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'-Tﬂe present invention relates to the gynthesls of
hydrocarﬁons_rrom carban sxides and hydrogen 1n the presence
of sultable catalysts. The inventlon relates more particularly
to a procesa for obtaining high yields of normally llquid
nydrocarbens boillng within the gasolline and dlesel oll range
and concomltantly retarding excesslve catalyst fouling and
dlsintegration.,

The eynthesls of hydrecarbong and other valuable
products from gas mixtures centalning various proportlons of
hydrogen and carbon exldes, particularly carben monoxlde, both
in fixed bed as well as in dense phase fluld catalyet operatlion
18 well ¥Known in the art. The charactér and quallty of the
synthesls product depends largely on the temperatures,
pressures, H,/CO ratios of the feed gus, and the nature of
the catalyst used, the latter being usually an iron group
metal catalyst promoted with such promoters as various
alkali metal compounds, rare earth metal oxides, magnesla,
alumina, etc., in amounts of about 0.5-10%. Thus cobalt
catalysts promated with thorila and/or magnesia have dbeen used
at relatively low pressures éf about 15-75 psig. and relatively
low temperatures of about 350-450°F. and high Hp/CO ratio of
2 or more to produce a subgtantially saturated nydrocarbon
material from which valuable diesel fuels, lubricating oils
and waxes may be obtained., Iron-type catalysts, usually
promoted with a sultable alkall metal compound, such ae
carbonates, halldes, etc. of potassium or sodlum may be used
in combination wlsh relatively high pressures, up te 600-700
paig. and femperatures of 450°-~750°F., and lower H,/CO ratios
generally not above 2, to produce predeominantly uneaturated

material from which large proportions of high octane motor
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fuels may be regovered.

Whnile 1t has thus been posslble Tto obtaln high cetane
motor fuels in good yields by this process, 1t has also been
tound that operations undér condltions that favor good
ylelds of useful (1.e. 04*011) products are accompanied by
exceasive deposition of carbon and carbonaceous materlal
upon the catalyst. Thls carbon deposltion 1ls a serious
problem, particularly when the catalytic operatlon is carried
out by the fluid catalyst technique, which latter, because of
better heat éistributlion, transfer and control and because
of the more inftimate mizxlng and contact of the catalyst with
the reactants, ie consldered far superlsr to fixed bed
procesaes Tor effecting the catalytlc synthesls of hydrocarbeng.
However, two problems that arise in conjunction with the
Tlulid solids type of operatlion are the fouling of the
catalyst by carbon deposltion, and the tendency df catalyst
particles to disintegrate, as a result of the carbon formation
and deposition. OCarbon deposition and catalyst disintegration
not only cut down product yleld through poor fluldlzation
of the catalyst, excessive flnes formatisn and agglomeratilon,
but may produce condltlons requiring shut down of the plant.

It has heretofore been found that the tendency for
carbonaceous material to deposlt on the catalyst and for
catalyets to dlsintegrate, may be related to the age of the
catalyst and to certaln operating varliables. Thus it 1s
known that relatlvely fresh synthesls catalyst tends to
deposlt carbon at a substantially higher rate than catalyst
that has heen resident in the system for a relat. ely
larger perlod of time. It 1a also known that the carbon

formation tendencles and characteristlcs of a catalyst can
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be controlled and minimized to a conslderable extent by
increasing the partlal pressure of the hydrogen fed to

the hydrocarbon synthesls zone. Thus, typical experl-
mental data have shown that, at a hydrogen partlal pressure
of about 150 psi., an lron synthesis catalyst, guch aa

an alkall metal promoted pyrites ash catalyst, will yield,
when 1t has an average age, or resldence time under synthesis
conditions af 50 hours, about 1.5 grams of oa.rbon/m3 Ho+C0
congumed. When the average catalyst age has lncreased to
200 hours the carbon figure drops to about 0.8. If the
catalyst age for the same catalyst averages 1000 hours,

the rate of carbon formation drope to about 0.4 grams.
Agaln, for a given age catalyst, as 1t has been pointed out,
the rate of carbon formatlion decreases wlth Inerease in
hydrogen partial pressure ln the syatem. Thus, at a
catalyst age averaging 50 hours under synthesils éonditiona,
and operating under a hydrogen partlal pressure of about
100 psl. in the synthesis reactor, carbon wag deposlted at
the rate of about 4.3 grams per cublc meter of H2+CO consumed.
Operating at 1B0 psil. reduced this figure to 1.0 grams, and
at 240 psil. to about 0.5 grams.

Unforsunately, desirable as it is to keep carbon
formation at a low rate it has been found hitherto, in
general, that those factors favoring low rate of carbon
formatlon also tend to keep down the ylelds of useful
synthesls products and, conversely, those operating conditions
which favor high yields of Cpt+ hydrocarbons also favor
formation of excesgslve amounts of carbon. Thus, ag Indicated,
when the hydrogen partial pressure in the synthesls feed gas

1g increased o, say above 200 psl., by raising the ratlo
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of hydrogen in the feed, the gelectivity to llquld hydrocarbonsg
of the gaszoiine range 1a generally low. Similarly, 1f asgs a
result of feedlng fresh feed and recycle tall gas, the

ratlo of hydrogen to the total water gas corsti;uents of the

gag feed, or Ho/H,+C0+C0, ratlo, is low, the selectlvity

to useful products 1s hlgh, but the rate of carbon formation
algo i excessive. Agaln, ue has been pointed out, fresh
catalyst 1g highly reactive, but tends ts form large quantlties
of zarbon whereas, under the same reactlon condltions, aged
catalyst produces less carbon but also less Cp+ oil. ‘

It 1sa, therefore, the principal object of the present
invention to provide an improved process for the converslon ;
of G0 and H, to form high ylelds of normally liquid hydro-
carbons wilthout forming excessive amounts of carbon during
the converslon and without execesslve fragmentatlon of the
catalyst.

Another object of the invention 18 to provide means
for increasing the flexlbtllity of this process with respect
to the increasing age of the catalayt.

Cther objects and advantages wlll appear herelnafter.

It has now been found that high ylelds of useful
synthesls products unaccompanled by excesslve carbon formation
and catalyst dlsintegratlon may be ob¥alned by operating a
hydrocarbon synthesis plant comprising a plurallty of

.8ynthesls reactors, in such a manner that the composition of

the Teed gas to each fluid catalyst synthesls reactor 18
advantageously adjusted to the average age of the catalyst
within sald reactor. Thls la accompllshed by operating a
plurallty of fluid synthesis reactors 1n parallel, each

reactor belng charged with catalyst of dlfferent average
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age, combining product and unreacted gases, and adjustlng the
recycle ratio of tall gas to fresh feed individually to

each reactor in such a manner that high Cp+ ylelds are
obtalned in each reactor without excessive carbon formation
and catalyst fragmentatlion, and malntalning the overail

recycle ratio for the plant substantially constant. It is

known that the total feed to the synthesis reactor, that le,
ﬁﬁhe combined fresh feed and reoycle strédam, becomes more

carbon formlng as the recycle ratio 18 ihcreased. This 1is

due to the decreaéq,in hydrogen'pdftial preassure in the
reactor resuliling from the 1ntaractlon of hydrogen present

Ain the fresh feed and in the tall gas with the carbon dloxide

,ggﬁmed in the synthesis reactor and recycled as a constltuent

of the tail gas and also to the 1ncreaéed dllution with methane
and other constituents of the ree& cle. gda*il As this recycle
ratio ia increased, therefore, the aeleeﬁivity to dealrable

hydrocarben ir the synthesle reactor alsq;increasee, due to

'thia'degrease 1n the partlal pressure »f hydrogen. and the

increase in the partlal pressure of carbdon dloxigde.

In accord&nce wlth this inventlon, therefore, a

"plurality of hydrocarbon synthesls reactors are operated with
_»qatgl;a; of increasing age atarting wlth relatively fresh

@talyst. The recycle to fresh feed ratio to each reaotor 1is

'so'adjusted with respect to the catalyst age thersin that

'maximum quantitles of 04+ hydrooarbona and minimum carbon
_.formation occurs in. each, as described more fully bselow.
'Thua to tne reactor containing the newest (i.e., most active)

'-.eatalyst the recycle to fresh feed ratio 1s lowest, in order

. to malntain a high hydrogen partial pregaure. Howeven,

because of the activity of such fresh catalyst, even under

this high hydrogen partial pressure, reagonably hi%h%ylelds

...... f.,‘
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of Op+% products are obtalned. On the other hand, the recycls/

. fregh feed ratls 1s highest to the moet aged catalyst, slnce

the carbon formatisn tendencies of the latter are low, and
therefore a low hydrogen partlal pressure or a low ratlo

of Hy/H,+C0+C0O, may be tolerated in such reactors wlthout
excessive carban formatlon. Such low ratloe have the hlghest
selectivities of Cy+ olls. The recycle ratlos to the inter-
mediate reactors are so scheduled that the overall recycle
ratio to the plant 1s constant. 3uch ratioc 1s usually
determined by the compressor capaclty of the system.

Having set forth the general nature;fadvantagés,
and objects of the invention, the latter w11l best be under-
stood from the more detalled descriptlon herelnafter, in
which reference will be made to the accompanying drawing
which 18 a dlagrammatic representhtion of a ‘syatem aultable
for carrying out a preferred embodiment of the invention.

Referring now in detall to the drawing, 10, 20, 30,

and 40 represent synthesls reactors preferably in the form

of vertical oylinders having lower conleal sections and upper

expanded sectlona. Freah rbad gaa mixture'comprising-H2 and

CO 1n the ratio of about 1.0 to 2.0 mols H, per mol CO 1a
fed, for example, at the rate of about 100 MMCF/day, through

11ne 50 and 1s lntroduced into reactors 10, 20, 30 and 40
: Egh lines 12, 22 32 and 42 reaspectively, and flowe

#ﬁﬁardly through screens or grids 1%, 24, .34 and &4 to

effect good gas distribution. Also introduced lnto the

'._syhthesis reactors is recycle gas, as described more fully

_4{ 36 

The reactors contain a Tinely dlvided lron group

':metal catalyst preferably an Aron-type catalyst having a
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particle size range of about 10-200 miorons, preferably
20-100 mlcrons. The catalyst 1s fluldized by the upflowing
gaalform reactants and reactlion producte to form a dense
highly turbulent mass, having a well-deflned upper level
and an apparent density of about 30-150 lbs./cu. ft.,
depending on fluldization conditions. Superficlal linear
gas velocltles of about 0.3 %o 1.5 feet per second are '
suitabie for proper tluidizatlon of the type of catalyst
employed which may be sintered reduced pyrites ash, or

ammonia aynthesia catalyst or the like, preferably promoted

with 0.5-1.5% K,C05. These linear velocities may be mailn-

tained at the same rate for each reactor, or they may be

_varied in accordance with the age of the catalyst as

detalled below.

| The catalyst is so arranged in the reactor that the
catalyst in reactors 10, 20, 30 and 40 have had an average

age or number of hours under synthesls coriditiona, for i
instance of 350, 1050, 1750 and 2450 hours respectively. ‘

Within the reactors the total pressure ls

Qﬁ? Qﬁjusted to about 250 tﬁ‘?so'pslg., and sultable temperatures

iﬁabout 550 to 750°F. are malntalned by any conventional P

“cooling means, such as coollng coils.

Gasiform reactlon products are withdrawn overhead

 3f?pﬁ‘the reactora through gas-solid separators, such aa

“#éiones 16, 26, 36, and 46, and through lines 18, 2B, 38
‘fd 48 reapectively, cooied in cooler 52, and passed through

line 54 to a liquid-gaa separator 56. Water and 0ll are

wlthdrawn downwardly from separator 56 through line 38 to ?j

. recovery means (not shown). .
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('1 ' Tail gas is pasced overhead from separator 56 through

line 60. It may, 1f desired, be pasged through caustic

‘scrubber 62, for adjustment of 1lts carbon dloxlde content,

.before being passed to recycle pump &4, or it may by-pass

vgerubber 62 and be passed directly to.pump 64, through by-pass
'_line 66. Also, Lf desired, a portlon of thse tail gas may be

removed from the system through line 68. From recycle pump

g4 the tall gas is pumped through line 70 say at the rate of

about 200 HHGF/day, to the reactors as recycle gas. Valves

72, 74, 76 ard 78 are so aﬁjustEd that the ratio of recycle ‘*”r

'to fresh feed 1s proportioned in accordance with the age of
the catalyet within the'respeetive reactors. Reaycle tail

'_gés enters the raspect;Qe réacﬁbr feed inlet lines through
1ines 80, 82, 84 and 86 respectively. Thua the tall gas,
whlch.maylhave a composition of Hz/CO/COZ bf'about 1.5:0.2:1
i1g recycled through line B0 to reactor 10 which contalins the
npgésf and most active catalyst inlyhe réfio of about 0 to 1 f '
pafﬁe recycle to 1 part fresh feed. This recycle ratlo not |

only seta for a given qﬁaﬁtity of catalyst the linear 1inle$ . §j~

velocity but also the ratio of Hp/Ro+C0,+C0 which may be
-here about 0.5-0.7, a relatlvely high value But which

preventa high rate’ ‘ot carbon deposltion within reactor 10.

"”“tna bther hand, valve 78 may be 8o adjusted that the

“ratto~of raoycle to treah‘teed.entering reaotor 40 through

linea 86 and 42 13 about 2 to 6 afferding a high superfiolal
| nlgt velocity in reactor 40 -and ‘an HZ/H2+00+COZ ratio in
e'reed gas ‘of 0.2 to 0.6, under which conditiona high
04+ aeleotlvltles are ravored. Intermediate reactors 20 and {£1:1} ﬂ
30 are provlded wlth raoycle/rresh fesd ratio of intermediate e

values, such as 0. 2 ‘to 3-.and 0.5 to 5, respectively. The o r;;__
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1 tofal overall recycle ratic to the plant, however, is
., -determined by the capuclty of recycle pump 64 and may

i

557 'be 0.3 %o 3.

.f“p‘*f. The inventlon admlte of numerous modlflcatlons

Lov -~

f’”fudbvlous to those skilled in the art. Thus Lt may be
v desirable to vary the temperature levels maintalned 1n the
reactors, wilth reactors containlng more aged catalysts
belng at higher temperature levels than those contalning
newer catalysts. Catalysts may be withdrawn from reactors
10 '10, 20, 30 and 40 as desired through limes 88, 90, 92 and
94, The reactors need not all be of the same volume, but 1%
may be advantageous for the reactors contalning the more
-‘fl aged catalysta to have larger volumes than the others, so
o that they may contailn more catalyst. In such case, the
reactor recelving the freah catalyst would always be the
o pmallest vessel and would operate at loweat recycle ratlo.
It may be desirable, depending upon the elrcumstances, to
carry out the operation by maintalning a glven conversion
level in each reactor, or to make the recycle to fresh feed
20 ad justment %o operate at a glven rate of carbon formatlon.
Also, ae catalyst ages to an exient that satlafactory
converslons, even at 'the high recycle ratios, are no longer
obtalned, 1t may be discarded or regenerated, and the oycle
continued by replacling the dlscarded catalyst wlith fresh
catalyst, and the recycle ratios readjusted all along the

~3ine accordingly, also, any number of reactors may be employed.

Thereforé, in accordance with the above invention
whereiln by meang of adjusting the recycle ratlos to =a
%+ 'plurallty of synthesis reactors in accordance with the

39' .age of the catalyst thereln, so that operatlon is maintalned
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within the reactoras at as low a hydrogen partlal pressure
ag is congistent wlth a reasonable amount of carbon formation,
a procsss has been described whereln good ylelds of valuable
gynthesls products are obtalned whlle unaccompanled by
excesslve carbon formation and fluld catalyst dlslintegration.
The invention may be further 1llustrated by the
Tollowing e¢xample
In a synthesis operation using an iron catalyst at
650°F, the composltion of the fresh feed (synthesis gas} and
the dry exlt gas used for recycle had the following

compositions 1n mol percent:

Fresh Feed (ay Recycle Gas
H 57.6 37.0
c§ 36.2 8.0
002 0.6 31.5

The plant was operated in such a manner that 2 1/2 parts of
exlt gas ﬁas recycled for every one part of fresh feed, giving
g mixed feed containlng 53% Hz. Inagmuch as the synthesls
gectlon was operated at 400 pslig. preasgure, the partlal :
presgure of Hz waag abou;mIBO pel. In a plant conelating of
four resctors containlng catalyst of varylng ages, 1T the
catalyst la used for a total of 2B00 hours before belng
dlacarded and the charging of the four reactors ls so
scheduled that one reactor la belng charged every 700 hours,
the arithmetlc average age of catalyst in the four reactoras
would be 350, 1050, 1750 and 2450 hours, respectively. In
order to adjust carbon rormatién and disintegration fendencles
to be esqual 1n each reactlon vessel and thereby -to hold the
overall carbon formatlon for a given overall yleld to a
min;mum, 1t 18 neceasary to operate wlth catalyst of the

above named ages at H2 partial pressures of 215, 191, 175

and 168 psl., respectively. In order to obtaln these H,
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partlal pressures wlth gases having the compositlons glven
above, 1t 1s necesasary to use recycle ratios to the faur
reactors of 0.4, 1.3, 3.0 and 5.0, respectively. The above
figures are recapltulated in the following tabulatlon.

Aleo included are other quantities to be mentloned below:

Average H% Partlal Recycle Gas.Vel.

Reactor Age Hrs. reasure Ratlos f£t./sec. Ho/Ho+CO+COo
A 350 215 0.4 0.35 0.57
B 1050 191 1.3 0.6 0.54
c 1750 175 3.0 1.0 0.52
D 2450 168 5.0 1.5 0.50

It the four reactors are of the same dlameter and the diamsterd
are gset to operate with a minlmum veloclty of 0.35 £4./aec.

in the "A" reaétor, 1t will be seen from the above tabulation
that 1f an equal quantity of fresh feed 1s fed 1o each

reactor the veloclty to the YDV reactor, having the highea%
gquantity of recycle gas, will be 1.5 rt/sec. It igs known 1in
the art that these two extremes, 0.35 and 1.5 f£t./sec., are
both within the workable range. The last column in the above
tabulation shows the fractlon of H, in the water gas
conssituents of the total, alxed feed gas. Thils ratlo

combined with the catalyst age 12 lmportant in £ixing the

gelectivity or yleld of heavier hydrocarbons per unit of gas

consumed. It will be seen that in the above operatlons thls
quantlty does not vary widely and that whers the dquantity ls
hilghest {conducive to loweat gelectlvity) the catalyst is
freshest and will therefore tend to compensate for the less
favorable gas composltion. Furthermore the compositlon most
conduclve to good selectivitles 1s fed to the catalyst having

the greatest age where excesslve carbon formatlon and wax

rformation commonly asscclated with feed gases low 1in Hz

content are least apt to ocour.

.
AT

-
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The embodiments of the invention in which an

exclusive property or privilege is claimed are definéd as
follows:

1. An improved process for producing high yields of
valuable conversion products from H2 and GO in a fluid
catalyst hydrocarbon syhthesis process without causing excess-
ive deposition of carbonacebus material which comprises
passing fresh synthesis gas in the ratio of about 1 to 2 mols
of hydrogen per mol of carbon monoxide simultaneously into
a plurality of hydrocarbon synthesis reaction zones, maintain-
ing in said zones dense fluidized bedsdof iron-type catalyst,
maintaining in said hydrocarbon synthesis zones, catalysts of
age such that the average catalyst age in any one zone differs
from that in any other zone and wherein the catalyst in one
of said zones is relatively fresh, maintaining a total

pressure in each of said zones in the range of about 250 to

750 pounds, withdrawing product comprising tall gases from

said zones, combining said tail gases, recycling at least

a portion of said tail gas separately to each of said synthesis
zones, the ratio of recycle tail gas to fresh feed to the
synthesis zone containing the freshest catalyst being substan-
tially lower than the ratioc of recycle tail gas to fresh feed
supplied to the syntheais zone containing the most aged
catalyst,'which huﬁrﬁamed ratio is also higher than the.ratio
of recycle to fresh feed fed to synthesis zones containing cat-
alyast of intermediate age, which ratios in turn are higher
than the recycle to fresh feed ratio to sald zone containing
the freshest synthesis catalyst, whereby the hydrogen partial
pressures and the Hp/Hp+CO#CO, ratios in each of sald zones is

maintained responsive to the catalyst age in said zone and

whereby high yields of valuable conversion products and low
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duantities of carbon within said respective synthesis zones
are formed,

2. The process of claim 1 wherein the total pressure

in each of said zones is about LOO p.s.i.g.

3. The process of claim 1 wherein the temperatures
maintained within said respective synthesis zones increases
with, and is a direct funtion of, the catalyst age.

L. The process of claim 1 wherein the recycle ratio
increases by steps as the catalyst ages.

5. The process of claim 1 wherein the overall ratio
of recycle tail gas to the fresh feed remains substantiall}j
constant.

6, The process of claim 1 wherein the ratio of
recycle to fresh feed to the synthesis zone containing the

newest catalyst is in the range of 0.2 to 1.0.

7« The process of claim 1 wherein the ratio of re-

cycle to fresh feed to the synthesis zone containing the most

" Jreos mer o

aged catalyst is in the range of 1.0 to 5.0, o

o ! {
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