. UK Patent Application » GB » 2 143 813 A

{43) Application published 19 Juwn 1985

217 Application No 8428604
{22) Date of filing 13 Nov 1984

(30} Priority data

(31} 8303910 {32} 15 Nov 1983 1331 NL
{71) Applicant

Shefl Internationale Research Maatschappii B,

{Natherlands),

Carel van Bylandttaan 30, The Hague, The Netherlands

{72} Inventors
Johannes Kornelis Minderhoud,
Martin Franclscus Maria Past,
Swan Tiong Sie,
Ernst Jan Robert Sudholtar

{78) Agent andior Address for Service
K. R. I. Hunter,
4 New York Road, London SE1 7NA

{51) INTCL?
Co7C 1104

{£2) Domestic classification
C5E 3223865391382 CCCF

{58) Documents cited

GB A 2102022 GB 1548468
GB A 2092172 GB 0535219
GR A 2035368

{68} Field of search
ChE

{54} Process for tha preparation of hydrocarbons

{57) Cg' hydracarbons are prepared from Cq~ hydrocarhons by a two-stage process comprising steam reforming
followed by Fischer-Tropsch synthasis over a spacial cobali-containing catalyst; a gaseous {raction comarising

unconverted Hy and CO aswell as Cg™ hydrocarbon by-products and steam is separated from the synthesized product
and recyclad to the sieam reformer. The catalyst comprises 3-60 parts by wt. cehalt and ¢.1-100 pbw zirconiurm,
titanium, ruthenium and/or chromium per 100 pbw silica, aluming or silica-alummna.

L] el 2 99

Y/



GB2145813 A

10

20

2b

30

131

40

50

55

60

65

SPECIFICATION
Pracess for the preparation of hydracarhons

Tha invention relates to a process for the preparation of hydrocarbons starting frem hydrocarbons having a
smallar number of carbon atoms per molecule.

Hydrocarbons of at most four carbon atoms par moleculs {hereinafter referred to as “C4~ hydrocarbons™)
can be converted into hyrdrocarbons having at least five carbon atoms per molecule thereinafter referred fo
as “‘Cg* hydrocarbons'} by a two-step processin which in the first stap the C4~ hydrocarbons ars converied
by steam reforming into a mixture of carbon monoxide and hydrogen, which mixture is contacted in the
sacond step at elevated tamperature and prassure with a catalyst and thus converted into a mixture of
hydrocarbons consisting substentially of Cs* hydrocarbons. The raaction which takes plate in the second
step of the process is known in the litarature as the Fischer-Tropsch hydrocarbon synthesis. Catalysts often
used for this reaction cantain one or more metals from tha iron group together with one or mere promaotars
and a carrier material.

In order Lo increase the yield of Cs™ hydrocarbons unconverted hydrogen and carbon monoxide presentin
the reaction product of the second step can be recycled. In ordar to increase the selactivity towards Cs™
hydrogarbons tha C,~ hydrocarbons farmed as by-product can also be recycled. The twao-siep process using
recycling can be carried out by dividing the reaction praduct of the second step into a gaseous fraction
consisting substantiaily of C; hydrocarbons and uncanveried hydrogen and carbon monoxide, and a liguid
fraction consisting substantially of Cs™ hydrocarbons and water formed during the hydrocarben synthesis,
and recycling the gaseous fraction ta the first step.

Since the steam reforming of C,~ hydrocarbons leads to the formation of 8 HyCO mixture having a HyCO
molar ratio higher than 2, whilst Fischer-Tropsch catalysts have a H/CO consumption ratio of at most about
2, whan carryirg out the two-step process with the use of recycls, the excess hydrogen formed will have to
be removed during the process in order to prevent H, build-up in the system, The quantity of hydrogen to be
ramoved is determined, inter alia, by the H/C atomic ratio of the fead for the first step and the CO-shift activity
of the catalyst used in the second step. On the assumption of a stoichiometric conversion of the feed during
the steam reforming, according to the equation

C/Hz,,+ nHQ—nCO + (20 + 1} Hy,

the synthesis gas abtained will have a higher H,/CO molar ratio according as the feed for the firststephasa
higher H/C atomie ratio, and therefore more hydrogen will have to be removed during the process. For
instance, starting from methane {n=1} as feed for the steam reforming, a synthesis gas can be obtained by
the reaction given above which has 2 Hy/CO molar ratio of

2n+1
—_—
n

According as the catalyst used in the second stap has higher CO— shift activity, & larger portion of the
quantity of CO present in the synthesis gas will react with the water formed as by-product in the hydrocarbon
synthesis according to the equatiun CO + H0— CO; + Hy, so thatthe H2/CO molar ratio wili increase, and
therafore more hydrogan will have to be removed in the process.

In order io keep the quantity of hydrogen to be removed as small as possible when carrying out the
two-step process with use of recycle starting from a feed with a givan H/C atomic ratio, praference is given to
the use in the second step of a catalyst with the highest possibla Hy/CO consumption ratio.

[n the two-step process both the product of the first step and the product of the secand step contain steam.
The steam present in tha product of the first step has found its way into that product at least parlly on
account of the fact that the steam reforming reaction is an incompleie reaction, so thateven when a
stoichiometric quantity of steam is usad, a minor quantity thereof is found in the reaction product. Far the
protectinn of the catalyst the steam reforming is usvally carried out in the presence of a considerable excess
of steam. When excess steam is used in the steam reforming, this excess is found in the reaction product of
the first step, together with the minor amount of steam mentioned hereinbefore. The steam presant in the
product of the second step has found its way into that product on account of the formation of steam as
by-product in the hydrocarbon synthesis in the second step aceording to the eguation CQ + 2Hz— —(CHa}—
+ Hz0.

As is seen fram the above, when tha stesm reforming raaction and the hydracarbon synthesis reaction
procesd stoichiometrically, the quantity of steam used in the steam reforming will gorrespond substantialty
with the quantity of staam formed in tho hydrocarbon synthesis. In order to keep the quantlty of water which
must be added to the process from outside as small as possible, itis preferred that bath the water which has
remained unconverted in tha stsam reforming and the watar which has formed in the hydrocarbon synthesis
are used in the first step of the process. The watcr which is presentin the reaction product of the first step in
the farm of sieam can be remavad therefrom by condensation. The water which is presentin the reaction
product of the second step in the form of stearn |5 found legether with the Cg™ hydrocarbons in the liguid
fraction obtained in the gas/liquid separation carried cut after tha second step. Both water streams cun be
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racycled to the first step.

Although the above-described two-step process, in which not only unconverted hydrogen and carbon
monoxide and C4~ hydracarbons farmed as by-product are recycled to the first step, but also water from the
reaction preducis both of the first and of the second step, offers the possibility of highly selectively preparing
Cs™ hydrocarbans, whilst the quantity of water which has to be fed to the process from outside is kepl as
small as possible, this process has a severe drawback. This drawback concerns the way in which the water is
separated fram the reactlon products of the first and second step. As stated hereinbefore, this separation is
carriad aut by condensation. This invalves that stéam whose pressure was originally at the process level is
separated in the farm of water, frem which subsaquently steam must be formed which must be
re-pressurized to the process level before it can be introduced into the steam reforming. In view of the often
hig excess of steam used in tha steam reforming and the cansiderable amaunt of steam formed in the
tydrocarban synthesis {owing to the devalopmeant of the Fischer-Tropsach reaction the reaction product of
the second stap contains more water than hydrocarbons, expressed by weight}, this procedurs entails high
cost when carried out on a technical scale.

Naturaily 't would be much mora attractive to ieave the steam which has remained uncanverted during the
steam reforming in the reaction product and not to separate it unti{ after the second step, togsethar with
steam formed in the second step. By dividing the reaction product of the second step into a liquid fraction
consisting substantially of relatively high-boiling hydrocarbons and a gaseous fraction consisting
substantially of unconverted hydrogen and carben monoxide, steam and relatively low boiling hydrocar-
bons, and recycling the gaseous fraction of the steam reforming, a steam recycle might be brought about
without there being the need - in order to separate steam - of successive condensation, evaporation of the
water and re-pressurizing of the steam, However, application of this process on atechnical scaleisto a
considerable extent dependent on the influence which steam has on the behaviour of the catalystin the
second step and the selectivity of this catalyst to the formation of relatively high-bailing hydrocarbons. As
regards the latter item the following may be remarked. If in the two-step process one is prepared to accept
separation of steam in the form of water, the division of the reaction product of the second step can be
simply brought about by bringing the product to a room tampearaturg, so that tha hydrocarbans are divided
inta substantially C,~ hydrocarbons which ara recycled to the first stap on the ona hand and Gy~
hydracarbons which constitute the end product of the pracess on the other hand. In such a procedure itis the
Cs* salactivity of the catalyst in the second step in particular which plays an important rola, For at a given
activity fewer C4 hydrocarbons will be formed according as the catalyst has a higher Cy ™ selectivity, and
therafore a smallay recycle stream will ba sufficient. Howevar, if in the two-step process it is the object ta
saparate tha steam per se, the division of the reaction product of the second step should be carried out at an
elevated temperature, notably at a temperature which lies above the dew point of water at the prevailing
pressure. In actual practice this means that where the hydrocarbons are voncerned, there will be a division
into substantiaily hydrocarbons having at most eight carbon atoms per molecule (hereinafter referred to as
"Cg~ hydrocarbons”) on the one hand and substantially hydrocarbens having at least nine carbon atoms per
molecule thereinafter referred to as “Cy™ hydroearbong”) on the other hand. In such a procedure itis the Ca™
selectivity of the catalyst in the second step in particular that plays an impertant role, it should be high.

in arder to get & fair knowledge of the influence of steam on the performance of Fischer-Tropsch catalysts,
an investigation was carried out in which these catalysts were used for the conversion of gas mixtures, some
containing steam in addition to Hz and CO, some not. it was found that the presence of steam in the Hz/CO
mixture decreased the activity of these caialysts. As regards the Cy~ sglectivity the investigation vielded a
surprising find. Contrary to other Fischer-Tropsch catalysts upon whose Cg * selectivity the presence of
stearn has no, or else an adverse, effect, it was found for a certain group of cobait catalysts that the presence
of steam fed {o a considerable increase in their Cy* selectivity. The Fischer-Tropsch catalysts displaying this
surprising behaviour comprise silica, alurnina or silica-alumina as carrier materfat and cobalt together with
zlreanium, titanium andfar chromium as catalytically activa metals, in such guantitias that In the catalysts
thara ars presant 3-60 pbw ccbalt and 0.1-100 pbw zircanium, titanium, ruthenium and/or chremium per 100
rpbw carriar material. The cataiysts are prepared by depositing the metals involved by kneading and/or
impragnation on the carrier matarial. For furthar informaticn on the preparation of these catalysts by
kneading and/or impregnation reference is made to Netherlands patent application No. 8301922, recently
filed in the name of the Applicant.

When a cobalt catalyst belonging to the above-mentioned class is used for the conversion of a H/CO
mixture containing no steam it is seen that under the given reaction conditions this catalyst, in additionto a
high stability and Cy~ selectivity. has a very high activity. if the same catalyst is used under the same reaction
conditions for converting a gas mixture containing steam in addition to H; and CO, a decrease in activity is
s&en, as ramarked earliar, which dacraase is smallar, by the way, than that seen for other Fischer-Tropsch
catalysts when an equal amount of sieam is added to the gas mixture to be converted. However, for the
cobailt catalysts there is saen beside the decrease in aclivily @ considerable rise in Gy * selectivity. In view of
the very high degree of activity of the present cobalt catalysts some Ings of activity in exchange for a
considaerahie increasa in Cy™ selactivity [s guite accaptabla for an operation on a technical scale. These
special teatures combined with a very high Hz/CO consumption ratic of aboul 2 render the cobalt catalysts
cminently suitable for use in the second step of the afore-mentioned two-step process for the preparation of
Ca” hydrocarbons which is carried out with recycle of a steam-containing gaseous fraction.
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Tha present patent application therefora relates to a process for the preparation of Co* hydrocarbons from
C,~ hydracarbons, in which C,~ hydrocarbons are converted in the first step by steamn reforming into a
mixture of carbon monoxide and hydrogen, which mixture is subseguently converted in the second step into
a mixture of hydrocarbons consisting substantially of Cg* hydrocarbens, by contacting it at efevated
temperature and pressure with a catalyst comprising 3-60 pbw cobalt end 0.1-100 pbw of at least one othar
metal chosen from tha group formed by zirconfum, titanium, ruthenium aad chromium per 100 pbw silica,
alumina ar sifica-alumina, which catalyst has been prepared by kneading end/or impregnation, in which the
reaction product of the second step is divided into a gasaous fraction consisting substantially of unconverted
hydrogen and carbon monoxide, Cy  hydracarbons formed as by-product and stearm which has remainead
unconverted in the steam reforming as well as steam which was formed as by-product in the second step,
and a liquid fraction consisting substantially of C5™ hydrocarbons, in which the gaseous fraction is recycled
to the first step, and in which the excess of hydrogen formed is separated off during the process.

In the process according to the invention the starting material is a feed consisting substantially of one or
more Cq~ hydrecarbons. Examples of ;™ hydrocarbons which may be present in the feed individually orin
admixture are methane, ethane, prapane, butane and isobutane. By preference the process (s carried out
with a fead in which the C;~ hydrocarbons consist substantially of methane. Special preference is given to
natural gas as fead.

tn the process according to the invention stearn reforming is used in the first step to convertthe Cy™
hydrecarbons into a mixture of carbon monoxida and hydrogen. The steam reforming is usually carried out
by sentacting the hydrocarbons to be converted, together with slcam, at a temperature af 500-1200°C, a
pressure of 2-40 bar and a steam/hydrocarbon ratio of 1-10 g mol H,0/g atom C with a catalyst containing
ane or more metats from the iron group supported on a carrier, The steam reforming is preferably carried
out at a temperature of 700-1000°C, a pressure of 2-25 bar and a steam/hydrocarbon ratio of 1.5-5 g mol
H.0/g atorn C and by using a nickel-containing catalyst. In order to prevent daposition of coke on the catalyst
and alsa to remove coks alraady deposited from the catalyst by canvarsioninto CO, itis preferred to use a
catalyst containing an alkali metal, in particular potassium. Moreover, in order to avoid sintering of the
catalyst, it is prefarrad to use a catalyst containing an alkaline earth metal, in particular calcium. Ifthe Cy~
hydrocarbons in the feed consist completely orto a considerable extent of hydrocarbons contafning two or
mare carban atoms per moleculg, it is preferred to use & catalyst having cracking activity, The catalyst can be
invested with cracking activity by the use of a sifica-alumina as carrier material.

The €y~ hydrocarbons which in the process accarding to the invention are recycled to the first step hava
been formed substantially as by-products in the second step. In addition minor quantities of Cs”
hydrocarbons may find their way inio the reaction product because & small portion of the C; ™ hydrocarbons
used as fasd remains uncanverted or is only cracked to farm Cy  hydrocarbons with a smaller number of
carbon atems,

In the process of the invention it is prefarred to use in the second step the cahalt catalysts which form the
subject matter of Netherlands patent application No. 8301922, These are catalysts which satisfy the relation

(3+4R) 3-;- > (0,3 + 0.4 R}, whergin

L = the total guantity of cobalt prasent on the catalyst, expressed as mg Ca/m! catalyst,

S = the surface area of the catalyst, expressed as m¥ml catalyst, and

R = the weight ratio of the quantity of cobalt depositad on the cataiyst by kneading 1o the total quantity of
cobalt present on the catalyst.

The preparation of the cobalt catalysts which are used In the second step of the process aofthe inventian is
preferably carried out according fo one of the three procedures mantioned hereinafer:

a) first cobalt is depositad in one or more steps by impregnation and subsequently the other metal is
deposited in one or more steps, alsc by impregnation,

b} first the ather metal is deposited in one or more steps by Impragnation and subsequently the cobalt is
deposited In ona or more steps, also by impregnation, and

¢) first cobalt is deposited in one or more steps by kneading and subsequently the othar metal is deposited
in ons or mora steps by impregnation.

In the process according to the invention praferance is given to the use in the secand step of cobait
catalysts containing 15-50 pbw cobalt per 100 pbw carrier. The preferred quantity of other metal presentin
ihe cobalt catalysts depends on the way in which this metal has been depositad. in the case of catalysts
where first cobalt has been deposited on the carrier, followed by tha other metal, preference is given ta
catalysts containing 0.1-5 pbw other metal per 100 pbw carrier. In the casc of catalysts where first the other
metal has been depasited on the carrier, followed by the cobalt, preference is glven to catalysts containing
5-40 pbw of the other metal per 100 pbw carrier, Preference is given to zireonium as other metal and to silica
as carrier material, In order to be suitable for use the cobalt catalysts should first be reduced. This reductian
may suitably be carried out by contacting the catalyst at a temparature between 200 and 360°C with a
hydragen-containing gas.

In the process according to the inventinn the excess hydregen formed should be removed from the
reaction product. For the removal of hydrogen from the reaction produet the known techniques for removing
hydroyen from gas mixtures are efigible. For instance, in the present process the rermoval of part of the
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hydrogan fram the reaction product can very suitably be carried out by using what is calied pressure swing
adsorption, This involves cantacting the gas mixture from which hydrogen is to be remaoved under pressure
with a solid absorbens, such as a molecular sieve, active carbon or a mixture thereof, laading to selective
adsorption of the components present in the gas mixture heside hydrogen. The components adsorbed from
the gas mixture by the adsorbens can be desarbed by reduetion of pressure and re-prassurlzed to the
original pressure level by compression. In the prasant process the removal of part of the hydrogen from the
reaction product by using pressure swing adsarption can very suitably be carried out by applying this
technique to a partial stream of the reaction product and, after hydrogen removal and compression, feeding
this partial stream back inta the main stream. In the present process the removal of part of the hydrogen
from the reaction product can very suitably he carrfed out by membrane separation as well. To this end the
reaction product or pari thereof is passed afong a membrane, often consisting substantiaily of a polymer
material which has the property of being more permeable to hydrogen than to the other camponents of the
raactian mixture. If desired, the reduction of the hydragen content of the reaction product by using
membrane separation can be carried out in more than one step. The separation of the excess hydrogen
farmed from the reaction product can ba appiied at choice, either to the reaction product of the first step, ar
te the gaseous fraction cbtained after the gas/liquld separation following the secand stap. Since at the
present state of the art the removal of hydrogen from gas mixtures by using membrane separation or
pressure swing adsorption is still problematic when the gas mixtures concerned contain steam, In the
present process the removal of hydrogen is preferably applied to a partial stream from which steam has
been removed in advance by condensation, As remarked herasinafter, at stoichiometric development of the
steamn reforming reactlon and the hydrocarbon synthesis reaction, the quantity of steam conaumed in the
steam reforming will correspond substantially with the quantity of steam formed in the hydrocarbon
synthesis. This means that the process of the invention, in which steam is recycled, could in pringiple be
carried out with only a minor quantity of steam - needed to compensate for occurring losses of steam -
having 1o be fad into the process fram cutside. However, if for removing the excess of hydrogen furmed use
fs made of a partial stream from which steam is first removed by condensation - as deseribed hereinbefore -,
it should be taken into account that besida tha afore-mentioned minor quantity of steam, an additional
quantity of steam, correspunding with that removed from the partial stream by condensation, will have to be
fad into the process. In comparison with the conventional process, in which there is no steam racycle,
considerahle cost savings will be achieved even when only part of tho steam is recycled according to the
present iInvention.

Tha cobalt caralysts used in the second step, in addition to the afore-mentioned surprising increasein Cy*
selectivity in the presence of steam, display the special property of ylelding a product which coatains anly
very minor quantities of olefins and oxygen-containing organic compounds and whose Qrganic part consists
virtuaily completely of unbranched paraffins, a considerable percantage of which boils above the middle
distiliate range. In this patent application middle distiilates are taken to be hydrocarbon mixtures whose
boiling ranga carresponds substantiaily with that of the kerosine and gas oil fractiong obtained in the
conventional atmospheric distillation of crude mineral cil. Tha middle distiltate range lies substantially
between about 150 and 360°C, the fractions boiling betwean about 200 and 360°C usually being referrad to as
gas oils. On account of the high nermat paraffins/isoparaffing ratle and the low content of olefins and
pxygen-containing organic compounds of the product prepared over the cobalt catalysts, the gas oil pressnt
therein has a very high cetane number. It has been found that by hydrocracking in the presence of a catalyst
containing one or more noble metals of Group VIl suppartad on a sarrier the high-boiling part of said
product can be convarted in high yield into middie distillata. As faed for the hydrocracking at least the part of
the produst is chosen whosa initlal boiling point lies above the final boiling point of the heaviest middle
distiliate desired as end product. The hydrocracking, which is characterizad by a very low hydrogan
consumption, vields a praduct in which, owing to the high normal paraffinsfisoparaffins ratio, the gas il has
a vary high cetane number. Although in the preparation of middle distillates from the praduct obtained over
the cobalt catalyst the part of the product whosa initial boiling point lies abuve the final boiling paint of the
heavigst middle distillate desired as end producad will dao as feed for the hydrocracking, it is preferred to use
forthis purpase the total Co ' fraction of the product prepared over the eobalt catalyst, sinca it has been found
that the catalytic hydrotreatment |leads to enhanced quality of the kerosine and gas oil frections prasent
therein.

The hydrocracking catalyst used by preference is a catalyst containing 0.1-2 %w and in particular 0.2-1 Sw
of one or more noble metals from Group VIil supported on a carrier, Praference is given to catalysts
compriging platinum ar palladium as Group VIl noble metal and silica-alumina as carrier. The hydrocracking
in which the feed, togethar with added hydrogen, is pessed over the noble metal catalystis preferably
carried out at a temperature of 200-400°C and in particular 250-350°C and & pressure of 5-100 bar and in
parlicuiar of 10-75 bar,

The invention is now illustrated with the aid of the lollowing exampla.

Exampie

This example relates to the preparation of Cg™ hydrocarhans, starting from a natural gas subsiantially
consisting of methane. The preparation was carried out by successively subjacting the natural gas, together
with a recycle slream, in the first step to steam reforming, dividing the reaction praduct into a partial stream
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and & main stream in a 1:3 volume ratia, ramoving steam from the partial stream by coeling and hydrogen
by applying pressure swing adsorption using a moiecular sieva, mixing tha partial stresm freed of steam and
hydrogen into the main stream, subjecting the mixture in a second stap to hydrocarbon synthesis, dividing
the reaction product of the second step inta a liquid fraction comprising the desired ™ hydrocarbons and a
gaseous fraction comprising Cg ~ hydrocarbons, steam and unconverted hydrogen and carbon monoxide,
and recycling the gasecus fraction 1o the first step, Further information on the conditiong used for the
preparation and the results obtained is given hereinafter.

Steam reforming
The steamn reforminy was carrisd out at a temperature of BB0°C and a pressure of 22 bar and by using «

steam/hydrocarbon rutio of 0.51 g moi H;0/g mai CH, present in the fresh feed. The catalyst used was a
NiCa/KiAl05 composition cantaining 13 pbw nicksl, 12 pbw calcium and 0.2 pbw potassium per 100 pbw
glumina.

Hydrocarbon synthesis

The hydrocarbon synthesis was carried aut at a tamparature of 220°C, a pressure of 20 bar and a space
velocity of 1100 NI(Hz + CO).1 7 .h~ ! and by using a Co/Zr/Si0; catalyst which has previously been subjected
to raductian at 250°C in a hydrogen-containing gas. The catalyst, which contained 25 pbw cobalt and 18 pbw
zirconium per 100 pbw silica, had been preparad by thrae-step impregnation of e silica carrier with a solution
of zirconium tetra-n-propoxide in a mixture of n-propanal and benzine, followed by singie-step impregnation
of the rirconium-lpaded carrier with a solution of cobalt nitrate in water. In each of the impregnation steps
there was used  gquantity of salution whose velume corresponded substantially with the pore volume of the
carrier. After each impregnation step the material was dried and then calcined at 800°C. The catalyst's L was
97 mg/m| and its S was 100 m%m] and therefore the L/S was 0.97 mg/m?.

The synthesis gas used as feed in the second step had a H/CO molar ratio of 2.1 and contained 26 %v
steamn {calculated on Hs + CO + HoO. in the second step the synthesis gas conversion achieved was 80%.
The Cy™ selectivity, calculated an Gy was 76%.

CLAIMS

1. A process far the preparation of Cy™ hydrocarbens from €4~ hydrecarbans, characterized in thatin a
first step C4~ hydrocarbons are converted by steam reforming into a mixture of carbon monoxide and
hydrogen, which mixturs is subsequently converted in a second step into a mixture of hydrocarbons
substantizlly consisting of Cg* hydrecarbons, by contacting it at elevated temperature and pressure with a
catalyst comprising 3-60 pbw cobalt and 0.1-100 pbw of at [#ast one another metal chosen fromthe group
formed by zirconium, titanium, ruthenium and chromium per 100 pbw silica, alumina or silica-alumina,
which cataiyst has been prepared by kneadlng and/or Impregnation, that the reactien product of the second
step is divided inte a gaseous fraction consisting substantially of unconverted hydrogen and carbon
monaoxide, Cg~ hydrocarbons formed as by-preduct and steam which has remained uncenverted in the
steam reforming and steam which was formed as by-product in the second step, and a liquid fraction
consisting substantially of Cy* hydrocarbons, that the gasecus fraction is recycled to the first step and that
the excess hydrogen furmed is separated off during the process.

2. A process as claimed in claim 1, characterized in that it is applied to & feed in which the Ca™
hydrocarbons consist substantially af methane.

3. Aprocess as claimed in claim 2, characterized in that it is applied lo natural gas as feed.

4. Aprogess as claimed in any one of clajms 1.3, characterized ir that the first step ig carried out at a
temperature of 700-1000°C, a pressure of 2-25 bar and a steam/hydrecarbon ratio of 1.5-6 g mol H,0/g atom
€ and by using a nickel-contalning catalyst.

5. A process as claimed in any one of claims 1-4, characterized in that in the second step 2 catalyst is used
which satisfies the relatian

{3+ 4R) :at: > {0.3 + 0.4 R}, wharain

L = tha tatat quantity of cobalt present on the catalyst, expressed as mg Co/ml catalyst.

S = tha surface area of the catalyst, expressed as m*/ml catalyst, and

R = tha weight ratio of the quantity of cobalt deposited on tha carrier by kneading to the fotal quantity of
cobalt present an the catalyst,

6. A procass as claimad in any one of claims 1-§, characterized in that in the sacend step use is made of a
catalyst which per 100 pbw carrier gontains 15-60 phw cobalt and sither 0.1-8 pbw of the other metal if during
the preparation cobalt was deposited first and the other metal next, or 5-40 pbw of the other metal if in the
preparation the other metal was dapositad first and cobalt next.

7. A process as claimed in any one of claims 1-8, characterized in that in the second step use is made of a
catalyst containing zirconium as other metal and silica as carrier.

8. A provess as claimed in any one of claims 1-7, characterized in thel the sccond step is carried out ata

ternperature of 125-350°C and a pressure of 5-100 bar.
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9. Aprocess as claimed in any one of claims 1-8, characterized in that the removal of part of the hydrogen
fram the reaction preduct is carried cut by membrane separation or by pressure swing adsorption.
10. A process as claimed in any one of claims 1-9, characterized in that the removal of partcfthe
hydrogen is applied ta the reaction product of the first step.
5 11. Aprocessforthe preparation of Cy" hydrocerbons from €4~ hydracarbons aceording to claim 1,
substantially as described hereinbefore with reference to the exampls.

12, Cy” hydrocarbons whenever prepared sccording to a process as elaimed in any ane of the precading
claims.

Printact in the UK (or HMS0, DBESI803S, 4/85, 7102,
Publislwd by The Patent Offica, 26 Sauthampton Bufidings, London, WC2A 18Y, from whigh topies may be nohtalned,
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