conversiol products from CO and 2 by a cata-
lytic synthesis reaction without excessive deposi~
tion of carbonaceous material in the ccurse of
said -synthesis, which comprises contacting a
synthesis feed gas mixture containing Ha and
CO in the ratio of about 1.0:1.5 to 1 at a tem-
perature of about 650° to T700° P. with a dense
turbulent mass of finely divided potassiuin car-
bonate promoted - red iron oxide catalyst sinteved
al a temperature. above about 1550° F. in an
atmosphere of hydrogen, rqaintaining g total
pressure.of about 350 to 450 p. s. i, g. within said
zone, maintaining g hydrogen partial pressurs of
about 150 to 175 p. s. i. within said zone, main--
taining a synthesis gas conversion level of shoub
70 to 80% within said zone, withdrawing reaction
products and unreacted gases irom said zone
and passing unreacted CO.and Hy; withdrawn
from said first zone. to a second synthesis zone,
maintaining & total pressure of about 560 to 750
p. 8; 1. 8. and a temperature level of about 659 to
about 700° . in.said second reaction zone, main-

- taining- g dense fluidized bed of ammonia syn-

thesis catalyst in said second zone, coniacting
the reactants with said catalyst to attain a high
conversion level in said zone, and vecovering a
product containing substantial amounts of hy-
drocarbons hoiling in the gasolineg range from
both reaction zones.

CLINTON H. HOLDER.
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