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SPECIFICATION
Process for the preparation of hydrocarbons

§ The invention relates to a process for the preparation of hydrocarbons having at least five carbon atoms
ner molscula.

Hydrocarbans with at Ieast five carbon atoms per molecuie (hereinafter referred to as “'C,- hydrocar-
bons™} ¢an he prepared from hydrocarbens having at most four carbon atomns per motecuie {hersinafter
referred to as “C,~ hydrocarbons”) by a two-step process in which the C,- hydrocarbons are converted in

10 the first step by steam refarming into & mixtura of carbon monoxide and hydrogen, which mixtura is
subseduently converted in the second step into a mixture of hydrocarbons consisting substantialy of C,-
hydrocarbons by contacting it at elevated temperature and pressure with a catalyst. The reaction which
takes place in the second step of the process is known in the literature as the Fischer-Tropsch hydrocar-
bon synthesis. Catalysts oftan used for the purpose comprise one or mare metels fram the fron group,

15 together with one or more promotors, and a carrier material. These catalysts can sufzably be prepared by
the known techniques, such as precipitation, impragnation, kneading and melting. The products which
can be prepared by using thasa catalysts usually have s very wide range of molecular weight distribution
and, in addition to branched and unbranched paraffins, often contain considerable amounts of olefins
and oxygen-centaining organic compounds. Usually only & minor portion of the produets obtained is

20 made up of middle distillates. Of these middle disti{lales not only the yield but also the pour point is
unsatisfactory. Tharafora the direct conversion of H/CO mixtures according Lo Fischer-Tropsch is not a
very attractive route for the production of middle distillates on a technicsl scale.

It this patent application “middla distiliates’” should be taken to be hydrocarbon mixtures whose boil-
Ing range corresponds substantially with that of the kerusine and gas ol fractions okisined in the cen-

26 vantlonal atmospheric distiliation of crude mineral oil. The middie distillate range lies substantially
batween about 150 and 360°C.

Recantly a class of Fischer-Tropsch catalysts was found which have the property of yielding a product
in which only vary minor amounts of ulefins and oxygen-containing organic compounds cceur and which
consits virtually completely of unbranched paraffins, a considerable portion of which paraffins boils

30 sbove the middle distillate range. It has been found that the high-boillng part of this praduct can be
converted in high yield into middle distillatas by hydrocracking. As feed for the hydrocracking at least the
part of the product is chosen whase initial boiling peint lies above the final boiling point of the heaviest
middle distillate desired as and product. Tha hydroecracking, which is characterized by a very low hydro-
gen consumption, leads to middle distillates with a cansiderably bettar pour point than thosae obtainad in

35 the direct conversion of a H,/CO mixtura according to Fischer-Tropsch.

The Fischer-Tropsch catalysts belanging to the above-mentioned class contain sitica, alumina or silica-
aluming as carrier materlal and cobait together with zirconium, titanium and:cr chromium as cetalytically
active metals, in such gquantitias that tha catalysts comnprise 3-60 pbw of cobalt and 0.1-100 pbw of zir-
conium, titanium andror chromium par 100 pbw of carrier material. The cafalysts are prepared by depos-

40 iting the metals Involved on the carrier materigl by kneading and/or impregnation. For further
infarmation an the preparation of thess catalysts by kneading endfor impregnation rsference may be
made 1o Netherlands patent application No. 8301922 recently filed in the name of the Applicant.

Although tha use of the afore-defined cobalt catalysts for the conversion of H/CO mixtures yields a
product whose high-boiling part can be converled in a simple manner and in high yield into middle dis-

45 tillates, the use of these catalysis in the second step of the two-step process described hereinabove is
sttended with 8 number of drawbacks. As described hereinbefore the conversion of the C, hydrocarbons
in the first step can be carried oul by steam reforming. With a view to the reactions which occur during
the conversion of the C,;~ hydrocarbons and in order to minimize carbonization of the catalyst usar, this
conversion should be carried out by using a steam/hydrocarbon ratia higher than 1 ¢ mol:g at C. The

60 drawbacks attached to the use of the present cobalt nataiysts in the second step combinad with a conver-
sion of the C,- hydrocarbons by steam raforming in the first stepy ara connected with the fact that this
conversion of the C,~ hydrocarbons yields a Hy/CO mixture having & H,/CO molar ratio which is cansider-
ably higher than 2. This can be suitably demonstratad with tha ald of the developmaent of the raaction
when methane is used as feed. In the steam reforming of mathane two reactions occur, viz. a main reac-

58 tion CH, + H,0 -— CO + 3H, and a side reaction CO + H,D — CO, + H,. This reaction development, when
H,0/CH, molar ratios betiwwean 2 and 2 which are generally used in practice are applied, leads to H./CO
mixtures having H,/C0O molar relios between 3.8 and 4.5, It shouid be noted here that with the present
cobalt catalysts the H, + CO conversion is smaller according as the H, + CO malar ratio of the H,/CC
mixture supplied varies more fram 2, and that In additlon their C,- selactivity is lower according as the

60 HyCO mixture supplied has a highar H,/CO molar ratio. Consequentiy, when the present cobait catalysts
ure used for the conversion of a HyCO mixture prepared by steam reforming, this leads to both a low H,
+ CO conversion and a low G~ selectivity. Therefare, in viaw of the high H,/CO maiar ratio of the H,/CO
mixture formed therein, steam reforming s not vary suitabla ta be used for the preparation of the feed

for the present cobalt catalyst.
85 H,/CO mixturas having considarably lower H/CO molar ratios than when steam reforming is used can
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be preparad by starting from C,~ hydrocarbons and carrying out the conversien in the presence of car-
bon dioxide. This so-called carbon dioxide raforming, which, for the seme reasons as given for the staam
reforming, should ba carried out by using a carbon dioxide/hydrocarbon ratio higher than 1 g mol/g atom
C, yields 8 H,/CO mixture having a H,/CO molar ratio which is considerably lower than 2. As in the case
with the steam reforming, this can suitably be demonstratad with the aid of the developrment of the reac-
tion when methane is usad as feed, In the carbon dioxide reforming of methane two reactions oceur, viz.
a main reaction CH, + €O, — 2C0 + 2H, and a side reaction H, + CO, — H,O + CO. This reaction devel-
opment, when CO,/CH, molar ratios between 1.5 and 2 which ara generaily used in practice are applied,
leads to H,/CO mixtures having Hy/CO molar ratios between 0,70 and 0.64. Although replacing steam re-
forming with carbon dioxitie raforming in the first step of tha two-step process wherein the present co-
balt catalysts are used in the second step offers a solution to the low C,* selectivity problem (since the
cobalt catalysis show a highar C,~ selectivity aceording as ths H/CO molar ratio of the feed is lower},
said replacement has no influence In the low H,* CO conversion problem (caused by a H/CO matar ratio
of the fed which varies considsrably from 2} and gives rise to another prohlem, To solve these two proh-
lems a solution has now been found. High conversions of low-hydrogen H,/CO mixtures using tha pres-
ent cobalt catalysts can be achieved by using these catalysts in a catalyst combination which has CO-shift
activity. The fresh problem mentiansd above is connected with the need of carrying qut the two staps of
the two-step process at substantially the same pressure in obviate compression of large gas volumes.
Since the hydrocarban synthesis ovar the cobalt catalyst of the second step raquires a pressure highar
than 10 bar, a corresponding high pressure must also be used in the first step. However, a drawback of
the rarbon dioxide reforming carried out a high pressure is its low conversion. For instance, the carbon
dioxide reforming of methane at a pressure of 20 bar and a CO,/CH, malar ratic of 2 vields a H,/CO mix-
ture having a Hy/CO molar ratio of 0.64 at 2 methane conversion of not more than 50%., This drawback
cant be taken away by carrying out the reforming in the presence of both carbon diexide and steam. For
instanca, the above-described reforming of mathane In the presence of carbon dioxide at a pressure of
20 bar and a CO,/CH, molar ratio of 2 in the presence of a quantity of steam corrasponding with a H,0/
CO molar ratio of 0.25 leads to an increase in methang conversion of from 50 to 21%, whilst the H,/CO
motar ratio of the H,/CO mixture produced only increases from 0.64 to 0.66. More generally, it has been
found that H/CO mixtures whose H,/CO molar ratios may lle between 0.25 and 2.25 at choice can be
prepared in high vield by reforming C,” hydrecarbans at a pressure higher than 10 bar in the presence of
carbon dioxide and steam, provided that the foflowing requirements are met

1) the carbon diaxide/hydrocarbon ratio (a) should ba higher than 0.1 but lower thsn 10 g mot £0,/g
atom C,

2} the steam/hydrogen ratio (b) should be higher than 0.1 but lower than | g mol H,0/g atom C, and

3} the carbon dioxide/steam ratio should be chosen such as to meet the requirement {2 x a + 3 x b) =
3

By using the afore-described reforming as the first step of the two-step process for the preparation of
C.* bydracarbons from C, hydrocarbons while using the present cobalt catalysts in the second step and
at a pressure which corresponds substantially with that used in the first step, C;~ hydrocarbons can be
preparad according to this two- step treatmant in high vield and with high selectivity, provided that if the
H,/CO mixture prepared in the first step has a H,/CO molar ratic lower than 1.5, the cobalt catalyst shouid
be used in a catalyst combination which has CO-shift activily.

Tha present patent application therefore relates to a process far the preparation of Cs* hydrocarbons
from C,~ hydrocarbons, in which C, hydrocarbons are converted al o pressure higher than 10 bar by
reforming in the presence of carbun dicxida and steam into a mixture of carbon monoxide and hydrogen
having & H./CO molar ratia between 0,25 and 2.25 by using a carbon dioxidethydrocarbon ratio (a) higher
than 0.1 but lower than 10 g mol CQ/g atom C, a steam/hydrocarboen ratio (b) higher than 8.7 but lower
than 1 g mol H,Q/g atom C and such e carbon dioxide/steam ratio that {2 X @ 1 3 X b} = 3, in which the
mixture of carbon menoxide and hydrogen thus prepared is converted into a mixture of hydrocarbons
sithbstantially consisting of C,~ hydracarbons by contacting it at an elevated temperature and a pressure
substantially corresponding with that used in the reforming with a cobalt catalyst comprising 3-60 pbw of
cobalt and 0,1-100 pbw of at least one other metal chosen from the group formed by zirconium, titanium,
and chromium, per 100 pbw of sifica, alumina or silica-alumina, which catalyst has been prepared hy
kneading and/or impregnaticn, and in which the cobalt catelyst is used in a catalyst combination which
has CO-shift activity if the H,/CO mixture has a H,/CO molar retio lawet than 1.5.

In the process according te the invantion the starting material may be a feed which consists substan-
tially of one or more C, hydraocarbons or a feed which, in addition to C.- hydracarbons, comprises car-
ben dioxide. It should be noted in this connection that natural gas, which where hydracarbons are
cancerned consists mainly of methane, ¢an contain up to 76% val. of carbon dioxide. Examples of C,-
hydracarbans which alene or in admixture can be present in the feed are methane, ethane, propane,
butane and iso-butane. Preferably, the pracess is applied t a feed in which the €.~ hydrocarbuns consist
substantially of methane. Special preference is givan to natural gas as feed and more particular to carbon
dioxide-contaminated natural gas,

The reforming according to the Invantion can be carried out by contacting the hydrocarbons to be con-
verted together with carbon dioxide and steam at & temperature of 500-1200°C and a pressure of 10-100
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bar with a catalyst comprising one or more metats from the iron group supported on a carrier. The re-
forming iz prefarably carried out at a temperature of 700-1000°C, & pressure of 10-75 bar and by using a
nickel-containing catalyst. In order to prevent the formation of carbon deposits on the catalyst and to
remove daposits already formed from the catalyst by conversion inte CO, it is preferred to use a catalyst
comprisfng an alkali metaf, in particular potassium. In order tu prevent the catalyst from sintering it {s
mereovar preferred to use a catalyst comprising an alkaline earth metal, in particular calcium, If the G,
hydrocarbons in the feed consist largely or wholly of hydrocarbons containing two or more carban at-
oms per molecule, it s preferred to use a catalyst having cracking activity. Cracking astivity may be im-
parted to the catalyst by the use of a silica-alumina as carrier material.

The raferming according to the invention is carried out in the presence of both carbon diaxide and
steam, which can be fed to the process from external sources. As described hereinbefore, the process
according to the inventlon can vary suftably be applied to a2 feed which by its nature contains carbon
dioxide, so that at least part of the carbon dioxide reguirement of the reforming is met. Use can further
be made of carhon dioxide and steam which are found in the reaction products of the process accarding
to the invention, Carbon dioxide and steam find their way into the reaction product of the reforming as a
result of the fact that the refarming is not a complets reaction, so that even when a stoichiometrrc quan-
tity 15 used, a minor portion of the quantity used will be found in the reaction product in the original
state. Since in tha reforming the total guantity of carbon dioxide and steam used is larger than the sto-
ichiometrically raquirad guantity, the amount used in excess will also be found in the reaction product. It
is true that in the refarming thera is a minor occurrence of side reactions by which some carbon dioxide
and steam Is withdrawn from the reaction with the hydrocarbon feed, but these side reactions in them-
selves yield steam or carbon diaxide as reaction product, Carbon dioxide and steam oceur in the reaction
product of the hydrocarbon synthesis as well. For in tha hydroearbon synthesis according to the equation
CO + 2H, — -{CH,}- + H,O a considerably amount of steam is formed as byproduct. And minor quantities
of carbun dioxide can find their way into the reaction product of the hydracarbon synthesis by the oceur-
ence of side reactions. If the process according to the invention prefarence s given to at least part of the
stearn and/or carbon dioxide present in the reaction products being separatad therefrom and being recy-
cled to the referming.

The reforming Is prefarably carried out by using o carbon dioxide/hydrocarbon ratio {a) higher than 0.3
and lower than 4 g mo! CO,/'y atormn € and a steam/hydrocarbon ratio (b} higher than 0.2 and lower than
0.8 g mel H,0/g atom C.

In the process of the invention use is preferably made of the coball catalysts which form tha subject
matter of Netherands patent application No. 8301922, They are catalysts which satisfy the relation:

{3+4R) >SS >{0.2~04R)

wherein

L = the total quantity of cobalt present on the catalyst, expressed as mg Co/ml cataiyst,

S = the surface area of the catalyst. expressed as m2ml catalyst, and

R = thec weight ratio of the guantity of cobalt deposited on the catalyst by kneading to the total quan-
tity of cobalt present on the catalyst.

The preparation of the cobalt catalysts which are used in the hydrocarbon synthesis is preferably car-
rtad aut by ane of the three procedures mentioned hereinafier:

a) first cobalt is deposited In one or more steps by impregnation and subsequently the other metal is
deposited in ane or more steps, alsa by impregnation,

b} first the othar matal is depaosited in ona or more steps by impregnation and subsequently the cobalk
is deposited in ona ar more staps, aleo by impragnation, and

¢} first cobalt is deposited in one or more steps by kneading and ruhsequantly the ather metal is depos-
ited in one or more staps by impregnation.

In the process according to the invention usa is prefarably made of cobalt catalysts containing 15-50
pbw of cobalt per 100 pbw of carrier. The preferred quantity of other matal prasent in the cobalt catalysts
depends on the way in which thizs metal has been depasited. In the case of catalysts where first ¢cobalt
has been deposited on the carrier, followed by the other metal, preference is given to catalysts contain-
ing 0.1-5 pbw of the other metal per 100 pbw of carrier. In the case of catalysts where first the other
metal has béen deposited on the carrier, followed by the cobalt, prefzrence is given to catalysts contain-
ing 5-40 pbw of the other metal per 100 pbw of carrier. Preference is given to zirconium as the other
metal and to silica as carrier material. Preparatary to being suitable for use the cobait catalysts should he
activated. This activation can suitably be carried out by contacting the catzlyst at a tamperature between
200 and 350°C with hydrogen or & hydrogen-containing gas.

In the process of the invention the hydrocarbon synthesis is preferably carried out ai a tlemperature of
125-350°C and in particular of 175-275°C and a pressure of 10-100 bar and in particular of 10-75 bar.

in the process of the invention the reforming yialds a H/CO mixture whose H,/CO molar ratio may vary
between 0.25 and 2.25. if the H/CO molar ratio of the H/CO mixture is lowar than 1.6, the cohalt catalyst
should be used in a catalyst combination which has CQO-shift activity. Although for the canversion of H,/
CO mixtures with a H,/CO molar ratio betwcen 1.5 and 2.25 the use of the cobalt catalyst per se will do, it
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is preferred even for the conversion of H CO mixtures with a H,/CO molsr ratio between 1.5 and 1.75 to
use the afore-mentioned catalyst combination. The catalyst combinations used in tha pracess according
to the invention should have higher CO-shift activities according as the HyCQO mixturas to be converted
have lower H,/CO molar ratios.

I in the procass of the invention the reforming has yisldad a H,/CO mixture with a H,/C0 molar ratio
{F} between 0.25 and 1.0, then the conversion of this H,/CO mixture is preferably carried out by using a
mix{ure of two catalysts one of which is the cobalt catalyst and the other a copper and zine containing
compusiticn having a Cw/Zn atomic ratio between 0.1 and 10, in which catalyst mixture the two catalysts
are present in such a ratio as to satisfy the relation

05 % 2-F1T+F< M < B x 2—F1+F,

wherein M reprasants tha {Cu+2Zn)/Co atomic ratic in the catalyst mixture, By preference the copper and
zinc containing composition has a Cu/Zn atomic ratio between 0.25 and 4. Preparatory to being suitable
for use the catalyst mixtures should be activated. This activation can suitably be carried out by eontacting
the catalyst mixture with hydrogen or 2 hydrogen-containing gas, first at a temperature betwesen 150 and
250°C and next at a higher temperature, between 200 and 350°C.

If in the precess of the invention the reforming has yielded a H/CO mixture with a H,/CO molar ratio
(F} between 0.75 and 1.78, then the conversion of this H,/CO mixture is preferably carried out in two
steps, in which in the first stap the HyGQ mixture is partly convertad over the cobalt catalyst under such
conditions as to satisfy tha ralation

160 x F-0.5/F + 1 < C < 260 % F—0.E/F + 1,

whereln C represents the H, + CO conversian as %mol, and in which of the product from the first step,
after the water farmed has been removed, at least the H, and CO which has remainad unconverted is
contactad in a second step with a catalyst or cataiyat combination which, in addition to activity for the
conversion of a H,/CO mixture into hydrocarbons, has CO-shift activity. In the second step preference is
given to tha use of a mixture of two catalysts, ane catalyst being a cobait catalyst belanging to the same
class as the class from which the cobalt catulyst used in the first step was chosen, and the other catalyst
being a copper and zin¢ containing compesition having a Cu/Zn ratio between 0.1 and 10, Spectal prefer-
ence is given to such catalyst mixtures wherein the two catalysts are present in such a ratio that the
fCu+Zn)Co atomic ratio of the catalyst mixture lies between 0.5 and 5. The copper and zinc containing
coimposition present in the catalyst mixture preferably has a Cu/Zn atomic ratio between 0.25 and 4,
Preparatory 1o being suitable for uss the catalyst mixtures should ba activated in the way describad her-
ainbefore.

As alrsady observed herainbefors, the present cobalt catalysts when usad for the conversion of a M,/
CO mixture yield a substantially waxy product the high-boiling part of which can be converted in high
yield into middle distillates by the use of hydrocracking. This also holds when not the cobalt catalysts
alone are used, but the above-described catalyst combination which comprise such a cobalt catalyst. Al-
though in the preparation of middle distillates from the products obtained over the cobalt catalyst the
part of these products whosa initial bailing point lies above the final hailing point of the heaviest middle
distiliate desired as end product will do as fead for the hydrocracking, it is preferred to use for this pur-
pose the total C,- fraction of these products, since it has been found that the catalytic hydro-treatment
lsads to enhanced quality of the gasoline, kerasine and gas il fractions present therein.

The hydrocracking is carried out by contacting the fraction to be treated at alevated temperature and
pressura and in the presence of hydrogen with a catalyst comprising one or mors noble metals from
Group VIl supported on a carrier. The hydrocracking catalyst used by preferenca is a catalyst containing
0.1-2 %w and in particular 0.2-1 %w of one or mare nable metals from Group VIl supported on a carrier.
Preference is givan to catalysts comprising platinum or palladium as Group VIl nobla matal and silica-
alumina as carriar. The hydrocracking is preferably carried out at a temperature of 200-400°C and in par-
ticular of 250-350°C and a pressure of 5-100 bar and In particular of 10-75 bar.

The invention is now illustrated with the aid of the following example.

Feed 1. A natural gas substantially consisting of methans.

Fead 2: A natural gas substantially consisting of a mixture of mathane and carbon dioxide in a 1:3 vol-
ume ratio.

Feed 3: A natural gas substantially consisting of a mixture of methane and carban dioxide in a 4:3 val-
ume ratic.

Feed 4: A naturat gas substantially cansisting of a mixture of methane and carbon dioxide in a 10:3.5
volume ratio.

Feed 5: A natural gas substantially consisting of a mixture of methane and carban dioxide in a 1:1.2
voluine ratio.

Catalyst 1; NifCa/K/ALO, catalyst camprising 13 phw of nickel, 12 pbw of calcium and 0.2 pbw of potas-
sium per 100 pbw of alumina.

Catalyst 2: CofZv/Si0, catalyst which comprised 25 pbw of cobalt and 18 pbw of zirconium per 100 pbw
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of silica and has been prepared by three-step impregnation of a silica carrier with a solution of zirconium
tetra n-propoxide in a mixture of n-propapol and benzene, followed by singls-step impregnation of the
zirconium:ioaded carrier with a solution of cobalt nitrale in water. The catalyst had a value for L of 97
mg/m! and for § of 100 m¥ml, and consequently for /S of 0.97 mg/me,

Catalyst 3: Co/Zr/SiD, catalyst which comprised 25 pbw of cobalt and 0.8 pbw of zirconium per 100 pbw
of silica and had baan prepared by singte-step impregnation of a silica sarrier with a sclution of cobalt
nitrate in water, followed by single-step impregnation of the cobalt-loaded carrier with z solution of zir-
conium nitrate in water. The catalyst had a value for L of 98 mg/ml and for 5 of 96 m¥ml and conse-
quently for /S of 1.02 mg/me.

Catalyst 4: Co/ZriSiQ, catalyst which comprised 25 pbw of cobalt and 12 pbw of zirconium per 100 pbw
of silica and had hean prepared by three-step impregnation of a silica carrier with a solution of zircanium
tetre n-propoxide in a mixture of n-propanoi and benzene, followed by impregnation of the zirconium-
lcaded carrisr with a sofutien of cobalt nitrate in water. The catalyst had a value for L of 97 mg‘ml and
for 5 of 100 m#mi, and subsequently for L/S of 0.97 mg/m2,

in tha preparation of Catalysts 2-4 a quantity of solution was used in each impregnation step which
substantially corresponded with the pore volume of the carrier, and after each impregnation step the
material was drled and then calcined at 500°C,

Catalyst & Cu/Zn/Al0D, catalyst which comprised 24.3 %w of copper and 38.0 %w of zinc and conse-
quently had a Cu/Zn atomic ratio of 0.66,

Catalyst Mixture f: Catalysts 4 and 5 were mixed in such a ratio as to yiald a Catalyst Mixture | whose
{Cu -Zn)/Co aramic ratla {M) was 1.41.

Six experiments {1-6) were carried out starting from Feeds 1-5, In each of the axperiments a feed was
cenverted into a H, and CO containing reaction produst by contacting it, whether or not togsther with
steam, at o temperaiure of 950°C and a pressure of 21 bar with Catalyst 1. In Experiments 1 and 4-6 the
reaction product was freed from water by cooling and subsequently converted inte a mixture of hydro-
carbons by contecting it with either one of Catalysts 2 and 3, andfor with Catalyst Mixture 1. Preparatary
ta being used for the hydreecarbon synthesis Catalysts 2 and 3 and Catalyst Mixlure | were activated by
contacting them with a hydrogen-containing gas, Catalysts 2 and 3 at 250°C and Catalyst Mixture | first at
206°C and next at 260°C. Further information on the conditions used to carry out the experiments and the
resuits obtained are given below.

Expariment 1

Two-step experiment starting from Feed 1.

First stap: reforming of Feed 1 in the prosence of a quantity of steam carresponding with a H0/CH,
motar ratio of 2,0. CH, conversion achieved: 85.4%. After removal of watar 81 %vol. of the reaction prod-
uct consisted of a H,/CO mixture with a H/CO molar ratio of 4 1.

Second step: the reaction product of the first step which had been tread frarm water was contacted at a
temperatura of 220°C, a pressure of 21 bar and a space velocity of 600 N {H, +CQ}1" h~ with Catalyst 2.
The [H, + CO) convarsion achieved was 61 %vol., and the C, selectivity 63%.

Experiment 2
Single-step expariment starting from Feed 2. In this experiment, in which Feed 2 was reformed without
addition ot steam, the CH, conversion was 59%, and lhe H.CO mixturs obtairad had a H,/CO ratio of 0.58.

Experiment 3

Single-step axperiment starting from Feed 3. This experiment, in which Feed 3 was reformed in the pres-
ence af a quantity of staam carresponding with a H,O/CH, molar ratio of 0.35, had to be terminated pre-
matureiy on account of clngging of the reactor due to coke formation.

Experirment 4

Two-step experiment starting from Feed 4.

First step: reforming of Feed 4 in the presence of a quantity of steam corresponding with a H,0/CH,
molar ratio of 0.8. CH, conversion achieved: 83%, After remaval of water 78 %vol. of the reaction praoduct
consisted of a HyCO mixture with a H/CG molar ratio of 2.

Second step: the reaction preduct of the first step which had haen freed from water was contacted at a
tempsrature of 220°C, a pressure of 27 bar and a spacs velagity of 600 N1 (H,+C0O}L1-.h~ with Catalyst 2.
The {H,+CQ} conversion achiaved was 96 %vol., and the C,+ selactivity 80%. .
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Experiment 5

Two-step experiment starting from Feed 2.

First step: refarming of Fead 2 in the pregsence of a quantlty of steam corresponding with a H,0/CH,
moilar ratio of 0.5 CH, converslon achieved: 96.7%. After removal of water 72 “avol. of the reaction prod-
uct consisted of a H/CO mixture with a H.,/CO molar ratio of 0.58,

Second step: lhe reaction product of the first step which had been freed from water was contacted at a
temperature of 250°C, a pressure of 21 bar and a space velocity of 400 N1 {H,+CQL1-“h~' with Catalyst
Mixture |. The {H,+CO} conversion achieved was B3 %val,, and the C,~ selectivity 83%.

Experiment 6

Three-step experimant starting from Feed 5.

First step: reforming of Feed 5 in the prasence of a quantity of steam corresponding with a H,O/CH,
molar ratio of 0.5, CH, conversion achieved: 82.3%. After ramoval of water 85.5 %vol. of the reaction
preduct consisted of a H,/CO mixture with a H./CO molar ratle of 1.0.

Second step; the reaction product of the first step which had been freed from watar was contacted at a
temperature of 230°C and a pressure of 21 bar with Catalyst 3. The reaction product from the second step
was divided by cooling intn a gaseous fraction substantially consisting of unconverted H, and CO and C,-
hydrocarbons, and s liquid fraction substantially consisting of C,* hydrocarbons and water. The gaseous
fractlon wag used as feed for tha third step.

Third step: the gaseous fraction from step 2 was contacted at a temperature of 260°C and a pressure of
21 bar with Catalyst Mixture 1. Steps 2 and 3 were carried out at a total {H,+CO} through-put rate of 600
N1.1:.h-1 and by using Catalyst 3 (in the second step) and Catalyst Mixture | {in the third step) in a 1:2
voiuma ratlo. In this experiment the total H,+CQ conversion was 89% and the total selectivity 83%. The
total H,+C0 conversion and the total C.- selectivity are defined as follows:

i ol H,+CO in feed of second step — mol H,+CO in product of third step
Totat H,+CO conversion = mol H;» CO in feed of second step x 100

_ Bbw of C,- hydrocarbons in product of second + third stop
pbw of hydrocarbons in product of second + third step

total C;° selgctivity

Of experiments 1-6 described hersinbefore Expariments 4-6 are experiments according to the inven-
tion. These expariments, in which the reforming was carried out in the presence of such guantitias of
carbon dioxide and steam as to satisfy the relation {2 % a + 3 x b) = 3, and in which the synthesis gas
formed in subsequently contacted with the special cobalt catalyst or a catalyst combination which com-
prises the special cobalt catatyst, vicided bath a high conversion and a high C.- selectivity. Experiments
1-3 fail outside tha scope of the invention. They have been included in the patent application for compar-
ison. in Experiment 1 the reforming was carried out in the presence of only steam, and & synthesis gas
was obtained which had a high H,#CO molar ratio. Further processing of this gas in the second step over
the special cobalt catalyst led to a low conversion and a low €, selectivity. In Experiment 2 the reform-
ing was carried out in tha presence of only carbon diaxids, and a synthesis gas was obtained in low yield
which had a low H,0/CO mofar ratio, Although further pracessing of this gas in a second step over the
special cobalt catalyst can isad to a high C,- selectivity, conversion will only be low, In Experiment 3 the
reforming was carried out in the presence of carbon dioxida and steam, but the quantities of carbon
dioxide and steam were such that the relation (2 x g + 3 x b) = 3 was not salisfied. In experiment 3
there was clogging of the reactor due to coke fermation.

CLAIMS

1. A procegs for the preparation of C.- hydrocarbons from €. hydrocarbons, characterized in that C,-
hydrocarbons are converted at a pressura higher than 10 bar by reforming in the present of carbon diox-
ide and steam into a mixture of earbon monexide and hydregen having a HyCO molar ratic hetween 0.25
and 2.25 by using a carbor dioxidefhydrocarbon ratio {a) higher than 0.1 but lower than 10 g mol CO./g
atem C, a staam/hydrocarbon ratio (b) higher than 0.1 but jowar than 1 g mel M,0/g atom C and such a
carbon dioxida/ steam ratio that {2 » a + 3 ¥ b} = 3, that the mixture of carbon monoxide and hydrogen
thus prepared is converted into a mixture of hydrocarbons substantially consisting of C,- hydrocarbans
by contasting it #t an elevated temperature and a pressure substantially corresponding with that used in
the reforming with a cobalt catalyst comprising 3-80 pbw of cobalt and 0.1-100 pbw of at least one other
metal chusen from the group formed by zircanium, titaniure and chromium per 100 pbw of silica alumina
or silica-alumine, which catalyst has been preparad by kneading and/or impregnation, and that when tha
H./CO mixiure has a H/CO molar ratio lower than 1.5, the cobalt catalyst is used in a catalyst combina-
tion which has CO-shilt activity.

2. A process as claimed in claim 1, eharacterized in that it is applied to a feed in which tha C,- hydro-
carbons substantially consist of methane.
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3. A process as claimed in claim 2, characterized in that it is applied to naturai gas as feed.

4. A pracess as claimed In claim 3, characterized in that it is applied to a carbon dioxide contaminated
natural gas.

5. A process as claimed In any one of claims 1-4, characterized in that tha reforming is carried out at
a temparature of 700-1000°C, a pressure of 10-76 bar and by using a nickel-cantaining catalyst,

6. A procass as clalmed in any one of claims 1-5, characterized in that at least part of the steam and’
or carbon dioxide present in tha reaction products is separated thersfrom and is recyclad to the reform-
ing.

7. Aprocess as claimed in any one of claims -6, characterized in that the reforming is carried out by
using a carben dioxide/hydrocarbon ratio higher than 0.3 and lower than 4 g mo! CO,/g atom C, and a
steam/hydrocarbon ratic higher than 0.2 and lower than 0.8 g mol H,0/g atem C.

B. A process as claimed In any ane of claims 1-7, characterized in that the cobalt catalyst satisfies the

relation:
{3+ 4R} >L/S > (0.3 ~ 0.4 R}, wherein

L = the total guantity of cobalt prasant an tha catslyst, expressed as mg Co/ml catalyst,

§ = the surface aree of the catalyst, expressed as m*ml catalyst, and

R = the weight ratio of the quantity of cobalt deposited on the catalyst by kneading to the total guan-
tity of cobalt present on the catalyst.

9. A process as claimed in any one of claims 1-8, characterized in that the cobait catalyst comprises
zirconium as other metal end silica &s carrier.

iD. A process as ciaimed [n any one of claims 1-8, charactarized in that the hydrocarbon synthesis is
carried out at a temperature of 125-350°C and a pressure of 10-100 bar,

1. A process for the preparation of hydrocarbons as claimed in claim 1, substantiafly as described
hereinbefore and in particular with reference to the example.

12. Hydrocarbons prepared by a process as claimed in any one of claims 1-11.
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