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(54) CONVERSION OF SYNTIIESIS GAS TO HYDROCARRON
MIXTURES

{(71) ~ We, MOBIL OIL CORPORATION, a Corporalion of the State of
New York, United Stalcs of America, of 150 Fast 42nd Street, New York, New
York 10017, United States of America, do hereby declare the intventioi, for which
we pray that @ patent may be granted to us, and the method by which it is to be
performed, to be particularly described in and by the [oliowing statement— 5

This invention is concerned with an improved process for convertiing synthests.

as, Le., riixiures of gaseous carbon oxides with hydregen or hydrogen donors, to
1ydrocarbon mixtures.

Processes for the conversion of coal and other hydrocarbons such as natural
gas to a gascous mixture containing essentially of hydrogen and carbon monoxide 10
andfor dioxide are well known. Those of major importance depend either on the
purtial comhustion of the fucl with an oxygen-comtaining gas or on the high
temperature reaction of the fuel with steam, or on & combination of these two
reactions. An excellent summary of the art of gas manufacture, including synthasis _
gas, from solid and liquid fuels, is given in Encyleophedia of Chemical 15
Technelogy, Fdited by Kirk-Othmer, Second Edition, Volume 10, pages 353—433,

(1966, Interscience Publishers, New York, New York.

It is also well known that synthesis gas will undergo cotiversion to reduction
products of carbon monoxide, such as hydrocarbous, at from ahout 300°F to about -
850°F, under from about onc to one thousand atmospheres pressure, over a fairly 20
wide variety of catalysts, The Fischer-Tropsch process, for example, which hag
been most cxtensively studied, produces a range of liquid hydrocarbons, a portion
of which have been nsed as low octane gascline. Catalysts that have been studied
for this and related processes include those based on iron, cobali, nicket,
ruthenium, thorium, rhodittm and osimium, or their ogides, 25

It has however not yet proved possible to identify any combination of catalyst
and processing conditions which will yield liquid hydrocarbons in the gasoling
bailing range which contain highly branched pacafTins and substantial quantities of
aromatic liydrecarbons, both of which are reyuired for high uality guscline; arto -
selectively produce aromatic hydrocarbons particularly ri& in the benzenes to K]
aylenes range. A review of the status of this art is given in “Carbon Monoxide-
Hydrogen' Reactions™, Encyclopedia of Chemical Technology, Edited by Kirk-
Othmer, Second Edition, Volume 4, pp. 446—488, interscience Publishers, New
York, NY. -

Recently it hes been discovered that synthesis gas may be converied to a5
oxygenated organic_compounds and these compounds then converted to higher
hydrocarbons, particularly high octane gasoline, by catalylic coataet of the
synthesis gas with a carbon monoxide reduction catalyst followed by contacting
the conversion preducts so produced with « special type of zeclite catalyst in a
;e 3a8ratf:2 reaction zone. This two-stage conversion is described in D08 40

438,252,

Il has now been discovered that valuable hydrocarbon mixtures miay be
produced directly by reacting synthesis gas, i.e., mixtures of hydrogen and carbon
monoxide, together possibly with other carbon oxides, or the equivalents of such
mixtures, in the presence of certain heterogeneous catalysts compiising intimate 45
mixtures of iwo or more componeits, S

According to the invention, thercfore, a process for producing hydrocarbons
from synthesis gas comprises coniacting such gas, at & lcmperature within the
range of 400 to 1000°F, with a catalyst comprising & mixture of a metal or metal
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compound characterized by catalytic activity for the reduction of carbon
monexide and a crystallme'alummosilicate having o pore diameter greater than 5
Angstroms, a silica to alumina ratio of at least 12, und a constraint index as herein
defined within the range of 1 to 12 and recovering gascline beiling range
hydmca'rbops. The metal, or metal compound, comprises from 0.1 1o 99,
preferably from one weight pereent to eighty weight pereent, of the mixture, The
carbon monoxide reduction component and the crystalline aluminosilicate may be
in the same or separatc particles. '

The preferred crystalline aluminosilicates are ZSM—5, ZSM— I, ZSM——12,
Z3M-—35 and ZSM-—38. The preferred metals are those of group VIII, but motals
from groups 1B (e.g. copper), 11B (e.g. zinc) and/or T11R (e.g, thorium), and thejr
compounds, may yield excellent results. Mixtures of all of these, together with
protiioters sueh as chromia, are of vaiye,

The ratio of carbon monowde reduction component to  crystulline
aluminosilicate may he adjusted to contro] product character, Le. to determine
whether gasoline boiling range components, paraffins/aromatics or internal olefins
predominate.

‘the hydrogen to carbon oxides volume ratio is advantageously maintained
within the range of from 0.2 to 6.0.

Depending on the choige of compouents and the particular reaction
conditions ewmployed, one may obtain substantial quantities of liquid mixtures
which are tich in one or more olefins, branchad araffins, and aromatic
hydrocarbons and are eminently suited for making high vctane gasoline or
petrachemicals. Thus, one may select catalyst and operating conditions Lo produce
nermally gaseous hydrocarbons ltaving at least one curbon-to-carbon bond as the
predominant product, or Liydrocarban streams rich in interna! olefins. Such
products have value as petrochemical feedstocks, and for the manufacture of
liguefiahle petroleum fuel. The catalysts employed not only produce highly
desirable products with pogd selectivity but in many cases produce them either
with extraordinarily high conversion per pass, or under mild conditions, or
sometimes both. With thoria as the carbon monoxide radncing component,
synthesis gas is converted at surprisingly low temperature and pressure. With a
methancl synthesis catalyst of the zinc-copper-chromite-type as the reducing
component, syathesis gas conversion rate is increased and ﬁrge proportions o
hydrocarbons having at least one carbon-to-carbon bond are vhtained instead of
methanol, With Fischer-Tropsch-type catalysts, increased quantities of aromatic
hydtocarbons are obtained. Furthermore, when the preferred crystalline
atuminosilicate component is used the catalytic activity is sustained for unusually
long periods of tinic and aromatic hydrocarhons, whei produced, are very rich in
tohiene and xylenes,

A typical purified synihesis gas will have the following volume composition,
on a water-free basis: hydrogen, 51; carben monoxide, 40; carbon dioxide, 4;
methane, 1; and nitrogen, 4.

- The synthesis gas may be prepared from fossil fucls hy any of the known
methods, including such in situ gasifteation processcs as the enderground partizl
coinbusion of coal and petroleum deposits, The term fossi fuels, as used herein, is
inicnded to include anthracite and bituminous coal, lignite, crude petroleum, shaie
oil, oil from tar sands, natural gas, as sell as fucls derived from simple physical
separations or more profound transformations of these materials, including coked
cual, petroleum coke, gas oil, residua from petroleum distiliation, and two or mars
of any ol the foregoing materials in comhination. Other carbonaceous fucls such as
peat, wood and cellulosic waste materials also may he us=d,

The raw synthesis gas produced [rom fossi! fuels will contain various
impurities such as particulates, sulfur, and metal carboenyl compounds, and will be
characterized by u hydropen-to-carbun oxides ratio which will depend on the fossi
fuel atd the particular pasificution technology utilized. In general, it is desirable
for the ¢Ificieney of subsequent conversion steps to purify the raw synthesis gas by
the removal of impurities, Techniques for such purification are known and are not
part of this invention. However, it may not be necessary to remove substantially all
the sulfur impurities when thoriz is used as the carhon monoxide rcducing
component, sings thoria is not irreversably poisoned by sulfur compounds.
Furthermore, should il bc required, it is preferred to adjust the hydrogen-to-
carbon oxide volume ratio Lo be within the range of from 0.2 to 6.0 prior to use in
this invention, Should the purified synthesis gas he excessively rich in carbon
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oxides, it may be brought within the preferred ranige by the well known water-gas
shift reaction.

Onun the other hand, should the svnthesis gas be excessively rich in hydregen, it
may be adjusted into the praferrecf’ range by the addition of carbon dioxide or
carbon monoxide. Purified synthesis gas adjusled to contain a volume ratio of
hydropen-to-carbon oxides of From 0.2 to 6.0 will be referred to as “adjusted”
synthesis gas,

Art-recopnized equivalents of synthesis gas may also be em layed, Mixtures
of carbon monoxide and steam, for example, or of carbon dioxiéje and hydrogen,
to provide adjusted synthesis gas by in- situ reaction, are cotttempiated.
Iurtherinore, when the process of the invention is used to produce hydrocarbon
mixtures rich in aromatic hydrocarbons, as will be more Iully described, a
Liydrogen-donor such as mothane, methanol, or higher ‘alcohols may
advantageousty be charged with the fecd.

The component characterized hy catalytic for the reduction of carban
monoxide may be selected from any of the art-récognized catalysts for prodncin
bydrecarbons, ozygenated products, or mixtutes thercof, from synthesis gas, ang
congtitutes from 0.1 to 99, preferably from 1 to 80 percent by weight of the gctive
companents of the catalyst, Broadly, these components include those recognized
as methanol synthesis catalysts, Fischer-Tropsh synthesis catalysts, and variants
thereof. Commercial methanol syathesis catalysts comprising metals or oxides of
zinc together with chromia, or of zne and copper topether with chromis or
aluming, or known madifications of these, ate included. In Fact, synthesis gus will
andergo conversion 10 form reduction produots of caihon monoxide, such as
aleohuls and hydrocarbons, at from 300°F tg 850°F, under from 1 to 1000
atinospherds pressure, over a fairly wide varjety of catalysts, The prominent types

- of catalyst that induce conversion include the metals or oxides selected from fhe
“Gioups consisting of 1B, IIB, IIIB, IVH, VIB and VII taken alone or in

combihation with one another, They particularly include the metals or oxides of
zinc, iron, cobalt, nickel, ruthenium, thoritim, rhodiun and osmium. Fischer-
Tropsch-type cdtalysty hased on iron, vobalt, or nickel, and especially iron, arc
partictiarly suited Tor the production of oxygenated und hydrocarbon produets
that have g1 least ane carboy-to-varbon boad i theic stricture, With the exception
of ruthenium, all practical, art-recagnized synthesis catalysts contain chemijcal dind
structural promoiers. These promoters include copper, chromia, alumina, the
alkaline earths, the rare edrths, and alkali, Alkali, e.g. the carbonates of Group 1A
of the petiodic table, and especiaily of potassium, is of particular importance with
iron catalysts, since it greatly enhances the produet distribution. Supports such as
leieselguhr sometimes zct ‘beneficially. _

1t shiould be recognized that the carbon monoxide reducing component nay
be furmished as elemental metal or as correspending metal compounds. Frequently
in the preparation ard usc of sncly catalytic substances therc will be one or more

partial or complele transformations from elemental metal to compounds, of viee

versa, By way of illustration, pure iron, roasted in an oxygen aimosphere in the
presence of added aluminum and potassium nitrates provides 4 composition that
conlaing 97° Fe;0,, 2.4% ALO,, and 0,6 K0 with trace amounts of sulfur and
carbon. This composition after reduction with hydrogen at about 850°1° catalyzes
the conversion of synthesis gas at a tempetature in the range of 360°F to 430°F,
and at clevated pressures np fo 20 atmospheres, 65% of the carhon monoxide being
reduced to a mixture consisting of shout one-third by weight of hydrocarhons
boiling in the ranpe to 200°F to 630°F, and about two-thirds of oxypenated
compoands, mostly alcohols, in the same boiling range. Mangunese noduyles may
be used as catalyst, :

The ctystalline aluminosilicate compotent of the heterogeneous catalyst is
characterized by a pore dirmension greater than § Atpgstroms, ie., it is capable of
sorbing paraffins having a single methyl branch as well as normal paraffins, and it
has a silica-to-alumina ratio of at least 17, Zcalite A, for cxample, with a sifica-to-

- alumina ratie of 2.0 is not ussfu! in Lhis invention, and it has no pore dimension

greater than about 5 Angstroms, o

The crystalline aluminosilicates herein referred to, also known as zeolites, arc
characterized by a rtigid crystalline framework structure composed of Si0, and
AlD, tetrahedra cross-linked by the sharing of oxygen atoms: such a structure
gives rise to precisely defined pores. Exchangeable cations are present to halance
the negative charge on the AlQ, tetrahedra,

The preferred zeulites useful in this invention are selected trom a recently
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identified class of zcolites with unusual properties, by themselves being capable of
calalyzing the transformation of eliphatic hydracarhons to aromatic hydrocarbons
in commercially desirable vields. They are also generally highly effective in
atkylation, isomerization, disproportionation and other reactisns involving
aromatic hydrocarbons. In many instances they have unusually low alumina
conlents, i.c. high sitica to alumina ratios, and they are very active even with silica
to alumina ratios exceeding 30. Furthermore they retain their erystallinity for long
periads in spite of the presence of steam even at such high temperatures as induce

- Irreversible colfapse of the crystal framework of other zeolites, e.g. those of the X

and A type. Carbonaceous deposits, when formed, may be removed from them by
burning at higher than usual temperatures to restore activity, although in meny
environments they exhibit very low coke forming capability, conduetive o very
long times on stream between burning regenerations,

The silica to alumina ratios referred to pertains, of course, only to the
tetrahedrally coordinated silicon and aluminum, Although zeolites with a silica to
alumina ratio of at least 12 are useful, it is preferred to use zeolites having ratios of
at lcast 30. Such zeolites, after activation, acquire an intracrystalline sorption
capacity for normal hexane which is greater than that for water and can be termed
“hydrophobic™: such zeolites are advantagcously emploved in the prescnt
invention,

The zeolites useful as catalysts in this invention freely sorb normal hexane and
have a pore dimension greater than 5 Angstroms. In addition, their structure must
provide constrained accesss to some larger molecules, It is sometimes possible to
Judge from a known crystal structure whether such constrained accuss exists, For
example, if the only pore windows in a crystal are formed by 8-membered tings of
oxvegen atoms, then eniry of molectles clf-yiarger cross-section than normal hexane
is substantially prevented and the zeolite is not of the desired type. Zevlites with
windows of 10-membered rings arc preferred, although excessive puckering or
pore blockage may render these zeolites substantially ineffcetive. Zeolites with
windaws of twelve-membered rings do not generally appear to offer sufficient
constraint to produce the advantageous conversions desired in the instant
invention, altheugh structures can be conceived. due to pore blockage or other
cause, that may be operativc.

Rather than attempt to judge from crystal siructure whether or not a zeolite
possesses the necessary coustrained access, a simple determination of the
“constraint index” maybe made by continuously passing a mixture of equal weight
of normal hexane and 3-methylpentane over a small sampie, approximately 1 gram
or iess, of zeolite at atmaspheric pressure according to the following procedure. A

- sample of the zeolite, in the form of pellets or extrudate, is crushed to a particie

size about that of ¢oarse sand and mounted in a glass tube. Prior to testing, the
zeolile is Lreated with a stream of air at 1000°F for at least 15 minutes. The zeolite
is then fiushed with helium and the temperature adjusted between SS0°F and
950°F ta give an overall conversion between 10% and 602 The mixturc of
nydrocarbous is passed at § liquid hourly space velocity (ie., 1 volume of Tiquid
hydrocarbon per volume of catalyst per hour) over the zcoliie with a helium
diluticn to give a helium to total hydrocarbon mole ratio of 4:1. After 20 minutes
on stream, a sample of the effluent is taken and analyzed, most conveniently by pas
chromatography, to determine the fraction remaining unchanged for each of the
two hydrocarbons.
The “constraint index” is calculated as follows:

Constraint Index = log, (fraction of n-hexane remaining) .
fog,, (fraction of J-metaylpentane remaining)

The constraint index approximates the ratio of the cracking rate constants for
the two hydrocarbons. Catalgfsts suitable for the present invention are those which
employ a zeolite having a constraint index from 1.0 to 12.0. Cousiraint Index (CI)
vatues for some typical zeclites including some not within the scope of this
invention are;
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Zeolite : ClIL
Z5M—5 - 83
Z5M—1i1 8.7
TMA Offretite 3.7
ZSM—12 2
Beta 0.6
ZSM—4 0.5
H—Zeolon Q.5
REY 0.4
Amorphous -
Silica-atumina 0.6
Erianite 38

It must, of course, be borne in mind that the very naturc of this Index, and the
technigue by which it is determined, admit the possibility that a given zeolite can
be lested under somewhat different conditions and thereby have different
constraint indices, Constraint Indcx seems to vary somewhat with severity of
aperation {couversion). Thercfare, it may be possible 10 select test conditions to
establish multiple constraint indexes for a particular zealite which rmay be both
insidc and outside the above defined range of 1 to 12. This invention includes
within its scope any zeolite which manifests a constraint index in the ran geltol12
at some combination of conditions within the scope of the determination
procedure set forth above, whether or not it manifests an index outside that range

.4t other such combinations of conditions.

This class of zealiles is particularly well exemplified by zeolites ZSM—S5,
L5M—11, ZSM—Ii2, ZSM—35 and ZSM—38, ZSM—S is described in .S,
Specificalion 3,702,886; Z8M —11 in U.S. Specification 3,709,97%; and ZSM—12
in U.S. Specification 3,832,449, ZSM~=35 and 38 are two forms in which Z8M—21
can bed ?sgnthesized and ZSM—21 is described in French patent specification
74 12078, .

The specific zeolites described, when prepare in the presence of organic
cations, are substantially catalvtically inactive, possibly because the
inteacrystaliine free spacc is occupied by organic cations from the forming
solution, They may be activated by heating in an inert atmosphere at 1000°F for
one hour, for example, followed by base cxchange with ammonium salts followad
by calcination at 1000°F in gir for from 15 minutes to 24 hours. The presence of
aorganic cations fn the furming solution may not be absolutcly essential to the
formation of this special type zeolite, but does appear to favour it, Natural zeolitcs

may someiimes be converted to this. type of zeolite by various activation .

procedurcs and other tréatments such as base exchange, steaming, alumina
extraction and calcination, alone or in combinations, Natural minerals which may
be so treated inciude ferrierite, brewsterite, stilbite, dachiardite, epistilbite,
heulandite and chinoptilolite. o

The zeolites may be used in the hydrogen form, metal-exchanged form or
ammonijum form. The metal vations that may be present include any of the cations
of the metals of Groups I through VHI of the periodic table, although Group IA
tuetal cations should not be present in large quantity.

The most preferred zeolites are thosc which have a crystal framework densit 7y
in the dry hydrogen form, of not substantially below 1.6 grams per cubic
centimeter. The dry density for known structures may be caleulated from the
number of silicon plus aiuminum atoms per 1000 cubic Angstrorus, as given, e.g.,
on page 19 of the article on Zeolite Structure by W. M. Meier in “Proceedings of
the Conference on Molecular Sicves, London, April, 1967, published by the

Sociely of Chemical Industry, London, 1968, When the crystal structure is
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unknown, the crystal framewerk density may be determined by classical
pyknometer technigues. For example, it may be determined by immersing the dry
ydrogen form of the zeolite in an organic solvent which is not sorbed by the
crystal. It is possible that Lhe unusnal sustained activity and stability of this class of
7eolites is associated with its high crystal anjonic framework density of nat less
than abeut 1.6 grams per cubic centimeter. This high density of covrse must be
associated with a relatively small amount of free space within the crystal, which
might be expected to result in more stable structures. This free space, however,
seems to he important as the locus of catalytic activity.

Crystal framework densities of some typical zeolites including some which are
net within the purview of this invention are:

Void Framework
Zenlite Volume Density

Ferrierite 0.28 cofee 1.76 gfce
Merdenite 28 1.7
Z8M—3 —11 29 1.79
Dachiardite 32 1.72
L. 32 L8
Clinoptilolite 34 1.7t
Laumaontite .34 1.77
Z8M—4 (Omega} 38 1.65
Heulandite 39 1.69
P Al 1.57
Offretita A0 ‘ 1.55
Levynite 40 1.54
Erionite 35 .51
Uimelinite 44 L.46
Chabuzite A7 _ 145
A 5 1.3

Lmf

Y 48 1.27

The heterogeneous catalysts of this invention may be prepared in various
ways. The two eompotients may be separately prepared in the form of catalyst
particles such as pellets or exirudates, for example, and simply mixed in the

" required propertions, The particle size of the individual component particles may

be quite small, for example, frem about 20 to about 150 microns, when intended
for use in fluid bed operation; or they may be as large as up (o about 1/2 inch for
fixed bed operation. The two compenents may be mixed ss powders and formed
into pellets or extrudate, each pellet containing both compaonents in substantially
the required proportions. Binders such as clays may be added to the mixture,
Alterratively, the compaonent that has catalytic activity far the reduction of carbon
maonexide may be associated with the erystalline aluminosilicate component by mecans
such as impregnation of the zeolile with a salt solution of the desired metal, fallowed hy
drying and calcination. Base exchange of (he crystalline aluminosilicate
companent 2lso may be used in some selected cases to effect the introduction of
part ot all of the carbon monoxide reduction component. Other means for [urming
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the intimaie wixture include precipitation of the carbon monoxide reduction
component in the presence of the crystalline aluminosilicate; electroless
deposition of metal on the zeolite; and deposition of metal from the vapor phase.
Various combinationy uf the above preparative methods will be obvicus (v these
skilled in the art of catalyst preparation, as will the necessity Lo avoid technigues
likely 1o reduce the crystallnity of the crystalling aluminosilicate. :

It will be clear from the foregoing that the mixtures used in the process of this
invention may have varying degrees of intimacy. At onc cxtreme, when using 172
inch petlets of the carbon monoxide reducing component mixed with 1/2 Inch
pellets of the crystalline eluminosilicate, substantially all locations within at least
oite of the components will be within not more than about 1/4inch of some of the
other component, regardiess of the proportions in which the two components are
used. With different sized pellets, e.g., 1/2 inch and 1/4 irich, again substantially ail
Iocations within at least one of the components will he within not mave tlian about
/4 fuch of the other component. These examples iflustrate the Jower end of the
degree of intimacy required for the practice of this inveniion. At the other
cxtreme, one may hail mill together crystalline sluminosilicate particles of about
Q.1 micron particle size with colloida! iron oxide of similar particle size followed by
pelietization, For this case, substantially all the locations within at least one of the
camponents will be within not more than about 0.05 micron of some of the othér
component, This exemplifies about the highest degree of intimacy that is practical.

In the process of this invention, synthesis gas is contacted with the
heterageneous catalyst al a temperature of from 400°F to 1000°F, preferably from
5Q0°Fto 850°F, at a prossure from 1to 1000 atmospheres, preferably from 3to 200
atmospheres, and at a volume hourly space velocity [rom about 300 to 50,000
volumes of pas (STF) per volume of catalyst; or equivalent contact time if &
fluidized bed is used. The product stream containing hydrocarbons, urircacted
gues and steam may be cooled and the hydrocarbons recovered by any of the
techitiques known jn’ the art. The recgveréd hydrocarbons may be  further
separated by distillation or other means tg recover one or more products stich as
high oclune gasoline, propane fuel, benzene, toluene, xylenes, or other aromatic
bydrocdrbons, T ‘

. Some émbodiments of the invention are set forth by way of illustration in the
following [xamples, o ' |

' ' Exampic 1.

Thoria was prepared according fo the method of Pichler and Ziesecke, as
deseribed in *The Isosynthesis,” U.S. Bureau of Mines Bullétin, 488 (1950), which
involved essentially the precipitation of Th(NO,), solutions with Na,CO; solutions
followed by filtration, washing and drying at (00°C: -
" A composite catalyst was prepared by ball-milling equal weights of
NH,ZSM-—$ and dried thora pal, Eall_ctiziﬁ and caleining at 1000°F {or 10 hiours.
dhree experiments were Jone, each one at 800°F, 12{5 psia, and with a mixtyre of
hydrogen and carbon monoxide having a H,/CO ratio of 1.0, The fitst'and second
funs involved the thorium oxide &nd HZSM---5, edch used separately, wiiile the
:t}]ii_ifd run employed a heterogeneous catalyst containing both thotium oxide and
HZSM—3, 7 h o . ’ ’ ’ ’ ’

 The resuits are summarized in Table 1.
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containing both the ZnQ/ALQ, and HZSM—S5 catalysts.
The results arc shown in Table 2,

8. 1,495,794 §
TABLE L.
) (B) ©
Catalyst ThO, HZSM—5 Th(, plu.-i
o Alone Alone HZ5M-—3
Contact Time - seconds _ 15 15 15
(at reaction conditions)
Conversion, wt. %
CcO 5.3 <1 224
H, 2.6 <1 15.2
Wt. % Hydrocarbons in :
total reaction efflucnt 0.6 - 0.2 3.5
Hydrocarbon Distribution (wt. 27)
Methane 410 ' 39.6 17.3
C;—C, hydracarbons 586 GO.4 738
Gy 0.4 — 8.9
100.0 100.0 100.0
Aromatics in Cg¥, wt. % . Trace Trace 41.6
Example 2.
A ZnO supported on AL, was obtained from a commereial source and was
used as the carbon monoxide reducing coraponent. Tt contained 24% by weight of
5 ZnO. HZSM —5 was used as the acidic crystalline aluminosilicate component, 5
The heterogencous composite catalysl was prepared by bali-milling topether
four pasts of the HZSM—5 to one part of the ZnO/Al O, catalyst, followed by
‘pelletizing, Two tuns were carsied out, both at 600°F, 756 psia, and with a mixture
of hydrogen and carbon monoxide having a H,/CO ratio of 4. The first run used the
10 Zn0/ALO; catalyst alone, while the second run employed a compesite catalyst 10
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TABLE 2,
) (E}
20% ZoO/ALO; plus
Catalyst Zn0O/ALO,  80% HZSM—S5
Alene Composite
Contact Tiing —seconds 25 25
{at reaciion conditions)
Conversion, wt. %,
CO 32,0 6.7
I, | | 54 34
Wi, % hydrocarbons in
total reaction effluent 0.2 1.0
Hydrocarbon Distribudion (wi. %) .
Methane 100.0 11.4
Cz;—C, hydrocarhons — 42,9
| Cst — 457
' | 100.0 100.0
Aromatics in Ty (wt. %) Nene ‘ 7L.8 |
Example 3.

. A mecthanol synthesis catalyst was prepared containing the following
percentages by weight; copper — 54.55, zinc ~ 27.27, chromium — 9.09, and
lanthanum -~ 9.09 on an oxygen-free basis. A composile catalyst was then
prepared from equal parls of this component and HZSM—S3, using 5% graphite as
a hinder. Two runs were made, each at 600°F, 730 psia, using as a feed a mixture of
hydrog;n and carbon monoxide with a H,/CO ratio of 2 and are summarized in
Table 3.

TABLE 3,
(F) (@)
Methanol Type plus
Catalyst Methanol Type HZSM—5
Alone Composite

Space Velocity on Methanol :
Catalyst Component 5825 6764
{cc of synthesis gas/g. of

methanol catalyst/hour) -

CO Conversion wt, A : 24 = 34

Wi, % In Walcr-F-rce Product . _ |
Methane . 0.7 1.1
C—C, Hydrocarbons 1.0 5.7
<.t Hydrocarbons - - 1.0 1.8

27 " 8.6
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As shown, the contact timeg {reciprocal of space velocity) relative (o the
methanol catalyst component are very similar in the two runs ; being slightly tower
with the composite catalyst.
1Be composite catalyst shows 2 much greater production of hydrocarbons,
5 particularly hydracarbons higher in carbon namber tl?an methane, than the carhan 5
Inonoxide redicing component by itself,

EBxample 4.
The carbon monoxide reducing component was g commercial iron oxide type
armhmonia synthesis catalysi containing small amounis of K, Ca and Al promoters,
10 The zeolite component contained 6537 HZSM—S5 apd 35% alumina binder. The 1))
heterogeneous composite catalyst contained 75% of the iron component and 25%;

of the zeolite component, and was made by bal-miiling the components and

Three runs were made at 700°F, 265 psid and with a mixture of hydrogen and
15 carbon inonoxide having a Hy/CQ ratio of 1.0. Resuits are summarized in Table 4. 15

TABLE 4,

| S I (K
Catalyst : Fe Fe/I-L’EJSM—-s ['e+ HZEM~—5
Component Compofnents not Composite
Alone mixed. Compo- vatalyst,

single reac-

nents in sepa- 1
tion zone

rate reaction
Zones in seres

Contact thme — seconds 15 30 15
(at reaction conditions)

Cm_wcrsio_n, wt. %

CO _ 93,5 96.9 98.4
H, 67.8 76.9 72.3
Wi. % Hydrocarbons i '
toial reaetion effiuent 22.6 o 256 255
.Hydrocarl:ion Distribution
Mcthane 44.5 50.1 52.6
_ Cp—C, hydrocarbons 0.0 411 4.4
Gt 5.3 8.8 6.0
Arornatics in Gt owt. % 1.9 _ 23 154

Experiment I illustrates the selectivity of the iron camponent in the absence
of HZSM—5; the C* hydrocarbons contain only 1.9 aromatics. In eiperiment
(), 2 reaction zone containing HZSM—3 was placed after the reaclion zons
20 containing the iron catalyst. It can be seen that the arumatics selectivity was not 20 -
significantly changed. In experiment (k). however, the intimulc mixture of
IZ5M—S5 with the iron comtponent gave about a seven-fold increase in arommtics
selectivity, :

Example 3.

25 The cutalyst in this example was prepared by impregnation of NH,ZSM— 5 a5
containing 357 alunina hinder with 2 sotution of Fe(NG,),, drying the catalyst and
calcining at 1000°F for 10 hours. The finished cataiyst coniained 3% iron.
Synthesis gas (H,/CO — 1) was reacted over this catalyst at 700°F, 513 psia and 30
seconds contact time, giving the following conversions and products.
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TABLE 3.

Catalyst FeHZSK—S5
Contact Time — seconds 30
{at reaction condi_ti_ons)
Conversion; wt. %

CQ _ 19.7

H, . | 2.0
Wt. % Hydrocarbons in _
total reaction effluent : 8.1

Hydrocarbon Distribution {wt. %)

Mcthane 334

Uy hydrocarbons 475

C 19.0

ﬁnméﬂcs i C,’;, wt. % . 24.6
Eéca.mplc.'ﬁ.

_The catalyst in this sxample was an intimate mixture of 51.4% imeyite sind
EF eD-Ti0,), 21.3% HZSM—S5 und 21.3%, alumina binder, Synthests gas (H,/CO =
J was reacted over said catalyst at 700°F, and 2685 psia and 10 seconds contact
time; giving the folluwing conversion and products.

TABLE 6.

Catalxs’t ' Imenits + HZSM—3
Contact Time —sceonds - 10
(at reaction conditions)
Coh'versiun, wi, % _

co’ 62.3

H, : 483
Wi % Hydmcarbuns in |
total reaction effluent 215

Hydrocarbon Distribution (wt. %)

Methane 28.2

CZ—Q hydrocarhons 39.1

C.r 1.7

Aromatics in Ct, wt. % 28.9
Example 7.

The catalyst in this example was an intimate mizture of 41.2% magnetite
(Fey0,), 29.4% HZSM—S3 and 29.4% alurmina binder. Synthesis gas (H,/CO = 1)
was reacted over sazid catalyst at 700°F, 265 psiz and i0 seconds conlact time,’
giving the following conversions and products.
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TABLE 7.
Catalyst Magnctite + HZSM—5
Contzect Time — seconds 10 '
(at reaction conditions)
Conversion, wt. %,
CO 41.8
H, 376
Wt. % Hydrocarbons in
total reaction effluent 16.6
Hydrocarbon Distribation (wi. %)
Methane 310
C,—C, hydrocarbons ' 55.0
Gyt 14.0
Aromatics in C.F, wt. °) 19.9
Example 8, ]
The catalyst in this example was an Intimate mixture of 41,25 iron carbide,
"29.4% HZSM—5 and 29.4%; alumina binder. Synthusis gas (Hy/CO = 1) was reacted
5 aver said catalyst at 700°F, 285 psia and 10 seconds contact time, giving the 5
following conversions and produets.
TABLE 8.
Catalyst Iron carbide + HZSM—5
Contuct Time — seconds 19
{at reaction conditions)
Conversions, wt, %
o 11.7
H, ' 11.1
Wt. % Hydrocarbons in
total reaction effluent - 4.5
Hydracarbon Distribution (wt. %)
Methane ] 40.8
C,—C, hydrocarbons 30.1
C.ft 2.1
Aromaties in C.', wt. % - 6.2
Example 9,
The catalyst of this examplc was prepared by lmpregnaling an extrudate :
0 comprising Z8M—S5 crystalline zeolite containing about 33%, aluminz as hinder 10

with a solution of iron (Fe(NO,);] followed by drying and reducing with hydrogen
at a temperature of about 950°F, Three different levels of iron impregnation were
prepared as identified in Table 10. Synthesis gas (H,/CO = 2) was passed in contact
with the catalyst at a temperature of 600°F. and a pressure of 200 psig. The resulis
15 obtained are as follows: '
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TABLE 9.

EFFECT OF FE CONCENTRATION
“IMPREGNATED™ ZSM—5 EXTRUDATE

600°F. BED SETTING, 200 PSIG, 2 H,/CO, 3300 GHSY

Irom, Wt, %, - BB 14.8 217

© CO.Conversion, Wt. ¥ 43 65 83

% Wt. C Converted to:
Ca, 20 35

36
Hydrocarbon 70 035 _ 64
Hydrocarbon Composition Wt, %,
& 3R 42 38
c, 1% 16 14
C 9 g 7
Co 10 8 8
Cy 4 5 6
Ct _ ' 23 21 27
160 100 100
C," Aromatics, Wt. ¥ 46 42 3
Example 10.

The catalysts used in this example comprised a mixture of ZSM—35 alumina
extrudate ($5/35 ratio) wilh & copper methanol synthesis catalyst. In Runs 912 |

and 2, the volume ralio of Z8M--5/Cu syathesis catalyst was 2.9/ and in Runs .

913—3 to 5, the volume ratic of ZSM—5/Cu synthesis catalyst was 4/I, The
ZSM--5 aluminz extrudate was also mixed with an iron smmonia synthesig
catalyst in a 4/1 ratio and used as the catalyst in Runs 903—1, and 6. The operating

conditions employed ard results obtained in the respective Runs are identified in
Table i0 below. :

16
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Example [1.

A thoria-ZSM—T5 catalyst (no alumina) prepared as identified in Exampie 1
above was used in two separate runs for comparison with a similar catalyst
containing the alumina bimfer as shown below. In these examples synthesis zas
(H,/CO = 1) was passed in contact with the catalyst at a temperature of 800°F. and
a pressure of 1200 psig. The rcsulis obtained are presented in Table 11 below.

TABLE 11.

SYNGAS CONVERSION OVER ThO,/HZSM—3
8007 F. 1200 PSIG, H/CO =]

ThOy/HZSM—5 ThO,/HZSM—5
(No ALOY) + ALO, binder
GHSV (STP), hr.™! 205 205 375
‘Time on Stream, hr. 26 267 94
Conversion, wi. ¥/ '
Cco 369 58.1 10.1
H, 213 45.6 12.9
Total Product, wt, % N
Hydrocarbons 9.09 | 14.98 3.66
Oxygenates — — -
H,O 0.57 0.38 1.18
CO, 25.69 29.99 4,10
o 60.36 33.93 84,90
H, . 4,29 3.43 6.16
Hydrocarhons, wt, % .
| Methane 13.6 11.3 | 9.7
Ethane 36.7 280 19.5
Ethylene 0.2 0.1 -
Propane 33.0 24.8 14.1
Propylene 0.2 0.2 —
i-Butane 54 4.3 1.7
n-Butane 18 2.7 0.9
Bulenes - — _ —
i-Pentane 1.8 0.9 0.6
u-Peniane 0.2 tr. tr
Pentenes - — —
Cet Q.4 — tr
Aromatics 4.7 21.1 533
Total C,* 7.1 28.6 53.9

Aromaticsin Cg* 66,2 96.9 98.9
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Exaoiple 12.

Ruthenium dioxide has been used 2s 2 Fischer-Tropsch catalyst to convert
synthesis gas into paraffin wax under high pressure and low temperature
(248- . 428°F), However, at higher temperature (572°F.), anly methane is formed.
Ruthenium-on-atuminum has also been used for synthesis conversion to produce
gascouy, liquid and solid hydrocarbons; however, again, methznc becomes the
major product al temperatures. higher than 482°F. No aromatics are produced
using these catalysts, Now, it has been found that ruthenium, in combination with
HZSM—3, produces aromatics-containing gasoline in high yield from synthesis
gas over a wide tempcerature range.

Examplc A.
A 5% ruthenium on ZSM-——3 catalyst was prepared by vacuum impregnating
10 g. of NH,—ZSM—5 with a 18 ml aqueous solution containing 1.25 g,
RuCl;-3H,0. After drying in vacuum the catalyst was air calcined in an oven at
1000°F, for two hours. This resuited in a conversion of the ammonium form of
Z8M—35 10 the hydrogen form,

Example B,
A 1% Ru/ZSM—S5 catalyst was preparced using the procedure of Example A,
except that 20 &, of NH,—ZSM—S5 with a 36 mi, aqueous solution cantaining 0.5 g,
of RuCl;-3H,0 was used.

Example C.
The conversion of synthesis gas (Hy/CQ) was carried out in a fixed-bed

continuans flow reactor. The stainless steel reactor was charged with 3.5 g. of the

370 RufZSM—5 catulyst prepared in Bxample A; the catalyst was prereduced with
flowing hydrogen at 730°F. and a pressuze of 730 psig for three hours.

The conversion of synthesis gas (H,/CO) was carried out at 750 psig. SBU°F,
WHSV = 032 and H,/CO — 2/1, The results and the detailed hydrocarbon
distribution are given In Table 13 befow, High conversion with good selectivity to
liquid (C;*) products was obtained, The liquid product contained 25 wromutics
and had ovtanc numbers R+Q = 77 aud R+3 = 92, :

Example D,
Syngas conversion was carried out under essentially the same conditions as in
Example C except that 5.5 g. of 1% RWZSM-~5 prepared in Example B wus used.

" The results are tisted in Table 12 below. High conversion to hydrearbons rich in

Cy+ and containing 13.8% aromatics was obtained.
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TABIE 12.
Synthesis Gas Conversion over Ruthenium/HZSM—S5 Catalyst at
750 psig. 580°F, WHSV = 0.32 and H,/CO = 2/
Example C Example D
Catalyst 5% Ru/HZSM—5 e RU/HZEM-—5
Method of Catalyst
Preparation Impregnation Impregnation
Conversion, wt. %
CO 82.91 79.31
H, 88.32 4,84
Total Reactor Effluent, wt. %,
Hydrocarbons 37.54 31.83
11, 1.46 1.92
Co 14.95 18.07
Co, 2.31 ' 2.66
H,0 : 43.74 4533
l1ydracarbon Compaosition, wt. %
C 31.11 20.42
C, 6.61 4.02
C, 6.82 7.79
c, 9.22 16.78
Cs* 46.24 50.99
Aromaties in Gt 24.84 27.04
Aromaticsin Gt 29.57 34,78
Aroniaties in Total H.C, 11.51 13.79
Hydrocarhon Selectivity* 98.50 97.60
Octane No. of CjF 77({R+0)
_ 92 (R+3)
*(Total carbon converted — Total carbon in €O,¥Total carhon converted.
WHAT WE CLAIM IS:—
1, A process for producing hydrocarbons which comprises contacting
synifiesis gas at a temperature within the range 400° to 1000°F and elevated
3 pressure with a catalyst comprising s metal or metal compound having catalytic 5
activity for the rediiction of carbon monoxide and a crystalline aluminosilicate
having a pare diameter greater than 5 Angstroms, a silica to alumina ratio of at
least 12, and a constraint itdex as herein defined within the range of 1 to 12,
0 2. A process aceording to claim 1 wherein said metal or metal compound

comprises from one to eighty weight percent of the catalyst.

10
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3. A process according to claim 1 or cluim 2 wherein said metal and said
crystalling aluminosilicate are in the same particle. _

4. A process according to any preceding claim wherein said metal is a Group
VI[i matal,

5. A process according to any of claims 1 1o 3 wherein said metal is thorium.

6. A process according to any of claims I to 3 wherein said metal is copper
and/or zinc, :

7. A process according to any preccding claim wherein safd crystalline

aluminasilicate is zeolite ZEM—S5, ZSM—11, Z8M-—12, ZSM—35 or ZSM—38.

8. A process according to claim 7 wherein said zeolite is at lcast partly in the
hydrogen form. . '

9. A process according to any preceding claim wherein the volume ratio of
hydragen to carbon oxides in the synthesis gas is within the range 0.2 to 6.0

10. A process according to any preceding claim wherein the ratio of metal
cowmponsal o crystalline aluminosilicate is selected 1o promote the production of
gasoling hoiling range hydrocarbon.

11. A process according {¢ any preceding claim wherein the catalyst
com%msition and reaction conditions are selected to promote the production of
paratfins and uromatic hydrocarbons,

12. A process according to any preceding claim wherein the ocatalyst
composition and reaction counditions are selceied to promote the productioin of
internal olafins. . .

13. A process according to any of claims 1 to 12 wherein said metal or metal
conipound is present in the form of a Figcher-Tropsch catalyst, :

14. A process according to any of cluiths 1 to 12 whereit said metal or metal
compound js present in the form of a methanal synthesis catalyst.

15. A process according to claim 1 of producing hydrocarbions from synthesis

gas substantially as described in any of the foregoing Examples.

- For the Applicants: .
CARPMAELS & RANSFORTS,
Cligrtered Patent Agents,
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Londoh WC1lA 2RA.

Printed tor Her Majesty's Stationery Office by. the Courier Press; Leamington Spa, 1977.
Published by the Pateui Office, 25 Southampton Buildings, London, WC2A 1AV, from
which coples may ba obtainad,

16

15



