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[57] ABSTRACT

C4— hydrocarbons are converted into syngas with a
H>/CO molar ratio between 0.25 and 2.25 by reforming
at a pressure above 10 bar in the presence of specified
amounts of carbon dioxide and steam followed by con-
version of the syngas into Cs* hydrocarbons over a
cobalt-containing catalyst or a catalyst combination
comprising a cobalt-containing catalyst and having
CO-shift activity.

24 Claims, No Drawings



http://ww. Pat ent Gopher.com

4,640,766

1

PROCESS FOR THE PREPARATION OF
HYDROCARBONS

FIELD OF THE INVENTION

The invention relates to a process for the preparation
of hydrocarbons having at least five carbon atoms per
molecule.

BACKGROUND OF THE INVENTION

Hydrocarbons with at least five carbon atoms per
molecule (hereinafter referred to as “Cs+ hydrocar-
bons™) can be prepared from hydrocarbons having at
most four carbon atoms per molecule (hereinafter re-
ferred to as ““C4~ hydrocarbons™) by a two-step process
in which the C4— hydrocarbons are converted in the
first step by steam reforming into a mixture of carbon
monoxide and hydrogen, which mixture is subsequently
converted in the second step into a mixture of hydrocar-
bons consisting substantially of Cs+ 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 hydrocarbon synthesis. Catalysts
often used for the purpose comprise one or more metals
from the iron group, together with one or more promot-
ers, and a carrier material. These catalysts can suitably
be prepared by the known techniques, such as precipita-
tion, impregnation, kneading and melting. The products
which can be prepared by using these catalysts usually
have a very wide range of molecular weight distribu-
tion and, in addition to branched and unbranched paraf-
fins, often contain considerable amounts of olefins and
oxygen-containing organic compounds. Usually only a
minor portion of the products obtained is made up of
middle distillates. Of these middle distillates not only
the yield but also the pour point is unsatisfactory.
Therefore, the direct conversion of Hy/CO mixtures
according to Fischer-Tropsch is not a very attractive
route for the production of middle distillates on a tech-
nical scale.

In this patent application “middle distillates” should
be taken to be hydrocarbon mixtures whose boiling
range corresponds substantially with that of the kero-
sene and gas oil fractions obtained in the conventional
atmospheric distillation of crude mineral oil. The mid-
dle distillate range lies substantially between about 150°
and 360° C.

Recently a class of Fischer-Tropsch catalysts was
found which has the property of yielding a product in
which only very minor amounts of olefins and oxygen-
containing organic compounds occur and which con-
sists virtually completely of unbranched paraffins, a
considerable portion of which paraffins boils above the
middle distillate range. It has been found that the high-
boiling part of this product can be converted in high

“yield into middle distillates by hydrocracking. As feed

for the hydrocracking, at least the part of the product is
chosen whose initial boiling point lies above the final
boiling point of the heaviest middle distillate desired as
end product. The hydrocracking, which is character-
ized by a very low hydrogen consumption, leads to
middle distillates with a considerably better pour point

- than those obtained in the direct conversion of a Hy/CO

mixture according to Fischer-Tropsch.

The Fischer-Tropsch catalysts belonging to the
above-mentioned class contain silica, alumina or silica-
alumina as carrier material and cobalt together with
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zirconium, titanium and/or chromium as catalytically
active metals, in such quantities that the catalysts com-
prise about 3-60 pbw of cobalt and about 0.1-100 pbw
of zirconium, titanium and/or chromium per 100 pbw
of carrier material. The catalysts are prepared by depos-
iting the metals involved on the carrier material by
kneading and/or impregnation. For further information
on the preparation of these catalysts by kneading and-
/or impregnation, reference may be made to Nether-
lands Patent Application No. 8301922, which is com-
monly-assigned copending U.S. patent application, Ser.
No. 594.618, filed Mar. 29, 1984, now U.S. Pat. No.
4,522,939, issued June 11, 1985.

Although the use of the afore-defined cobalt catalysts
for the conversion of Hy/CO mixtures yields a product
whose high-boiling part can be converted in a simple
manner and in high yield into middle distillates, the use
of these catalysts in the second step of the two-step
process described hereinabove is attended with a num-
ber of drawbacks. As described hereinbefore the con-
version of the C4— hydrocarbons in the first step can be
carried out by steam reforming. With a view to the
reactions which occur during the conversion of the
C4— hydrocarbons and in order to minimize carboniza-
tion of the catalyst used, this conversion should be car-
ried out by using a steam/hydrocarbon ratio higher
than about 1 g mol/g atom C. The drawbacks attached
to the use of the present cobalt catalysts in the second
step combined with a conversion of the C4~— hydrocar-
bons by steam reforming in the first step are connected
with the fact that this conversion of the C4— hydrocar-
bons yields a Hy/CO mixture having a Hy/CO molar

- ratio which is considerably higher than about 2. This
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can be suitably demonstrated with the aid of the devel-
opment of the reaction when methane is used as feed. In
the steam reforming of methane two reactions occur,
viz. a main reaction CH4+H>;0—CO+3H3 and a side
reaction CO+H;0—CO;-+H;. This reaction develop-
ment, when HyO/CHymolar ratios between about 2 and
about 3 which are generally used in practice are applied,
leads to Hy/CO mixtures having Hy/CO molar ratios
between about 3.8 and about 4.5. It should be noted here
that with the present cobalt catalysts the Ha+CO con-
version is smaller according as the Hy+CO molar ratio
of the Ha/CO mixture supplied varies more from 2, and
that in addition their Cs+ selectivity is lower according
as the Hy/CO mixture supplied has a higher Hy/CO
molar ratio. Consequently, when the present cobalt
catalysts are used for the conversion of a Hy/CO mix-
ture prepared by steam reforming, this leads to both a
low H2+CO conversion and a low Cs+ selectivity.
Therefore, in view of the high H»/CO molar ratio of the
H>/CO mixture formed therein, steam reforming is not
very suitable to be used for the preparation of the feed
for the present cobalt catalyst.

H>/CO mixtures having considerably lower H,/CO
molar ratios than when steam reforming is used can be
prepared by starting from C4— hydrocarbons and carry-
ing out the conversion in the presence of carbon diox-
ide. This so-called carbon dioxide reforming, which, for
the same reasons as given for the steam reforming,
should be carried out by using a carbon dioxide/hydro-
carbon ratio higher than about 1 g mol/g atom C. yields
a Hy/CO mixture having a Hy/CO molar ratio which is
considerably lower than about 2. As in the case with the
steam reforming, this can suitably be demonstrated with
the aid of the development of the reaction when meth-
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ane is used as feed. In the carbon dioxide reforming of
methane two reactions occur, viz. a main reaction
CH4+C02,—2CO+2H2 and a side reaction
H;+CO»>—»H0+4+CO. This reaction development,
when CO,/CH4 molar ratios between about 1.5 and
about 2 which are generally used in practice are applied,
leads to Hy/CO mixtures having H/CO molar ratios
between about 0.70 and about 0.64. Although replacing
steam reforming with carbon dioxide reforming in the
first step of the two-step process wherein the present
cobalt catalysts are used in the second step offers a
solution to the low Cs selectivity problem (since the
cobalt catalysts show a higher Cs+ selectivity accord-
ing as the Hy/CO molar ratio of the feed is lower), said
replacement has no influence on the low Hz+CO con-
version problem (caused by a Hy/CO molar ratio of the
feed which varies considerably from 2) and gives rise to
another problem. To solve these two problems a solu-
tion has now been found. High conversions of low-
hydrogen H/CO mixtures using the present cobalt
catalysts can be achieved by using these catalysts in a
catalyst combination which has CO-shift activity. The
fresh problem mentioned above is connected with the
need of carrying out the two steps of the two-step pro-
cess at substantially the same pressure in order to obvi-
ate compression of large gas volumes. Since the hydro-
carbon synthesis over the cobalt catalyst of the second
step requires a pressure higher than 10 bar, a corre-

“sponding high pressure must also be used in the first
~step. However, a drawback of the carbon dioxide re-
*forming carried out at a high pressure is its low conver-
*sion. For instance, the carbon dioxide reforming of
~~methane at a pressure of about 20 bar and a CO/CHy
" molar ratio of about 2 yields a H,/CO mixture having a

H,/CO molar ratio of about 0.64 at a methane conver-
sion of not more than about 50%. This drawback can be

" taken away by carrying out the reforming in the pres-
“ence of both carbon dioxide and steam. For instance,
the above-described reforming of methane in the pres-
ence of carbon dioxide at a pressure of about 20 bar and
‘ra"COy/CH4 molar ratio of about 2 in the presence of a

quantity of steam corresponding with a H2O/CO molar
ratio of about 0.25 leads to an increase in methane con-
version of from about 50 to about 91%, while the
H3/CO molar ratio of the Hy/CO mixture produced
only increases from about 0.64 to about 0.66. More
generally, it has been found that Hy/CO mixtures
whose Hz2/CO molar ratios may lie between about 0.25
and about 2.25 at choice can be prepared in high yield
by reforming C4— hydrocarbons at a pressure higher
than about 10 bar in the presence of carbon dioxide and
steam, provided that the following requirements are
met

(1) the carbon dioxide/hydrocarbon ratio (a) should
be higher than about 0.2 but lower than about 10 g mol
COy/g atom C,

(2) the steam/hydrogen ratio (b) should be higher
than about 0.1 but lower than about 1 g mol H,O/g
atom C, and

(3) the carbon dioxide/steam ratio should be chosen
such as to meet the requirement (2 Xa-+3Xb)>3.

By using the afore-described reforming as the first
step of the two-step process for the preparation of Cs+
hydrocarbons from C4~ hydrocarbons while using the
present cobalt catalysts in the second step and at a pres-
sure which corresponds substantially with that used in
the first step, Cs+ hydrocarbons can be prepared ac-
cording to this two-step treatment in high yield and
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with high selectivity, provided that if the H»/CO mix-
ture prepared in the first step has a Hy/CO molar ratio
lower than about 1.5, the cobalt catalyst should be used
in a catalyst combination which has CO-shift activity.

SUMMARY OF THE INVENTION

The present patent application therefore relates to a
process for the preparation of Cs+ hydrocarbons from
C4— hydrocarbons, in which C4— hydrocarbons are
converted at a pressure higher than about 10 bar by
reforming in the presence of carbon dioxide and steam
into a mixture of carbon monoxide and hydrogen hav-
ing a Ha/CO molar ratio between about 0.25 and about
2.25 by using a carbon dioxide/hydrocarbon ratio (a)
higher than about 0.1 but lower than about 10 g mol
COy/g atom C, a steam/hydrocarbon ratio (b) higher
than 0.1 but lower than 1 g mol H2O/g atom C and such
a carbon dioxide/steam ratio that (2Xa+3Xb)>3, in
which the mixture of carbon monoxide and hydrogen
thus prepared is converted into a mixture of hydrocar-
bons substantially consisting of Cs+ hydrocarbons by
contacting it at an elevated temperature and a pressure
substantially corresponding with that used in the re-
forming with a cobalt catalyst comprising about 3-60
pbw of cobalt and about 0.1-100 pbw of at least one
other metal chosen from the group formed by zirco-
nium, titanium, and chromium, per 100 pbw of silica,
alumina or silica-alumina, which catalyst has been pre-
pared by kneading and/or impregnation, and in which
the cobalt catalyst is used in a catalyst combination
which has CO-shift activity if the Hy/CO mixture has a
H2/CO molar ratio lower than about 1.5.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

In the process according to the invention the starting
material may be a feed which consists substantially of
one or more C4— hydrocarbons or a feed which, in
addition to C4~ hydrocarbons, comprises carbon diox-
ide. It should be noted in this connection that natural
gas, which where hydrocarbons are concerned consists
mainly of methane, can contain up to about 75 %vol. of
carbon dioxide. Examples of C4— hydrocarbons which
alone or in admixture can be present in the feed are
methane, ethane, propane, butane and isobutane. Prefer-
ably, the process is applied to a feed in which the C4—
hydrocarbons consist substantially of methane. Special
preference is given to natural gas as feed and more
particular to carbon dioxide-contaminated natural gas.

The reforming according to the invention can be
carried out by contacting the hydrocarbons to be con-
verted together with carbon dioxide and steam at a
temperature of about 500°-1200° C. and a pressure of
about 10-100 bar with a catalyst comprising one or
more metals from the iron group supported on a carrier.
The reforming is preferably carried out at a temperature
of about 700°-1000° C., a pressure of about 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 deposits already formed from the cata-
lyst by conversion into CO, it is preferred to use a cata-
lyst comprising an alkali metal, in particular potassium.
In order to prevent the catalyst from sintering, it is
moreover preferred to use a catalyst comprising an
alkaline earth metal, in particular calcium. If the C4—
hydrocarbons in the feed consist largely or wholly of
hydrocarbons containing two or more carbon atoms per
molecule, it is preferred to use a catalyst having crack-
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ing activity. Cracking activity may be imparted to the
catalyst by the use of a silica-alumina as carrier material.

The reforming according to the invention is carried
out in the presence of both carbon dioxide and steam,
which can be fed to the process from external sources.
As described hereinbefore, the process according to the
invention can very suitably be applied to a feed which
by its nature contains carbon dioxide, so that at least
part of the carbon dioxide requirement of the reforming
is met. Use can further be made of carbon dioxide and
steam which are found in the reaction products of the
process according 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 reforming is not
a complete reaction, so that even when a stoichiometric
quantity is used, a minor portion of the quantity used
will be found in the reaction product in the original
state. Since in the reforming the total quantity of carbon
dioxide and steam used is larger than the stoichiometri-
cally required quantity, the amount used in excess will
also be found in the reaction product. It is true that in
the reforming there is a minor occurrence of side reac-
tions by which some carbon dioxide and steam is with-
drawn from the reaction with the hydrocarbon feed, but
these side reactions in themselves yield steam or carbon
dioxide as reaction product. Carbon dioxide and steam
occur in the reaction product of the hydrocarbon syn-
thesis as well. For in the hydrocarbon synthesis accord-
ing to the equation CO + 2H;——(CH3)—+H0 a con-
siderably amount of steam is formed as byproduct. And
minor quantities of carbon dioxide can find their way
into the reaction product of the hydrocarbon synthesis
by the occurrence of side reactions. In the process ac-
cording to the invention, preference is given to at least
part of the steam and/or carbon dioxide present in the
reaction products being separated therefrom and being
recycled to the reformmg

The reforming is preferably carried out by using a
carbon dioxide/hydrocarbon ratio (a) higher than about
0.3 and lower than about 4 g mol CO/g atom C and a
steam/hydrocarbon ratio (b) higher than about 0.2 and
lower than about 0.8 g mol H2O/g atom C.

In the process of the invention, use is preferably made
of the cobalt catalysts which form the subject matter of
Netherlands Patent Application No. 8301922, which is
commonly-assigned copending U.S. patent application,
Ser. No. 594,618, filed Mar. 29, 1984, now U.S. Pat. No.
4,522,939, issued June 11, 1985. They are catalysts
which satisfy the relation:

(3-+4R)>(L/S)>(0.3+0.4R),

wherein
L=the total quantity of cobalt present on the cata-

lyst, expressed as mg Co/ml catalyst,

S=the surface area of the catalyst, expressed as

m2/ml catalyst, and

R =the weight ratio of the quantity of cobalt depos-

ited 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 carried
out by one of the three procedures mentioned hereinaf-
ter:

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

(b) first the other metal is deposited in one or more steps
by impregnation and subsequently the cobalt is de-
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posited in one or more steps, also be impregnation,

and
(c) first cobalt is deposited in one or more steps by

kneading and subsequently the other metal is depos-
ited in one or more steps by impregnation.

In the process according to the invention, use is pref-
erably made of cobalt catalysts containing about 15-50
pbw of cobalt per 100 pbw of carrier. The preferred
quantity of other metal present in the cobalt catalysts
depends on the way in which this metal has been depos-
ited. In the case of catalysts where first cobalt has been
deposited on the carrier, followed by the other metal,
preference is given to catalysts containing about 0.1-5
pbw of the other metal per 100 pbw of carrier. In the
case of catalysts where first the other metal has been
deposited on the carrier, followed by the cobalt, prefer-
ence is given to catalysts containing about 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. Preparatory to being suitable for use
the cobalt catalysts should be activated. This activation
can suitably be carried out by contacting the catalyst at
a temperature between about 200° and about 350° C.
with hydrogen or a hydrogen-containing gas.

In the process of the invention the hydrocarbon syn-
thesis is preferably carried out at a temperature of about
125°-350° C. and in particular of about 175°-275° C. and
a pressure of about 10-100 bar and in particular of about
10~-75 bar.

In the process of the invention the reforming yields a
H,/CO mixture whose Hy/CO molar ratio may vary
between about 0.25 and about 2.25. If the H2/CO molar
ratio of the H,/CO mixture is lower than about 1.5, the
cobalt catalyst should be used in a catalyst combination
which has CO-shift activity. Although for the conver-
sion of Hy/CO mixtures with a Hy/CO molar ratio
between about 1.5 and about 2.25 the use of the cobalt
catalyst per se will do, it is preferred even for the con-
version of Hy/CO mixtures with a H/CO molar ratio
between about 1.5 and about 1.75 to use the afore-men-
tioned catalyst combination. The catalyst combinations
used in the process according to the invention should
have higher CO-shift activities according as the Hy/CO
mixtures to be converted have lower Hy/CO molar
ratios.

If in the process of the invention the reforming has
yielded a Hy/CO mixture with a H»/CO molar ratio (F)
between about 0.25 and about 1.0, then the conversion
of this H,/CO mixture is preferably carried out by using
a mixture of two catalysts one of which is the cobalt
catalyst and the other a copper and zinc containing
composition having a Cu/Zn atomic ratio between
about 0.1 and about 10, in which catalyst mixture the
two catalysts are present in such a ratio as to satisfy the
relation

F 2—F
05X1+F <M<5X1+F'

wherein M represents the (Cu-+Zn)/Co atomic ratio in
the catalyst mixture. By preference, the copper and zinc
containing composition has a Cu/Zn atomic ratio be-
tween about 0.25 and about 4. Preparatory to being
suitable for use the catalyst mixtures should be acti-
vated. This activation can suitably be carried out by
contacting the catalyst mixture with hydrogen or a

. hydrogen-containing gas, first at a temperature between
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about 150° and about 250° C. and next at a higher tem-
perature, between about 200° and about 350° C.

If in the process of the invention the reforming has
yielded a H2/CO mixture with a H2/CO molar ratio (F)
between about 0.75 and about 1.75, then the conversion
of this H/CO mixture is preferably carried out in two
steps, in which in the first step the H2/CO mixture is
partly converted over the cobalt catalyst under such
conditions as to satisfy the relation

F-05
F ,

F—05
F41

150 X < C <250 x

wherein C represents the H, +CO conversion as %mol,
and in which of the product from the first step, after the
water formed has been removed, at least the H; and CO
which has remained unconverted is contacted in a sec-
ond step with a catalyst or catalyst combination which,
in addition to activity for the conversion of a Hy/CO
mixture into hydrocarbons, has CO-shift activity. In the
second step preference is given to the use of a mixture of
two catalysts, one catalyst being a cobalt catalyst be-
longing to the same class as the class from which the
cobalt catalyst used in the first step was chosen, and the
other catalyst being a copper and zinc containing com-
position having a Cu/Zn ratio between about 0.1 and
about 10. Special preference is given to such catalyst
mixtures wherein the two catalysts are present in such a
ratio that the (Cu+Zn)/Co atomic ratio of the catalyst

.-mixture lies between about 0.5 and about 5. The copper

and zinc containing composition present in the catalyst
mixture preferably has a Cu/Zn atomic ratio between
about 0.25 and about 4. Preparatory to being suitable for
use the catalyst mixtures should be activated in the way
described hereinbefore.

As already observed hereinbefore, the present cobalt
catalysts when used for the conversion of a Hy/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. Although in the prepa-
ration of middle distillates from the products obtained
over the cobalt catalyst the part of these products
whose initial boiling point lies above the final boiling
point of the heaviest middle distillate desired as end
product will do as feed for the hydrocracking, it is
preferred to use for this purpose the total Cs+ fraction
of these products, since it has been found that the cata-
Iytic hydrotreatment leads to enhanced quality of the
gasoline, kerosene and gas oil fractions present therein.

The hydrocracking is carried out be contacting the
fraction to be treated at elevated temperature and pres-
sure and in the presence of hydrogen with a catalyst
comprising one or more noble metals from Group VIII
supported on a carrier. The hydrocracking catalyst
used by preference is a catalyst containing about 0.1-2
%w and in particular about 0.2-1 %w of one or more
noble metals from Group VIII supported on a carrier.
Preference is given to catalysts comprising platinum or
palladium as Group VIII noble metal and silica-alumina
as carrier. The hydrocracking is preferably carried out
at a temperature of about 200°~400° C. and in particular
of about 250°-350° C. and a pressure of about 5-100 bar
and in particular of about 10-75 bar.
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The invention is now illustrated with the aid of the
following example which is intended for illustration and
not to be construed as limiting the invention.

Feed 1:

A natural gas substantially consisting of methane.

Feed 2:

A natural gas substantially consisting of a mixture of
methane and carbon dioxide in a 1:3 volume ratio.

Feed 3:

A natural gas substantially consisting of a mixture of
methane and carbon dioxide in a 4:3 volume ratio. .

Feed 4:

A natural gas substantially consisting 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 carbon dioxide in a 1:1.2 volume ratio.

Catalyst 1:

Ni/Ca/K/AlO3 catalyst comprising 13 pbw of
nickel, 12 pbw of calcium and 0.2 pbw of potassium per
100 pbw . of alumina.

Catalyst 2:

Co/Zr/SiO; catalyst which comprised 25 pbw of
cobalt and 18 pbw of zirconium per 100 pbw 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-propanol and benzene, fol-
lowed by single-step impregnation of the zirconium-
loaded carrier with a solution of cobalt nitrate in water.
The catalyst had a value for L of 97 mg/ml and for S of
100 m2/ml, and consequently for L/S of 0.97 mg/m2.

Catalyst 3:

Co/Zr/SiO; catalyst which comprised 25 pbw of
cobalt and 0.9 pbw of zirconium per 100 pbw of silica
and had been prepared by single-step impregnation of a
silica carrier with a solution of cobalt nitrate in water,
followed by single-step impregnation of the cobalt-
loaded carrier with a solution of zirconium nitrate in
water. The catalyst had a value for L of 98 mg/ml and
for S of 96 m2/ml and consequently for L/S of 1.02
mg/m?2.

Catalyst 4:

Co/Zr/SiO; catalyst which comprised 25 pbw of
cobalt and 12 pbw of zirconium per 100 pbw of silica
and had been prepared by three-step impregnation of a
silica carrier with a solution of zirconium tetra n-
propoxide in a mixture of n-propanol and benzene, fol-
lowed by impregnation of the zirconium-loaded carrier
with a solution of cobalt nitrate in water. The catalyst
had a value for L of 97 mg/ml and for S of 100 m?/ml,
and subsequently for L/S of 0.97 mg/m?2.

In the preparation of Catalysts 2-4 a quantity of solu-
tion was used in each impregnation step which substan-
tially corresponded with the pore volume of the carrier,
and after each impregnation step the material was dried
and then calcined at 500° C.

Catalyst 5: » -

Cu/Zn/Al,0j; catalyst which comprised 24.3 %w of
copper and 38.0 %w of zinc and consequently had a
Cu/Zn atomic ratio of 0.66.

Catalyst Mixture I:

Catalysts 4 and 5 were mixed in such a ratio as to
yield a Catalyst Mixture I whose (Cu+-Zn)/Co atomic
ratio (M) was 1.41.

Six experiments (1-6) were carried out starting from
Feeds 1-5. In each of the experiments a feed was con-
verted into a Hy and CO containing reaction product by
contacting it, whether or not together with steam, at a
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temperature of 950° C. and a pressure of 21 bar with
Catalyst 1. In Experiments 1 and 4-6 the reaction prod-
uct was freed from water by cooling and subsequently
converted into a mixture of hydrocarbons by contacting
it with either one of Catalysts 2 and 3, and/or with
Catalyst Mixture 1. Preparatory to being used for the
hydrocarbon synthesis Catalysts 2 and 3 and Catalyst
Mixture I were activated by contacting them with a
hydrogen-containing gas, Catalysts 2 and 3 at 250° C.
and Catalyst Mixture I first at 200° C. and next at 250°
C. Further information on the conditions used to carry
out the experiments and the results obtained are given
below.

EXPERIMENT 1

Two-step experiment starting from Feed 1.

First step: reforming of Feed 1 in the presence of a
quantity of steam corresponding with a H;O/CHy
molar ratio of 2.0. CH4 conversion achieved: 85.4%.
After removal of water 91 %vol. of the reaction
product consisted of a H;/CO mixture with a Hy/CO
molar ratio of 4.1.

Second step: the reaction product of the first step which
had been freed from water was contacted at a temper-
ature of 220° C., a pressure of 21 bar and a space
velocity of 600 N1 (Hp4CO).1—-1.h—1 with Catalyst
2. The (H,+ CO) conversion achieved was 61 %vol.,
and the Cs+ selectivity 63%.

EXPERIMENT 2

Single-step experiment starting from Feed 2. In this
experiment, in which Feed 2 was reformed without
addition of steam, the CH4 conversion was 59%, and
the H2/CO mixture obtained had a H,/CO ratio of 0.58.

EXPERIMENT 3

Single-step experiment starting from Feed 3. This
experiment, in which Feed 3 was reformed in the pres-
ence of a quantity of steam corresponding with a
H>0/CH4 molar ratio of 0.35, had to be terminated
prematurely on account of clogging of the reactor due
to coke formation.

EXPERIMENT 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,O/CHgy
molar ratio of 0.8. CH4 conversion achieved: 69%.
After removal of water 78 %vol. of the reaction
product consisted of a Hy/CO mixture with a Hy/CO
molar ratio of 2.

Second step: the reaction product of the first step which
had been freed from water was contacted at a temper-
ature of 220° C., a pressure of 21 bar and a space
velocity of 600 N1 (Hz+CO).1-Lh~! with Catalyst
2. The (H2+CQ) conversion achieved was 96 %vol.,
and the Cs* selectivity 80%.

EXPERIMENT 5

Two-step experiment starting from Feed 2.

First step: reforming of Feed 2 in the presence of a
quantity of steam corresponding with a HyO/CHy
molar ratio of 0.5. CH4 conversion achieved: 96.7%.
After removal of water 72 %vol. of the reaction
product consisted of a Hz/CO mixture with a Hy/CO
molar ratio of 0.55.

Second step: the reaction product of the first step which
had been freed from water was contacted at a temper-
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10
ature of 250° C., a pressure of 21 bar and a space
velocity of 400 N1 (H2+CO).1—-1h—! with Catalyst
Mixture I. The (H2+4CO) conversion achieved was
83 %vol., and the Cs+ selectivity 83%.

EXPERIMENT 6

Three-step experiment starting from Feed 5.

First step: reforming of Feed 5 in the presence of a
quantity of steam corresponding with a H,O/CHg4
molar ratio of 0.5. CH4 conversion achieved: 82.3%.
After removal of water 85.5 %vol. of the reaction
product consisted of a Hy/CO mixture with a H/CO
molar ratio of 1.0.

Second step: the reaction product of the first step which
had been freed from water was contacted at a temper-
ature of 230° C. and a pressure of 21 bar with Catalyst
3. The reaction product from the second step was
divided by cooling into a gaseous fraction substan-
tially consisting of unconverted H; and CO and C4—
hydrocarbons, and a liquid fraction substantially con-
sisting of Cs+ hydrocarbons and water. The gaseous
fraction was used as feed for the third step.

Third step: the gaseous fraction from step 2 was con-
tacted at a temperature of 260° C. and a pressure of 21
bar with Catalyst Mixture I. Steps 2 and 3 were car-
ried out at a total (H,+CO) throughput rate of 600
N1.1-1Lh—1 and by using Catalyst 3 (in the second
step) and Catalyst Mixture I (in the third step)ina 1:2
volume ratio. In this experiment the total Hy+CO
conversion was 89% and the total selectivity 83%.
The total Hy4+-CO conversion and the total Cs+
selectivity are defined as follows:

Total Hy + CO conversion =

mol Hz + CO in feed of second step —
mol H; + CO in product of third step

mol Hy + CO in feed of second step x 100

Total Cs+ selectivity =

pbw of Cs™ hydrocarbons in product of second + third step
pbw of hydrocarbons in product of second + third step

X 100

Of Experiments 1-6 described hereinbefore Experi-
ments 4-6 are experiments according to the invention.
These experiments, in which the reforming was carried
out in the presence of such quantities of carbon dioxide
and steam as to satisfy the relation (2 Xa+3Xb)> 3, and
in which the synthesis gas formed is subsequently con-
tacted with the special cobalt catalyst or a catalyst com-
bination which comprises the special cobalt catalyst,
yielded both a high conversion and a high Cs+ selectiv-
ity. Experiments 1-3 fall outside the scope of the inven-
tion. They have been included in the patent application
for comparison. In Experiment 1 the reforming was
carried out in the presence of only steam, and a synthe-
sis gas was obtained which had a high Hy/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 Cs+ selectivity. In Experiment 2 the reform-
ing was carried out in the presence of only carbon diox-
ide, and a synthesis gas was obtained in low yield which
had a low Hz/CO molar ratio. Although further pro-
cessing of this gas in a second step over the special
cobalt catalyst can lead to a high Cs+ selectivity, con-
version will only be low. In Experiment 3 the reforming
was carried out in the presence of carbon dioxide and
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steam, but the quantities of carbon dioxide and steam
were such that the relation (2Xa+3Xb)>3 was not
satisfied. In Experiment 3 there was clogging of the
reactor due to coke formation.

We claim:

1. A process for the preparation of Cs+ hydrocarbons
suitable for the production of middle distillates from
C4— hydrocarbons comprising:

(a) reforming C4— hydrocarbons at a pressure higher
than 10 bar in the presence of carbon dioxide and
steam into a mixture of carbon monoxide and hy-
drogen having a H>/CO molar ratio between 0.25
and 2.25 by using a carbon dioxide/hydrocarbon
ratio (a) higher than 0.1, but lower than 10 g mol
COy/g atom C, a steam/hydrocarbon ratio (b)
higher than 0.1, but lower than 1 g mol HyO/g
atoms C and a carbon dioxide/steam ratio chosen
such that (2Xa+3Xb)>3, and

(b) converting the product of (a) into a mixture of
hydrocarbons substantially consisting of Cs+ hy-
drocarbons by contacting it at a temperature of
105°-305° C. and a pressure, substantially corre-
sponding 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 silica, alumina or silica-
alumina, wherein said catalyst has been prepared
by kneading and/or impregnation, and that when
the Hy/CO mixture has a Ho/CO molar ratio lower
than 1.5, the cobalt catalyst is used in a catalyst
mixture with a copper and zinc containing compo-
sition having CO-shift activity.

2. The process of claim 1, wherein said process is
applied to a feed in which the C4— hydrocarbons sub-
stantially consist of methane.

3. The process of claim 1, wherein said process is
applied to natural gas as feed.

4. The process of claim 1, wherein said process is
applied to a carbon dioxide contaminated natural gas.

5. The process of claim 1, wherein the reforming is
carried out at a temperature of 700°-1000° C., a pressure
of 10-75 bar and by using a nickel-containing catalyst.

6. The process of claim 1, wherein at least part of the
steam, carbon dioxide or mixtures thereof present in the
reaction products of (b) is separated therefrom and is
recycled to the reforming step.

7. The process of claim 1, wherein the reforming is
carried out by using a carbon dioxide/hydrocarbon
ratio higher than 0.3 and lower than 4 g mol COy/g
atom C, and a steam/hydrocarbon ratio higher than 0.2
and lower than 0.8 g mol H,O/g atom C.

8. The process of claim 1, wherein the cobalt catalyst
satisfies the relation:

(3-+4R)>(L/S)>(0.3+0.4R),

wherein

L=the total quantity of cobalt present on the cata-

lyst, expressed as mg Co/ml! catalyst,

S=the surface area of the catalyst, expressed as

m2/ml] catalyst, and

R=the weight ratio of the quantity of cobalt depos-

ited on the catalyst by kneading to the total quan-
tity of cobalt present on the catalyst.

9. The process of claim 1, wherein 100 ppw of carrier
the cobalt catalyst comprises 15-50 ppw of cobalt and
either 0.1-5 ppw of at least one other metal chosen from
the group formed by zirconium, titanium and chromium
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if during its preparation cobalt is deposited first and said
other metal next, or 5-40 ppw of at least one other metal
if during its preparation said other metal is deposited
first and cobalt next.

10. The process of claim 1, wherein the cobalt cata-
lyst comprises zirconium as other metal and silica as
carrier.

11. The process of claim 1, wherein (b) is carried out
at a pressure of 10-100 bar.

12. The process of claim 1, wherein (b) is carried out
at a temperature of 175°-275° C. and pressure of 10-75
bar.

13. The process as claimed in claim 1, wherein in the
reforming a Hy/CO mixture is obtained which has a
H3/CO molar ratio (F) between 0.25 and 1.0 and that
(b) is carried out by contacting this Hy/CO mixture
with a mixture of two catalysts, one of which is the
cobalt catalyst and the other a copper and zinc contain-
ing composition having a Cu/Zn atomic ratio between
0.1 and 10, whereby in said catalyst mixture the two
catalysts are present in a ratio so as to satisfy the relation

2—F
1+ F

2-F

0.5 X T+ F°

<M<35X

wherein M represents the (Cu+Zn)/Co atomic ratio in
the catalyst mixture.

14. The process of claim 13, wherein the copper- and
zinc-containing composition has a Cu/Zn atomic ratio
between 0.25 and 4.0.

15. The process of claim 1, wherein in the reforming,
a H2/CO mixture is obtained which has a H»/CO molar
ratio (F) between 0.75 and 1.75 and that (b) is carried
out in two steps by partly converting this Hy/CO mix-
ture in the first step over the cobalt catalyst under such
conditions as to satisfy the relation

F—05

F-—-05
150 X Frl

<C<250><'—1'5T1—,

wherein C represents the H2+CO conversion as %pmol,
and after removal of the water formed in the first step of
(b), at least the unconverted Hj and CO are contacted in
a second step with a catalyst or catalyst combination
which in addition to activity for the conversion of a
H>/CO mixture into hydrocarbons has a CO-shift activ-
ity.

16. The process of claim 15, wherein in the second
step of (b) use is made of a mixture of two catalysts, one
of which is the cobalt catalyst and the other a copper
and zinc containing composition having a Cu/Zn
atomic ratio between 0.1 and 10.

17. The process of claim 15, wherein in the second
step of the hydrocarbon synthesis, use is made of a
catalyst mixture in which the two catalysts are present
such that the (Cu/Zn)/Co atomic ratio in the catalyst
mixture lies between 0.5 and 5.

18. The process of claim 15, wherein the copper and
zinc containing composition has a Cu/Zn atomic ratio
between 0.25 and 4.

19. The process of claim 1, wherein in order to pre-
pare middle distillates from the products prepared over
the cobalt catalyst at least the part of said products
whose initial boiling point lies above the final boiling
point of the heaviest said middle distillates is subjected
to hydrocracking by contacting it at elevated tempera-
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ture and pressure with a catalyst containing one or more
noble metals from Group VIII supported on a carrier.

20. The process of claim 19, wherein in the hydro-
cracking use is made of a catalyst containing 0.2-2 %w
of one or more noble metals from Group VIII.

21. The process of claim 20, wherein in the hydro-
cracking use is made of a catalyst containing 0.2-1 %w
of one or more noble metals from Group VIIL

22. The process of claim 19, wherein in the hydro-
cracking use is made of a catalyst containing platinum
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or palladium as Group VIII noble metal and silica-
alumina as carrier.

23. The process of claim 19, wherein the hydrocrack-
ing is carried out at a temperature of 200°-400° C. and
a pressure of 5-100 bar.

24. The process of claim 23, wherein the hydrocrack-
ing is carried out at a temperature of 250°-350° C. and
a pressure of 10-75 bar.

* X %X % %



