5257 Al

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date

(10) International Publication Number

1 May 2003 (01.05.2003) PCT WO 03/035257 Al
(51) International Patent Classification’: B01J 37/18, (NL). VELTMAN, Hans, Marcel [NL/NL]; Jacob Cabli-
23/75 ausstraat 10, NL-3554 VG Utrecht (NL).
(21) International Application Number:  PCT/IB02/04432 (74) Agent: KOTZE, Gavin, Salomon; Adams & Adams,

(22) International Filing Date: 25 October 2002 (25.10.2002)

(25) Filing Language: English

(26) Publication Language: English
(30) Priority Data:

2001/8815 25 October 2001 (25.10.2001) ZA

(71) Applicants (for all designated States except US):
SASOL TECHNOLOGY (PROPRIETARY) LIM-
ITED [ZA/ZA]; 1 Sturdee Avenue, Rosebank, 2196
Johannesburg (ZA). ENGELHARD DE MEERN B.V.
[NL/NL]; Strijkviertel 67, PO Box 19, NL-3454 ZG De
Meern (NL).

(72)
(79)

Inventors; and

Inventors/Applicants (for US only): VAN BERGE, Peter,
Jacobus [ZA/ZA]; 4 Keiskamma Avenue, Vaalpark, 1947
Sasolburg (ZA). VISAGIE, Jacobus, Lucas [ZA/ZA]; 23
Donkin Street, 1947 Sasolburg (ZA). VAN DE LOOS-
DRECHT, Jan [NL/ZA]; 25 Boschenvaal, 1947 Sasolburg
(ZA). VAN DER WALT, Tjaart, Jurgens [ZA/ZA]; 28
Archbel Street, 1947 Sasolburg (ZA). SOLLIE, Johan,
Coenraad [NL/NL]; Kattensingel 25, NL.-2801 CB Gouda

Adams & Adams Place, 1140 Prospect Street, Hatfield,
PO Box 1014, 0001 Pretoria (ZA).

(81) Designated States (national): AE, AG, AL, AM, AT, AU,
AZ,BA, BB, BG, BR, BY, BZ, CA, CH, CN, CO, CR, CU,
CZ, DE, DK, DM, DZ, EC, EE, ES, FI, GB, GD, GE, GH,
GM, HR, HU, ID, IL,, IN, IS, JP, KE, KG, KP, KR, KZ, LC,
LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW,
MX, MZ, NO, NZ, OM, PH, PL, PT, RO, RU, SD, SE, SG,
SI, SK, SL, TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ,
VC, VN, YU, ZA, ZM, ZW.

(84) Designated States (regional): ARIPO patent (GH, GM,
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW),
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European patent (AT, BE, BG, CH, CY, CZ, DE, DK, EE,
ES, FI, FR, GB, GR, IE, IT, LU, MC, NL, PT, SE, SK,
TR), OAPI patent (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, ML, MR, NE, SN, TD, TG).

Published:
with international search report

For two-letter codes and other abbreviations, refer to the "Guid-
ance Notes on Codes and Abbreviations" appearing at the begin-
ning of each regular issue of the PCT Gazette.

(54) Title: PROCESS FOR ACTIVATING COBALT CATALYSTS

(57) Abstract: A particulate pre-reduction cobalt supported Fischer-Tropsch synthesis catalyst precursor which comprises a catalyst
support impregnated with cobalt, is treated with a pure hydrogen reducing gas, at a first specific feed gas space velocity, SV1, and at
~~ a first heating rate, HR1, to obtain a partially reduced precursor. The support contains reducible cobalt oxide in a calcined state and
having a formula-unit in which each mole of cobalt atoms is associated with more than 4/3 moles of oxygen atoms and displaying
a reducible cobalt oxide specific surface area at least equal to that of CosO, spinel. The partially reduced precursor is then treated
with a pure hydrogen reducing gas, at a second specific feed gas space velocity, SV2, and at a second heating rate, HR2, to obtain
an activated supported Fischer-Tropsch catalyst, with SV2<SV1 and/or HR2>HR1; however, when SV2=SV1, HR2#HR1 and when

HR2=HR1, SV2#SV1.



10

15

20

25

30

WO 03/035257 PCT/IB02/04432

PROCESS FOR ACTIVATING COBALT CATALYSTS

THIS INVENTION reiates to catalysts. [n particular, the invention relates
to a process for producing a supported Fischer-Tropsch catalyst and to a

catalyst obtained from the process.

As regards supported Fischer-Tropsch catalysts, it is well-known that
precursors of such catalysts are prepared using a metal precursor and a
particulate support. The catalyst precursor preparation involves a number
of different catalyst preparation steps. The catalyst precursor is then, in
an activation process or step, reduced, by using hydrogen, to obtain an
active Fischer-Tropsch catalyst, which contains metal crystallites as the

active component of the catalyst. Typically, the metal can be cobailt.

In known activation processes, ie reduction in a flowing hydrogen or
hydrogen containing gas stream at elevated temperatures, for supported
Fischer-Tropsch cobalt catalyst precursors that the Applicant is aware of,
a preferred catalyst precursor is one in which CosO4 is predominantly
present. Furthermore, hydrocarbon synthesis catalyst activity is
maximized by controlling the maximum water partial pressure (affected by
factors such as temperature ramp schedule and gas space velocity) during
the activation step; the activation step can take up to 24 hours.
Activation periods (and thus cycle times in batch-continuous commercial
scale activation of cobalt supported catalyst precursors) cannot readily be

shortened without risking loss of control over the maximum water partial

SUBSTITUTE SHEET (RULE 26)
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pressure, and consequently obtaining a hydrocarbon synthesis catalyst for
which activity is not maximized. This risk is even greater when the

catalyst precursor is a species that will challenge the control of maximum

. water partial pressure (under comparable conditions of e.g. temperature

ramp schedule and gas space velocity) to a greater degree than is the
case for a predominantly CosOs catalyst precursor species. It is thus an
object of the present invention to provide a process for produ‘cing Fischer-
Tropsch supported catalysts whereby these risks are overcome or at least

reduced.

According to the invention, there is provided a process for producing a
supported Fischer-Tropsch catalyst, which process includes

‘treating, in a first activation stage, a particulate pre-reduction
cobalt supported Fischer-Tropsch synthesis catalyst precursor which
comprises a catalyst sLlpport impregnated'wilth cobalt and containing
reducible cobalt oxide in a calcined state and having a formula-unit in
which each mole of cobalt atoms is associated with more than 4/3 moles
of oxygen atoms and displaying a reducible cobalt oxide specific surface
area at least equal to that of Cos0s spinel, with a pure hydrogen reducing
gas, at a first specific feed gas space velocity, SV1, and at a first heating
rate, HR1, to obtain a partially reduced catalyst precursor;'and

thereafter treating the partially reduced catalyst precursor, in a
second activation stage, with a pure hydrogen reduéing gas, at a second
specific feed gas space velocity, SV2, and at a second heating rate, HRZ2,
to obtaih an activated supported Fischer-Tropsch catalyst, wher'e
SV2<SV1 and/or HR2> HR1, provided that when SV2=8V1, HR2z HR1
and when HR2 =HR1, SV2z SV1.

Thus, when SV2 is equal to SV1, HR2 is not equal to HR1, and when
HR2 is equal to HR1, SV2 is not equal to SV1.
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Examples of typical formula-units of the supported cobalt oxide, ie
applicable formula units, are CoOaHs, where a>1.7 and b>0 as disclosed
in WO 01/39882A1, or monometal hydrotalcite-like compounds of Co'o.7s
Co'o2s (OH)2.01 (NOs)oz1 (COs)ooz 0.6 H20 and Co'o.7a Coo2s (OH)1.ee
(COs)o.1z (NOs)oor 0.7 H20 as described in: Chem. Matter.; 2000; 12;
3459-3465.

. This defined pre-reduction reducible cobalt oxide phase, that distinguishes

itself from Cos0a, is hereinafter referred to as ‘la bilized cobalt oxide’ .

It was surprisingly found that a Fischer-Tropsch cobalt supported catalyst
having high intrinsic activity is obtained from a precursor iﬁ which all the
reducible cobalt is present as labilized cobalt o4xide provided that the
reduction or activation procedure according to the invention is used to

activate the precursor.

Thus, in the pre-reduction catalyst precursor, all of the reducible cobalt of
oxidation state > O that is present in the catalyst precursor, is contained
in labilized cobalt oxide. The catalyst precursor thus includes the catalyst
support that has been impregnated with cobalt and calcined in such a
controlled manner that all reducible cobalt present therein, ie cobalt that is
associated with oxygen and elements such as hydrogen, nitrogen ahd/or
carbon, in the absence of cobalt-support interaction, such as the
formation of cobalf aluminates or cobalt silicates,-that would decrease its
reducibility, is present as labilized cobalt oxide. The term ‘fo rmula-unit’
in respect of the cobalt oxide reflects thé normalized atomic ratio between
the elements Co and O, also including one or more of the elements H, N
and/or C, of all the reducible cobalt oxide species present in the pre-
reduction cataiyst precursor (ie calcined intermediate) ie cobalt oxide
species that do not show observable interaction with the selected support
material, eg Al20s, SiO2, Al203-SiO2, ZnO or TiOz , such as the formation

of cobalt aluminates or cobalt silicates, that would decrease its
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reducibility. The formula unit of all of these reducible cobalt oxide species
lumped together, would not contain typical support elements, eg Al, Si,
Zn or Ti, and are thus expressed in terms of CoOaHsN:Cd ‘where a>4/3,

b>0 and each one of c and d 2O, ie the earlier defined cobalt oxide.

Metal precursors of said labilized cobalt oxide will produce more water at
a rate at least as fast, per unit amount of reducible cobalt, during its
conversion to CoO as part of its activation (reduction by Hz) to the metal
state, compéred to Cos30s spinel. Activation conditions that would
produce, wher,ithe metal precursor is Cos0s4 spinel, a supported cobalt-
based Fischer-Tropsch‘ synthesis catalyst having a high initial Relative
lnfrinsic Fischer-Tropsch synthesis Activity Factor (‘RIAFxi’ ), would thus

not necessarily apply when labilized cobalt oxide is the metal précursor.

The Relative Intrinsic Fischer-Tropsch synthesis Activity Factor (‘RIA Fx')
of a supported cobalt slurry phase catalyst, of which the pre-reduction

catalyst precursor has been prepared in strict accordance with a

_ prescribed catalyst preparation procedure X, ie catélyst precursor X, is

defined as:
RIAFx = [Ax/Axb]l e, (1)
where:
a) Ax is the Arrhenius pre-eprnential factor of catalyst precursor X,
activated according to an arbitrary reduction procedure
b) Axp is the Arrhenius pre-exponential factor of catalyst precursor X,
estimated from the 15 hours on stream slurry-phase Continuous
Stirred Tank Reactor (CSTR) Fischer-Tropsch synthesis performance
unde'r realistic conditions; and having utilized the followiﬁg benchmark
reduction procedure: -
Fixed bed (20mm internal diameter) reduction of 15=+5g catalyst
precursor X (ie pre-reduction catalyst mass), at atmospheric
pressure utilizing an undiluted Hz reducing gas (purity of 5.0) as

total feed at a space velocity of 1300ml. per gram reducible cobalt
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per hour, whilst applying the following temperature program: heat
from 25°C to 425°C at 1°C/min, and hold isothermally at 425°C
for 16 hours.
c) The pre-exponential factor A, ie applicable to both Ax and Axs, is
defined from the generally accepted cobalt-based Fischer-Tropsch
empirical kinetic expression:

rer = [Ae®RTPLPol/[1 +KPcol?uunieviiveeeeeeenee (2)

Thus:
A= [rer (1 +KPco)2)/[e RN PuaPcol. . ircen v ceee , (3)

where: .

rer is expressed in terms of the number of moles of CO converted
into Fischer-Tropsch synthesis products per unit time per unit mass

of the catalyst precursor in its pre-reduction state.

Furthermore, an initial RIAFx , ie RIAFxi, is defined as:
RIAFxi = RIAFx at 16.5+1.5 hours on stream slurry phase CSTR Fischer-
Tropsch synthesis performance under realistic conditions, where realistic

slurry phase CSTR Fischer-Tropsch synthesis conditions are:

Reactor temperature : 220.0+0.5°C
Reactor pressure : 20.5+0.7 bar
%(Hz2+CO) conversion : 60%13.

Feed gas composition:
Ha : about {(ca.) 50 vol%
CO : ca. 25 vol% .
Balance : Ar, Nz, CH4, and/or CO:z

The treatments in the first and second activation stages may, at least in
principle, be effected by using any suitable contacting configuration of the

catalyst precursor with the reducing gas, such-as a fluidized bed of the
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catalyst precursor particles, with the reducing gas acting as the fluidizing
medium; a fixed bed of the catalyst precursor particles through which the
reducing gas passes; or the like. However, a fluidized bed configuration is

preferred.

As regards the catalyst activation procedure, the following standard
épproach may be considered: SV2=SV1=8V. and HR2=HR1=HR.. In
other words, the feed gas space velocity and the heating rate are kept
constant over the entire activation procedure, ie over both the fifst and
second activation stages, with the subscript ‘c’ . denoting that the space
velocity and the Heating rate are kept constant over the entire activation

procedure.

Different combinations of SV. and HRe can be considered and evaluated
with respect to their impact on RIAFxi . On the basis of the supposition
that:
RIAFxi < 0.8 is undesired
0.8 s RIAFxi< 1.0 is preferred
RIAFxi > 1.0 is most preferred,

'u ndesired’ , ‘preferred’” and ‘mo st preferred’ ranges for combinations

of HR1 and SV1 can be derived as follows (as also dealt with in more
detail hereinafter with ]reference to Figure 2):
HRc.1 is defined as the maximum value of HRc that will result in a RIAFxi 2
0.8 at selected values of SV, thus implying that HRe.1 = f(SVc).
HRec.2 is defined as the maximum value of HRc that will result in a RIAFxi 2
1.0 at selected values of SVc, thus implying that HRc.2 = f(SVc).
Undesired, preferréd and most preferred ranges for HR1 are defined as:

0 < HR1 < HRez2is most preferred,

HRc.2< HR1 < HRc,1is preferred,
and | HR1 > HRc,1is undesired.
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If reduction is performed in a fluidized bed then the quantification of a

minimum allowable SV1 (ie SV1imn ) and a maximum allowable' SV1 (ie

. SV 1ma is dictated by the condition of proper fluidization during the whole

of the first catalyst activation stage. Thus: SV1<SV1mn as well as
SV1>SV1m« are out of range, i.e. are not applicable. The same condition
of proper fluidization also applies to the whole of the second activation

stage, thus also implying the existence of a minimum allowable SV2 (ie

' SV2mn) and a maximum allowable SV2 (ie SVZma). Proper fluidization

depends on the reactor configuration and the catalyst properties.
Preferred regimes of fluidization are the turbulent, churning and
bubbling/slugging régimes, with the turbulent and churning regimes being
the more preferred, and the churning regime ‘the most preferred (refer:

Design Manual of the Particulate Solid Research Institute (PRSI}, USA,

‘September1993). A person skilled in the art, using the PRSI] Design

Manual, and applying the selected reactor configuration and catalyst
properties can thus determine the appropriate values for SV1min, SV1max,
SV 2min, and SV2max that would provide for the targeted fluidization regime.
In addition, SV2 < SV2; (where SV2; is the minimum of SV1 and SV 2max)
and HR2 > HR1. Within these constraints, different combinations of Sv2
and HR2 can be considered and evaluated with respect to their impact on
the RIAFx:.. On the basis of the supposition, as hereinbefore given, that:'

RIAFxi < 0.8 is undesired

0.8 < RIAFxi< 1;0 is preferred

RIAFxi > 1.0 is most preferred
‘u ndesired’ , ‘preferred’ ‘ and ‘most preferred’ ranges for allowable
combinations of HR2 and SV2, for a particular set of HR1 and SV1, have
been derived as follows (as also dealt with in more detail hereinafter with
reference to Figure 3):

HR2; is defined as the maximum value of HR2 that will result in a RIAFxi2

‘0.8 at selected values of SV2, ie SV2mn < SV2 < SV2 , where SVZ; is

the minimum of SV1 and SV2max; and
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HR2, is defined as the maximum value of HR2 that will result in a RIAFxi> 4
1.0 at selected values of SV2, ie SV2min < SV2 < V23, where SVZ; is
the minimum of SV1 and SV 2max.

A basic premise of what is set out hereinbefore is that constant space
velocities are maintained during the treatment in the first activation stage,
ie SV1 is constant, as well as during the treatment in the second
activation stage, ie SV2 is constant, with SV2<SV1. This is thus in

accordance with a first embodiment of this aspect of the invention.

The first activation stage commences at the subjection of the pure pre-

reduction catalyst precursor (i.e. the intermediate product containing all
the reducible cobalt as labilized cobalt oxide in the absence of any matter
that was accumulated during storage and/or handling, such as physically
adsorbed moisture) to a pure hydrogen environment at SV1 with the
immediate application of HR1. In cases where the pre-reduction catalyst
precursor has adsorbed moisture, a pre-dryihg phase may be applied in
order to re-establish the labilized cobalt oxide purity. . ThAe first activation
stage treatment may then be continued until all of the reducible cobalt has
been converted quantitatively to CoO at which stage the partially reduced
catalyst precursor has been obtained; this is expected at a bed
temperature from 150°C to 280°C, ie at T in Figure 1 discussed
hereinafter. Thus, at the commencement of the second activation stage
treatment, the temperature in the second .activation stage, ie the
temperature of the partially reduced catalyst precursor, will have a value
in the range of 150°C to 280°C. The second activation stage treatment
may then be continued until the temperature in the second treatment
stage, ie the temperature of the activated Fischer-Tropsch catalyst, has a
value in the range of about 300°C to about 600°C, with a preferred value
being in the range of 300°C to 500°C, and a most preferred value being
in the range of 300°C to 450°C. |
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in a second embodiment of the invention, the space velocities during the

first and/or the second activation stages may be varied, provided that the

following conditions are met:

First activation stage {‘stage 1’): SVliis deﬁnec.l) as the prevailing pure
hydrogen space velocity at time t during stage 1 and SV1t is defined as
the pure hydrogen space velocity at the end of stage 1. The restrictions
on SV1: and SV1¢ are: SV1: > SV1t , SV1t € SVimx , and the
combination of (HR1, SV14) is witﬁin the preferred, or, more preferably,
the most preferred, ranges applicable' to combinations of HR1 and SV1, as
hereinbefore described. , |

Second activation stage (‘stage 2') : SV2: is defined as the prevailing
pure hydrogen space velocity at time t during stage 2 and SV2s is defined
as the pure hydrogen' space velocity at the end of stage. 2. The
restrictions on SV2: and SV2s are: SV2t 2 SV2¢ , SVt < S\}Zﬁ (where
SV2;in the case of varied space velocities is the minimum of SV1: and
SV2ma), and the combination of (HR2, SV2i) is within the preferred, or,
more preferably, the fnost preferred, ranges applicable to combinations of

HR2 and SVZ2.

’

This embodiment of the first aspect of the invention caters for the
situation where it is desired to fix the superficial gas velocity during
activation stége 1 and/or activation stage 2, while still producing a final
catalyst with an RIAFx; > 0.8. Superficial or linear velocity is the
volumetric flow rate (at vessel temperature and pressure) of gas per unit
cross-sectional area of the reducing reactor. Corrections for temperature,
pressure, cross-sectional area and.mass of reducible cobalt loaded into
the reactor are needed to convert linear (superficial) velocity to SV (SV1t;

SVZ;) values.

By ‘pure hydrogen reducing gas’ which is used in the two activation
stages, is meant a hydrogen containing gas mixture comprising = 90 vol%

H. and < 10vol% inerts, preferably > 97 vol% Hz and < 3 vol% inerts. The
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10 -
inerts could be any combination of Ar, He, N2 and Hz20, with the preferred

dewpoint of the pure hydrogen reducing gas being <4°C, more preferred

<-30°C.

The treatment in both the first and second activation stages may be
effected at about atmospheric pressure, preferably at between 0.6 and

1.5 bar(a), and most preferred at between 0.8 and 1.3 bar(a).

The freshly activated Fischer-Tropsch catalyst, ie the catalyst at the end
of the second activation stage and which is thus still at elevated
temperature, may be cooled down in pure hydrogen to a temperature Te,
and thereafter cooled further to room temperature in substantially pure
nitrogen. The temperature T. must be low enough to ensure that nitrogen
behaves as an inert during the last leg of this cooling phase. The switch
temperature Te is easily established by plotting RIAF as a function of Te. A
preferred value for T. is one that will ensure a RIAFxi between 0.8 and
1.0, and a most preferred value for Tec is one that will ensure a RIAFx >

1.0.

The ‘particulate pre-reduction cobalt supported Fischer-Tropsch synthesis
catalyst ~precursor may be any suitable catalyst precursor requiring
activation or reduction to obtain an active Fischer-Tropsch catalyst.
However, it is prefe‘rably that obtained by forming a slurry of a particulate
catalyst support, a cobalt compound as an active component precursor,
and water; subjecting the catalyst support to impregnation with the cobalt

compound; drying the impregnated catalyst support; and calcining the

‘impregnated support, to obtain the catalyst precursor. The catalyst

precursor thus obtained must, however, then still be activated or reduced
prior to using it for catalyzing a Fischer-Tropsch reaction, and this
reduction or activation is effected in accordance with the method of the
present invention. The resultant catalyst is thus an activated Fischer-

Tropsch catalyst.
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Any commercially available pre-shaped porous ox‘ide catalyst support,
such as Al20s, silica (SiO2), titania (TiOz), magnesia (MgO), SiOz-Al20s
and zinc oxide (ZnO), may be used. The support preferably has an

average pore diameter between 8 and 50 nanometers, more preferably

" between 10 and 15 nanometers. The support pore volume may be

between 0.1 and 1.0ml/g, preferably between 0.3 and 0.9ml/g. The
average particle size is preferably between 1 and 500 micrometers, more
preferably between 10 and 250 micrometers, still more ' preferably

between 45 and 200 micrometers.

The support may be a protected modified catalyst support, containing, for

example, silicon as modifying component, as described in EP Application

‘No. 99906328.2 (European Publication No. 1058580), which is hence

incorporated herein by reference.

The .cobalAt loading can be between 5gCo/100g support and 70gCo/100g '

support, preferably between 20gCo/100g support and 40gCo/100g

support.
The cobalt salt may, in particular, be cobalt nitrate, Co{NOs)2.6H20.

The impregnation of the catalyst support may, in principle, be effected by
any known method or procedure such as incipient wetness impregnation
or slurry impregnation. However, the impregnation may, in pérticular, be
effected in the manner described in US 6455462 or in US 5733839, and
which are thus incorporated herein by reference. The support
impregnation may thus involve a 2-step slurry phase impregnation
process, which is dependent on a desired cobalt loading requirement and

the pore volume of the catalyst support.
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The support impregnation and drying may typically be effected in.la

conical vacuum drier with a rotating screw or in a tumbling vacuum drier.

During the éobalt impregnation steps, a water soluble precursor salt of
platinum (Pt), palladium (Pd), ruthenium (Ru) or mixtures thereof, may be
added, as a dopant capéble of enhancing the reducibility of the active
component. The mass proportion of this dopant, when used, to cobalt

may be between 0,01:100 and 0,3:100.

Calcjnation of the impregnated and dried material may be done using any
method, known to those skilled in the art, for example-in a‘ fluidized bed,
or a rotary kiln, calciner at 200-350°C. [t may, in particular, be effected
as described.in PCT Patent Application WO 01/39882, which is thus also

incorporated herein by reference.

The impregnation procedure .and/or the drying procedure and/or the

calcination procAedure will thus be selected such that, in the catalyst
preCurSor, all reducible cobalt present in the support is in the form of
labilized cobalt oxide. This can, for example, be achieved by adopting the

calcination procedure described in WO 01/39882.

The invention extends also to an activated Fischer-Tropsch catalyst, when

obtained by the process of the first aspect of the invention.

The activated Fischer-Tropsch catalyst can be used in a process for

~ producing hydrocarbons, which includes contacting a synthesis gas

comprising hydrogen (Hz2) and carbon mo_noxide (CO) at an elevated
temperature between 180°C and 250°C and an elevated pressure
between 10 and 40bar with an activated Fischer-Tropsch catalyst as
hereinbefore described, using a slurry phase Fischer-Tropsch reaction of

the hydrogen with the carbon monoxide.
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The invention will now be described in more detail with reference to the
following drawings and to the accompanying non-limiting examples:

FIGURE 1 shows a temperature programmed reduction ('TPR')
profile of the cobalt catalyst precursor X1 of Example 1 (reduction at
atmospheric pressure; reducing gas = pure hydrogen; linear heating rate
of 2°C/min; total feed gas rate of 10.7 m®/kgeohr; fixed bed operated
under differential conditions that approach the near-gradientless
conditions of fluidised beds);

FIGURE 2 is a schematic graphical drawing, on which data -
applicable to the coba!t catalyst precursor X1 are superimposed, to
ilustrate the definitions of ‘undesired’, ‘preferred’ ,‘ and ‘most
preferred’ ranges for allowable combinations of HR1 and SV1;

FIGURE 3 is a schematic graphical drawing, on which data
applicable to the cobalt catalyst precursor X1 are superimposed, to
illustrate the definitions of ‘preferred’ , and ‘mo st preferred’ ranges for

allowable combinations of HR2 and SV2 at a specific set of (HR1,5V1)

values, viz HR1 =1.0°C/min and SV1 =13.7m%/(kgco.h).

EXAMPLE 1

‘As a specific example of a catalyst precursor X, a 30gCo/100g Al20s

proprietary slurry phase Fischer-Tropsch synthesis catalyst of the
Applicant, as fully described in WO 01/39882, is considered. If the pre-
reduced catalyst precursor or intermediate (labelled as X1), -having been
prepared according to this strict procedure, is furthermore subjected to
the following benchmark reduction procedure:
Fixed bed (20mm internal diameter) reduction of 1559 of the
catalyst precursor X1 (ie pre-reduction catalyst mass), at
atmospheric pressure, utilizing an undiluted Hz reducing gas (purity
of 5.0) as total feed at a space velocity of 1300ml. per gram

reducible cobalt per hour, whilst applying the following temperature
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program: heat from 25°C to 425°C at 1°C/min, and hold
isothermally at 425°C for 16 hours,
the following Arrhenius pre-exponential factor is established:

Ax1p = 138546 [mol CO/(g calcined catalyst.s.bar?)].

A representative batch of this pre-reduced catalyst precursor (ie precursor
X1) was specifically prepared as follows: A solution of 17.4kg of
Co(NO0s)2.6H20, 9.69g of‘(NH3)4Pt(NOa)2, and 11kg of distilled water was
mixed with 20.0kg of a gamma alumina support (Puralox SCCa 5/150,
pore volume of 0.48ml/g, from SASOL Germany GmbH of Uberseering

- 40, 22297 Hamburg, Germany) by adding the support to the solution.

The slurry was added to a conical vacuum drier and continuously mixed.
The temperature of this slurry was increased to 60°C after which a
pressure of 20kPa(a) was applieq. During the first 3 hours of the drying

step, the temperature was increased slowly and reached 95°C after 3

hours. After 3 hours the pressure. was decreased to 3-15kPala), and a

drying rate of 2.5m%/h at the point of incipient wetness was used. The
complete impregnation and drying step took 9 hours, after which the
impregnated and dried catalyst support was immediately and directly
loaded into a fluidised ‘bed calciner. The temperature of the dried
impregnated catalyst support was about 756°C at the time of loading into
thé calciner. The loading took about 1 to 2 ‘minutes, and the temperature
inside the calciner rem‘ained at its set point of about 75°C. The dried
impregnated catalyst support was heated from 75°C to 250°C, using a
heating ‘rate. of 0.5°C/min and an air space velocity of 1.0 m3n/kg
Co(NOs3)2.6H20/h, and kept at 250°C for 6 hours. To obtain a catalyst
with a cobalt loading of 309C0/100gAlea, a second
impregnation/drying/caicination step was performed. A solution of 9.4kg
of Co(NOs)2.6H20, 15.7g of (NHs)4Pt(NOs)z, and 15.1kg of distilled water
was mixed with 20.0kg of the catalyst precursor from the first
impregnation and calcination, by adding the catalyst precursor to the

solution. The slurry was added to a conical vacuum drier and
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continuously mixed. The temperature of this slurry was increased to
60°C after which a pressure of 20kPa(a) was applied. During the first 3

hours of the drying step, the temperature was increased slowly and

- reached 95°C after 3 hours. After 3 hours‘the pressure was decreased to

3-15kPa(a), and a drying rate of 2.5m%/h at the point of incipient
wetness was used. The complete impregnation. and drying step took 9
hours, after which the treated catalyst support was immediately and
directly loaded into the fluidised bed calciner. The témperature,of the
dried ’imp'regnated catalyst support was about 75°C at the time of loading
into the calciner. The loading took about"1 to 2 minutes, and the
temperature inside the calciner remained at its set point of about 75°C.
The dried impregnated catalyst‘was heated from 75°C to 250°C, using a
heating rate of 0.5°C/min and an air space velocity of 1.0 m/kg
Co(NO3)2.6H20/h, and kept at 250°C for 6 hours. A supported cobalt

catalyst precursor on an alumina support was thus obtained.

EXAMPLE 2

A temperature programmed reduction (‘TPR') e>’<periment was performed
with the éobalt catalyst precursor of Example 1, ie with catalyst precursor
X1. The TPR experiment was performed at atmospheric pressure, using a
heating rate (‘HR') of 2°C/min, and a pure hydrogen feed rate of
approximately 10.7 m®/kgcohr, in a fixed bed reactor. The results are
presented in Figure 1. It can be seen from Figure 1 that the activation
takes place in two activation stages with the end of activation stage 1

defined by T* =250°C.

EXAMPLE 3
Cobalt catalyst precursors, as prepared in Example 1, were reduced
according to different activation procedures, as given in Table 1 and Table

2, and subjected to the following Fischer-Tropsch synthesis test:
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Between 10g and 30g of the resultant reduced catalyst, ranging
between 38micron to 150micron, was suspended in 300mi molten
wax and loaded in a CSTR with an internal volume of 500ml. The
feed gas consisted of hydrogen and carbon monoxide in a Hz/CO
molar ratio from 1.5/1 to 2.3/1. This reactor was electrically
heated and sufficiently high stirrer speeds were employed so as to
eliminate any gas-liquid mass transfer limitations. The_ feed flbw
was controlled by means of Brooks mass flow controllers, and
space velocities ranging from 2 to 4m3n/kgcathr were used. GC
analyses of the permanent gases as well as the volatile overhead
hydrocarbons were used in order to characterize the product

spectra.

The respective RIAFxi,i were estimated from these slurry phase CSTR
Fischer-Tropsch synthesis runs, as given in Table 5, and correlated with
the selected activation procedures of Table 1 and Table 2, as portrayed in

Figure 2 and Figure 3.

EXAMPLE 4

Cobalt catalyst precursors, as prepared i.n Example 1, were reduced in
hydrogen feedgas of distinct dewpoint, as given in Table 3, and subjected
to the Fisbher~Tropsch synthesis test described in Example 3. The
respective RIAFx1i were estimated from these slurry phase CSTR Fischer-

Tropsch synthesis runs, as given in Table 5.

EXAMPLE 5

Cobalt batélyst precursors, as prepared in Example 1, were reduced in
feed gas of distinct hydrogen corﬁent, as given in Table 4, and subjected
to the Fischer-Tropsch synthesis test described in Example 3. The
respective RIAFxi,i were estimated from these slurry phase CSTR Fischer-

Tropsch synthesis runs, as given in Table 5.
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Table: 1 Correlation between RIAF ,4 ;and the applied activation procedure, where:
i) Reduction was achieved with H, of the more preferred punty
i) The final reduction temperature was 425°C.
. SV¢ HRc . Fischer-Tropsch synthesis data
(m"a/kgco.h) (°C/min) | Synthesis run RIAF 1, Performance
number indicator
1.4 1.0 ‘ 125£ 1.0 Preferred
1.8 0.3 529F 1.0 Preferred
1.8 1.0 332F 1.0 Preferred
239 (SR3) 0.8
1.8 L. 2.5 250(SR3) 0.7 Undesired
1.8 - 5.0 -| 240(SR3) 0.7 Undesired
1.8 7.5 248(SR3) 0.7 Undesired
6.8 2.0 393F 1.0 Preferred
7.5 2.5 253(SR3) 1.0 Preferred
7.5 5.0 254(SR3) 1.0 Preferred
7.5 175 255(SR3) 0.9 Preferred
8.2 2.0 394F 0.9 Preferred
8.9 2.0 352F 1.0 Most preferred
‘ 387F 1.1
11.6 2.0 351F 1.0 Most Preferred
385F 1.1
13.7 1.0 © | 15£ 1.1 Most Preferred
' 126£ 1.1
242(SR3) 1.0
241(SR3) 1.1
37# 1.1
38# 1.1
13.7 2.5 238(SR3) 1.0 Preferred
13.7 5.0 20£ 1.0 Preferred
| 236(SR3) 1.0
17.6 1.0 129¢£ 1.0 Most Preferred
234(SR3) 1.1
235(SR3) 1.1
27.4 ' 2.0 381F 1.2 Most Preferred
: 379F 1.0
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Table: 2 Correlation between RIAF 4, ;and the applied activation procedure, where:
i) Reduction was achieved with H, of the more preferred purity .
ii) ~ The final reduction temperature was 425°C.
iif) SV1 = 13.7 m*/kgeo.h.
HR1 = 1.0°C/min
, Sv2 HR2 Fischer-Tropsch synthesis data
(m”/kgc..h) (°C/min) Synthesis run RIAF , | Performance
number indicator
13.7 1.0 15£ 1.1 Most Preferred
126£ 1.1
242(SR3) 1.0
241(SR3) 1.1
37# 1.1
36# 1.1
13.7 5.0 61£ 1.2 Most Preferred
33# 1.2
13.7 7.5 257(SR3) 1.0 Preferred
7.5 1.0 251(SR3) 0.9 Preferred
75 7.5 31# 1.0 Preferred
1.8 1.0 252(SR3) 1.0 Preferred
1.8 7.5 30# 0.9 Preferred
Table: 3 Correlation between RIAF 4 ;and the hydrogen feedgas dewpoint QUring

catalyst activation, where:

i)
if)

Reduction was achieved with a total feedgas containing > 97
vol% hydrogen

The final reduction temperature was 425°C.

i) SV2 = SV1 and HR2 = HR1
Dewpoint of SV¢ - HR¢ Fischer-Tropsch synthesis data
total feed (°C) | (m’wkgco.h) | (°C/min) Synthesis RIAF 4 ; Performance
run number indicator
<-30 1.0 332F 1.0 Preferred
239(SR3) 0.8

15 1.8 1.0 532F 0.7 Undesired
24 1.8 1.0 533F 0.7 Undesired
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Table: 4 Correlation between RIAF 4 ; and the hydrogen content of
the total feed during catalyst activation, where:
i) Reduction was achieved with a total feedgas of which the
dewpoint was < -30°C
ii) The final reduction temperature was 425°C.
iii) SV2 = 8V1 and HR2 = HR1
Hydrogen SV¢ HR¢ Fischer-Tropsch synthesis data
Content of total | (m’wkgco-h) | ("C/Min) [Synthesis | RIAF, y Performance

feed (vol%) run number indicator

Most preferred

> 97 13.7 1.0 15£ 1.1
126£ 1.1
242(SR3) 1.0
241(SR3) 1.1
37# 1.1
38# 1.1
90 13.7 1.0 530F 1.1 - Most preferred
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The feed gas space velocity during catalyst activation is the normal volume of
reducing gas fed to the reactor per unit time and per unit mass of reducible
cobalt {m®n/kgce.hr) during activation stage 1 and activation stage 2, where the
subscript Co refers to reducible cobalt. In contrast, the feed gas space
velocity during Fischer-Trobsch synthesis runs refers to the normal volume of
total feed gas fed to the reactor per unit time per unit mass of the calcined

catalyst.

In effecting the catalyst brecursor reductibn in accordance wifh the invention,
the various phases that occur during loading of a reduction reactor in which
the reduction is effected and during the heating program, which may inciude
several hold times, to a final temperature not exceeding 600°C, preferably a
final temperature not exceeding 500°C, and most preferably a final

temperature not exceeding 450°C, a hold time at the final temperature,

~ followed by cooling to the unloading temperature not exceeding 180°C and

typically about ambient temperature, are as follows:

A drying phase precedes the first activation stage. During the drying phase,
the following combinations of process conditions (gas envi‘ronment and
temperature) are allowable: a dynamic pure hydrogen gas environment (with a
preferred dewpoint <4°C, more preferred < -30°C), and a temperature slightly
lower than the temperature that will typify the onset of stage 1 activation, but
at the same time a temperature high enough that the drying phase (ie the
quantitative removal of moisture that was adsorbed during storage and/or
handling) will complete within an hour.; or a dynamic inert gas, eg pure
nitrogen, environment (with a preferred dewpoint <4°C, more preferred < -
30°C), and a temperature high enough (but not exceeding the calcination -
temberature applied during the‘preparation‘ of the pre-reduction catalyst”
precursor) that the drying phase will complete within an hour. The drying
phase is considered completed by the time the delta dew point (ie dewpoint of
tail gas — dewpoint of total feed gas) < 2°C. Once the delta dewpoint during a

dynamic inert gas drying step has fallen off below 2°C, the inert gas is to be
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replaced by pure‘ hydrogen at a temperature slightly lower than the
temperature that will typify the onset of stage 1 activation, to be followed by
thé application of HR1. Once the delta dewpoint during a dynamic pure
hydrogen gas drying step has fallen off below 2°C, the application of HR1 can
follow. |

Activation stage 1 starts with the subjection of the pure pre-reduction catalyst
precursor (ie the intermediate product containing all the reducible cobalt as
labjlized cobalt oxide in the absence df any matter that was accumulated
during storage and/or handling, such as physically adsorbed moisture) to a pure |
hydrogen environment at SV1 with the immediate application of HR1.
Activation stage 1 ends at a temperature (for a specific heating program) when
all reducible cobalt has been reduced to the 2+ oxidation state. This can be
determined by deconvolving a typical TPR profile obtained under the same
heating program. The result of such a deconvolution is shown in Figure 1,
where T* signals the end of activation stage 1. This temperature T* will be
higher than the temperature of the valley between the two peaks.

Activation stage 2: The reaching of a reduction bed temperature of T* (Figure
1) by means of HR1 signals the start of the second reduction stage. This stage
ends at a temperature not exceeding 600°C, preferably not exceeding 500°C,
and most preferably not exceeding 450°C when a desired degree of reduction
wifh respect to reducible cobalt has been obtained. Preferably a desired
degree of reduction with respect to reducible cobalt is obtained between 50%

to 100%, more preferably between 60% and 80%.

A cooling phase commences directly after the completion of activation stage

2, and is also performed under a pure hydrogen environment. The reduction

bed temperature is allowed to cool down to a temperature < Tc in the presence
of a pure hydrogen environment. At a temperature < Tc the pure hydrogen
environment could be replaced with a 100% inert environment (i.e. H2 and Oz
free, e.g. pure Nz), after which the fully activated catalyst can be coated with
Fischer-Tropsch synthesis .reactor wax in the manner described in ZA

2000/56666 which is hence incorporated herein by reference.



10

15

20

25

30

WO 03/035257 PCT/IB02/04432

27

Figures 2 and .3 were generated from the values given in Tables 1 and 2.
Figure 2 illustrates the definitions of ‘undesired’, ‘preferred’ and ‘mo st
preferred” ranges referred to hereinbefore, for allowable combinations of HR1
and SV1. Figure 3 illustrates the definitions of ‘preferred’ ,an;j ‘mo st
preferred’ ranges referred to hereinbefore, for a'llowable combinations of HR2
and SV2 for the case where HR1=1.0°C/min, and SV1 =13.7m%/(kgce.h). It

will be appreciated that a separate graph, similar to Figure 3, will have to be

_prepared for each selected set of (HR1, SV1).

From prior art in this field, it was ekpected that an activation process to obtain
a Fischer-Tropsch cobalt supported catalyst with a high intrinsic activity would
involve: |

e The metal precursor, after a final preparation step, typically a final
calcination step, being predominantly CosOs;

e The reduction rate of CosO4 being inhibited by thé presence of water
vapour; the activation conditions, such as gas space velocities and
heating rates, would thus be set to ensure that wéter partial pressure
levels remained below certain limits at all times during the activation
process;

- e The activation (reduction) of CosOs to its metal state not being effected
in a single event or stage but proceeding by way of a plurality, eg two,
consecutive stages; and '

 Either pure hydrogen, or diluted hydrogen containing inert diluents such

as nitrogen, being used

However, the Applicant has thus now surprisingly found that
e [f the metal précursor, after the final preparation step, such as a final
impregnation and calcination step, and at the start of the activation
brocess, is not CosO«4 , then the teachings of the. prior art on how to

activate cobalt oxide precursors, consisting mainly of CosOa, to Fischer-
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Tropsch cobalt supported catalysts with a high intrinsfc activity, may
not be applicable ;

The rate of reduction of the metal precursor when it is CdaO4, and the
quantification of the inhibiting effect of water vapour on this rate, as
known from the prior art, does not apply when the metal precursor is
not CosOa. Also, the activation conditions, eg gas space velocities and
heating rates, derived for the case of CosOa, ie to keep the water partial
pressure below certain limits, does not apply when the metal precursor
is not Coz04;

During the activation process at elevated températures only pure
hydrogen should be used; and

If the metal precursor is activated to its metal state in two or more
consecutive activation stages, it is possible to drop globally set, ie
applicablé to all the activation stages, activation conditions in favour of
locally set, ie applio_able to a single activation stage, activation
conditions. The particular chemical species that characterise the start
and end of any specific activation stage, the rate of reduction during
that stage, and the inhibiting effect of water vapour on the rate of
reduction during that stage, determine the locally set activation
conditions for that stage. For example, the negative effect of a build-up
of water vapour on catalyst activity may be more pronounced 4'for an
earlier stage than for a later stage. Thus, the earlier stage(s) would not
be able to tolerate as low space velocities (eg to reduce hydrogen pump-
around) and as high heating rates (eg to reduce the overall reduction
time) as the later stage(s), and still keep the wate} partial pressure
during these stage in check. In other words, in the process according to
the invention for producing a Fischer-Tropsch synthesis catalyst, more
water will be produced per reducible cobalt atom (be it from the
reduction of ‘nitrates, from the reduction of carbonates, and/or from the
reduction of cobalt oxides of higher okidétion state to a cobalt (Il) oxide)

than what can be expected of CosOa, during the first activation stage.
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- The rate of production of water is higher (possibly because the preferred
labilized cobalt oxide phase(s) is more porous) than for the case of
CosQu, for the first stage of activation;

- This means that the control over water partial pressure is considered to
be: more challenging during the first activation stage (compared to the
case for CosOa), than during the second activation stage, necessitating
fower heating rates/Higher space velocities during the first activation

stage.

The -Inventors have thus developed an activation procedure for supported
cobalt catalysts, resuiting in excellent Fischer-Tropsch -synfhesis behaviour. It
was surprisingly found that the activation of supported cobalt catalyst
precursors, wherein all the reducible cobalt can be represented by a formula
unit that contains’ more than 4/3 moles of oxygen atoms per mole of cobalt
atoms (e.g. CoOasHs where a>1.7 and b>0 as disclosed in WO 01/39882A1,.

or monometal hydrotalcite-like compounds of Co'o.7 Coo.26 (OH)2.01 {NOs)o.21

)(COa)o.oz 0.6 H20 and Co'.7z Co¥.26 {(OH)1es (COs)o.13 (NOs)o.or 0.7 H20 as

described in: Chem. Matter.; 2000; 12; 3459-3465), can be performed in a
2 stage activation procedure, in which the second activation step has a higher

heating rate and/or a lower feed gas space velocity=
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‘CLAIMS

1. A process for producing a supported Fischer-Tropsch catalyst,
which process includes

treating, in a first activation stage, a particulate pre-reduction cobalt
supported Fischer-Tropsch synthesis catalyst precursor which compriseé a
catalyst support impregnated with cobalt and containing reducible cobalt oxide
in a calcined state and having a formula-unit in which each mole of cobalt
atoms is associated with more than 4/3 moles of o;<ygen atoms and displaying
a reducible cobalt oxide specific surface area at least equal to that of CosOs4
spinel, with a pure hydrogen reducing gas, at a first specific feed gas space
velocity,' SV1, and at a first heating rate, HR1, to obtain a partially ~reduced
catalyst precursor; and

thereafter treating the partially reduced catalyst precursor, in a second
activation stage, with a pure hydrogen red"ucing‘gas, at a second specific feed
gas space velocity, SV2, and at a second heating rate, HR2, to obtain an
activated supported Fischer-Tropsch catalyst, where SV2< SV1 and/or
HRZZAHRT, provided that when SV2=SV1, HR2z HR1 and when HR2 =HR1.
SV2z SV1.

2. A process according to Claim 1, wherein the supported or
labilized cobalt oxide is selected from the formula-units comprising CoOaHb,
where a=1.7 and b>b, and monometal hydrotalcite-like compounds of Co'o.74
Co"o.26 (OH)z01 (NOs)o.2s (CO3)o.0z 0.6 H20 and Cofo7a Coo.26 (OH)1.e9 (COs)o.13
(NOso.o1 0.7 H20.

3. A process according to Claim 1 or Claim 2, wherein the
treatments in the first and second activation stages are effected by using a
fluidized bed of the catalyst precursor particles, with the reducing gas acting

as a fluidizing medium for fluidizing the bed of particles.
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4. A process according to any one of Claims 1 to 3 inclusive,
wherein (i} a constant space velocity is maintained during the treatment in the
first éctivation stage so that SV1 is constant, and (ii) a constant space velocity
is maintained during the treatment in the second activation stage SO that SV2

is constant, with SV2<SV1.

5. A process according to Claim 4, wherein (i) a constant heating
rate is maintained during the treatment in the first activation stage so that HR1
is constant, and (i) a constant heating rate is maintained during the treatment

in the second activation stage so that HR2 is constant, with HR2> HR1.

6. ' A process according to Claim 4 or Claim 5, wherein RIAFx,i for the

catalyst is at least 0.8.

7. A process according to Claim 4 or Claim 5, wherein RIAFx; for the

catalyst is greater than 1.0.

8. A process according to any one of Claims 4 to 7 inclusive,
wherein the first activation stage commences at the same temperature as the
onset of reduction of the reducible cobalt, when the production of water is for
the first time accompanied by the consUmption of hydrogen, with the first
activation stage treatment being continued until all of the reducible cobalt has
been ‘converted quantitatively to CoO at a bed temperature which has a value
in the range of 150°C to 280°C, so that, at the commencement of the second
activation stage treatment, the temperature in the second activation stage is at
said value in the range 150°C to 280°C, and with the second activation stage
treatment being continued until the temperature in the second treatment stage

has a value in the range of 300°C to 600°C.

9. A process according to any one of Claims 1 to 3 inclusive,
wherein the feed gas space velocities during the treatments in the first and/or

the second activation stages are non-constant or variable.
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10. A process according to Claim 9, wherein RIAFx,; for the catalyst is
at least 0.8.
11. A process according to Claim 9, wherein RIAFx; for the ‘catalyst is

greater than 1.0.

12. ‘A process according to any one of Claims 1 to 11 inclusivé,
wherein the pure hydrogen reducing gas which is used in the first and the
second activation stages is a hydrogen containing gas mixture coﬁwprising
290vol% Hz and < 10vol% inerts, with the dewpoint of the pure hydrogen

reducing gas being <4°C.

13. A process according to any one of Claims.1 to 12 inclusive,
wherein the treatments in both the first and second: activation stages are

effected at between 0.6 and 1.5 bar(a).
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