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{541 Process for the preparations of hydrocarhans

{67] Syngas with a Hy/CO mol.ratic between 0.75 and 1.75 is canverted inta hydrocarbons by contacting it first with a
cobalt-containing Fischer-Tropsch catalyst under such contditions that the conversion lies within a specified range
depending on the Hy/CO mel.ratia of the syngas feed, and thereafier, after water remaoval, with a catalyst composition
comprising both hydrocarbon synthesis- and CO-shift activity, A high Hz 1 CO-conversion combined with a high Cg™
selectivity can be obtained starting from a syngas with & Ho'CO mol.ratio {F) batween 0.76 and 1,75 by carrying out
the process in two stages as described hereinbefore under such conditions that in the first stage the following

relation [s met:

F-0.5 F-0.5
150X'E'THC‘\2EOXF+1 :

in which C represents the Hp + CO-convarsion in mol.%. The Co-cantaining catalyst comprises 3-60 pbw Co, 0.1-100
pbw Ti, Zr andfor Cr per 100 phbw silica and‘or alumina.
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SPECIFICATION
Process for the praparatien of hydrocarbons

The inveniion relates to a process far tha praparation of hydrocarbons by catalytic conversion of a mixture of
varbon monoxide and hydrogen.

The preparation of hydrocarbons from a Hy/CO mixture by contacting this mixture at elevated temperature
and pressure with a catalyst is known in the literature as the Fischer-Tropsch hydrocarbon synthesis.
Catalysts oftan used for the purpose comprise one or more metals from the iren group, tugether with ane or
more promotors, and a carrier material, These catalysts can suitably be prepared by the known technigues,
such as precipitation, impregnation, kneading and melting. The products which can be prepared by using
thase catalysts generally have a very wide molecular weight distribution range and, in addition ta branched
and unbranched paraffins, they often contain considerable amounts of olefins and oxygen-containing
organic compounds. Usually only 2 minor portion of the products obtained is made up of midd!s distillatas.
Of these middle distillates not only the yield but also the pour point is unsatisfactory. Therefore tha diract
conversion of Hz/CO mixtures according to Fischer-Tropsch is not a very attractive route for the productian
of middle distillates on a technical scale.

In this patent application “middle distillates should be taken to be hydrocarbon mixtures whase boiling
range corresponds substentially with that of the kerosine and gas vil fractions obtained in the convantional
atmospheric distillation of crude mineraj oil. The middle distillate range lies substantially between about 160
and 360°C.

Recently there was found a class of Fischer-Tropsch catalysts having the property of vielding a product in
which only very miror amounts of elefins and oxygen-containing compounds cceur and which consists
virtually completely of unbranched paraffins, a considerable portion of which paraffins boils above the
middle distillate range. It has been found that by hydrocracking the high-beiling part of this product can be
canverted in high yield into middle distiilates. As feed for Llhe hydrocracking at least the part of the product s
chosen whaose initial boiling point lies above the final boiling point of the heaviest middle distillate desired as
end product. The hydrocracking, which is characterized by a very low hydrogen consumption, leads io
middle distiilates which have a considerably better pour point than those obtained in the direct conversion of
a H»/CO mixture according to Fischer-Tropsch,

The Fischer-Tropsch catalysts belonging to the afore-mentioned ¢lass contain silica, alumina or
stlica-alumina as carrfer material and cobalt together with zirconium, titanium snd/or chromium as
catalyticaily active metals, in such quantities that per 100 pbw of carrier material the catalysts comprise 3-60
pbw of cobalt and 0.1-100 pbw of zirconiurm, titanium or chromium. The caialysts are prepared by depositing
tha metals involved on the carrier material by kneading and/or impregnation. For further information on the
preparation of thasa eatalysts by knaading and/or impregnation reference may be made to Netherlands
*atent Application No. 8301922 recantly filed in the name of the Applicant.

When the presant cobalt catalysts are usad for the Fischer-Tropsch hydrocarbon synthesis starting frem
Ha/CO-mixtures having a Ho/CO melar ratio of about 2, very high H,+CO conversions can be achieved.
However, when faeds with a lower Hy/CO molar ratio are used, the Hy+ CO conversion is insufficient. The
H»+CO conversian is saen to be lower according as the fasd has a lower H,/CO molar ratio.

Since natura provides large amounts of material with a relatively low H/C ratio, such as coal, which when
converted into Hy/CO mixtures yields products having a H/CO molar ratio lower than 2, it would naturally be
very welcoma if a way cauld be found to solve the afore-mentioned problem of low Hz+CO conversions.

Luring an invastigatlon into this sitbject two measures were found which have made it possible to realise
high H>+CO canversions in the hydrocarbon synthesis starting from Hy/CO mixtures having H,/CO molar
ratios between 0.25 and 1.75 and by using the presant cobalt catalysts. In addition the application of these
measures leads to a high Cs* salactivity. By tha flrst measure the Ho/CQO mixture Is converted over a mixture
of two catalysts, one of which is the cobalt catalyst and tha other a cappar- and zinc-cantaining composition.
By the second measure the Ho/CO mixture 1s first partly converted over the cabalt catalyst, and subsequently
the unconverted Hy and COC is convertad over a bi-functicnal catalyst or catalyst combination which, in
addition to activity for the conversion of a Hy/CO mixture into hydrocarbons, has activity for the conversion
of a mixture of Hy0 and CO into a mixture of Hy and CO5.

Conditional upon the H/CO molar ratio of the feed to be converted it is gither exclusively measure 1, or
exciusively measure 2, or either one of the two measures that is eligibie for use. For feeds with a H»/CD molar
ratio between 0.25 and 0,75 only meaure 1 is applicable. If the feed has 8 HyCO molar ratio between 1.0 and
1.75, it is only measure 2 that is eligible. For feeds with a H/CQ molar ratio between 0.75 and 1.0 gither
measure 1 or measure 2 can ba usad at choica,
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The present patent appllcation reiates to the use of measure 2 for feeds with a H/CO molar ratlo between
0.76 and 1.75. The use of measure 1 for feeds having a Hy/CQ malar ratio between 0.25 and 1.0 forms the
subject matter of Netharlands Patent Application (K 5723},

The partial conversion which in accordance with measure 2 is carried out in the first step of tha process
should be performed under such conditions as to satisfy the relation .

L T05 F-0.5
15(:)><F_'__I <G “250){]:4-1 '

wherein F rapresents the Hy/C0O molar ratio of the feed and C the Hz+CO conversion, expressed as %mol,
After the water formed has been remaved from the product of the first step at least the unconverted Hz and
CO thereof shoud be contacted in the second step with the bifunctional catalyst or catalyst carmbination
mentioned harainbefore.

The present patent application therefore reiates to a process for the praparation of hydrocarbans by
catalytic reaction of earbon monoxide with hydrogen, in which a Hz- and CO-containing feed having a H,/CO
molar ratio (F} in the range between 0.75 and 1.75 Is contacted in the first step with a catalyst comprising 3-60
pbw of cobalt and 0.1-100 pbw of at least ane other metal chosen from the group formed by zirconium,
titanium and chromium per 100 pbw of silica, alumina ar silica-alumina, which catalyst has been preparad by
kneading andfor impragnation, the contact being brought about under such conditions as to satisfy the
relation

F-0.5 < C < 250 % F-0.5

x
150 F+1 F+1 *

wharsin C represents the H,+CO conversion expressed as %mol, and in which of tha product from the first
step — after removal of the water formed — at laest the H; and CO that has remained unconverted is contactad
in a second step with a catalyst or catalyst combination which, in addition to activity for the conversion of a
mixture of H; and CO into hydrocarbons, has activity for the conversion of a mixture of H,0 and CO into a
mixture of H; and CO,.

In the process of the invention it is preferred to use in the first stap the cobalt catalysts which form the
subfect matter of Netherlands patant application No. 8301922, These are catalysts which satisfy the relation

{(3+4R} :--g-.‘» {G.3 + 0.4 R), wherein

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

§ = the surface area of the catalyst, expressed as m%m| catalyst, and

R = the weight ratio of the quantity of cobalt deposited on the catalyst by kneading to the totai tuantity of
cobalt present in the catalyst,

The preparation of the cobalt catalysts used in the first step of the process of the invention is preferahly
carriad out by one of the three pracedures mentioned hereinaftar:

a} first cobait is deposited in one or more steps by impregnation and subsequently the other metal is
deposited in one or more steps, also by impragnation,

b} first the other matal is deposited in one or more steps by impregnation and subsequently the cobalt is
deposited in cne or more steps, also by impregnation, and

cl first cobatt is deposited in one or mare steps by kneading and subsequentiy the other metal is deposited
in one or more steps by impregnation.

In the process according to the invention praference is given to the use of cobalt catalysts containing 15-50
phw of cobait per 100 pbw of carricr. The preferrad guantity of other metal present in the cobalt catalysts
dapends on the way in which this metal has been deposited, In the case of catalysts where first cobalt has
baen deposited on the carrier, followed by the other metal, preference is given to catalysts containing 0.1-5
pbw of the other metal per 100 pbw of carrier. in tha case of catalysts where first the other metat has baen
deposited on the carrier, fallowed by the cobalt, preference is given to catalysts contzining 5-40 pbw of the
other metal per 100 pbw of carrier. Praference is given to zirconTum as other metal and to sillea as carrier
matetial. Preparatory to heing suitabe for use the cobalt catalysts shauld first be activated. This activation
may suitably be carried out by contacting the catalyst at a temperature betwaen 200 and 250°C with
hydrogen or a hydrogen-containing gas.

In the process according to tha invention from the product of the first step — after removal of the water
formed — at least the Hy and CO that has remained unconveried is coentacted in a second step with the
bifunciional catalyst or catalyst combinatfon mentioned hereinbefare. It is preferred to divide the praduct of
the first step by cooling into a gaseous fraction substantialy consisting of unconverted Hy and CO, and Cs”
hydrocarbons, and a liquid fraction substantially consisting of C* hydracarbans and waler, gnd to usa the
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gaseous fraction as feed for the second step. Optionally the total reaction product of the first step may be
used — after removal of water - as feed for the second step.

As examples of catalysts and catalyst combinations eligible for use in the sceond step of tha process
according to the invention may be mentioned:-

1) Catalysts prepared by impregnation with comprise 5-50 %w of iron and 5-50 %w of copper and zihg
supported on a carrier and in which the weight ratio of the total quentity of copper and zinc to the guantity of
iron is 0.5-5. When such catalysts are used preference is given to catalysis whose Cu/Zn atomic ratio lies
between 0.25 and 4 and in which the weight ratio of the total guanlity of copper and zinc to the guantity of
iron lies between 1.0 and 3.0, Examples of such catalysts are Fe/KiCu/Zn/Si0y catalysts.

7} Catalysts prepared by impregnation which comprige 30-75 pbw of iron and 5-40 pbhw of magnesium per
100 pbhw of alumina. When such catalysts are used preference is given to catalysts comprising 40-60 pbw of
iren and 7.5-30 phw of magnasium per 100 pbw of alumina. Examples of such catalysts are Fe/K/Cu/Mg/
Al,C catalysts.,

3) Catalysts prepared by impregnation which comprise 10-40 pbw of iron and 0.25-10 pbw of chromium
per 100 pbw of silica. Whan such cataiysts are used preference is given to catalysts comprising 20-35 pbw of
iron and 0,5-6 pbw of chromium per 100 pbw of silica. Exampies of such catalysts are FetKrCr/Si0s.

4} Catalyst mixtures obtained by mixing a crystailine meta! silicate of a special structure either with one of
the iran catalysts mentioned under 1}-31, ar with a Zn/CraQ; catalyst, or with a Cu/Zn(/Cr; 05 catalyst, or
with a mixture of a Cu/ZnQ/Cr,0; catalyst and gamma-AlyQs.

The crystalline metal silicates mentioned under 4) are characterized in that after one hour's calcination in
air at 500°C, they have the following properties

a) an X-ray powder diffraction pattern in which the four fines mentioned in Table A are the strongest lines

3.84 = 0.097
= 0.06 , and

b} in the formula which represents the composition of the silicate expressed in molgs of the oxides and in
which, in addition to Sioz, one or more oxides of a trivalant metal M, chosen from tha group formed by
aluminium, iron and galiium, are present, the Si0xM;0, molar ratic is higher than 10.

Since it is desirable to prepars in the process according to the invention so large an amount as possibiae of
a product which can be converted into middle distillates by hydrocracking, it is preferred to use in the second
step a catalyst combination in which the activity for the conversion of a H,/CQ mixture inte hydracarbons
originates in a cobalt catalyst beionging to the same class as that from which the cobalt catalyst used in the
first step was chosen, Whan such a cobalt catalyst is used in the second stap, tha sama prefarances applias
with regard to method of preparation and composition as mentioned for the cobalt catalyst usad in the first
step.

tn the process according to the invention preference is given in the second step to the use of a mixtura of
two catalysts, the one catalyst being a cobalt catalyst belonging to the same cfass as that from which the
cobalt catalyst used in the first step was chosen, and the other catalyst baing a copper- and zinc-containing
compositign having a Cuw/Zn atomic ratio hetween 8.1 and 10. Spectal preference is given to such catalyst
mixtures wherein the two catalysts are present in such a ratia that the {Cu4 Zn}/Co atomic ratio in the catalyst
mixture lies between 0.5 and &. The capper- and zinc-containing composition present in the catalyst mixiure
preferably has a Cw/Zn atomic ratio batween 0.25 and 4, Praparatary to being eligibie for use the catalyst
mixtures containing a cohalt catalyst and a eoppar- and zinc-containing composition should be activated.
This activation ray suitably he carried out by contacting the catalyst mixture with hydrogen or a
hydrogen-containing gas, first at a temparature between 150 and 250°C and subsequently ata higher
temparature, batwean 200 and 350°C.

Tha process according to tha invantion is preferably carried oui at a termperature of 125-350°C and a
presstra of 5-100 bar. Spacial preference is given to a temperature of 1/5-275°C and a pressure of 10-75 bar,

As statad hareinbefors, the present cobait catalysts when used for the conversion of a Hy- and
CO-containing feed vield a substantially waxy product whose high-boiling part can be converted in high
yield into middle distilates by a hydrocracking treatment. This is also true when use is made not of the vobalt
catalysts alone hut of the above-dascribad catalyst mixtures conteining such cobalt catalysts.

Although, when the products prepared over the present cobalt catalysts or over catalyst mixtures
containing the present cobalt catalysts are used in the preparation of middle distiliates, the part of those
products whose initial boiling point lies above the final beiling point of the heaviest middle distiliate desired
as end product will do-as feed for the hydrocracking, it is prefarrad to use for this purpose the tutal Cg”
fraction of satd products, since [t has been found that the catalytic hydrotreatment leads to enhanced guality
of the gasoline, kerosine and gas oil fractions present therein,

The hydrocracking is carried out by contacting the fraction to be treated at elevated temparatura and
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pressure and in the presenca of hydrogen with a catalyst GOMptising one or more noble metals from Group
VI supported on a carrier. The hydrocracking catalyst used by preference js a catalyst comprising 0.1-2 %w,
and in particular 0.2-1 %w, of one or more noble metals from Greup Vill supported on a carrier, Preferencge is
glven to catalysts containing platinum or palladium as Greup Vil noble metal and silica-alumina as carrier.
The hydrocracking is prefarahly carried out at a temperature of 200-400°C and in particular of 258-350°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.

Example
Catalyst 1 and Catalyst 2 wars mixed tagether to compose Cataiyst Mixture I.

Catalyst 1

Co/Zr{Si0, catalyst which comprised 25 phw of cobalt and 0.9 pbw of zirconium per 100 pbw of silica and
had been prepared by single-step iImpregnation of a silica carriar with a solution of cobalt nitrata in watier,
followed by single-step impregnation of the cobalt-loaded carrier with a solution of zirconium mitrate in
water. In both impregnation steps the quantity of solution used had & volume which corrasponded
substantially with tha pore volume of the carrier. Aftar the two impregnation steps the material was dried
and then celcined at 506°C. The catalyst had a value for L of 98 mg/m! and for S of 96 m¥ml, and
consequently it had a value for /S of 1,02 mg/m2

Catalyst 2
Cu/Zn/Al;0; catalyst comprising 24.3 %w of copper and 38.0 %w of zine and therefore having a Cw/Zn
atamic ratio of .88,

Catalyst Mixture f
Catalysts 1 and 2 were mixed in such a ratin as to obtain a Catalyst Mixture |, whose [Cu+Zn)/Co atomic
ratic was 3.75.

Catalyst testing

Catalyst 1 and Catalyst Mixture | were usad in sight experiments (1-8} in the preparation of hydrocarbons
from mixtures of carbon monoxide and hydrogen. The experiments were carried out at a space velacity of 10
NI faed per hour and at a pressure of 20 bar in one or two reactors cantaining a fixed catalyst bed of Catalyst
1 or Catalyst Mixture |. Experiments 1 and 2 were carried out in a single stap by using Catalyst 1. Experiment
Bwas alse carried out in a single step, but using Catalyst Mixture |. Experimants 3-7 were carried out in two
steps by using Catalyst 1 in the first step and Catalyst Mixture ! in the second stap, In the two-step
experiments the reaction product from the first step was cooled to divide Tt into a gaseous fraction
substanttally consisting of unconverted H, and CO, and €4 hydrocarbons, and a liquid fraction substantially
consisting of Cs™ hydrocarbons and water, and the gaseous fraction was used as feed for the second step.
Praparatary to the testing Catalyst 1 and Catalyst Mixture | were activated by contacting them with a
hydrogen-containing gas; Catalyst 1 at 250°C; Catalyst Mixture | first at 200°C and suhsequently at 250°C. The
resufts of tha experiments and the Hy/CO malar ratias (F) of the feeds used in each af the experimerts as well
as the reaction conditions are listed in tha table,

The parameters C, total H,+CO conversion, and total Cg~ selectivity used in the table are defined as
follovws:= '

mol H,+C0 present in feed — mol H,+C0 present in product of first stap
C= - %
mol Hp ++ CO presant in faed

100

Total Hy+CO _ maol H,+CC present in faed — mol Hy+CO present in product of sacand step «

A - 10
conversion mol Hz+ CO present in fead ¢

Total Cg' _ Pbw Cs' hydrocarbons present in product of first+secand step
selectivity  pbw hydrocarbons present in preduct of first« second step

x 100
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TABLE
Exp, Reaction Quaniityof  F Temp., o Total Total
step catalyst, °C % mal Ha+CO Cs'
5 Nao. Na, mif canversion  sefectivity 5
% mo/ AT
1 - 20 1.0 22D - 3128 28
ic 2 - 20 1.0 230 - 74 87 10
3 1 6.5 1.0 230 48 91 86
2 13.5 260
15 4 1 6.6 1.0 245 66 81 86 16
13.6 250
5 1 3 1.0 220 18 86 75
2 17 250
20 20
6 ] 6.5 1.5 235 76 99 84
2 125 250
7 1 3 1.5 225 30 77 72
25 17 250 25
8 - 20 1.6 250 - 63 b5
a0 CLAIMS 30
1. A process for the preparation of hydrocarbons by catalytic reaction of carbon monoxide with
hydragen, characterized in that a H;- and CO-containing feed having a H/CC molar ratio (F} in the range
betwean 0.75 and 1.75 is cantacted in the firat atep with a catalyst comprising 3-60 pbw of cobalt and 0,1-100
35 pbw of at Isast one other matal chosan from the group formed by zirconium, titanfum and chromium per 1060 356
pbw of silica, alumina ar silica-alumina, which catalyst has baen prapared by kneading and/or impregnation,
the contact being braught about under such conditions as ta satisfy tha relation
F—0.B . F--0.5
40 160 X< C <260 X-—— 40
wherein C represents the Hz+CO conversion expressed as %mol, and in which of the product from the first
step — after removal of the water formed - at least the H; and CO that has remained unconverted is contacted
45 in a second step with a catalyst or catalyst combination which, in addition to activity for the conversion of a 45
mixture of Hz and CO into hydrocarbons, has activity for the conversion of a mixture of H;0 and CQ inlo a
mixture of H and COx.
2. A process as claimed in claim 7, characterized in that in ihe first step a catalyst is used which satisfies
tie relation
50 50
(3 + 4R} .‘;-é—.b {0.3 + 0.4 R), wherein
55 L = the total quantity of cobalt present in the catalyst, expressed as myg Co/imi catalyst, S
S = the surface area of the catalyst, expressed as m*m! catalyst, and
A = the weight ratio of the quantity of cobait deposited on the carrier by kneading to the total quantity of
cobalt presentin the catalyst.
3. Aprocessas claimed in claim 1 or 2, characterized in that in the firt step use is made of a catalyst which
per 100 pbw carrier comprises 16-50 pbw of cobalt and either 0.1-6 pbw of the other metal if during the 60

60

preparation coba'lt was depositad first and tha other matal next, or 6-40 pbw of the other metal if in the
preparation the ather metal was deposited first and cobalt next.

4. Anprocess as claimed in any one of claims 1-8, characterized in that in the first slep use is made of a
catalyst comprising zirconium as other metal and silica as carrier.
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8. Aprocess as claimed in any one of claims 1-4, characterized in that the product from the first step is
divided by cooling into a gaseous fraction substantially cunsisting of unconverted H; and CO and C,~
hydrocarbons, and a fiquid fraction substantfally consisting of Cs™ hydrecarbons and water, and that the
gaseous fraction is used as feed for the sacond step.

6. A process as clalmed in any one of claims 1-5, characterized in that in the second step use fs made of a
catalyst combination in which the activity for the conversion of a Hz/CQ mixture into hydrocarbons orginates
in a cobalt catalyst as defined in claim 1.

7. Aprocess as claimed in claim 8, characterized in that in the second step use is made of a mixture of
two catalysts, the one catalyst being & cobalt catalyst as defined in claim 7 and the other catalyst being a
topper- and zinc-containing composition having a Cu/Zn atomic ratio in the range between 0.1 and 10,

8. A pracess as claimed in claim 7, characterized in that the two catalysts are present in the catalyst
mixiure in such a ratio that the {Cu - Zn}/Co atomic ratic in the catalyst mixture lies betwaen 0.5 and 5.

9. Aprocess as claimed in claim 7 or 8, characterized in that tha sopper- and zinc-containing composition
has a CufZn atomic ratio in the range betwaen 0.25 and 4,

10. A process as claimed in any one of claims 1-9, characterized i that it is carried out at a temperature of
125-350°C and a pressure of 5-100 bar.

11. A process for the preparation of hydrasarbons as claimed in claim 1, substantially as described
hereinbefare and in particular with referance to the exampla.

12, Hydrocarbons whenever prepared according to a process as described in claims 1-11.
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