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(71) We, EXXON RESHARCH AND ENGINEERING COMPANY, a Corporation
duly organised and existmg under the laws of the State of Delaware, United States ol
‘America, of Linden, New Jersey, United States of Americy, do hereby declare the invention
for which we. pray that a patent may be pranted to us, and the method by which it is to be -

pertarmed, to be particu arly described in and by the following siatement:-

The present invention relates to a process for the synthesis of hydrocarbons from carbon’

monoxide and hydrogen. _ _ )

According to the present invention, there is'provided a process for the synthesis of
hydrocarbons comprising passing H, and CO at Hy/ CO ratio of 0.1 10 10 over a catalyst of
rathenium, nicke! or thodivm supported ona titanium-containing oxide at a space velocity of

up to 50,000 V/V/Hr. and at a temperature of from 100 to 500°C, al a pressure of from 100 -

to 10°kPa for a time sufficient to effect the generation of the desired hydrocarbon productsin

- the desired ratio.

In this patcnt specification, pressures are given in kilopascals (kPa)'wherein a pasi:al is
1450 x 10-% pounds/in®. - . . '
It was discovered by Pichler (se¢ H. Pichler, Brenstoff-Chem. 19, 226 {1938), I1. Pichler

I and H. Buffleh, Bremnstoff-Chem. 21, 247, 273, 285 (1940)) in 1938 that Ru can %‘oduce at
. Becauge it -

low temperatures and very high pressures, high molecular weight paraffinic waxes
is such a good hydrogenation catalyst, ruthenium has not been noted for its capability- o
produce olefins. This is shown by the only study conducted under typical synthesis conditions

- nsing supported Ru where at 2160 kPa, 220-240°C, and 1./ CO ratios of 1 to 3, it was noted

that thc hydrocarhon product contained only “moderate” amounts of olefins {see'F.8. Karn

© ¢tal, 1&¥C Product Res. & Devel. 4,265 (1965)). Ata Hy/ CQOratioof 1, over 85 wt.%olthe
hvdrocarbon product was composed of Cs+ material, In gddition, at 100 kPa and 222°C.,.

methane was the only hydrocarbon product observed, It is clcar then that typical Ru catalysts

would be cxpected to produce primarily high molecular weight puraffins at moderate pres--

sures gad methane as the principal producl at atmosphetic pressure.

Recause it is so cxpensive, only supported, highly dispersed Ru catalysts can be considered

for any commercial synthesis process since only in this state can the catalytic activity of most,’
if nol all, of the Ru atoms to be utilized. Tt is necessary then to prepare these catalystsin sucha
way that thev possess a large Ru surface area thereby reducing the weight loading of Ru -

required to achieve the desired activity. Since'it is now possible to produce catalysts in this
mannet, they may now be seriously considered as candidates for the commereial synthesis of
olefins and paraffins from CO and H,. = . :
A new method for the selective synthesis of olefinic hydrocarbons and particnlarly olefins
of from C; 1o £y chain length inclusive from €0 and H. at pressures of from 100 t0 10°kPas,
preferably 100 1o 3100 kP, comprises the steps of passing a synthesis gas strean comprising
CO and H, at a Hy/ CO ratio of from 0.1-10, preferably 0.5-4. most prefarably 1-3, at a space

- yelocity of from 100 hr~' overa catalyst comprising from 0.01'to 15 wt. %oruthenium on TiO;,
other fitanium containing oxides or.mixtures thercol for a time sufficient to effect the

sgeneration of desired olefinic hydrocarbon products at a femperature of from 10010 500°C.,
: ](:)rcfcrably 1500-400°C.. most preferably 150.300°C., and a pressure of from 10010 10° kPa

1-1000 atm), preferably 100-3100 kPa, most preferably, 100-2060 kPa. The supported

ruthenmium catalyst system used in the nstani process has a total BET surface areg of [rom 10

" to 60.m’g-1 with a ruthenium crystallite size of preferably less than 3 mn (50A).
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Ruthenium supported on TiOy, other titanium-containing oxides or mixtures of of titanium
axides, compriscs & catalyst system which exhibits superior hydrogarbon synthesis charac-
teristics in synthesis processes. The titaniurm containing oxide supporis which may be used in
the practicé ol this invention are oxides having surface areas of from 1 to 200 m’-1,
preferably 10-100 m2g-1, most preferably 25-100 m%s-1. The oxides are selected from TiOs,
AL O3~ Ti03, 5i0,-TiO:, TiO,-Carben, Zrli0,, alkaline earth iitanates (BaTiOs, CaTiOs.
SiTi0O,, Mg1i0,) alkall titanates {Na,;Ti0;, 11:TiOs, ¥,Ti0;) and rare earth titanaies,
preferably, the titanium oxide TiO:. With most supported metal catalysis, the higher the
surface atea of the support, the higher the dispersion of the supported metal at a given metal
loading, It is therefore desirable to use a TiO: with us high a surface area as possible to
maximize the dispersion of the ruthenium metal, However, when working with Ti0,, samples
with surface arcas of 150 to 250 m?g~' (usually prepared by precipitation tethniques)
desurface on heating to ~ 500°C. Commereiall available TiO; made by flamé hydrolysis of
TiCl, has a stable surface arca vf ~ 60 mZg~" for thermal treatments at tempcratures of ~
500°C. and is thereforc the preferred support. For thermal {reatments at temperatures below
500°C., TiO, prepared by precipitation techniques may be successfuily employed.
Ruthenium is deposited on the chosen support in & concentration of from 0.01 to 15 Wt %,
preferably 0.1 to 10 wt.%, most preferably 0.5 to 5'wt.%, with Lhe rutheniim possessing 2
crystallite size, as determined by standard techniques sucl as X-ray diflraction or fransTs-

sion electron microscopy of from 1 to 20 nm, preferably 1-10 nm, most preferably 1-5 o

Using standard cxperimental technigues, for a ruthenium on Ti0. system, rcduced in

~ hydrogen at 450°C., X-ray diffraction shows no particles of Ru in the :i'"g:c_}m_:ed_cageilys't'__whj_c}}

indicates particies having crystallite sizes of less than 5 nm, which corpesponds {0 a dispersian
of greater than 20%. : oo

‘Ruthemium catalysts supported on Ti0),, other titaniwm-containing oxides, or mixtures
thereof, exhibit selectivity to olefin products, especially C=Cyo inclusive olefins. Such catal-
ysts, when used in the present system, exhihit improved selectivity to said olefing, improved
longevity and tolerdnce to sulfur und resistance 1o ruthenium volatization in oxidizing
atmospheres as compared with ruthenium catalysts of ihe prior art which are sppporied on
materials such as Al,Os, S8iQ; or carbon, : oo

The ruthenium catalysts employced in the practice of the prescnt process.are themselves

" prepared by techniques known in the art {or the preparation of other caialyst systerns, suchLas

Ruon AlOs, ete. Asuitable rutheniumsali such as ruthenium chloride, Tuthenium nitriate or
suthenium acetate, etc., is dissolved in a solvent such as water.or.any suitable solvent and
stirred with the chosen titdnium oxide systcm. Preferably, the support is TiQ; prepared-by
flame hydrolysis of TiCls, which TiO; has 2 surface area of .~,6’8 m?g~?. Aficr thorough
mixing the mixtare is allowed 10 dry.and then heat treatedlin air at a temperature of from 100
to 150°C. or alternatively may be dried immediately by heating in air at.a femperature of
hetween 100 and 150°C. for several hours, ’ R

However, there is 2 final step, which is essertial, of heat treating the supported ruthenium
catalyst, prepared as outlined abeve, or by similar techniques, in aTeducing atmosphere such
as hydrogen 4t a temperafurc greater than 300°C.. prefurably grédter-than 400°C., most
preferably, greater than 500°(.., for from .5 to 4 hours, preferably -1-2-hours.

Nickel supported on TiO,, other titaninm-containing oxides or _mixtures of various
titanjum oxides as described above comprises a catalyst system ‘which exhibits superior
hydrocarbon synthesis characteristics. Such supperted nickel catalysts exhibit selectivity 1o
paraffinic hydrocarbon products of from C, to C which are free of olefins and oxyienated
products. They generate CO conversions of up to 6% at pressures of 3090 kPa without
significant chanpe in product distribution. A large fraction of the p,ro_-:!qct.ohtain'cd,contains- 2
of morc carbon atoms in the chain up to conversions of 60%. The supported nickel calalysts

cxhibit enhanced activity, improved selectivily to higher molecular weight normal paraffins,
improved longevity and rolerance to sulfur and resistance to nickel carbonyl formation as
compared to nickel catalysts on other SUppoTIs such as Al,(, siliva or carbon. '
_Conventional nickel catalysts, i.e: Nis Al;Qs, Ni/ 810, etc, are well known for their selectiv-
ity toward mcthane formation; for example see M. Groysot, “Catalysis”, Vol.-IV, 473
(1936) and il A. Dirksen and H. R. Linden, Rescarch Buliletin #31, Institute of -Gas
Technolopy (1963). Within a wide range of temperature, pressure and H./CO ratigs,
methane is by far the predominant hydragarbon productand itisthis fact that has made nickel
the catalyst of choice for commerceal methane synthesis from CO and W, T
Nicel has been dispersed on .and. co-precipitated with a wide variety of typical oxide
supports and no major effect on product distribution has been noled When higher Bydrotar-
bons have been observed, they arc suill usually pasecus materials _ci:j_n_'sisti_hg.._pri_m;;.ri_ly ‘of
ethanc and only small guantities of Cs* hydrocarbons. The effect .of 2 large. number of
promoters on the activity and selectivity of nickel catalysis.has been studied and ThO; is-the
only material Lo have & pronounced influence on the product-distribution. Usually used with
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Ni/Kieselguhr catalysts, the addition of 12-24 pazts ThO, per 100 .par-ts Niresultsinupto -
60-70 wt.% of the total hydrocarbon product present as Cs* material including solids and -
liquids {(see R.B, Anderson, “Catalysis”, Vol. IV, p. 53 {1956)). No other promoters have -

been dacumented as being capable of inducing this-change in product selectivily. Although

catalyst activity was increased somewhat by the addition of 'ThO,, the increases were not

large, normally consisting of increases up'to 10% in the H, + CO conversion.

Therefore, nickel catalysts 'have been nsed frequently in the past to synthesize methanc -

from CO and H;, and are quite seléctive-in producing this product, With the exception of

catalysts promoted with ThOy, they were not known to possess the capability of producing |
Iaree quantities of higher molscular wel'%ht prodets. This invention discloses the modification -
i

of the catalylic behavior of nickel by dispersing it upon TiQ, ot a Ti-containing support
resulting in a catalyst which is employed in a proccss which yields 2 much higher average

molecular weight product. The highly desirable effect of greatly increasing the activity of the

nicke! component is also obtained. : . Coe s
A new method for the selective synthesis of higher molceular weight normal paraffins from
CO and H; over a wide range of CO ¢onversions at pressures of from 103 to 3090 kPa

comprises the steps of passing a synthesis gas stream comprising CO and Hp ata Hy/ CQratio .
of from 0.1-10, preferably 0,5-4, most prefcrably 1-3 at a space velocily of from 100 hr. =’ to -,
50,000 hr: - over a catalyst comprising from $.01 to 75 wt. % Ni on '[i0;, other tifanium=- "

containing dxides or mixtures of said titanium-containing oxides for a time sufficient to effect

the generation of desired paraffinic preducts at a temperature of from 100 to -500“0.5.

preferably 150-400°C., most preferably 150-300°C.-and a pressure of from 103-1.03 x 10

10

15

20

kPa, preferably 1033090 kPa, most prelerably 103-2060 kPa. The supported nickel catal- - ;

ysts system has a total BE'T surface area of from 10 to 60 m*g~? of total catalyst with a nickel .

crystallite size of preferably lessthan 10 nm (10 0A) (as measured by X-ray diffraction). A
suitable size range is 130 nm, preferably 1-10 nm, most preferably 1-7.5 nm. :

Using standard experimentai techniques, 10% Ni/ TiO; reduced in hydrogen at 450°C. {as -

in the following examples) evaulated by X-ray diffraction exhibited a crystaliite size of 7.5 nm
which carresponds to a nickel dispersion of aboul 14%. For a 1.5% Ni/ TiO, system, the

particle size is less than 5-nim since Ni metal-was not detectablc by X-ray. This corresponds to -

a dispersion of greater than 20%. o : o

The nickel catalysts employed in the practice of the present process are themselves
prepared by techniques similar to those described above for tuthenium. . | :

A supported Ni/ TiO; catalyst can alsobe prepared by reduction of the compound NiTiQ,
whicli on reduction in hydrogen at temperatures of about 450°C, decomposes into nickel
metal supperted on TiQ;. Reduction of the stoichiometric NiTiO; to Ni/Ti(); gives acataiyst
of composition 38 wt.% Ni/TiO,. S - ' : .

" The final step of heat trcating Is us described above for the supported rutheaium catalysi.

The presént process will selectively generate Ci* normal paraffins from- CO and H; in
conjunction wilh the above-déscribed nickel catalyst systems provided operation is con-
ducted at a temperature below 500°C. Use of the catalyst also allows synthesis to be run at
temperatures lower than those disclosed in the prior art with equivalent product yiclds and

CO conversion rates and such superior results are obtained when using catalysts possessing

Ni weight loadings cqual Lo those of the prior art. '

Rhodium catalysts for the production of higher molecular weight hydrocarbons from CO

and H; have been reported only in a Bureau of Mings Study (J.F. Shultz et al., 11.8. Burcau of
Mines Heport #6974, 1967). This study showed that rhodium supported on Al;O; produced

95+ wt.% methane at typical H[;£CO ratios, 2163 kPa pressure and al lemperatures from
440-580°C, Because of its expense and low activity compared to other metals, rhodium was
teporied by these workers to be unattractive as a methanation catalyst. '

It has now been foiand, however, that rhodium dispersed on Ti0; or other titunium-

_containing oxide supports as described above has high activity and altered relectivity.
"Compared Lo Al;Os-supported rhodium, the use of TiQ, or titanium-containing oxide- - -
Jsupported metal in olefin preparation processes résults in a process which exhibits a marked -
“decrease in methane in the products with a concomitant increase in the formation of higher-

molecular weighl paraffins and olefins, * - : :

A new method for the improved synthcsis of olefinic hydrocarbons and particularly olefing
of from C; to Cs chain length inclusive,'and most particularly, €; and C, hydrocarbons from
CO and H,, comprises the steps of passing a synthesis gas stream.comprising CO and H; at a
H.,sCO ratio of from 0.1-10, preferably .5-4, most preferabiy 1-3 at a space velocity of from
100 hr-' 1o 30,000 hr-! aver a catalyst comprising from (1.01 to 10 wt.% rhodium on TiOs,

- pther titanium-containing oxides or mixturgs thereof for a-time sufficicnt to cffeet the

seneration of desired- olefinic hydrocarbon products. in the desired ratio, said contacting
being cffccted at a temperature of from 100 to 500°C., preferably 150-400°C., mast prefer-
ably 150-300°C. and & pressure of from 1900 to 10° kPa, preferably 100 to 3000 kPa, mast
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Freferably 100-2001 kPa. The supported rhodinm catalyst system used in the instant process
\as a total BET surface area of from 10 to 60 m*~* with a rhodium crystallite size of
preferably less than 5 nm. : _ :

Rhodium is deposited on the chosen support in a concentration of from 0.01 to 10 wt.%,

. preferably 0.05-5 wt. %, most preferably 0.1-2 wi. %, with the rhodium possessing a crystallite

size, as determined by standard techniques such as X-ray diffraction or transmission electron
microscopy of from 1 to 20 nm, preferably 1-10 nm, most preferably 1-5 nm.
Using standard cxperimental techniques, for a rhodium on Ti(}, system reduced in hyd-

ragen at 450°C., X-ray diffraction shows no particles of thodium in the reduced catalyst

which indicates that the rhodium crystallites possess an average size of less than 5 nm, which
corresponds to a dispersion of greater than 20%.

The Thodium catalysts employed in the practicc of the instant process are themselves -

prepared by techniques similar to thosc described above for ruthenium. :

The final step of heat treating is as described ahove for the supported ruthenium catalyst.

Use of the above-identified catalyst in the present process at reaction conditions equivalent
to those of the prior art gives superior results (in the way of improved selectivity and greater
product yields) when catalysts possessing rhodium with loadings equal to those of the prior
art are uscd, . . . _ ] )
EXAMPLE 1 _ _

Ruthenium catalysts with improved selectivity to olefin products and to hydrocarbons with
carbon chain lengths of two carbons to ten carbons arc obtained by depositing ruthenium on
TiO, or titanium-containing oxide supports. Thus, a 2% Ru/TiQ, catalyst is preparcd by
stirring together [0 grams of TiO; and 3 m! of RuCl; solution containing 0.2 g of ruthenivm.
The TiD: is prepared by the flame hydrolysis of TiCl, to give 2 support with 60 m’g~ " surface
area. Titania made by other techniques such as precipitation and calcination of a suitable salt
is also satisfactory. Alter thoroughly mixing the TiO» and the ruthenium solution, the mixture
is dried overnight in air at 110-120°C. - :

To illustrate the desirable properties of Ru/TiO: catalysté, they wcrc compared'to _

ruthenium supported on conventional supports such as Al;05 or carbon. Thus, 2 5% Ru/ né
Al,O, catalyst was prcpared by thoroughly mixing 5.26 ml of RuCl; solution containing
0.526 grams of ruthenium with 10 grams of 4-Al,Os. The resulting mixture was dried
overnight in air at 110-120°C. A 4% Ru/ carbon catalyst was prepared by thoroughly mixing
6 mi of RuCl, salution containing .12 grams of ruthenium with 3 grams of carban with 2
surface area of ~ 1000 m’g~". The resultant mixture was dried overnightin air at 110-120°C,
The desirable selectivity characteristics of TiQ; or titanium-containing oxide-supported
ruthenium catalysts compared to other suppurls are demonstrated in Tables I, Il and 111 At
103 kPa total pressure Ru/TiO; shows a markedly different product disiribution from
Ru/AlLO;. The formation of methanc and very high molccular weight hydrocarbons is
suppresscd over the Ru/Ti0, catalysts giving a product spectrum in which the carbon chain
length range of two to give carbon atoms is maximized. For Ru/ AlOs, much more methane
and higher molecular weight hydrocarbons are produced. Ru/TiQ; also possesses the desir-
able characteristics that a large [raction of the C,-C; products is olefinic. Thus, this catalyst is
particularly suitable for producing from CO and I, 2 product stream which is highly olefinic
and with carbon chain lengths of two o five carbon atoms. Olefins such as ethylene,
propylene, butenes and pentenes in this range are particularly desiruble as chemical inter-
mediares for the praduction of plastics. rubber, aleohols, ketones and aldchydes, esters and

acids, : .

“Table II illustrates the desirable selectivity characteristics of TiO, of titanium-conlaining
oxide-supported ruthenium catalysts at higher total pressures of reactants. At 10* kPa the
Ru/I'iC}, makes less methanc and Cs; + hydrovarbons than Ru/ Al;O» with most of the
products from Ru/TiQ; being in the C, to C, carhon numiber range. Ru/Ti0, thus exhibits
improved selectivity fo the desirable C; to C; hvdrocarbons, Table 1T also illustrates the
improved selectivity (o olefins of Rus/Til); compared to 2o/ Al;O;, Inthe G to (s carbon
number range 42% of the products are alefing with RusTiO» whercas only 25% are olefins
with Ru/sAlLO;. RusTiQ, is thus more selective for the production of the desirable olefins
with carbon chain lengths of two to five carbon atoms. .

Tuble JII compares Ru/TiO; with ruthenium on a variety of other supports. Ruthenium
supported en TiQ; ot titanium-containing oxide supports praduces 42 wi.% of the praducts
with carbun chain lengths of two to five carhan atoms, while ruthenium on Al,Os, carbon or
ruthenium metal produce only 31%, 2% and 25%, respectively of products in this carbon
pumber range. In uddition, the fraction of olefins in the products is greatest for Ru/TiO- as
indicated by the ethylene/ethane ratios for ¢ach catalyst, Ruthenium on Al»O; or carbon, or
unsuppotted ruthenium metal produce little or no ethylene in the C, fraction from CO and Hz
under the reaction conditions used in Table 11T whereas Ru/Ti(}; produces about one-halfof
the €, fraction as ethylene. : '
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TABIE I
Selectivity of Rurhenium Catalysts .
-8 (Reﬁction Conditions: H, fCO = 1,'Pressurc = 103 kPa} 5
' @) Temp, %C0  Product Totw! wt %5 wt %
Catalyst {Ci Conv, Qrrbon Number  wt % Olefin  Paraffin
1o ERWTIO, 262 0.7 o 26 - - 10
Ca 17 12 5
Ca 28 20 8
Cs 19 15 4
15 G | 0 7 3 13
o o B
5% Ru/A1,0, 267 17 G - 47 - - N
20 - G 13 s g 20
Cs . - -
o T 6 t
25 Cs ' - - 25
. Gt 5 - -
(1 atm = 103 kPa)
30 (a) Hach cutalyst reduced 1 hour at 450°C prior to introducing feed at the reation iemperature. 30
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EXAMPLE 2 :

Catalysts with improved activity and selectivity to normal paraffin products with carbon
chain lengths of two and higher are obtained by depositing nickel on TiO, and other
titanium-containing oxide supports. Thus, a 1.5% Ni/TiO; catalyst is prepared by stirting
11.4 m] of nickel nitrate solution containing 0.3% g of nickel with 25 g of TiQ; in a beaker. The
Ti(), was prepared by flame hydralysis of TiCl, and had a surface area of 60 m?g~ ", Titania
made by other tcchnigues such as precipitation and calcination of a spitable titanium salt is
also satisfactory. After thoroughly mixing the nickcl solution with the TiO, the resulting
material is dried in a dessicator overnight and further dried in air in an oven af 120°C,
avernight. Alternatively the resulting material can be dried immediately at 120°C. in air for
several hours. A 10% Ni/ ' TiO; catalyst is prepared by mixing with a spatulain a beaker 20 g
of TiO, with 11.1 g NiNO;.6 H,O dissolved in 5 ml of distilled water. The resuliant material is
dried in a dessicator overnight and further dried at 120°C. in air overnight. By impregnating
the dried 10% Ni/ TiQ; catalysts with additional quantities of nickel nitrate solution concent-
rations of Ni/TiO; up to ~75 wt.% can be obtained. :

“I'a illustraie the desirable characteristics of the Ni/TiD, catalysts, they were compared to
several commercial nicke} catalysts and 1o several nicke! catalysts supported on Al;Os and
SiQ),. Thus a 5% Ni/ 5-AlOs cata]qmt was prepared by thoroughly mixing 9.5 g of n-ALO;
having a surface area of 245 m’g™’ with 6.6 m! of nickel nitrate solution containing 0.5 g
nickel ‘F'he resulting mixture was dricd overnight in air at 110°C. A 16.7% Ni/ 8iO; catalyst
was prepared by thoroughly mixing 1¢ g of silica having a surface arca of 300 m”g~" with 20
mt of nickel nitrate solution containing 2 g of mickel, The resulting material was dried
overnight in air at 110°C., _ _

A series of suppurted nickel catalysts and bulk nickel oxide were reduccd in hydrogen at
450°C. for one hour prior to the introduction of a CO-H, feed at a temperature of 205°C, The
enhanced activity of the TiO,-supported nickel catalysts relative to a variety of other nickel
catalysts is shown in Table IV. The 10% Nis TiQ, catalyst is much more active on a per gram
of catalyst basis than other nickel catalysts containing much larger quantities of nickel.

TABLE IV

ACTIVITIES OF NICKEL CATALYSTS FOR C0-Hy REACTION
{CO-H, Reaction Conditions: 205°C, 103, kPa, H;/CO=3) .

u Moles CO u Moles CO
s Converfed/Sec/ Converted/Sec/
Cutalyst (CY Gram Nickel Gram Cutalyst

5% Nifn-Al,04 3.44 0.172
8.8% Nifn Al, 05 1.63 0.143
429% Nis - AlaQs 0.2} 0.088
16.7% Ni/Si0; 2.36 0.394
20% Nifgraphite 0064 0.082
Bulk Ni Metal 0.032 0.032
10% NifTi0, 22.8 2,28

1.53% Ni/Ti0, 8.35 0.113

(&) All catalysts reduced 1 hr. at 450°C. prior to activity test,

TiO, or titanium-containing oxide-supported nickel catalysts also exhibit desirable selec-
tivity characteristics compared to bulk nickel or nickel on 810, or Al,(; supports. This is
dermonstrated in Table V. Nickel on & variety of supports, ¢.g. Al;Qs, Si0:, graphitc and bulk
nickel produce methanc almost exclusively with only smatl amounts of hydrocarbons with
carbon chain lengths up to 4. The TiO; or titanium-containing oxide-supported nickel
catalysts show a large reduction in methane make und increase in paraffin products with
carbon chain lengths of two carbon atoms and higher. This is especially desirable for the
production of storable liquid fuels from CO-H, mixtures obtained trom coal gasification.

The increased selectivity of TiD: or titaninm-containing oxide-supported nickel catalystsis
maintained over a range of conversions up to ~30% us demonstrated in Figure 1. Nickel
catalysts prepared from othcr supports, however, show much poorer selectivity to high
molccular weight paraffins than Ti0; or titaninm-containing oxide-supported metal catalysts.
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‘time. Figure 2 shows a plot of the optical densi dy

The scleetivity of the TiO; or titanjum-containing oxide-supporied nickel catalysts to
hydrocarbons with carbon chain lengths of 2 and highcr is also maintained at higher pressures
compared to nickel on other supports. This is demonstrated in Table VI. The behavior of the

" Ni/TiO; catalysts as a function of pressure for the production of higher molecular weight

Elarafﬁns is opposite to that of Nis Al Q5. As Table VI shows it is most desirable to run the
i/ TiQ, catalysts at low pressures to maximize production of higher moelecular weight
paraffing whereas high pressures are necessary for Ni/ Al Q. This is e desirable characteristic
of TiC}, or titanium-containing oxide-supported nickel catalysts since no compression of the
synthesis gas would be required to operate a gasification-liquid fuels synthesis plant to
maximize production of the desirable parafiin liquids, ' o
Iixampie 3 - e

The advantage of TiQ; or titanium-containing oxide-supported nickal catalysts in suppres-
sing the formation of nickel carbonyl in the presence of CQ was demonstsated using inlrared
spectroscopy. Nickel is known to react with carbon monoxide to form volatile nickel carbonyl
Ni{CO), which can result.in a loss of nickel from the catalyst and the production of a
poisonous effiuent, Le. Ni{CO),. The formation of Ni(COY, is suppressed on TiO; or
titanium-containing oxide-supported nickel catalysts compared to nickel on other supports
such as Al,O,, 5i0,, and graphite, :

The rate of Ni({CO), formation from a 109 Ni/ TiQO; catalyst was compared te that from a
10% Ni/Si0, catalyst. The 10% Ni/8i0); catalyst was prepared by thoroughly mixing 10 g of

8i0), having a surface area of 300 m?g~ ' with 22 ml of nickel nitrate solution containing 1.11g

nickel. The resulting matcrial was dried in air at 120°C, overnight,

The 10% Ni/TiQ, and 10% Ni/S5i0, were, in separate cxperiments, pressed into thin
waflers weighing 27-29 milligrams and charged to a cell identica] to that described by D.J.C.
Yates, W.F. Taylor and J.H. Sinfelt, J. Am. Chem. Soc., 86, 2996 (1964}, The air was
evacuated from the cell and hydropen flow initiated through the cell at 12 17hr. The cell was
rotaled so that the wafer was at the silica end of ths cell which was then inserted into a
furnace. L'he wafers were reduced in hydrogenfor 1 hour at 300°C. and evacuated for 10 min,
at the same temperature to remove hydrogen. The wafers were then cooled in vacpum fo
room temperature and the cell rotated so that the infrared windows were in the spectrometer
beam. The wafers it these experiments were kept out of the infrared beam so that the
formation of Ni{(:(}), in the gas phase vould be monitored by infrared spectroscopy,

CO was added to each catalyst at a pressurc of 1.87 kP and the concentration of Ni(CO),
in the gas phase due to reaction of CO with nickel in the catalysts was followed as a function of

ty of Ni{CO), which is proportional to the
concentration of Ni{CO), in Lhe gas phase around the catalyst as a function of time. The 10%
Ni/TiQ, catalyst is seent to be much less réactive toward Ni{CO), formation than nicke] on
8iQ,. The Ti0), and titanium-containing oxide-supported nickel catalysts thus have the
desirable property of inhibiting the formation of Ni(CO),, o '
: TABLE ¥V

SELECTIVITY OF NICKEL C‘ATAII,YSTS _I
P= 103 kPa, H,/CO - 3
' o . Mole % Faraffin
. of each Carbon Number
Cutalyst T°C % €0 Conversion G o 6 G &f

10% Ni/Ti0), 243 24 50 9 25 & 9
1.5% NifTi0, 3 133 - 58 14 12
Bulk Ni 252 79 94 6 —m e ——
42 % Ni/ a-A10, 236 Sl o 76 14
8.8% Ni/-AlLOs 230 31 - 81 14
5% Nijn-Al; O3 254 10.8 o 90 7
16.7% Nif$i0, 220 33 92 5
20% Nijgraphite - 234 24.8 87 7
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EXAMPLE 4 ' ' E

Rhodium catalysts with improved selectivity to hydrocarbons with carbon chain lengths of
two to tive carbon atoms and improved selectivity to olefinic hydrocarbons in this carbon
number range are obtained by depositing rhodiun on TiO; and other titanium-containing
oxide supports. Thus a2 wt.% Rh/TiO, catalyst is prepared by stirring together 20 grams of
TiQ, with 4,08 ml of RhCl; solution containing ©.408 grams of rhadium. The TiO; was
prepared hy the ffame hydrolysis of TiCl, and had a surface area of 60 mg-!, Titania
prepared by other techniques such as precipitation and calcination of a suitable salt i5 also
satisfactory. After thoroughly mixing the TiO; and thodium solution the mixture is dried in
air at 120°C overnight. _

To illustrate the desirable characteristics of Rh/TiO; it was compared to rhodium dis-
persed on Al O, Thus a 2% Rh/ AL O; catalyst was prepared by mixing 5 grams of AlO,

“with 3.52 ml of RhCl; solution containing 0.102 grams of rhodium. The resulting mixture was

dried in air at 110-120°C. overnight.

‘Table VII illustrates the desirable characteristics of TiQ; or titanium-containing oxide-

sepported thodium catalysts. The Rh/ TiO; shows improved sclectivity to hydrocarbons with
carbun chain lengths of two to five hydrocarbons at all Hy/ CO ratios. Thus, at an H,/CO
ratio of 1.6, 26 mole % of the products are Cp-Cs hydrogarbuns whereas Rh/Al, O, produces
only 14 mole % hydrocarbons in shis carbon number range. R/ TiO; also shows increased
selectivity to olefins compared to Rh/ALOs. As Table VII demonstrates, the ratio of
ethylene the ethane is greater at all conditions for Rh/TiO; compared to Rh/ALO;.
RhL/TiO, thus exhibits the desirable characteristios of improved selectivity to Cr-Cs hyd-
rocarbens and olefins, these hydrocarbons being highly desirahle as chemical intermcdiates
for.the production of plastics, rubhers, alcohols, ketones, aldehydes, esters and acids:
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WHAT WE CLAIM IS:- _
1. A process for the synthesis of hydrocarbons comprising passing H: and CO al a
., CO tatio of 0.1 to 10 over a catalyst or ruthenium, nickel or rhodium supported on a

titanium-containing oxide at a space velocity of up fo 50,000 V/V/Hr. and at a temperature

of from 100 to 500°C, at a pressure of from 100 to 10° kPa for a time sufficient to effect the .

generation of the desired hydrocarbon products in the desired ratio.

2. The process of claim 1 wherein the titanium-containing oxide is selected from Ti0,,
ZrTi0,, TiO,-carbon, TiOz-AlLO;, T90,-810,, alkaline earth titanate, alkali titanates and
rare earth titanates. :

3, The process of claim 1 or claim 2 wherein the titanium-containing oxide is TiO.

4. The process of any one of claims 1 to 3 wherein the titanitum-centaining oxide has a
surface area of from 1 10 200 m’g~%, . :

55. . The process of claim 3 or claim 4 wherein the 110, has a surface area of from 25 to 100
mogT.

6. The process of any one of claims 1-5 wherein the catalyst of ruthenium supported on a
titanium-containing oxide has a ruthenium concentration of from 0,01 to 15 wi.% and a
ruthenitm particle crystallite size of from 1 to 20 nm. . . '

7. The process of any one of claims -6 wherein the catalyst of ruthenium supported on a
titanium-containing oxide has a surface arca of from 10 to 60 mig .

8. The process of any one of claims 1-5 wherein the catalyst of nickel supported on a
titanium-containing oxide has a nickel concentration of from 0.01 to 75 wt.% and a nickel
particlc crystallite size of from 1-30 nm.

6. The process of any onc of claims 1-5 wherein the catalyst of rhodium supperted on a
titamium-containing oxide has a rhodium concentration of from 0.01 to 10 wi.% and a
rhodium particle crystallite size of from 1 to 20 nm, ' '

10, The process of any onc of claims 1 to 7 wherein the catalyst of rutheninm supported
on  fitarium-containing oxide has a ruthenium particle crystallite size of less thun 5 nm.

11. The process of any one of claims 1 {o 5 or 8 wherein the catalyst of nickel supporied
on a titaniem-containing oxide has a nickel particle crystallite sizc of lgss than 10 nm,

12. The process of any one of claims 1 to 5 or 9 wherein the catalyst of rhiodium supported
on A titanium-containing oxide has a rhodiam particle crystallite size of less than 5 nm.

13. A process for the synibesis of hydrocarbons according to any ons of dJaims 1 to 12
substantiaily as hereinbefore described. : :

14, Hydrocarbons synthesized by a process according to any one of claims 1 to 13.

: K.I. VERYARD, : :
15, Suffolk Strect,
London SW1Y 4HS
Agent for the Applicants

Printrd far Her Majeste's Stasnnery Office, by Crovdeon Frinting Campany Limbed, Croydon, Suirey, 1980
Dublisacs by The Patent Office, 25 Sucthamplen Buildings, Leadon, W24 LAY from
which eopics mey b abrained.
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