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1
SYNTHESIS GAS REACTION

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates generally to the catalytic reac-
tion between carben monoxide and bydrogen to form
hydrocarbons and more particularly concerns improve-
ments in such reaction based upon the vse of an im-
proved iron-containing active carbon catalyst in a
slurry phasc.

2. Description of the Irior Art

Iron-containing catalysts are often employed in the
rymthetic production of hydrocarbuns -from gas mix-
tures containing carbon monoxide and hydrogen, It is
highly desirable in such reactions to maximize the yield
of npsaturated and oxygenated products from which
chemicals and motor fuels with high octane ratings may
be recoversed. :

A promising class of catalyses for use in the synthesis
of hydrocarbons from carbon monoxide and hydrogen
are getive carbon compositions contzining a metal com-
ponent incorperated therein, It is known that the pres-
ence of metals in active carbon can greatly cnhance the
cfficiency and selectivity of the active carbon when it is
employed in catalytic, sorption, or filtering applica-
tions,

" However, attempts to incorporate metal compounds
into actlvated carbon by conveational physical impreg-
nation techniques have been problematical. One disad-
vantage with physical impregnation of activated carbon
with metal compounds is that the small pores ai the
surface of the aclive carbon particles are inaccessible to
liquid penatration and prevent penstration of the liquid,
metal-containing impregnating solutions, thereby en-
dering impossible uniform and thorough impregnation
of the carbon particles with metal. Furthermore, physi-

- cal impregnation of the active carbon causes partial
blacking of the pores of the carbon particles resulting in
an apprecisble reduction of the active surface area
thereof, In addition, it is not possible to contral to any
large extent the total quentity of the metal applied to the
active carbon particles by impregnation and its distribu-
tion ot and in the carbon particles, with the end result
that there is a substantial risk that the metal will erystal-
lize and agglomerate in an undesirable manner on the
carbon particles.

Haveral technigues have been proposed to overcome
the problems associatcd with impregnating active car-
bon with metsl compounds, For example, Dimitry, U8,
Pat. No. 3,886,093 discloses activated carbons having
uniformly distributed active metal sites and s method
for making such activated carbons. The method of Di-
mitry involves mixing an aqueous solution of a lgnin
salt with an aqueous sciution of & fransition metal sait to
precipitate the transition metal and lignin as a metal
lignate. The transition matal must be capable of forming

‘& chemical bond with the lignin and in 2o doing precipi-
tating the lignin from solution as a metal lignate, Di-
mitry discloses that the time required to complete the
precipitation is less than one hour and that usually 30
minntes is sufficlent for this purpose. According to
Dimitry, suitably the wet metal lignate pracipitate can
then be dried in a spray drier. Dimitry states that, al-
thaugh drying the metal lignate previpitate is not criti-
el to form an activated carbon product, drying is nec-
essary to form e high surface area end product. How-
_ever, Dimitry gives neither a general disclosure nor a
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spacific example of what it means by a “high surface
area for its end product. Dimitry states that the active
mmetal sites are uniformly distributed thronghout the
activated carbon end product and presents an eleciron
microgruph of an activated carbon end product magni-
fied 3,700 times. However, from this relatively low
magnification micrograph, the distribution of the active
metal sites in the activated carbon end product is not
readily apparent. .

Furthermore, Sircn, U.8. Pat. No. 4,242,226 states
that the nretal content in the active carbon which canbe
achievad by pyrolysis and activation of & metal lignate
precipitate is much 1oo low for the majority of fields of
use and that it is difficult using such technique to prede-
termine the properties of the reseliing metal-containing
active carbon end product owing to the substantially
undefined structure of the lignin. Siren discloses an
alternative techmique in which a cation of calcium, mag-
nestum, bartom, aluminum, capper or a transition metal
and an anionic group chemically bound {0 a polyhexose
derivative are caused to react in solution, and the result-
ing product is precipitated either spontancously or by

-adding a suitable precipitating agent, Siren discloses

that, after sepdrating the precipitate from soluticn, the
precipitate can, if desired, be dried, for example, by
spray drying. Thereafter the separated reaction product
is pyrolyzed and activated to form the activated carbon.
In the method of Siren, suitably the polyhexose deriva-
tive employed comprises an acid polyhexose derivative
and preferably the anionic groups of the polyhexzose
detivative comprise carboxylic acid groups, sulfonic
acid groups or phesphoric acid groups. Preferably the
polyhexose derivatives contain form 1 to 3 metal cations
per hexose unit.

Wennerberg et al, 11.5. Fat. No. 4,082,694 disclose a
process for making a high surface area active carbon by
first heating an agitated combination of selid potassium
hydroxide containing between 2 and 25 weight percent
water and a carbonaceous material comprising coal
coke, petroleum coke or a mixfure thereof below about
483° €,, then heating the resulting dehydrated product
at & temperature between 705" C, and 983° C. to thereby
form active carbon, and finally cocling the resulting
activated product and removing essentially all of the
inorganic material therefrom by water washing to form
the high surface ared active carbon end produet. The
resulting product is 2 high surface area aotive carbon
materiaf which has a cage-like structure exhibiting a
microporosity which contributes to aver 60 parcent of
its surface and which hes an affective BET surface arca
of greater than about 2500 squarc meters per gram and
a bulk density greater than about 0.25 gram per cubic
centimeter. Wennerberg ct al,, U.S. Pat. Nos, 3,042,657
and 3,817,974 and Wennerberg, U.S. Pat. No, 3,726,808
disclose retsted methods for making high surface area
active carbon products, :

More recently, in his copending patent application
Ser, No. 470,285 and copending patent application Ser.
No. 470,487, both filed on Feb. 28, 1983, and both of
which in thelr entiraty are specifically incorporated
herein by refercnce, Wennerberg discloses an sctive
carbon composition comprising a substantially uniform
dispersion of e metal or metal-containing material in a
porous carbon matrix, wherein the weight ratio of the
metal or metal-containing materisl to active carbon
matrix is from about 1:10000 to about 1:1, based on the
welght of the metal or metal-containing material, re-
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spectively, and having a cage-like siruciure and a BET
surface aren of at least 800 square meters per gram und
a bulk density of at least 0.1 gram per cubic centimeter,
and two suitable methods for preparing such metal-con-
taining active catbon compositions.

The preparation disclosed in- Wennerberg's copend-
ing patent application Ser. No. 470,285 comprises the
following steps: forming a uniform co-crystallite of a
precursor of the metal or metal-containing material and
of a carbon precursor, wherein the metal in the procur-
sor of the metal or of the metal-containing material is a
transition metal or a metal from Groups IITA, IVA or
VA of the Periodic Table of the Elements; forming a
uniform powdered mixture of the co-crystallite and
organic solids comprising an alkali metal hydroxide;
pyrolizing the powdered mixture in an inert atmosphere
. dt a temperature in the range of from about 400° C. to
ahout 980° C, to form the carbon matrix having the
metal or. metal-containing material substantially uni-
formly dispersed therein; and separating unreacted inor-
ganic material and inorganic reaction products other
than the dispersed mctal or metal-containing material
[rom the porous carbon matrix.

The method disclosed in Wennerberg’s copending
application Ser. No. 470,487 comprises the [ollowing
steps: forming & carbon precursor which coatains the
metal by the chemical reaction in selution of (1) a sola-
ble carbon precursor having at least one anionic group
chemically bound thereto and (23 a saluble cation of a
transition metal or metal from Groups [IIA, IVA or
VA of the Periodic Table or a soluble cationic complex
of such metal cation; precipitating and drying the metal-
comtaining carbon precursor; forming a uniform pow-
dered mixturc of the metai-containing carbon precursor
and inorganic solids comprising an alkali metal hydrox-
ide; pyrolyzing the powdered mixture in an inert atmo-
sphcre at a temperature in the range of from about 400°
C. to ahomt 980° C. (o form the carben matrix having
the metal or meial-containing material substantially
usiformly dispersed therein; and separating unrescicd
inorganic material and inorganic reaction produets,
other then the dispersed metal or metal-containing ma-
terial, from the catbon matrix to form the high surface
area, porous carbon mairix cnd prodoet.

The synthesis of hydrocarhons from carbon monox-
ide and hydrogen in a liquid phasc slurry containing a
catalyst has been performed in the past. Although it
permits very good cantrol of the reaction temperatures,
the use of a slurry of catalyst in a liquid phase for this
regelion generally has necessitated an additionul step
for the separation of the product from the catalyst and
the use of modest space velocities,

Thus far, no one has disclosed a metai-containing
active carbon catalyst for use in a liquid phase systemn
which affords impraved yields of light olefins and alco-
hols from the resction between carbon monoxide and
hydrogen, which minimizes the need for an additionul
step for the separation of product (tom the catalyst and
which permits the use of high space velocitiss.

OBJECTS OF THE INVENTION

It is therefore a general object of the present inven-
tion to provide an impraved method and catalyst for the
synihesis of hydrocarbons from carbon meonoxide and
hydrogen which meets the aforcmentioned require-
ments and solves the aforementioned prablems.

More particularly it is an object of the preseat inven-
tion to provide an improved aforesaid method and cata-
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lyst which afford improved vields of light olefins and
alechois. :

Another object of the present invention is to provide
an improved aforesaid method and ecatalyst which per-
mit the use of a liquid phasc containing a slurry of the
cutulyst which minimizes the need for an additional stcp
to separate the catalyst from {he product and which
permits the use of high space velocities.

An additional object of the present invention is to
provide an improved aforesaid method and catalyst
which minimize catalyst deactivation.

Other objects and advantages of the invention will
become apparent upon reading the following detailad
description and appended claims, and upon reference to
the accompanying drawings.

SUMMARY OF THE TNVENTION

These objects are achieved by an improved method
for converting carben monozide and hydrogen to hy-
drocarbons of high light olefin and alcoliol content,
comprisiitg: combining carbon monoxide and hydrogen
in synthesis proportions and under synthesis conditions
comprising temperatures in the range of from about
280° C. tg gbout 350° C. in a sluery in a lquid thet is
substantially sulfur-free inert under the synthesis condi-
tions, of an active carbon catalyst comprising a substan-
tially uniform disparsion of at least one of u chromium
component, an aluminum componcnt, a manganess
component Of a tungsten component in a porous carbon
matrix and ¢lemental iron either deposited thereon or
substantially uniformly dispersed therein, wherein the
concentration of active carbon in the calalyst is from
about 20 to about 90 weight pcrcent, based on tha
weight of the catalyst, wherein the concentration of
elemental iron in the catalysi is from about 5 to abont 50
weight percent, based on the weight of the catatyst, and
wherein the total concentration of the chromium com-
poneat, the aluminum component, the manganess com-
poncnt and the tunpgsten component ar a combinaticn
thereof is from about 5 to about 40 weight percent,
based on the weight of the catalyst and calculated as the
elemental metal or metais.

The present invention is also the catslyst cmmployed in
the aforesuid method,

BRIEF DESCRIPTION OF THE DRAWING

For a more complete nnderstanding of this invention,
reference should now be made to the embodiment itius-
trated in greater detaill in the accompanying drawing
and described below by way of examples ol (he inven-
tion. In the drawing:

FIG. 1 is a schematic illustration of one embodiment
of the method of this invention cmploying a stirred
shurry or metal-containing active carbon catalyst in &
slurry liguid.

It should be understood that the drawing is not to
scale and is schematic in nature. Tn certain instances,
details which are not necessary lor an understanding of
the presenl inveniion or which render other details
difficult to perceive may be omitted. It should be under-
stood, of cowrse, that the invention is not necessarily
limited to the particular embodiments illustrated herein,

DETAILED DESCRIFTION OF THE DRAWING
INCLUDING PREFERRED EMBODIMENTS

The improved metal-containing catalyst employed in
the methed of this invention periits substuntially im-
proved yields of light olellns—pnimarily, cthylene and
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propylene—and of light a]cohols——-pnmanly, ethenol

and propanol—from the reaction of carbon monoxide
-and kydrogen. The catalyst comprises active carbon at
a level of from about 20 to about 90, preferably from
about 30 to about 40, weight percent of the catalyst,
based on the weight of the catalyst. The catalyst com-
prises elemental iron at a level of from about 3 to about
30, preferably from about 15 to about 40 weight per-
cent, based on the weight of the catulyst. The catalyst
also compriscs a total concentration of the chromium
component, the aluminum compnonent, the manganese
component or the tungsten component or 2 combina-
tion thereof at a level of from about 5 to about 40 weight
percent, preferably from about 15 to ahout 35 weight
- percent, based on the weight of (he catatyst and calcn-
lated as the elemental metal ar metals, Each of the chro-
mium component, aluminum component, manganese
component and tungsten component can be in the form
of its respective elernentsa] metal or of 2 compound, for
" example, an oxide, of the respective meial. Optionally,
the catalyst additionally comprises a promoter for the
iron wherein the promoter comprises a potassium com-
© papent, a cesium component, & rubidinm component, a
zine component or 4 manganase component and is de-
posited on .the active carbon matrix. If present, the
promoter is at a leve! preferably from about 0.2 to about
“§ more preferahly from about 1 to about 3, weight per-
cent.of the: catalyst based on the weight of the catalyst
and calenlated as the metal oxide, Although the pro-
moter cae .be in the form of the elemental metal, its
oxide or a combination thereof, typically the potassinm,
- cesini, rubidium or zinc promoter is in the form of its

. oxide.

The selectivity of the aforesaid metal-containing ac-
tive carbon catalyst for the production of light olefins
and alcchols in the method of this invention, results
from the fact that at.least the chromium, aluminum,
- marnganese and fungsten components, and optionally

the elemental iron component, are substantially uni-

formly dispersed throughout the catalyst. In turm, in
order (o produce & catalyst having the aforesaid proper-
ties, it is critically important to empioy one of the meth-
ods digclosed by Wennerberg in his copending patent
application Ser. No, 470,285 and in his copendmg patent

application Ser. No. 470,487.

As employed in.the preparation of the catalyst used in
the method of the. present invention, the method of
Wennerherg disclosed.in copending patent application
Ser. Mo. 470,285 invotves forming a uniform co-crystai-
litc of a carbon precursor and of at least one precursor
of at least one of the chromium ¢cgmponent, the alumi-
num compenent, the manganess component and the
tanpsten component and optionally of elemental iron.

Suituble carbon precursors for use in such methad
incinde aromatic carboxylic acids, phenols, aromatio
amines and salis of any such materials. Preferably, metal
salts of the aforessid aromatic carboxylic acids and
.phenoels are employed as the aforesaid carbon precur-
SO15.

‘The aforesaid aromatic acid may be any eompound
having an acid radical directly or indirectly attached 1o
‘the benzene ring. The acid radical may be CQOH,
I'0s3H;, ete. Other functional groups miay be present
without deleterious effect. Aromatic curboxylic acids
are preferred and may be simple monocarboxylic acids,
such as benzoic acid, or polycarboxylic acids, such as
terephthalic, isophthalic, trimesic, and trimellitic, or

- polynuclear carboxylic acids, such as nuphthoic acid, or

[,
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polynuclear palycarboxylic acids, such as sulfur-free
coke acids, It is also contemplated that the zromatic
carboxylic acids may be derived from any suitable car-
bonaceous material which is subseguently oxidized to
form the carboxylic acid. The feod material may be
treated, when necessary or desired, to remove contami-
nants or undesirzble elements. For example, peiroleum
coke has w metal content, but oxidation of petroleum
coke with nitric acid serves the dual function of forming
coke ueid and removing metals. While sulfur-free - potro-
leum coke acid having any degree of oxidation is snit-
able in the aforesaid catalyst preparation, the preferrad
petroteum coke zeid is one having an elementaf oxygen
content of between abont 20 to 30 weight perceat.
Suitable precursors of Lhe chromium component, the
gluminum component, the manganese compoaent, the
tungsten component and the clemental iron component
for use in the formation of the co-erystallité in the cata-
lyst preparation, generally include salis or complexes of
chromium, aluminum, manganese, tungsten end iron
ions and more spevifically include, for example, aikali
metal dichromate, aluminate, permanganate and tung-
state salts, ferric salts and ferric phenolate complexes.
Amny technique can be employed to form ihe co-crys- -
tallite which affords uaiform co-cyrsiallization-—-that is,
simultanecus crystallization—of the carhon precursor
and the aforesaid matal precursor(s) and the formation
of & substantially uniform co-crystallite thereof. Homo-
peneity of the co-crystallite mixture is essential to the
ultimate formation of & uniform dispersion of the metal
components in high surface area active carbon. A
strongly preferred technique to form the uniform co-
crystallite of the carbon precursor and aforesaid metal
precursor(s) involves the formation of a stable solufion
of such precursors in & suitable solvent and spray drying
such solution to dryness. In such techmique, solvent
removal must be carried out rapidty enough to maxi-

_mize rapid, stmultaneous and komogeneous co-crystalli-

zation of the precursors from solution. Spray drying
provides the desired rapid evaporation to ensure rapid,
simultaneous ard uniform co-¢rysteflization and forma-
tion of a homogeneous co-crystallite of the precursors.

In a spray drying system which is suitable for use in
carrying out the spray drying step, a solution of the
curbon precursor and of the aforesaid metal precur-
sor(g) of the metal ar metal-containing materiz! is intro-
duced into a drying chamber through 2 nozzle, An inert
gas such as nitrogen or argon is introduced through a
nozzie assembly to assist in atomiziag the solution enter-
ing the drying chamber. A sccond larger volume of
preheated gas, such ag aic or jnert gas depending upon
tequirements to prevent oxidation, is intreduced into
the drying chamber in a cocorrent or countercurrent
manner, This preheated gas ireatment provides the
necessary high vapor capacity to effect rapid evapora-
tion of the solvent from the atomized droplets. The
resulting dry co-crystallite powder s cntrained in the
drying gas stream and separated trom the gas stzeam in
a sequence of appropriate cyclones. Effective solid gas
separation may be accomplished by two appropriate
cyclones in series. Water vapof laden gas is usvally
discharged in the atmosphere, and co-crystallile pow-
der passes downward in and from the cyclones for col-
lection.

In the spray drying technigue, it is of course essential
that stable solutions of the carbon precursor and metal
precursor(s) be emploved. Although it is preferred that
8 single solution containing dissolved carhon precursor
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and dissolved metal precursor(s) be employed, it is 2lso
suitable to employ separate solutions, for example, with
one containing the dissolved carbon precursor and the
other confaining the dissolved metal precursor(s).
When two such solutions arc employed, the two solu-
tions Are mixed upstream of the aforementioned nozzle
and aspirated togethér into the aforementioned drying
chamber. Although any convenient solvent can be am-
ployed, water is the preferred solvent.

in the spray drying technique, forms of eacl of the
carbon precursor and of the metal precursor(s) which
arc both soiuble in the solvent used or each soluble in
ane ar the other of the solvents used must he employed.
Variables whick can be controlled to effect Lthe neces-
sary solubility of the precursors in the same solvent or
of each precursor in 2 different solvent include the pH
of the soivents, the concentration of the precursors in
the selvents, and the forms in which the precursors are
introduced into the solvenis—for esample, the identity
of the salt(s) or complex{es} of the metal precursor(s).
Watcr soluble forms of the carbon precursor include
potassinm, sodinm, robidium and ammonivm salts of
aromatic carboxvlic acids and phenols in an’ alkaline
agteous sohution and aromatic amine hydrochlorides in
an acidic ugueous solution. Water soluble forms of the
metal precursors inclode, for example, alkali metal di-
chromate, aluminate, permanganate and tungstate salts,
ferri¢ nitrate, ferric ammontum citraie and ferric pheno-
late complexes.

o

5

20

23

In the altcrnative, as Empluved in the preparation of 30
the cafalyst used in the method of this invention, the °

method of Wennerberg disclossd in copending patent
application Ser. Na. 407,487 involves forming in solu-
tion a precipitate of a carbon precursor containing at
lzast onc precursor of at 'least one of the chromium
component, the aluminum compoenent, the manganese
componcnt, and the tungsten component and optionally
of alemental iron. In such case, the metal-containing
catbon precursor is. formed by chemical reaction of at
least one cation or cationic complex containing at least
one precursor of at least one of the chromium compo-
nent, the aluminum component, the mangancse compo-
nent, and the tungsien component and optionally of
elemental iron with an aniopic group on one of the
aforementioned suitable ‘carbon precursors, whercin
carbon precursor and the metal cation(s) er cationic
camplex(es) containing the metal precursor(s) are solu-
ble in the solvent employed for this reaction. Since
water is the preferred solvent, water-soluble metal cati-
ons or water-soluble” cationic complexes of the metal
precursor{(s) and water scluble carbon precursors are
preferred for use in the preparation of the catalyst em-
ployed in (he method of this invention. It is of course a
critical requirement of such technigue that the metal
cation or the cationic complex of the metal ion react
with the carbon precursor in solution so as to form a
chenmical bond with at least one anionic group on the
carbon precursor.

In such technigue, the carbon precursor and metal
_cation(s) or cationic complex(es) of the metal precur-
so7(s) are combined in the solvent employed and in the
proportions necessary to schicve the devired concentra-
tiom of metal or metal-contalning material in the final
product, Chemical reaction between the carbon precur-
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sur and the metal cation(s) or cationic complex{es) of 65

the metal precursor(s) either occurs spontaneausly or is
induced by adjustment of any convenient solution pa-
rameter, for example, the temperature or pH. Depend-

8

ing upon the particnlar carbon precursor usesd and the
particular metal cation(s} or cationic complex(es) of the
metal precursor(s) used, the reaction product therecf
either precipitates out spontaneously or is precipitated
by addition of a suitable precipitating agent or by ad-
justment of the temperature or pH of the solution, or is
dried to the desired dry substance content. The result-
ing precipitated reactiom product is then separated from
salution by filtration, centrifugation or the like and, if
desirad, washed to remove any excess meial sulf solu-
tion. The separated precipitate is then dried.

The co-crystallite powder or the dried precipitate
formed as described above Is then inlimately mixed with
the inorganic solids comprising an alkali metal hydrox-
fde. Preferably at lzast 25 weight percent of the inor-
ganic solids is the slkali metal hydroxide. Although not
intending to limit the scope of the present invention by
any theoretical explanation, the role of the alkeli metal
bydroxide in the formation of the matal-containing
active carbon is believed to oceur by reaction with the
carbon precursor during pyrolysis to thereby propapata
the formation of active carbon, The particle size of the
inorganic solids need only be sufficiently small to ensure
that the inorganic solids disperse well enough in the
aforesaid co-crysiallitc powder or dried precipitate that
an intimate mixture is formed. The weight ratio of alkali
metal hydroxide-to-co-crystailije or -to-dried precipi-
tate in the resulting mixture is from about 1:1 to about
5:1, preferably from about 2:1 o about 4:1 and more
preferably from about 2.5:1 to about 3.5:1.

Although a hydroxide of any metal of Group 1A of
the Periodic Table can be mixed with the co-crystallite
or dried precipitate, potassinm hydroxide is strongly
preferred. In addition to ifs ready availability and rela-
tive low cost, potassiom hydroxide iz advantageous
because it is highly soluble in water and its carboxylate
salts are highly soluble i water. The use of potassium
hydroxide also affords an active carbon end product
having a substantially higher surface arez than if an-
other alkali metal hydroxide is employed.

Preferably the alkali-metal hydroxide is hydrated,
The watcer of hydration serves to assist in lowering the
fuston temperature of the alkali metal hydroxide and in
producing a uniform melt of the co-crystallite or dried
precipitate and the alksli meizl hydroxide in the pyroly-
sis step before pyrolysis ocenrs, to therehy facilitats
mixing of the alkali metal hydroxide and co-crystallite
or dried precipitate before reaction occurs, Preferably
the zlkali metal hydroxide corntains from 2 ta 25 weight
percent of water of hydration.

The inorganic solids can comprise, in addmon to the
alkali metal hydroxide, an alkali metal salt such as an
alkali metal halide, carbonate, sulfate, phosphate, nitrate
or oxide, Preferably patassium i§ the alkali matal in the
alkeli metal halide, carbonate, sulfate, phosphate, ni-
trate, or oxide. In one variation, some or all of the afkali
metal salt is mixed with the carbon precursor and metal
precursox{(s) prior io or during formation of the co-crys-
tallite, for-example, in the spray drying step.

The intimate mizture of elther co-crystallite powder
or dried precipitate and inorganic solids is then pyro-
iyzed under an inert atmosphere such as nitrogen gas.
The pyrolysis temperature is selected to be high enough
to decompose the carbon precursor and less than the
graphitization temperature of carbon, that is, from
about 400° C. to about 980° C., preferably fram about
700° €. to about 9G0° C. The rate of temperature in-
crease 0 which the mixture of either co-crystallite or
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dried precipitate and inorganic solids is subjected in the
pyrolysis chamber is preferably at Jeast 35° C. per min-
véc and more preferably at least 300° C. per minute.
Such rates of temperature increases of at least several
fundred degroes centigrade per minute are readily at-
tainable with microwave heating. The nse of higher
rates at which the temperature of the mixture is reised
from ambient temperature to the final pyrolysis temper-
ature effectively neutralizes the tendency toward the
formation of separate phases as & result of differences in
the temperatures and rates at which the carbon precur-
sor and metal precursor(s) pyrolyze. Such phase separa-
tion is manifested by relatively larger crystal growth for
the metal component(s) dispersed in the active carbon
ang thus is detectable by a relative increase in the erys-
tallite size and by relative decreases in the vniformity of
dispersion of the metal component(s) and of the accessi-
ble surface area of the disperscd metal componeni(s).

In the pyrolysis step, the.precursor of the chromium
component, the aluminum compunent, the manganese
component or the tungsten component, is converted to
the chromium component, the sluminwm component,
the maganese component or- the tungsten component,
respectively; in addition, if a precursor of elemental iron
is present, it is converted to an iron-containing material,
for example, an iron oxide, in the pyrolysis step.

. Following the pyrolysis step, while stiil under z blan-
ket of inert gus, the pyrolysis chamber and its contents
are cooled and the powdered pyrolysis product is sus-
pended-in a svitable liquid, preferably water, in the
blanketed pyzalysis chamber and Lhen transferred as a
slurry to a receiver. The solvency of the slurry lignid
must be conirolled to ensure that the dispersed metal
component(s) does not dissolve in the slurry liguid. For
exemple, when substantially neutral water is employed
as the slurry lignid, the resulting slurry of the powdered
pyrolysis preduct is alkaline and has a pH of about 12.
* Under these conditions, if the chromimn or aluminum
component dispersed in the active carbon were in the
form of amphoteric chromin or alumine, it would dis-
solve in ths water and would thereby be removed from
the active carbon. Since it is necessary to pravent sohl-
bilization of the dispersed metal component{(s) in such
cases, the pH of the water would have to be reduced to
ubout 7.0-8.0 with z suitable acid solution such as acetic
acld, or vapor such as cerbon dioxide or acetic acid
vapor, before being used to rinse and shury the pow-
dered pyrolysis produoct.

The slurry is then filtered {o separate the powdered
pyrolysis product from the slurry liquid, Thereafter the
powdered product is purified by repeated washings
with a suitable solvent, preferably water, to remove the
alkali metal therefrom and yat to leave undissolved the
dispersed meta! component(s) ir solid form in the active
carbon matrix. When water is used as the wash solvent
and when the dispersed metal component is chromia or
aluming, the pH of the water should be from about 7.5
to about 2.5 to ensure dissolution of the alkali metal in
the water but to prevent dissolution of the dispersed
chromia or alumina. Since potassium salts are moze
soluble than the corresponding salts of the ether alkali

- metals, it is highly preferred that patassium is the alkali
metat in the alkeli metal hydroxide, in the dried precipi-
tate and in any alkali metal salt mixed with the co-crys-
tallite prior to the pyrolysis step to facilitate removal
thereof from the active carbon., Thereafter the pow-
dered product is dried using any conventional and suit-
able drying techuique,
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As indicated hereinabove, it is only optional that 2
precursor of elemental iran be employed in the prepara-
tion of the co-crystullite or precipitate in sofution lead-
ing to the formation of the active carbon. In the event
that a precursor of clemental iron is not used in the
preparation of the co-crystallite or precipitate in solu-
tion and the pyrolysis produet does not conlain an iron-
containing material, then after the active carbon is pro-
duced using the above-described procedure and then
dried, an iron sali is impregnated on the dry active
carbon using any convenicnt conventional impregna-
tion technique. As will e illustrated in the examples
hereinbelow, it has been found that the benefits aceru-
ing from the substantial wniform disteibution of the
chromivm component, aluminum component, manga-
nese component and tungsten component in the uctive
carban catalyst employed in the method of this inven-
tion are not adversely affected if an iror salt is deposited
on the active carbon after the active carbon is formed.

Since relatively large amounts of the iron salt are to
be deposited on the active carbon matrix ard since the
sofubility in water of mauy iron salts snitable for im-
pregnation is relatively low, it is oficn ncccssary to
perform the impregnation step and to dry the resuliing
jron salt~impregnated active carbon angd then to repest
the impregnation and drying sequence ontil the active
carbon has the desired iron content.

Thereafter, if desired, active carbon containing the
iron-containing material uniformly dispersed therein or
the iron salt deposited thereon can be impregnuted with
a salt of potassinm, cesium, rubidium, zinc or manpganese
using any convenient conventional impregnation tech-
nique and then dried. The resulting active carbop com-
position is then pround and sieved to the desired range
of particle sizes. :

Since the iron component of the active catalyst em-
ployed in the method of this invention is elemental iron,
the iron-containing material uniformly dispersed
throughout the active carbon and the iron salt deposited
on the active carbon must be reduced to clementsl iron,
The reduction can be effected by heating the iron-con-
taining active carbon at a temperature of from about
300° C. to about 400° C. in the prescrce of hydrogen.
The resulting active catalyst is stored under an inert
atmosphere such as argon until it is transferred to the
shorry in the reactor system for the practice of the
method of this invention. In the alternative, reduction
of the dispersad iron-containing material and of the
deposited iron salt could be effected in the shurry reae-
tor system of the method of this invention where the
active carbon containing the iron-containing material
dispersed therein or an irop salt depository therein is
contacted with hydrogen (and carbon monoxide) at a
temperature of from zbout 290° C. to about 350° C.

The metai-containing active carbon thus formed pref-
erably has a bulk density whick is preferably greater
than sbout 0.3 gram per cubic centimeter.

Although the crystallite size of the substantially uni.
formly dispersed metal componeni(s) depends on the
particular ntetal component(s) and the rate of increase
of temperature o which the mixture of co-crystallite or
previpitate powder and inorganic solid was subjected
during the pyrolysis step of the method of this inven-
tion, the average crystallite size of the dispersed metal
companent(s) is genesally in the range of from about 3
A to about 150 X.E

‘The metal.containing active carbon catalysts em-
ployed in the method of the present invention possess
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substantially improved resisfance to thermally or chem-
ically induced sintering or recrystaffization of the dis-
persed metal componeni(s) to form a dispersed metal
component(s) of relativaly larger crystailite size and
relatively lower effective surface urea. Upon exposure
to high temperatures, for cxample, 900° C. to 1150° C,
for 12 hours, or to certain chemical treatments, for
example, with 106 percent phosphoric acid for 65 hours
at 200" C., the crystals of dispersed metal component(s)
recrystallize to form larger crystals. :

The dried active carbon end preduct containing sle-
mcntal iron and at Jeast one of a chromivm component,
aluminum component, manganese component or tung-
sten component generally has a particle sice of sbout
109 microns and in that size range is suitable for use in
the slurry system employed in the practice of the
method of this invention. However, it may be desirable
in certain instances to further reduce the particle size of
the metal-containing active carbon catalyst. In such
cases, the active carbon catalyst can be milled by any
convenient method to small particle sizes. A major
advantage of the uniform distribution of metal com-
ponent(s) is that reduction of the particle size by milling
or attrition dnes not effect the distribution of the dis-
persed meta) componcnt(s} within the active carben or
on its exterior surface and hence of the availabilily or
accessibility of the dispersed metal component com-
ponent(s). In such case, it is preferred that not only the
chroptium, aluminum, manganese and tungsten compo-
ncnts, but also the elemental iron be uniformly dispersed
throughout the active carbon matrix,

The method of the present invention Is performed at
a temperature in the range of from about 290° C. to
about 350° C. with 2 hydrogen partial pressure in the
range of from about 3.5 to aboui 84 kilograms per
square cenlimeter, with a ratio of from ahout 1:1 to
about 6:1, preferably fram about 1.8:1 to about 51,
moles of hydrogen per mole of carbon monoxide, at a
space velocity of from about 0.132 to about 3,74, prefes-
ably from about 0.374 to about 2.42, standard liters of
carbon monoxide per hour per gram of catalyst and
with a slurry concentration of from about 5 1o about 50,
preferably from about 10 to about 30, weight percent of
catalyst in the slurry liquid, based on the weight of the
sturry.

The slurry liguid employed in the method of this
invention can suitably be any lguid which is substan-
tially sulfur-free and inert under the synthesis condi-
tions employed. A liquid that contains no more than 30
parts per miltion of sulfur is substantially sulfur-free for
present purposes. A liquid that does not boil, react or
interface with the performance of the catalyst is sub-
stantiaily inert in the present contest. In addition, pref-
erably the sturry liquid is organic and miscible with any
heavy liguid products formed under the synthesis con-
ditions which may remain in the slurry system. Typi-
cally the slurry liquid is a paraffin such as dodecane,
hexadecane, eicosane or g mixture of paraffins such as a
white oil,

‘The use of 2 sturry system in the method of this inven-
tion offers numerous advuntages. For example, The reac-
tion between carbon monoxide and hydrogen is highly
exothermic and requires that the generated heat bec
carried away. In the slurry system of this invention, the
heat capacity of the slurry Hguid Swilitatcs carrying
away the heat of resclion. In fact, the use of a liquid
slurry system in the method of the present invention
permits relatively higher reaction temperatures 1o be
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employed than in a gas phasc system and thns promotes
the formation of lower molecular weighl products at
the higher reaction ternperaturcs. A further benefir is
that the yield of higher boiling product which must be
separated from the catalyst is reduced to only a few
percent of the overall products.

Furthermeore, the shurry system permits the features
of the catalyst of this invention (o be fully cxploited in
the method of ihis invention, ‘The catalyst of this Inven-
tion has a relatively small particle size and a relatively
tow mechanical sirength and can be pelletized only
with difficulty. Thus, use of the catalyst of this inven-
tion In a packed or fluidized bed is often problematical.
However, the slorcy system readily permits the small
particle-size catalysts of this invention to be employed.
In turn, use of the small particle-size catalysi of this
invention shorlens the diffusion path of the reactants
mto the catalyst and thereby rednces Jiffusion resis-
tance limitations. Catelyst attrition i3 also areatly re-
duced in the slurry system. Furthermore, equipment
damage resulting from the circulation of solid particles
in a gas-solid stream is minimized by the use of the
sliery systern. ‘Lhe use of the small particle-size cata-
lysts of this invention also greatly facililaies mainte-
nance Of a uniform dispersion of the catalyst particles in
the slurry liquid.

A sluery system of any convenient conventinnal de-
sign can be employed. Designs which have been partic-
ularly suitable include a stirred reactor system and a
bubblc column reactor, A stirred slurry reactor that was
employed in Bxamples 16-30is iflustrated in FIG. 1 and
described hereinbelow in the discossion of Examples
16-30.

The present invention will be more clearly under-
stood from the following specific examples,

EXAMPLES 1-15 .

The following is the general procedore that was cm-
ployed in Examples 1-15 to make the catalysts which
were samployed in Examples 16-30.

Precursor salls of the active carbon and of the metal
component{s} to be dispersed thronghout the active
carbon were dissclved i an aqueons sélution. In each
case, terephthalic acid was employved as the precursar
of the-active carbon. KaCry0;, NaAlOz, KMoy and
NazW04,5H20 were emploved as the precursor salts of
the metal component(s) depending upon which metal
component(s} was 1o be uniformly dispersed through-
out the active carbon matriz. One equivalent of KOH
and twor equivalents of KaCO3 were also dissolved in
the agueous solution per cquivalent of terephthalic acid
to form the water-soluble potassium salt of terephthalic
acid. The resulting solution was spray dried in an clec-
trically heated, indirect fired spray dryer supplisad hy
Bowen Company in the manner described genernlly
hereinzbove using nitrogen as the aspirating, drying and
entrainment gas. This procedure resulted in a snbstan-
tially imiform co-crystallite of the carbon precursor and
precursor of the metal component{s).

The resulting powderad co-crystaflite was blended
with three equivalents of 90 pereent solid potassium
hydroxide containing 10 petcent water par aquivalent
of terephthalic acid in the co-crystailite, ander u dry
nitrogen blanket and vsing 2 Waring blender.

The resulting blend was then pyrolyzed under an
inert nitrogen blanket in = carbon steel pyrolysis tube
whick was rotated in an electrically heated, tnbular
furnace, The following temperature program and se-
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quence was typical. The pyrolysis tube and its contents
were heated to 371" C. where the temperature was held
constant for 1¢ minutes to allow the hydrated potassium
hydroxide to melt, mix well with the other components
of the blend and partially dchydrate. The temperature
of the tube contents was then raised 1o 399° C. and held
" at that temperature for five minutes, at which point
dehydration was complete. Thereafter heating was re-
sumed to raise the temperature of the tube’s contents to
538° C., at which point heating was stopped, the furnece
wus epened and nitrogen was blown on the tube for
approximately five minutes, This procedure served fo
‘permit the fube walls fo cool and solids in the tube to
fall or break away from the tube walis. The furnace was
then closed and heating was resurmed to raise the tem-
perature of the fube and its coutents to 645 C,, at which
point heating was discontinued, the furnace was opened
and nitrogen was blown onta the tube for about five
minutes, to again permit the tubc walls to cool and
solids in the tube to fall or break away from the tube
walls. The furnace was again closed und heating was
resumed to. raise the temperature of the tube and its
confents (0 a pyrolysis temperature between 543° C.
and 9534° C. where the temperatire was held constant
for about 12 howrs, Heating was then discontinved, sud
the fumace was opened slightly and nitrogen was
blown on the tube until its bright red color faded.
Thercafter the furnace was opened compietely, and the
tube was kept under a blanket of nitrogen until it had
cooled to a temperature at which it could be handled,

At'this point, while still under the continuons blankst
of nitrogen, the pyrolysis product was suspended in
water and transferred as a shorry from the pyrolysis
tobe, Beparation and purification of the powdered py-
rolysis product from the slurry was accomplished by
filtration followed by repeated washing with water to
cxiract and remove all solubie inorganic material othar

- than the metal component(s) dispersed in the active

. carbon matrix. When the dispersed metal component
was AlO3 or W03, and when sobstantially nevtral
. water is cmployed as the slorry liguid, the resulting
slurry of the powdered . pyrolysis product would be
alkaline und have a pH of about 12. Under these condi-
tions, the AlpO3 or Ws dispersad in the active carbon
mairix is amphoteric and would dissolve in the water
and would thereby be removed from ihe active carbon
matrix. Consequently, in such instances, it was neces-
sary to lower the pH of ibe slurry und wash water to
7.3-8.3 to ensure that the dispersed Alz03 and WO; did
nat dissolve in the sturry and wash water. Thereafter, in
ell cases, the final, washed and filtered pyrolysis prod-
uct was deied. ]

It two cases, ihe solution that was spray dried addi-
tionally contained ferric ammoninm citrate, a precursor
of iron, and conseguently un iron component was al-
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ready present and was uniformly dispersed in the dried, .

filtared pyrolysis product. However, in all other cases,
the iron component was not present in the pyrolysis
" product but was subsequently deposited thereon by
. impregnation of the pyrolysis product with a nearly
saturated aqucous solution of ferric nitratc, and the
‘impregnated active carbon was then dried. Becanse of
the limited solubility of such izon salts in wiéter, re-
- peated impregnation $tcps were ncccssary in order to
build up the desired concentration of iron in the active
carbon. Consequently, incorporation of the iron sait
into the active carbon support was accomplished by
repeating the sequence of (1) impregnation of the sep-

60

65

4,478,954

14
port to the point of incipient wetness and (2} drying,
until the metal-containing active carbon contained the
desired concentration of iron.

Thereaftcr, the dricd active carbon either having an
iron salt deposited therean or having an iron-containing
material uniformly dispersed therein was impregnated
with a potassium component by contacting the active
carbon with u concentrated agueous solution of potas-
sium carbonate and then drying.

The resulting product had an average particle size of
about 73 microns and was charped to a Vycor reactor
tube equipped with an internal heliwal flight to ersure
effective tumbling and exposure during rotation. The
tube and its contents were placed in the cavity of a
tubular furnace, supported for free rotation therein and
connected to 2 gas supply. While purging the tube with
argon, the temperature of the tube and its contents was
raised to 449° C, and held at that termperaturc for 20
minutes to convert any iroa salt to iron oxide. Thereaf-
ter, while stil under the argon blanket, the tube and its
contenis were cooled to 260° C., at which point the
argon flowing throvgh the tube was replaced with hy-
drogen, and the tube and its contents were heated to
371" C. Reduetion of the jron salts with hydrogen was
complcte aftcr 16~18 hours of hydrogen treatment at
about 371° C. The tube and its contents were then
cooled to 260° ., ai which point the hydrogen flowing
through the tobe was replacad with argon, and the
system was allowad to cool to room temperature. Whilc
still under an argon blanket, the catalyst was transferred
to & receiver vessel,

The following modifications of the aforesaid general
procedure were employed. Example 1 is a comparative
example in which the chromium componeni was not
uniformly dispersed throughout the active carbon dur-
ing formation of the active carbon, but instead way
deposited on the active carbon after it had been formed.
In Exemple 1, the spray drying step was omitied. In-
stead a blend of potassium tersphthalate, potassium
carbonate and potassium hydroxide was made, with the
proporiions used being those empioyed for potassium
terepithalate, potassivm carbonate and potassium hy-
droxide, respectively, in the combination of the spray
drying and pyrolysis-steps in the aforesaid general pro-
cedlure. This blend was pyrolyzed, washed and dried as
in the generat procedure. Thereafter the resulting active
carbon was repeatedly contacted with an aqueous solu-
tion of ammonium dichromate and then heated slowly
to 316" C., to thereby impregnate the active carbon
with a chromium component. The chromia-containing
active carbon was then impregnated with iron and po-
tassimm oxide as in the aforedescribed general proce-
dure.

‘In Example 3, prior to impregnation with the iron
component, the dried active carbon pyrolysis product
was oxidized by air at 343° C. to 388" C. In sach of
Examples 4 and 5, an aqueous impregnating sofution
comeining rubidium carbonate” or cesivm . carbonatt,
respectively, was also employed and additional pro-
moter in the active catalyst was rubidivm oxide or ce-
sium oxide, respectively. In Example 6, the agueous
impregnating solution of ferric nitrate also contained
manganese hifrate, and ¢he final catelyst contained 2
weight percent of clemental mangancse as the pro-
moter; impregnation with a potassium salt was omitted.
The final catalyst contained potassinm which prohably
was a residue of potassinm carbonate or potassium hy-
druxide introduccd in the spray drying and pyrolysis
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steps, respectively, and remaining after the wash step.
In ench of Examplas 7 and 8, an aquecus solation of
ferric ammoniom citrate, not ferric nitrate, was cm-
ployed as the iron impregnating solution.

In each of Examples 9 and 11, the spray drier feed
solution centained hoth potassivm dichromate and sn-
dium alumiasaic, and thus both chromivm and alumimun
components were uniformly distributed throughout the
pyrolysis products. The pyrolysis product was treated
with glacial acetic acid at 110° C. to lower the pH and
therey prevent solubilization of the dispersed alumina.
In both examples, the total iron content of the final
catalyst had two sources: one being impregnation with
ferric ammonium citrate and the other being pick-up
from the walls of the pyrolysis wube, In Exampie 9, of
the total maouat of iron on the final catalyst, about 55
percent came from the pyrolysis tube iself and was
impregnated on the pyrolysis product during the pyrol-
ysis step. In Example 10, the spray drier feed solution
contained sodium aluminate instead of potassium di-
chromate, and thus an aluminum component instead of
a chromium component was uniformiy distributed
thronghout the pyrolysis product. In addition, the treat-
ment with hot acetic acid as in Examplc 9 was repeated.
A greater amount of potassium was impregnated on the
catalyst. 1n Example 11, of the total umount of iron on
the final catalyst, almost &0 percent came from the py-
rolysis tube itself and was impregnuted oa the pyrolysis
product during the pyralysis step, Tn Example 12, the
spray dricr feed solution conlained sodium tungstate
instead of potassium dichromate, and thus a tungsten
component instead of a chromivm component was uni-
formly distributed throughout the pyrolysis produet. In
the pyrolysis step, hydrogen was used instead of niiro-
gen until the temperature reached 593° C. at which
point argon replaced the hydrogen. Following the py-
rolysis step, the pyrolysis product was sfurried with a
mixture of ethano! and glacial acetic acid to lower the
pH and thereby to avoid solubilizing tungstate in the
shary and wash steps. Water was also edded to the
ethanol-glacial acetic acid slurry solution. A ferric saft
was deposited on the pyrolysis product by impregna-
tion thereof with ferric ammoniem citrufe. In each of
Examples 12 and 14, ferric ammonium citrate was addi-
tionally dissoived in the spray drier feed solution and
thus an iron-containing material was additionally uni-
formly dispersed throughoui the active carbon matrix
formed in the pyrolysis step. Furthermore, there was no
potassiuny carbonate in the spray driar feed solation. In

" Example 14, the pyrolysis product was oxidized by air
at 343° C. 1o 360" C. prior to the impregnation stcps. In
Example 15, prior to the impregnation step, the drier
pyrolysis product was oxidized by contacl with v gas
mixture containing 2-7 volume percent of oxygen prior
io the impregnation steps,

Apart from their potassium carbonate and potassium
hydroxide contents, the spray drier feed solutions had
the following compositionss Examples 2-8 and 13-
15—6.8 weight percent of terephthalic acid and 2.6

weight percent of potassinm dichromate; Example.

55,1 weight percent of tercphihalic avid, 1 weight
percent of potasstum dichromate and 0.8 weight percent
of sodium aluminate; Example 10--7 weight percent of
potassium terephthalatz instead of terephthalic acid and
1.5 weight percent of sodium aluminate; Example
F1—6.1 welght percent of terephthalic acid, 1.6 weight
percent of potassimm dichromate and 0.6 weight percent
of sodium aluminale; and Exsmple 12—6.1 weight per-
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cent of terephthalic acid and 1.8 weight percent of sa-
dium tungstate,

The chemical compositions, BET surface areas and
bulk densilies of the catalysts produced In Examples
1-15 are shown in Tzabie 1. In Table 1, the concentra-
tions of the chromium, dluminum and tungsten compo-
nents are calcuiated as the respective metal oxides and
the promoters are caloulated as oxides.

EXAMPLES 16-30

The catalysts preparcd in Examples 1-15 were cm-
ployed in Examples 16-30 to catalyze reactions be-
tween carbon monoxide and hydrogen in 2 stirred-slur-
ry-reactor system. A schematic of the stirred-siurry-

reactor system employed in Examples 16-30 is illus-
trated in F1G. 1.
TABLE 1

Catalyst Sor-

Prepared Compasitivn {Wr. %} face Bulk
in Ele- Patas-  Ares Pensity

Exzmple mental  sinm {m/ {gm/
No. {Carbon Chromin Iron Oxide fiatal] o)
1 28 4R 245 1.5 120 097
2 294 304 ®’D L2 120 D64
3 26 418 11.5 23 380 .50
4 286 348 8 1.92 160 0.63
3 7.5 350 13 1.6% 130 0.69
[ 253 369 32.8 L.4% 120 0.62
7 415 15% .7 70 .58
] 4135 258 2.7 700 088
9 26 148 405 14 50 0.90
10 454 - 332 17 730 .71
1l e 1 430 14 500 101
12 697 & 18.5 14 - 1950 057
13 - 263 7.3 330 34 200 -
4 26.1 130 B0 28 15 0.48
15 e 400 M6 .27 77 0.69

Foetnores

SAdditionally containe 0.18 weight pereent of a rubidivm companent a9 promoter,

enlculated ns Rby0n. .

dadditiomaliy coatsins 120 weight percent of & cesium compotent 53 PrOMOLeT,

enlendated ns $50 ’

fAdditiogel]y containg 2.56 weight percent of a manganess component is promoter,
teolnind o5 ¢l h

4additionally contains 10.64 weight peresnt of an aleminem component, caloulared

a5 AlzOy

‘Contains 17.65 weight pereent of on ol Jetated a5 Al

f."\.ddiliunally contains 3,72 welglht pormehl of ag leulated as

Al )

ontains 1222 weight percant of 4 fumgsl bt t, caleudot

oo
1,

d a1 W,

A mixture of hydrogen and carbon monoxide con-
taining 35,71 Wéig_ht percent of carbon monoxide—that
is, 1.80 moles of hydrogen per mole of carbon monox-
ide—was employed as the basic feed gas to the stirred-
slurry-reactor system and was introduded by opening
valve 1. Feed gas to the stirred-slurry-reactor system
having different comnpositions was made by introducing
a stream of pure hydrogen and carbhon monozide to the
aforesaid basic feed gas by opening valve 2 or valve 3,
respectively. The resulting feed gas of the desired com-
position was purified by passage first through charcoal
4 and then through silica 5 and was then imiroduced
through a gas dispersion frit 6 into a stutry 7 stirred by
a stirrer 8 in the reactor 9.

The slurry liquid in the shurry 8 at the stari of a run
was 150 grams of hexadecane whase sulfur content had
been previously reduced io less than three parls per
million by waight by pretreatment of the hexadecane in
& silica gel column. Vueporized product and uncon-
verted feod gas were withdrawn (rom the stirred-slurry-
reactor through a vent 10 necar the fop thereof and
passed to a knock-back condensor 11 maintaincd at a
temperature of 121° C. ta 1497 C. As the run proceeded,
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a small amount of hexadecane slurry liquid or produets TABLE 3-continued
therelrom passed cut of the reactor system and throngh —
the aforesaid.condensor. This iost hexadccane liguid co-l;?mai C Catalyst -———-——-—-w--—sclm““‘fjs“
. . ErTCen “nialys: gl
was _gradually rep!ac_ed by beavy product f}‘om th.e Example  Conversion Activity Mcthene Dlefin
reaction between hydrogen and carbon monoxide. This 3 S ”
addition of heavy product to the slurry liquid generally zi 23 2;3 {; ;;
resulied in a substantially constant liquid level in the 35 61 0 10 2%
stirred-slurry-reactor system. Towever, when neces- 26 B 100 12 3
sary or desired, the liquid level in the system was main- '-;; g; lgg . ‘; ;;
tained ot o substantially constant level either by the 0 %9 % 140 1 by
addition of hexadecane or by adjustment of the temper- 0 92 120 1l k]
ature of the overhead condenser during the mn.
Vaporized product and unconverted feed gus pussing
through the condenser were then directed to a gas-lig- TABLE 4
uid separator 12 maintained at room tempcrature where 15 “aralyss Total
higher boiling product condensed and separated into il After QO Percent  Carbon  Oxygen
and water lavers which were withdrawn from the sepa- Day _ Temperamre  Convession  Belance  Balance
rator at 24 or 48-hour intervels by opening the valve 3 600 92.4 12 1.00
13. Gaseous material passed continuously through the ‘;-5 % 3113 ig? ég‘:
gas-liquid separator and was vented through a wettest 20 5 €00 29 105 e
meter 14, with o stide stream of gas passing through a 9 &00 014 0.94 0.48
gas chromatograph sampling system 15. In addition to 11.5 600 92.5 1.02 101
the analysis of this gas stream, analyscs were conducted ig g g;'i ;gg i’g?
of the oil and water fractions collected in the gas-liquid s 17 600 w07 .99 101
separator apd af the heavy preducts remaining in the 51 00 93,1 030 0.08
slurry liquid in-the reactor at the end of a run, The 21 6§00 93.0 098 1.00
stirred-slurry-reactor system was mainiained at a tem- ig % 3;"; %3‘; ‘ll'gg
perature of 315" C. in Examples 16-29 and at tempera- 7 00 92 Lo0 104
tures between 315" C. and 327° C. in Example 30, and ai 30 20 600 9.7 .60 101
a pressure of 32.6 kilograms per square centimeter in 3 600 91.7 0.98 Lol
Examples 16-24 and 28-30 and of 18.6 kilograms per gg g‘g: gif {g: %g:
square centimeter in Examples 25-27. The other param- ot 610 0 102 103
sters emploved and the resnlts from Examplcs 16-30 are kL 610 2.8 1.00 1o
reported in Tables 2 and 3, respectively. 35 43 615 91.3 101
Example 30 was a 50-day run for which more detailed 4 620 L6 Loz 100
; 49 620 509 1.03 1.01
results are presented in Table 4. The complete carbon A P o1 ol
_and oxygen mass balances shown in Table 4 werc ob- oTage - —
tained from the resulis of the aforesaid analyses. anatvls Selectivitles =
y 2
TABLE 2 40 After Nom-
e Day CHy CaHy CsHy M04Hy  Olefins Cs+
Catalyst  Caalyst  Spoce Moles 3 ws 1.7 133 7.5. 33 4697
from Welght  Vclac- Ha per 43 Wws 138 143 82 8.0 a2
Example Exampie (Grams) ity Mole CO 6 10.2 137 138 7.8 79 £5.0
-7 114 1587 175 87 43 379
i H b - I o7 128 155 13 16 41
p 1 iy 0361 10 1L5 05 131 M1 Ee B.S 411
19 1 2 by 0 13 s 143 167 85 5.1 395
2 s i 0574 pyd 15 09 M0 M1 8D .y 434
b p 251 0545 P 17 4 M3 146 &5 8.8 41.2
7 1 21 La7a 11 19 e 176 139 7B 8.9 40.7
23 g 13'0 0:967 3' i 50 3! 13,9 14.7 14,1 8 57 43.1
2% 3 106 Ry 34 23 188 145 143 78 5.8 434
2% 1o 04 0761 g 25 1.7 137 15 BS.. 23 398
26 BT as e ‘2 7 its 16 151 B4 5.2 438
g 2 118 0,64 15 29 no 135 144 B0 8.8 437
A 3 269 0,655 s 3 15 139 146 82 a1 124
. - - - 55 33 10 s 176 B2 8.3 354
2 14 121 0.524 Le 3 113 1% 16 82 8.7 36.3
0 15 0e 0.603 L8 37 23 145 I156 85 97 382
® M4 43 173 81 .4 39.5
43 112 141 17 80 9.6 £1.6
TARBLE 3 435 17 46 118 8.2 59 159
—r oo @ v 1.8 42 178 _82 91 358
6 Perecnt Catalys —w—% Avesage 111 141 134 B 8.8 412
Example  Conversion Activity Methane Oledin
16 36 110 T 13 In general, it is preferred to have low methane selec-
17 96 300 11 25 tivities, high total carbon monoxide percent conver-
15 gi ;"'“ {2 i; 65 sfons and high light olcfin, ethylene, propylene and
23‘ o6 _3% 1; 2 I-butene selectivities. Comparisor of the results in
21 o7 600 15 2 Table 3 for Examples 16 employing the comparison
22 37 40 ¥3 7 catalyst with the results for Examples 17-30 employing
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the catalyst of the present inveniion indicates lower
mcihane selectivities and higher light olefin selectivities
for the catalysts of the preseni nvention relative to
thosc for the comparison catalyst.

Furthermore, comparison of the values in Table 3 of
the methane und light olcfin selectivities for Examples
28 and 29 with those for Examples 17-27 and 30 indi-
cates that such selectivities are not strongly dependent
on whether or not the iron component of the catalyst is
depasited thereon or substantially uniformly distributed
therein.

In Table 2, the space velocity is expressed in units of
standard liters of carbon monoxide per gram of catalyst
per hout. In Tables 3 and 4, the total carbon monoxide
percent conversion is product obtained by multiplying
100 by the quotient obtained by dividing the difference
between the amount of carbon monoxide in the feed and
product streams by the amount of carbon monoxide in
the feed. The methane, light olcfin, ethylene, propylene,
I-butenc, Co~Cy non-olefins and Cs-+ selectivities in
Tables 3 and 4 are the peroentages of the portion of
carbon monoxide converted to products other than
carbon dioxide which are converted to methane, ethyl-
eng, propylene, l-butene, C;-C4 non-olefing and Cs+,
respectively. Included in the values of light olefin selec-
tivities in Tahle 3 are contributions from ethancl and
propanol (both calculated from dehydration) produced
as well as Hght olefins. Included in the values of sthyl-
ene, prepylenc and Cp~C4 non-clefin selectivities in
Table 4 are contributions from erhanol, propanol and
2-butene produced, rcspectively, as well as ethylene,
propylene and C3-C4 non-olefins, respectively,

The resvlts in Table 4 fllustrate the stability and effi-
ciency of the catalvst over the 49 day test pericd. A
similar run extending 30 days but instesd in a bubble
column slurry reacior employing a much higher space
veloeity of 2.8 standard liters of earbon monoxide per
hour per gram of catalyst yielded 1200 grams of product
per gram of catalyst dering the run and shawed no
evidence of deactivation.

While the invention is destribed in connection with
the specific examples, it is to be understood that thesc
are for llustrative purposes only. Many aiternatives,
modifications and variations will be apparent to those
gkilled in the att in the light of the below examples and
such alternstives, modifications and variations fall
within the scope and spirit of the appended claims.

What is claimed is:

1. A method for converting carbon monoxide and
hydrogen to hydrocarbons of high lght olefin and alco-
hel content, comprising combining carbon maonaxide
and hydrogen in synthesis proportions and under syn-
thesis conditions comprising temperetures in the range
of from about 290° C. to about 350° C. in 2 slurry in a
liquid that is substantially sulfur-free and inert vnder the
synthesis conditions, of an active carbon catalyst com-
prising a substantially uniform dispersion of at least one
of 4 chromium compoenent, an aluminum compenent, a
mangansse component or a tungsten component in a
porous carbon matrix and elemental iron either depos-
ited thereom or substantially uniformly dispersed
therein, wherein the concentration of active carbon in
the catalyst is from about 20 ta about 50 weight percent,
bused on the weight of the caraiyst, wherain the concen-
tration of elemental iron in the catglyst is from about 5
to abowt 50 weight percent, based on the weight of the
catalyst, wherein the total concentration of the chiro-
mium component, the aluminum component, the man-
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ganese component or fungsien component or a combi-
naticn thereof in the catalyst is from abaout 5 to abont 40
weight percent, based on the weighi of the catalyst and
culculated as the elemental metal or metals, and wherein
each of the chraminm, aluminum, mangapese und lung-
sten componenls thal is present is in the form of the
clemental metal, its oxide or 2 combination thereol,

2. The method of claim ¥ wherein the catalyst has a
bulk density of at least 0.3 gram per cubic centimeter.

3. The method of claim | wherein ihe concentration
of active curbon in the catalyst is from about 30 to ahout
40 weight percent, hased on the weight of the catalyst.

4. The method of claim 1 wherein the concentration
of elemental iram in the catalyst is from aboul 15 {0
ahout 40 weight percent, based on the weight of the
catalyst. _

5. The method ol claim 1 wherein the total concentra-
Lion of the chromium component, the aluminum compo-
nent, the manganese component or tungsten component
or a combination thereof in the catalyst is from about 15
ta about 35 weight percent, based on the weight of the
catalyst and calculated as the clemental metal or metals.

6. The method of claim &, wherein, if present, the
chromium, aluminum, mangemese und tungsten are each
in the form of the metal oxide.

7. The methed of claim 1 wherein the aclive carbon
catalyst additionally comprises a promoter for the iron
wherein the promoter comprises at least one of & potus-
sium component, a cesium component, a rubidivm com-
poncnt, 4 zinc component OF a manganese Componert in
the form of the elemental metal, iis oxide or a combina-
tion thereof and wherein the promoter is deposited on
the active carbon matrix.

8. The method of claim 7 wherein the concentration
of the promoter in the catalyst is from about D.2 to about
5 weight percent, based on the weight of the catalyst
and calculated as a metal oxide.

9. The method of claim 1 wherein the hydrogen and
carbon moroxide ure combined in-a ratio of from about
1:1 to abour 6:1 moles of hydrogen per mole of carbon
monoxide.

10. The method of ¢laim 8 wherein carbon monoxide
is contacted with the caytalyst at a space velocity of
from about 0.132 to about 3.74 standard liters per hour
per gram of catalyst,

11, The method of claim 1 wherein the hydrogen
pariial pressure is from about 3.5 to about 84 kilograms
per sqhare centimeter. '

12. The method of claim 1 wherein the catalyst is
present in the slurry liquid at a coacentration of from
about 5 to about 50 weight percent, based on the weight
of the slurry.

13. The methad of claim 1 wherein the calslyst is
formed by a process comprising:

(a) forming a uniferm co-crystaliite of a carbon pre-
cursor and of at least one precussor of at least one
of the chromium component, the aluminum com-
ponent, the manganese component, the tungsien
component and elernental iron that is to be substan-
tizlly uniformly dispersed in the catalyst;

(b} farming a uniform powdered mixture of the co-
crystallite and inorganic solids comprising an alkali
metal hydroxide;

(c) pyrolyzing the panwdered mixture in an ert at-
mosphere at p temperaiore in lhe runge of from
aboui 400° C. to about 980° C. to form the active
carbon matrix having at least one of the chrominvm
cotnponent, the aluminum component, the manga-
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nese component and the tuagsten component, and,

if & precursor of elemental iron was employed in
step (a), additionally an iron-containing material,
substantizlly uniformiy dispersed therein;

{d) sepurating unrcacted inorganic material and inor-
ganic reaction products, other than the dispersed
chromivm component, aluminum component, man-
ganese component, tungsten component and iron-
containing material, from the carbon matrix to
form the porous carhon matrix;

(€} if the co-crystallite is not formed in step (z) from
a precursor of clementzl iron, depositing an ircn
salt on the porous carbon matrix; and

(f} converling the metal-containing active carbon to
its catalytically active form by selectively reducing
the iron-containing material or iron salt io elemen-
tal iron.

14. The methed of claim 13 wherein the precursor of
each of the chromium component, the aluminum com-
ponent, the manganese component, the tungsten com-
ponent :and clemental iron is a salt or complex of chro-
mium, aluminum, manganese, tongsten or iron, respec-
. tively.

15. The method of claim 13 wherein the carbon pre-
cursor is a salt of an aromatic carboxylic acid or of a
phenol.

16. The method of claim 13 wherein either (1) a single
solution of all of the precursors employed in step (2) or
(2) a plarality of sclutions together containing all of the
precursors cmployed in siep (2) are spray-dried to form
the ca-crystallite.

17. The method of claim 16 wherein each solutton
employed in the spray drying step Is an aquecus salu-
tion.

18. The method of claim 13 wherein the weight ratio
of the co-crystallite-to-ulkali metal hydroxide in the
uniform powdered mixture is in the range of from about

- 1:1 to about 1;5 calculated on u dry basis,

19. The method of claim 13 wherein the inorganic
solids comprise potassium hydroxide or & tixture of
potassium hydroxide and at least one of potassium car-
bonate and 2 potassium halide,

20, The method of cleim 1¢ wherein at least 25 weight
percent of the inorganic solids is potassinm hydroxide.

21, The method of claim 13 wherein the active cula-
lyst additionally compriscs a promoter for the irom,
-wherein the promoter comprises at least one of a potas-
sium component, a cesivm componeat, a rubidinm com-
ponent, @ zine componcat orf a manganess component
und whergin the promoter is deposited on the active
‘carbon matrix after step (a).

22, The method of claim 1 wherein the catalyst is
Jurmed by a process comprising:

(a) forming a carbon precursor which conlains at
least one precursor of at least one of the chromium
component, the aluminum component, the manga-
nese component, the tungsten component and ele-
mental iron thal is to be substantially uniformly
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dispersed in the catalyst; by the chemical reaction
in solution of {1} a saluble carbon precurser having
al leust one aniomic growp chemically bound
thereto and {2} at least one soluble cation or soluble
celipnic complex containing at least one of the
chromium component, the aluminum component,
the manganese component, the tungsten compa-
nent and elemental iron, respectively;

(b) precipitating and drying the metal-containing
carbon precursor;

(¢) forming a uniform powdered mixture of the metai-
contpining carbon precursor and inorganic solids
comprising an alkali metal hydrexide;

(d) pyrolyring the powdered mistare in an inert at-
mosphere at a temperature in the renge of from
about 400* C. to about 980° C. to form the active
carbon matrix having at least one of the chromium
component, the alwninum component, the manga-
necse compotient and the tungsten component and,
if a cation or complex containing a precursor of
elemental iron was employed in step (a), addition-
ally an iron-containing material, substantially uni-
formly dispersed therein;

{c) scparating unreacted inorganic material and inor-
ganic reaction products, oiher than the dispersed
chromium component, atuminum compoaent, rman-
ganese component, tungsten compenent and iron-
containing material, from the carbon matriz to
form the porous carbon matrix;

{f) if a cation or complex containing a precursor of
elernental iron was not employed in slep (g), depos-
iting an iron salt on the porous carben matrix; and

(g} converting the metal-containing active carbon to
‘its catalyticully active form by reducing the iron-
containing material or iron salt to elemental iron,

23. The method of clain: 22 wherein the carbon pre-
cursor is @ salt of an aromatic carboxylic or of a phenol.

24. The method of claim 22 wherein the metal-con-
taining carbon precursor is formed in agueons solution,

Z25. The method of claim 22 wherein the weight ratio
of the metal-conluining carbon precursor-to-alkali metal
hydroxide in the uniform powdersd mixture is in the
range of from about 1:1 to about 1:5 calculated om a dry
basis.

26. The method of claim 22 wherein the inorganic
solids comprise potassium hydroxide or a misture of
potassivm hydroxide and at least one of potassium car-
bonate or potassinm chloride.

27. The method of claim 26 wherein at icast 25 weight
percent of the inorgonic solids is potassium hydroxide.

28. The method of claim 22 wherein the active cata-
lyst additionally comprises a promoter for the iron
wherein the promoter comprises at Jeast one of a potas- -

. sium component, a cesinm component, 2 robidivm com-
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ponént, a zinc coinponent OF 4 MeNganese COmMpoONCHt
and wherein the promoter is deposited on the active

carbon matrix after step (f).
¥ % % ¥ *
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