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ACTIVATION CONDITIONS TO MAXIMIZE THE
HCS ACTIVITY OF SUPPORTED COBALT CATALYSTS

FIETID OF THE INVENTION

This invention relates to activating cobalt
containing hydrocarbon  synthesis catalysts. More
particularliy, this invention relates to maximizing
hydrocarbon synthesis catalyst activity by controlling
the temperature in the activation step and by control-
ling the maximum water partial pressure produced during
the activaticn step. Still more particularly, this
invention relates +to reducing a reducible cobalt
compound, that produces water during reduction, to a-
catalytically active state under conditions that limit

the water partial pressure produced during the reduc-
tion step.

BACKGROUND 2F THE INVENTION

The activation of hydrocarbon synthesis
catalysts is widely reported in the literature.
Activation usually involves reduction, in a flowing

- hydrogen or hydrogen containing gas stream, at elevated
temperatures. The reduction proceeds from a reducible
metal compound, usually, but not necessarily the metal
oxide. Thus, the literature reports reduction of metal
oxides to the elemental or active form of the metal as
well as reduction from metal compounds, impregnated
either as water soluble or hydrocarbon soluble salts.

For example, hydrocarbon synthesis catalysts
are usually prepared by depositing a metal, such as
cobalt or other Group VIII metals onto a support, by
techniques such as impregnation, the metal being in a
water soluble (e.g., cobalt nitrate) or . hydrocarbon
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FI ELD OF THE | NVENTI ON This invention relates to activating
scobal t contai ning hydrocarbon synthesis catalysts. Mor e
particularly, this invention relates to pgaxiu zing hydr ocar bon_synt hesi s
catal yst activity by controlling the tenperature in the activation step
and by control - ling the maxi num water partial pressure produced during
the activation step. Still nore particularly, this I nvention

relates to rggugbna (a; qred@sbaie csebéhtyl) R oUNthe td¥tda IFxluCES
wat er during reduction, ytically active stg}e under condltlons
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step. (or activaticn) does not occur during the drying step

even though a hydrogen containing gas may be used as
the drying agent.

Once having the metal compound impregnated
onto the support, activation by reducing to the
elemental or catalytically active form of the metal may
proceed directly from the metal compound, or the metal
compound may te converted to a more easily reducible
form, such 3s <the oxide and +then reduced to its
elemental cor catalytically active form. In either case
the metal ccmpeund must be reducible to its catalyti-

cally active Zcrm; the oxide 1is one form of reducible
metal compound.

0]

SUMMARY OF THE TNVENTION

In accordance with this invention, a highly
active hydrccarkon synthesis catalyst is prepared by
reducing a metal compound, at elevated temperatures and
pressures znd in the presence of a hydrogen containing
gas stream, %o its catalytically active form and
maintaining <he water partial pressure during the
reduction at less than about five atmospheres. In a
preferred embodiment, the reduction step, which is the
catalyst activation step, is carried out below about
550°C, and preferably in the range of about 250°-425°C.

While water vapor can be introduced into the
reduction step with the hydrogen containing gas, either
on purpose as steam or as a contaminant, the bulk of
the water <vapor comes from the metal compound being
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BACKGROUND "OF THE | NVENTI ON The activation of hydrocarbon

synt hesi s catalysts is wdely reported in the literature.
Activation usually involves reduction, g f1ow ng hydr ogen or
hydr ogen contai ni ng gas stream at elevate tenperatures. The Teduction
proceeds froma reduci bl e met al compound, usually, but not necessarily
t he net al oxide. Thus, the literature reports reducti on of netal
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reduction from netal Conpoun
hydr ocar bon somgﬁtecgympg comnound belng the metal ox1de fornm.

| mpreg ter

In another embodiment of this invention the
variables affecting water partial pressure during the
reducing or activating step have been identified, and
therefore, a determination of the water partial pres-
sure can be nade beforehand and a catalyst of high
activity produced. These factors are: weight percent
of the metal compound, hydrogen containing gas flow
rate and water content thereof, rate of temperature
rise during the reducing/activating step, total pres-
sure and hydrcgen partial pressure, and reactor type.

Thus, the activation procedure is not depen-
dent on the particular support or particular structural
promoter employed, and this invention is applicable to
the use of any support or structural promoter generally
used in the preparation of hydrocarbon synthesis
catalysts. For example, inorganic oxides, particularly
difficultly reducible, inorganic oxides selected from
the metals of Groups III-VI of the Periodic Chart of
the Elements are often used as supports for hydrocarbon
synthesis catalysts, and they may be used in the method
of this invention. Additionally, structural promoters
employed in the preparation of catalysts by micelle
technology wherein the structural promoter may be
similar to materials used as supports but act instead
as providing a structure for the catalytic metal (the
catalytic metal and the material being composited as an
aggregate rather than the material supporting the
catalytic metal). A detailed description of micelles
is provided in the Encyclopedia of Science and Tech-
nology, 6th Ed., McGraw-Hill publisher, New York 1987,
and in Preparation of Catalysts IV by Ravet et al,
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For exanpl e, hydrocarbon synthesis catal ysts are usually prepared by
Jdepositing a netal, such as cobalt or other Goup VIII netals onto a
support, by techni ques such as inpregnation, the metal being in a
wat er soluble (e.g., cobalt nitrate) or hydrocarbon T

505-507, Delmon, Grange, Jacobs, and Poncelet Eds.,
Elsevier, 1987. :

DESCRIPTION QF THE DRAWINGS

Figure 1 is a plot of percent H20 in the exit
gas v. time for two different hydrogen reduction flow
rates at 450°C, 100 psig for Catalyst A.

Figure 2a 1is a plot of relative catalyst
activity at 200°C v. maximum water partial pressure in
atmospheres, Zor reduction in hydrogen with temperature

ramped from ambient to a maximum of 450°C for Catalyst
A.

Figure 2b is also a plot of relative catalyst
activity at 190°C v. maximum water partial pressure but
concentrates on partial pressures up to 3 atmospheres,
for Catalyst B, reduced in hydrogen with temperatures
ramped from ambient to a maximum of 370-400°C.

Figure 3 is a plot of relative catalyst
activity v. maximum reduction temperature for Catalysts
A and B. XYPS signal ratio for Catalyst B v. maximum
reduction temperature 1is also shown. Water partial
pressure was less than 0.24 atm during these tests.

Figure 4 shows a derivative curve calculated

for thermogravimetric analysis data using a Savitsky-
Golay procedure.

DETAILED DESCRIPTION OF THE INVENTION

Hydrocarbon synthesis catalysts are generally
prepared by depositing a catalytic metal, usually
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soluble (e:g.,*cobalt carbonyl) form The catalyst is usually dried to
Llimnate the solvent, but reduction (or activation) does not occur during
the drying step even though a hydrogen cﬂggajnlng gas may be used as the
dryi ng-agent. -~ Once having the al conpound -i npr egnated—ont o -

. the support, activation by reducing to the el enental or
~catalytically active formof the netal nay proceed directly fromthe netal

oD ! BRRELSL JBRIELLN GRS SAMSHET 108, T gestl bt ety e

active form | mwedgiucidlegaperous, inorganic ox1de, usually by contact-
ing the support by any of a number of known methods,
with a salt of cobalt. During the contacting step the
cobalt salt is impregnated onto the support. After
impregnation, the supported catalyst precursor is dried
to eliminate any excess solvent, that is, water by
virtue of using water soluble salts, or hydrocarbon
solvent by virtue of using hydrocarbon soluble com-
pounds. DJrying can be accomplished with mild heating,
up to about 125°C in the presence of flowing gas
containing cxygen or hydrogen, either being optionally
diluted with an inert gas. When the drying gas con-.
tains hydrogen, reduction does not occur at normal
drying temperatures and at the worst any reduction that
does occcur will be insubstantial.

In some instances drying and reducing/
activating are accomplished in a single step by simply
raising the <‘emperature when drying is substantially
complete. ‘evertheless, at the onset of .reduction,
whether cne step drying/reducing or two step drying and
reducing is employed the catalyst precursor comprises a
reducible cobalt compound that forms water during
reduction cf the precursor with hydrogen. A preferred
reducible ccbalt compound is the oxide which is pre-
pared by treating the cobalt salt with an oxygen
containing gas, e.g., air, at temperatures of about
150°C to about 550°C for a period sufficient to convert
all or substantially all of the salt to the oxide.

Since the factors determining water partial
pressure during reducing/activating do not include the
nature of the support, this invention is applicable,
generally, to any of the known catalyst supports.
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the netal conmpound nust be reducible to its catalyti- cally active form
the oxide is one formof reducible netal conpound. SUMVARY CF THE

| NVENTI ON In accordance with this invention, a highly active
hydr ocar bon 3ynthesi s catal yst iS'preparéﬂ'%y‘reducing a netal compound, at
el evated tenperatures and pressures and in the presence of a hydrogen

containing gas stream to its catalytically active form and
mai nt ai ni ng thqq

About {1 ve at ol indPoed 2 ot AR R ot REAE, BRETPeatleri SRS et
_ which is the water or water precursors to the extent that when
heated the support generates essentially no water
vapor. Typical supports include the oxides of metals
of Groups 1IIIA, IIIB, 1IVB, VB, VIB, VIIIB, mnixtures
thereof, and mixtures thereof with other metal oxides,
e.g., alkali, alkaline earth metal oxides or rare earth
metal oxides. Preferred supports are those of lower
surface area, e.g., less than about 100 m2/gm, prefer—
ably less than about 75 m2/gm. Preferred materials are
the Group IVB netal oxides: zirconia, hafnia, and
titania as well as lower surface area aluminas, silicas
and silica-aluninas. Particularly preferred are the
Group IVB cxides, specifically titania, or a support
containing at least about 50 wt% titania, more prefer-
ably at Ieast about 80 wt% titania.

When employing titania or a titania contain-
ing support, the rutile:anatase ratio is at least 2:3
as determined by x-ray diffraction (ASTM D 3720-~78).
Preferably, the rutile:anatase ratio is at least about
3:2, more preferably at least about 4:1, an all rutile
titania is =nost preferred since high rutile content
titania rrovides a support wherein optional activity to

heavy hydrocarbons, e.g., Cigo+, without significant gas
make, can ke obtained.

The hydrocarbon synthesis catalyst is acti-
vated by reduction, which is carried out with hydrogen
or a hydrogen containing gas. The gas may be diluted
with an inert such as nitrogen, helium, or argon.
Other materials often considered inert such as CO or
CO2 are not inert at these conditions and may either be

hydrogenated or result in carkon formation on the
catalyst.
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catal yst activation step, is carried out bel ow about 550[err]C, and
preferably in the range of about 250[err]-425[err]C. Wi | e

wat er vapor

of

t he wat er

can be introduced into the Leﬂrgtion step with the hydrogen
cont ai ni ng gas, €'ther on purpose as stea

‘or as”‘a contam nant, the bul k
vapor cones fromthe netal conpound being

In accordance with this invention, we have
found that the final temperature of the reduction has a
significant effect on the ultimate hydrocarbon synthe-
sis activity of the catalyst. In a preferred embodi-
ment of this invention, substantially complete reduc-
tion is effected at temperatures below about 550°C,
preferably from about 275°C to about 425°C and most
preferably, for maximizing catalytic activity, reduc-

tion is effected at temperatures ranging from 315°C to
about 375°C.

Temperature effects appear to be reversible,
whereas water partial pressure effects are apparently
irreversible. That is, incomplete reduction at rela-
tively low <temperatures or over reductions at rela-
tively high temperatures, both of which 1lead to poor
catalytic activity, can be cured and catalyst activity
restored by, e.g., a 250°C air treat followed by a
satisfactory reduction step. Poor activity due to poor
control of the water partial pressure during reduction
cannot, however, be cured in this manner. The exact
mechanism affecting catalytic activity by virtue of
water partial pressures effects is unknown, neverthe-—
less, the effect is clearly recognizable and can be
substantially eliminated by  minimizing the water
partial pressure during reduction.

Reduction temperatures above 550°C are
generally not employed for reducing cobalt compounds
because of deleterious effects on catalytic activity.
Additionally, increasing the reduction temperature has
the effect of either causing the cobalt to agglomerate
or resulting in an SMSI (strong metal-support inter-
action) effect which causes a support overlayer to form
over the cobalt. In either case, the effective cobalt
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reduced, usual by an oxygen contai ni ng conpound, the nost conmon conpound
;,being the netal oxide form I n anot her enbodi nent of this
i nvention the variables affecting water partial pressure during the

reduci ng or

activating step have been-i-dertified,-and therefore, -a— R

determ nation of the water partial pres- sure can be nade beforehand and

. a catal yst
- of the netal

of high activity produced. These factors are: wei ght percent

conpound, dr.ogen contaj nin
surface ar Q/ éJ 51gn£ficané&€ guced and hydroccarbon

synthesis catalyst activity is deleteriously affected.
On the low end of the temperature scale, the cobalt
compound nust be substantially reduced to obtain the

catalytically active form and thereby achieve reason-
able catalytic activity.

Referring to Figure 3, maximum reduction
temperature 1is plotted against relative catalyst
activity for catalyst B. Maximum activity increases
sharply at reduction temperatures of about 260°C and is
likely due to overcoming the reducing threshold of the
cobalt compound. Activity remains high and starts to
decrease at <temperatures of about 400°C and nore so
above about :25°C. These results were obtained at a
maximum water partial pressure of 0.24 atmospheres and,

therefore, represent nmaximum relative activity for this
particular catalyst.

The results for catalyst A are also plotted
in Figure 3 and show a decrease in relative catalytic
activity at reduction temperatures above about 370°C.

Also shown in Figure 3 is the XPS signal from
the catalyst surface. As the reduction temperature
increases above about 370°C for Catalyst B, the cobalt
signal declines relative to the titania signal suggest-
ing either that the cobalt is agglomerating or that a
titania overlayer is beginning to form on the cobalt
crystallites (a typical SMSI phenomenon). Either
mechanism results in reducing the exposed metal surface

area which is the parameter directly responsible for
catalytic activity.
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rate and water-content thereof, rate of tenperature rise during the
.reducing/activating step, total pres- sure and hydrogen partial pressure,
and reactor type. Thus, the actjvation procedure is not depen-
dent on the particular support or particul é structural pronoter enpfoyed;
and this invention is applicable to the use of any support or structural

- pronoter generally used in the preparation of hydrocarbon synt hesi s

educt bl o, i nor gani o oxi diS SHASRERIFoapPRC HEPLPERNETRREREY [ ghe
. the Periodic Creaducsfiares tRireminiigh arleasfaealqaedla§n§upp§ﬁ?§tf@tﬂ the
e on" TS NN SPUIINERYRE YEenkahe I Nl (1
partial pressure. Water 1s formed by the reduction
reaction and can build up to significant partial
pressures, depending on several factors. In accordance
with this invention, the maximum water partial pressure
is minimized ' to ensure optimum activity. Figure 2a
shows that water partial pressures during reduction of
greater than about 9 atmospheres cause a low activity,
i.e., the curve becomes either flat or asymptotic at
relative activity 1levels of about 70. In order to
maintain high catalyst activity levels, water partial.
pressure shculd not exceed about 5 atmospheres. Stated
another way, water partial pressure levels during
reduction should be maintained at levels that furnish
at least about 75% of maximum relative catalyst
activity, preferably at least about 90% of maximum
relative activity. 1In this manner, regardless of the
maximum catalyst activity, which occurs at water
partial pressures below about 1.5 atmospheres, the
maximum water gartial pressure that allows a certain

level of catalyst activity can ke predetermined.

The catalyst of this invention is useful in
hydrocarbon synthesis reactions, that is, the catalytic
conversion of synthesis gas, hydrogen and carbon
monoxide, to higher hydrocarbons, preferably Cs+
hydrocarbons. The hydrocarbon synthesis process is
carried out at temperatures of about 160°C to 325°C,
preferably 190°C to 260°C, pressures of 5 atm to 100
atm (which also covers the activation pressures),
preferably about 10-40 atm and gas hourly space velo-
cities of 100 V/hr/V to 5000 V/hr/V, preferably 300
v/hr/V to 1500 V/hr/V. The stoichiometric ratio of
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enployed in the preparation of catalysts by mcelle technol ogy wherein the
,Structural pronoter may be simlar to materials used as supports but act
instead as providing a structure for the cpjalytic netal (the catalytic
metal and the material being conposited™as an aggregate rather thanhe
mat eri al supporting the catalytic netal). A detailed description of
mcelles is provided in the Encycl opedia of Science and Tech- nol ogy, 6th

 Ed., MG aw H |ﬂyd¥$&éx§h‘% NoMboPoriSRYde aNdni RHBr eBFhRhie8RsOGaGat glg/st s
Y by Ravet et al

about 2.1/1 for the production of higher hydrocarbons.

However, #5/CO ratios of 1/1 to about 4/1, preferably
about 1.5/1 to about 2.5/1, more preferably about 1.8/1
to 2.2/1 can be employved. These reaction conditions
are well known and particular reaction conditions will
be determined easily by those skilled in the art.
Also, the reaction may occur in any type reactor, e.g.,
fixed bed, fluidized bed, slurry bubble column, etc.

The catalysts employed in the practice of
this inventicn may be prepared by techniques known in
the art for <he preparation of hydrocarbon synthesis
catalysts. The catalyst can, e.g., be prepared by
gellation, cr cogellation techniques. Suitably however
the metals <can be deposited on a previously pilled,
pelleted, rteaded, extruded, or sieved support material
by the Impregnation method. In preparing catalysts,
the metals are deposited from solution on the support
in preselected amounts to provide the desired absolute
amounts, and weight ratio of the metal or metals being
deposited. Suitably, cobalt by itself or with a
promoter zre ccmposited with the support by contacting
the support with a solution of a cobalt-containing
compound, or salt, or a promoter-containing compound,
or salt. Optionally, the cobalt and promoter can be
co-impregnated upon the support. The cobalt and
promoter compounds used in the impregnation can be any
organometallic or inorganic compounds which when
reduced in hydrcgen form water or which can be con-
verted to the corresponding oxide, which when reduced
in hydrcgen forms water., such as a cobalt or promoter,
nitrate, acetate, acetylacetonate, naphthenate, or the
like. The nitrate is preferred for cobalt. The amount
of impregnation solution used should be sufficient to
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-4- 505: 507, Del mon, Grange, Jacobs, and Poncel et Eds., Elsevier, 1987.
_DESCRI PTI ON OF THE DRAW NGS Figure 1 is a plot of percent H20 in

“the exit gas. v. time for two different qutgggn_peduction flow

completely immerse the carrier, usually within the
range from about 1 to 20 times of the carrier by
volume, depending on the metal, or metals concentration
in the impregnation solution. The impregnation treat-
ment can be carried out under a wide range of condi-
tions including ambient or elevated temperatures.

Promoter materials, such as rhenium, cerium,
hafnium, and uranium can be included in the catalyst.
Usually, these materials are present in a weight ratio
to cobalt of at least about 0.05:1, preferably at least
about 0.1:1 and may range from about 0.1:1 to 1:1, but
the promoter :is usually present in an amount less than
the cobalt. Rhenium is a particularly preferred
promoter and =may be deposited onto the support as
perrhenic acid. The amount of cobalt employed is at
least that which is catalytically effective, e.g., at
least about 2 wt%. However, cobalt concentrations may
range from about 2-35 wt%, preferably 5-25 wt%.

The cobalt and promoter, e.g., rhenium, may
be added serially although it is preferred to have the
rhenium on the support before the cobalt is calcined.

Or the metals may be simutaneously deposited onto the
support.

In a preferred method for preparing the
catalyst, cobalt or cobalt and one or more additional
metals is deposited as a catalytically active layer,
upon the peripheral or outside layer of a particulate
porous inorganic oxide support by contacting the
support and impregnating it with a liquid, suitably a
suspension or solution, of a compound of said metal, or
metals, while the support particles are in a fluidized
bed maintained at a temperature above about 50°C,

This-Sheet Has Been Replaced

AN

THIS SHEET HAS BEEN
REPLACED




x

rates at 450[err]C, 6.89 bars (100 psig) for Catal yst A Fi gure
2ais aplot of relative catalyst activity at 200 [err]C v. maxi num wat er
partlal pressure in atnospheres, for red ion in hydrogen with tenperature
ramped from anbi ént to a naxi mum of 450 TFor Catalyst A N

Figure 2b is also a plot of relative catalyst activity at 190[err]C v.
maxi mum wat er partial pressure but concentrates on partial pressures up to

3 atmospher es prlfiraiAilalatsla Redilieadrd %{wgix?%e@rw beﬁ%p%roabur%

rammdfrmnaMnem to“a maxi mumo 70-40
about 100°C, and more preferably from about 70°C
about 90°C. The catalytically active surface layer,
ranges in average thickness from about 10 microns to
about 250 microns, preferably from about 20 microns to
about 200 mnicrons, with the locading of the cobalt
expressed as the weight metallic cobalt per packed bulk
volume of catalyst ranging from at least about 0.04
grams per cubic centimeter preferably from about 0.05
g/cc to about 0.25 g/cc catalyst.

One preferred method for preparing catalysts,
either powdered or with particle size up to 3 or 4 mm
is disclosed in Preparaticn of Highly Selective and
Abrasion-Ccnsistant Thick Shell Catalysts for Hetero-
geneously Catalyzed Exothermic Oxidation Reactions,
Arntz, D. and Prescher, G., Preparation of Catalysts

IV, Elsevier, Amsterdam, The Netherlands, p. 137-147
(1987).

The catalyst, after metal deposition, e.g.,
impregnation, is dried by heating at a temperature
above about :0°C, preferably ketween 30°C and 125°C, in
the presence cf nitrogen, oxygen, hydrocgen, or air, in
a gas stream or under vacuum. Subsequent to drying the
metal or metals may be converted to the oxide form and
then reduced/activated with a hydrogen or hydrogen
containing gas stream or the metal or metals may be
reduced/activated directly and the oxide formation |is
eliminated. Preferably, however, the catalyst is

o . —

activated by reduction _from the ox1de form. Conversion

to the oxide takes place in air or an oxygen containing
stream at temperatures above about 150°C, preferably in

the range 150-350°C, more preferably about 150 to
300°C.
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Figure 3 s a plot of relative catalyst activity v. maxi num
.reduction tenperature for Catalysts A and B. XPS signal ratio for
Catalyst B v. maxi num reduction tenperature is also shown. Wat er
partial” pressure was | ess than 0.24 bars@G® 24 atm during these tBsTsT
Figure 4 shows a derivative curve calculated for thernogravinetric

anal ysi-s data using a Savitsky- ol ay procedure. DETAI LED DESCRI PTI ON
OF THE | NVENTI ON

Reduction/activation of the catalyst is
effected in hydrogen or a hydrogen containing gas
stream at temperatures above about 250°C, preferably
from about 250°C to about 550°C, and more preferably
from about 275°C to about 425°C, for periods ranging
from about 2.5 to about 24 hours and at pressures

ranging from above ambient to about 40 atmospheres.

Achieving maximum catalytic activity for any
particular cobalt containing catalyst depends on
several factors. We have already mentioned that
reduction temperatures should not exceed about 550°C.
Additionally, the water partial pressure during the -
reduction step should not exceed about 5 atmospheres

and preferakly should not exceed about 2.7 atmospheres.

Reactor vessels should be selected that avoid
excessive ruildup of water vapor. Thus, fluid beds are
generally preferred where the hydrogen containing
reducing gas Zluidizes the catalyst particles. Reac-
tors with high L/D ratios should be avoided.

Tcral pressure during the reduction/activa-
tion step is rreferably above about 2 atmospheres and
more preferably above about 5 atmospheres, more prefer-
ably above about 8 atmospheres. Total pressure is
usually similar to the total pressure in a hydrocarbon
synthesis reactor, i.e., about 8 to 100 atmospheres,
preferably about 10-40 atmospheres.

Water partial pressure can be determined by
direct measurement with available analytical devices,
such as Drager <tubes or suitable water analyzers
manufactured for example by Manufactufers Engineering
and Equipment Corp., Warrington, PA., or by
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Hydr ocarbon synthesis catal ysts are generally prepared by depositing a

.catalytic netal, usually cobalt, upon a suitable support,
e.g., adifficultly e - o

calculation. In calculating water partial pressure,
the factors <that affect water partial pressure are:
total pressure; hydrogen and water concentrations in
the reducing gas:; total gas rate, e.g., space velocity;
reactor type; rate of temperature increase, e.g., the
ramp schedule: metal compound concentration.

Determination of water vapor partial pressure
can be made ty means of a model wherein the first
consideraticn is the material balance for water vapor,
which for any given (or predetermined) volume element
of a reactcr for a given (or predetermined) time period
is expressed 3s (moles H20 flowing into the volume
element) -~ ‘moles water produced by reduction) = (moles
water flowing out of the volume element) + (moles water
accumulated in the volume element).

The material balance expression is easily

formulated and solved for the particular reaction
vessel being used.

This invention focuses on the moles of water
produced ty reduction in the volume element per unit
time. For example, a hydrocarbon synthesis catalyst
precursor containing cobalt oxide on a rutile titania
support, gives rise to the following kinetic expres-—
sions to describe the rate at which water is produced
in gram moles/mipute/cc volume of reactor:

(Peatr) (Co) (4) .25y 9(¥) 1 + g.75 4(¥) -
B mran— ¢ (0.25) L+ 0 —5e>

in which
pcat is the catalyst bulk density, gm/cc

Co is the weight fraction cobalt on dried,
oxidized catalyst
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reduci bl e, - porous, inorganic oxide, usually by contact- ing the support by
.any of a nunmber of known nethods, with a salt of cobalt. During the
contacting step the cobalt salt is inpregnated onto the support. After

i mpregnation, thé supported catal yst precursor—is’dried to elim nate any
excess solvent, that is, water by virtue of using water soluble salts, or
hydrocarbon sol vent by virtue of using hydrocarbon soluble com pounds.
Drying can be accpppl{shed vhehreahétibRaihfd, o#P doaoabas deth[err]Cin the
presence of flow ngggas contai ni ng oxygen or hydrogen, either being
optionally diluted:wth an inert gas. Wen the drying gas con- tains

hydrogen, reductd pf),dogs @ihe redadtioft rafier &l aboy ity detrgidiad ures and
at the worst any reducti eebab@&t does occur will be insubstantial.

The individual reaction rates can ke further
expressed for the reduction of Co304 to CoO:

.3

_ 0.5 1.0
and F(Y;) = Y, (1-¥,)

0.3849

il

(A1) (F(Y¥1)) (F(T1)) (F(Pg2)) (F(PHz0))

F(T1) = EXP (-(13735/R)(1/T - 1/573.1))
F(Py20) =1/1+3.803 (PH,0) (EXP(4968/R) (1/T-1/573.1))

wherein Y31 is the fraction Co304 reduced
t is the reduction time in minutes

Ay is the pre-exponential for reaction (1) for
a 12.15% Co catalyst and equals 0.62

F(Y1) is the effect of extent of reduction on the
reduction rate

F(T1) i1s the effect of temperature on the
reduction rate

T is the absolute temperature in °X
R is the gas constant, 1.987
F(PHy) is the effect of hydrogen partial pressure
on reduction rate and is the hydrogen

partial pressure in atm

F(PH20) is the effect of water partial pressure on
the reduction rate

Now, for the reaction CoO to metallic cobalt
the kinetic expression is

dt = Az (F(¥2)) (F(T2)) (F(Pg2)) (F(PH20)
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In sone instances drying and reduci ng/ activating are acconplished
Jdn asingle step by sinply raising the tenperature when drying is
substantlally conpl ete.. Nevertheless, at_the onset of reduction, whether
one ‘Step dryi ng/ reducing or- two step dryrn@ and reducing is enpkﬁyed the - -
catal yst precursor conprises a reducible cobalt conpound that forns water
during reduction of the precursor with hydrogen. A preferred reducible
cobalt compou e oxi c par abal t
salt wth an (I}%)’/gen i P fgﬁ‘ %ngﬂgréétgéa °faﬂn?€gl§¥c err%téar]'q%J t;%:t ci’o"”f
150[err]C to 550[err]C for a perloﬂ sufficient to convert all or

substantially all of the §§|Ehéop}2§e9§bﬂgntlal factor for the
12.15% catalyst and is 0.13

F(Y2)

=
n

the effect of the extent of formation of
metallic cobalt on the formation rate
and is (¥3):7 (¥1-¥3)2:0/0.2133

F(T2) is the effect of temperature on the
reduction rate and is
EXP ( (-18355/R) (1/T-1/573.1) )

T and R are as previously described
F(Pygz) is the effect of hydrogen partial pressure
cn the reduction rate and is the

hydrogen rartial pressure in atm

F(PH20) is the effect of water partial pressure on
the reduction rate and is

1-PH20/(14.344) (PH2) (EXP (1086/T))
1+3.803(PH20) (EXP(4968/R) (1/T~1/573.1))

and t; is the reduction time in minutes

These rate expressions were developed with
titania supported catalysts using thermogravimetric
analysis techniques, and similar expressions were
developed for alumina supported catalysts.

The kinetic model for the cobalt activation
was developed from thermogravimetric analysis (TGA)
data in which weights of the catalyst were measured
periodically during reductions carried out at constant
temperature. These weight data were then differentiat-
ed to obtain the rate of weight loss with time which is
related to the reduction rate. Such isothermal data
were obtained over a range of temperatures and reducing
gas compositions (hydrogen, argon, and water vapor) to
obtain measures of the effects of these variables on
the reduction rate. Interpretation of the TGA data to
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Since the factors determ ning water partial pressure during
.reduci ng/activating do not include the nature of the support, this

invention is applicable, generally, to-any of the known catal yst_supports.
-6-

develop the reduction model followed principles
proposed by Brown and Galwey (Brown, Michael E., and
Andrew K. Galwey). "Arrhenius Parameters for Solid-
State Reactions from Isothermal Rate-Time Curves."
Analytical Chemistry, Vol. 61, No. 10, May 15, 1989,
pp. 1136-1139).

In a typical TGA experiment, approximately
0.1 mg of the titania-supported cobalt catalyst was
charged to the balance pan of a Mettler Model TA-1
balance. Under a flow of 10 liters/minute of de-
oxygenated argcn, the sample was heated to 500°C and
held at this temperature until constant weight was -
achieved to remove adsorbed moisture. The temperature
was then lowered to a base temperature of 50°C to
obtain the weight loss by drying. ©Next, the sample was
reheated in argon to the temperature at which the
reduction experiment was to be conducted. At this
temperature, reducing gas of the desired composition
was intrcduced and the argon flow stopped. The reduc-
ing cycle was continued until constant weight was
achieved, after which temperature was again lowered to
the base temperature to determine the exact weight loss
due to reduction that had occurred. To validate the
experiment by assuring that no material had been blown
from the balance pan, the weight of the catalyst after

re-oxidation at 500°C was compared with the original
weight of the dried catalyst.

The weight data from the TGA experiment were
downloaded to a spreadsheet program in which the
derivative, or rate, data were calculated using the
numerical techniques developed by Savitzky and Golay
(Savitzky, Abraham and Marcel J. E. Golay. "Smoothing
and Differentiation of Data by Simplified Least Squares
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Nevert hel ess, the support itself should be free of water or water
.precursors to the extent that when heated the support generates essentially
no wat er vapor._ Typical supports include. tBe-oxides of metals of G oups
[T1TA 111B, VB, VB, VIB, VIIIB, mxtures thereof, and m xtures thereof
with other netal oxides, e.g., alkali, alkaline earth netal oxides or rare
earth netal oxides. Preferred supports are those of |ower surface area,
e.g., less thahrabedurgeo"nQAgﬂiypieaér-C&mm¢5ﬁ¥y& t el . adfout N 8,

cnferr]/gm Pre#Giged ggherlgb F§29h€6§5 IR rqgfﬂvéE&4ES od-$&0oNi a,
i hafnia, and titania as wel ower sur ace ar ea um nas, silicas and
~silica- alun1na@alcpéﬁtﬁéuf§Pﬂytbﬁef@hreéaﬁﬁwﬂsknﬁa19%nu§4“ﬁ¥%%&1ﬁglay

- specifically tHiaBeRur® i@ SHRRAMin Figure 4.

The derivative curve in Figure 4 clearly
shows two reduction peaks. The first corresponds ¢to
the reduction of Co304 to CoO while the second corre-
sponds to the reduction of CoO to metallic cobalt. The
dual peaks suggest that consecutive reactions are
occurring and that the first reaction is nearly com-
plete befcre the second reaction begins. The valley
between the two peaks occurred after about one-fourth
of the weight loss occurred, which also substantiates
the concept of sequential reduction reactions. When
reduction conditions of time and temperature were
severe enough, the weight lost in the reduction agreed

well with <hat expected if all of the Co304 were
reduced to metallic cobalt.

Using the concepts of Brown and Galwey to
interpret the nature of the reduction kinetics, the
symmetry cf =ach of <*he curves signals a sigmoid
kinetic model rather than a deceleratory model. For a
sigmoid kinetic model, the effect of the extent of
reduction on the reduction rate can be represented
mathematically by the following form:

ya * (1 - y)b
FOY) = (a/(a+b))@ (b/(a+b))b

The coefficients a and b are chosen to fit the shape of
the reduction curves, and the denominator normalizes
the F(y) expression so that its values range between 0
and 1. The values at +the peaks of the derivative
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containing at l'east about 50 wt% titania, nore prefer- ably at |east about

.80 wt% titania. When enploying titania or a titania contain-

ing support,. the rutile:anatase ratio is B feast 2:3 as determ ned by .
x-ray diffraction (ASTM D 3720-78). Preferably, the rutile:anatase ratio

Is at | east about 3:2, nore preferably at |east about 4:1, an all rutile
titania i s nost preferred since high rutile content trtanra provi des a

support wher ei FBYRS obRI Fhgurei t § eve prapyrhjanadar fehsthe rate cran

W t hout signi fi€amks 9pSr MBKE, €48 b?e@ﬁ&@iaﬁdreactlons and Th@n be
hydr ocar bon synthesjis catalyst is acti-
correlated directly with the independent variables of

temperature and reducing gas composition to develop the
reduction model.

To summarize the procedure of developing such
a reduction model, then, the following steps are used:

1) Obtain isothermal reduction rate data by TGA for
the range of temperatures, pressures, and reducing

gas compositions of interest and calculate the
derivative curves

2) From the shapes of the derivative curves, select
either the sigmoid or the decelaratory model as
being more appropriate, and fit the appropriate
mathematical form to the peaks

3) Correlate the maximum of the derivative curves
with the independent operating variables to obtain
a mathematical relationship for their effects.

4) These factors, combined with the stoichiometry of
the reaction, can then be combined +to obtain a
comprehensive model of the reduction process.

The procedures described herein can be used, and
modified as may be necessary, to determining water
partial pressure effects £for supports other than
titania and reductions where water will be formed
from the compound being reduced.

The following examples serve to illustrate
this invention. :
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“vated by reduction, which is carried out with hydrogen or a hydrogen
.containing gas. The gas nmay be diluted wth an inert such as nitrogen,
helium or argon.  Qher materials often-cpps+dered inert such as CO or
COerr] are not inert at these conditions and may either be hydrogenated
or result in carbon formation on the catalyst.

Two Co-Re-TiO7 catalysts were prepared by
impregnating an agueous solution of cobalt nitrate and
perrhenic acid onteoc titania extrudates. The extrudates
contained about 3.5% alumina binder. Final calcination
to decompose the nitrate salt was done in forced air
ovens at 250°C. Catalyst extrudates were then ground
and sized to 60-150 mesh for the activity tests and
60~100 mesh for the thermogravimetric (TGA) tests. The
two catalysts differed in metal loading, as follows:

Wt% Co Wt% Re
Catalyst A 6.85 0.64
Catalyst B 12.15 1.23

The higher <ccbalt locading was deposited in  two

impregnation/calcination steps.

Catalyst tests were made in a small fixed bed
reactor. A 1.2 cc (1l.66 g) charge of catalyst was
diluted with 1.2 cc of titania (also 60-150 mesh) and
tested in a reactor with a 0.245 inch ID. The reactor
was heated in an infrared furnace which permitted rapid
changes in temperature. Reductions were performed with
pure hydrogen metered with a 3roocks flow controller.
Gas hourly space velocities refer to the £flow rate
measured at <the back-end of the unit with a bubble
tube. Activity data, shown in Tables 1 and 2, corre-
spond to performance at 18-22 hours on feed at 280 psig
with a 64H2-32C0-4Ne feed composition. Run temperature
was 200°C for Catalyst A and 190°C for Catalyst B. The

rate constant Xk shown in the tables is calculated from
the following equation:

k = (GHSV/P) 1ln {(1/(1-X)}
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-7- ‘ " In accordance with this invention, we have found that the
.final tenperature of the reduction has a significant effect on the ultinmate
hydrocarbon synthe- sis activity of the cabal wst. In a preferred enbodi-
ment of this invention, substantially conplete reduc- tionis effected

at tenperatures below 550[err]C, preferably from275[err]Cto
425[ err] C. and nost preferably, for maximzing catalytic activity, reduction

is effected at wheper atHE¥S=ra8yi §gsf FQUW3 (E ar rdth tamd3 Fom
temperature) per hour per vol of
catalyst only

v
|

pressure in atm = 20

fraction CO conversion

Water was added during reduction via a metal saturator
or a Ruska pump. Levels shown in Tables 1 and 2
correspond to calculated values. Direct measurement by
Drager tube was unsuccessful because of condensation in
the exit line during water addition.

wWater concentration in the exit gas during-
reducticn was not routinely measured. However,
measurements were made in one side-by-side comparison
of the effect of flow rate alone. As shown in Figure
1, quite different concentration vs. time curves were
observed for 750 vs. 15,000 GHSV at 100 psig reduction
pressure. ‘ater was removed much more slowly with the
lower flow rate. The high flow case is 67% more active
than the lcw flow case (see Table I). Other data in
Tables I and II confirm that reductions at elevated
pressure ani low flow show consistently lower activity.
Data also indicate that this activity debit cannot be
eliminated ty air regeneration. Water added after
reduction does not appear to be as harmful. Either dry

hydrogen or an air regeneration reverse the effect of
post-reduction water.

Results from Tables I and II, taken under
conditions where water buildup was low, are illustrated
graphically in Figure 3. A maximum in activity occurs
after reduction at about 370°C. Higher temperature
reductions are especially poor. XPS results are
included in Figure 3. The ratio of the cobalt metal
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Tenperature effects appear to be reversible, whereas water partial pressure
effects are apparently irreversible. That is, inconplete reduction at rel a-
tively low tenperatures or over reductieng2at rela- tively high
tenperatures, both of which lead to poor catalytic activity, can be cured’
and catal yst activity restored by, e.g., a 250[err]Cair treat followed
by a satisfactory reduction step. Poor activity due to poor control of the
wat er partial preessitydtpei hher Blluintensitgnshowsoveearrveshapesd liike hi s

Partial prossurss SPPARLTCubhebun. hue NRgaeiid YIdedut ide hitn 2T
recogni zabl e aRemEERabursusstuatian| gprerrs raversile. ni Mpdldoatiaome
water partial @gegsys@-@URiPIrEBHCEL0R. 550°C reduced sample restores
high activity. This point is noted as the "X" on
Figure 3. XPS data indicate that the 1low activity
encountered with reductions below about 315°C is due to
incomplete reduction of the cobalt oxide.

The kinetics of cobalt reduction on titania
supported catalysts were developed from experimenté in
which the rate c¢f weight loss during reduction was
measured ty thermogravimetric analysis (TGA). Kinetics
for other supports can be determined by similar
analyses. A Mettler Model TA-1 balance and the
Omnitherm software data-handling package were used to
make the kinetic measurements. The average particle
size for <the catalysts was 50 microns, and material
smaller than 44 microns was removed by screening to
minimize the error due to fines being blown from the

sample heolder. The range of conditions covered in the
kinetic study were as follows:

Temperature, °C 275 - 400
Total Pressure, Atnm 1.0
Hydrogen Partial Pressure, Atm 0.19 - 1.0
Water Partial Pressure, Atm 0.0 ~ 0.29
Gas Flow Rate, L/Minute 5.0 - 10.0
Catalyst Cobalt Content, % 2.5 - 14.0

The reduction of the cobalt oxide to metallic
cobalt was found to occur in two sequential steps. In
the first step, Co304 was reduced to Co0O; in the second
step, Co0 was reduced to metallic cobalt. For each of
the two steps, the reduction rate was autocatalytic in
nature, i.e., the initial rate was low, then increased
as reduction took place to a maximum value before
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Reducti on “tenperatures above 550 C are generally not enployed for
.reduci ng cobalt conpounds because of deleterious effects on catalytic
activity. Additjionally, increasing the-reguction tenperature has_the
effect of either causing the cobalt to agglonerate or resulting in an SVSI
(strong netal -support inter- action) effect which causes a support
overlayer to form over the cobalt. In either case, the effective cobalt
' falling off again as reduction for that step neared

completion. The reduction rate increased with tempera-
ture, was first order in both hydrogen partial pressure
and in the initial cobalt content of the catalyst, and
was inhibited by the presence of water vapor. Large
amounts of water vapor could also cause an equilibrium
limitation of the second reaction.
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activity for catalyst B. Maxi mum activity increases shafp - at
.reduction tenperatures of about 260[err]C and is |ikely due t iﬂ?ﬁ T,'bﬁB Replaced

the reducing threshold of the cobalt conpgsind. Activity remai

starts to decrease at tenperatures of about 400[err]C and |
above about 425[err]C. These results were obtained at a maxi num wat er
partial pressure of 0.24 bars(0.24 atnospheres) and, therefore, represent

maxi mumrel ative actiwit‘ fer thhs parti— cul ar ecatal yist . 0~ The
results for catalyst |A*arePalsd® plottedin Fi Juré&3 8ndshdw a decrease
in relative catal ytié; activity at reduction tenperatures above about
370[err] C
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Al so shown in Figure 3 is the XPS signal fromthe catal yst surface. As the
feduction tenperature increases above aboyt.,,ﬁ?,ZO[err] C for Catalyst B, the
cobalt signal declines relative to the titania signal suggest- ing either
that the cobalt is éggl onerating or that- a~titani a-overlayer is begifaning-.

to formon the cobalt crystallites (a typical SMSI phenonenon).
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-9- ) " The second and nore inportant factor in the reduction step
Which has a significant effect on the ultimte activity of the catal yst
is the maxi num water partial pressure. Water is fornmed

reduction ré&action and can buifd up to 3ighiticant parti al es
dependi ng on several factors. |In accordance with this mvenﬂml l’ ' mm”"
maxi mum water partial pressure is mnimzed to ensure opti i I
Figure 2a sh%%i§§gﬁmvﬁter -partial pressures during reduction of

1. A nethod for preparing a cobalt contain-
ing hydrocarbon synthesis catalyst comprising

(a) preparing a catalyst precursor containing a
reducible cobalt compound capable of producing water
when treated with hydrogen at reducing conditions,

(b) substantially reducing the cobalt compound at

elevated pressures and temperatures with a hydrogen
containing gas, and

(¢) maintaining the water partial pressure during
step (b) below about 5 atmospheres.

2. The method of claim 1 wherein the total
pressure during step (b) is above about 5 atmospheres.

3. The method of claim 1 wherein the tem-
perature during step (b) is below about 550°C.

4. The method of claim 1 wherein the cobalt
compound is cobalt oxide.

5. The method of claim 1 wherein the rela-
tive activity of the catalyst is at least about 75% of
the maximum attainable catalyst activity for a
particular catalyst composition.

6. The method of claim 1 wherein the cobalt
is supported.
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greater than about 9.12 bars. (9 atnospheres) cause a low activity, i.e.,
.the curve becones either flat or asynptotic at relative activity |evels
of about 70. In order to maintain high catglyst activity levels, water
partial pressure shoul d not exceed-about=5®1 bars (5 atnnspheres7—”Stated
anot her way, water partial pressure |evels during reduction should be

mai nt ai ned at | evel s-ttat™fornt-sh .at . | east about 75% of maxi num

relative catalyst actiwty,m ﬂgegé%ﬁgﬁyﬁfeélaiﬁaétWEQQH&n Q% j mum

relative activity. In t hi's manner regar maxi mum cat aryst
acti vi ty, whi ctf sledted firom vﬁt%rcpadﬁapf pEroupseEIBA, oW IdFout INER2

bars(1.5 atnosphsy efe, WITTEXi RN #8kenrea thekegtessure that allovs a
e pre

certain | evel of catalyst activity can eterm ned

8. The method of claim 7 wherein the support
surface area is less than 100 m2/g.

9. The method of claim 6 wherein the support
is a Group IVB metal oxide.

10. The method of claim 9 wherein the
support is titania.
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"The catal yst of this invention is useful in hydrocarbon synthesis
-reactions, that is, the catalytic conversion of synthesis gas, hydrogen
~and carbon nonoxide, to higher hydr ocarbons, preferably Cerr]+
hydr ocar bons. The "hydrocarbon synthesis—process is carried out at— —— -~
temperatures of 160C to 325C, preferabtyA90[err]Cto 260[err]C, pressures
of 5.01 to 101.32 bars, (5 atmto 100 atn) (which also covers the
activation pressures), preferably 10.13 - 40.53 bars (10-40 atnm) and gas
hourly space velo- cities of 100 V/hr/V to 5000 V/hr/V, preferably 300

V/ihr/V to 1500 V/ hr/V. -”X%§¥§Qé¥“6§m$ﬁﬁcnlé .QURﬁf

The activity of supported cobalt catalysts
for hydrocarbon synthesis is maximized by carrying out
the reduction at conditions that keep both the partial
pressure of water vapor and the maximum reduction
temperature below critical maximum values. For titania
supported cobalt catalysts, the preferred maximum water
partial pressure is one atmosphere and the preferred
maximum reduction temperature is 375°C.
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- - 10 - -hydr-ogen to carbon nonoxide in the synthesis gas is about 2.1/1
for the production of higher hydrocarbons. However, H2/COratios of 1/1 to

- about 4/1, preferably about 1.5/1 to 2.5/1, nore preferably about, 1.8/1 to

- 2.2/1 can be-employed. These reaction--conditions are well knowWn and
particular reaction conditions will be determ ned easily by those skilled
inthe art. Also, the reaction may occur in any type r¢actor, e.go
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-fixed bed,- flutdized bed or slurry bubble colum, etc. The
~catal ysts enployed in the practice of this invention may be prepared by
“techni ques known in the art for the preparation of hydrocarbon synthesis
catal ysts. Th??faralyst can, e.’g., be prepared by gellation, or cogellation
t echni ques. }SU ably however the netals can be deposited on a previously
pilled, pell2ted, beaded, extruded, or sieved support material by the
|npregnat|od3q§ hod. 1In preparing catalysts, the netals are deposited
from sol uti ot t he support in preselected anounts to provide the desired
absol ute anognts d weight ratio of the netal or netals being deposited.

Suitably, cebal by tself or wth a pronoter are conposited with the
support by can“@ ting
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= the support wth a solution of

~or a pronoter-containing conpound,
<~ pronoter can be co-inpregnated

I norgani ¢ conpounds
can be con- verted to the correspo
hydrogen forms water., such as a c
acet yl acet onat e, napht henat e,
cobalt. The annégt of inpg%gnation

upon _the

(B R00r b omoter

or th

a

or salt.

Optional ly,
support.

The

cobal t - cont ai ni ng conpound,

t he

whi ch  when reduced in hydrogen formwater or which

a L cobal t ——and -
‘prondt er conpounds used in the inpregnation can be any organonetallic

or salt,
cobalt and

or

whi ch when reduced in

i ke.

Ko

nitrate,
Thenitrate is preferred for
ution usgg shoul d kg sufficient to
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Pronuten-naterlals such as rhenium cerium hafnium and : ﬁﬁﬂﬂ%EMTdﬁﬂﬁﬁ:

~i-ncluded in the catélyst Usual ly, these nmaterials are pr

ratio to cobalt of at.¥eéast about 0.05:1, preferably at |daqt hgqgg
and may range fromO0.1:1 to 1:1, but the pronoter is usualfly present
anount. | ess than- the cobalt. Rhenium is S

a particulafly v
pronoter and nmay be deposited onto the support as perrhen acid. The

oy

amount of cobalt enployed is at |east -tflat- which is catalytically
effective, e. at | east about 2 w % Fbmev%i (of0) It concentrations may
range f roﬁechOSSfW @repardngr eahialts contajngng hydrocar ti'&?&

§| $atahyst
pr onot er, rhenium nay be added serially although it is preferred to
have t he :

FIELD OF THE INVENTION

This invention relates to activating cobalt
containing hydrocarbon synthesis catalysts.  More
particularly, this invention relates to maximizing
hydrocarbon synthesis catalyst activity by controlling
the temperature in the activation step and by control-
ling the maximum'water partial pressure produced during
the activation step. Still more particularly, this
invention relates té reducing a reducible cobalt
compound, that produces water during reduction, to a
catalytically active state under conditions that limit

the water partial pressure produced during the reduc-.
tion step. '

BACKGROUND_OF NVENTION.

The activation of hydrocarbor synthesis
catalysts is widely ©reported in the iiter;tq;e.
Activation usually involves reduction, in a flowing
hydrbgen or hydrogen containing gas stream, at elevated
temperatures. The reduction proceeds from a reducible
metal compound, usually, but not necessarily the metal
oxide. Thus, the literature reports reduction of metal
oxides to the elemental or active form of the metal as .
well as reduction from metal compounds, impregnated
either as water soluble or hydrocarbon soluble salts. .

For example, hydrocarbon synthesis catalysts
are usually prepared by depositing a metal, such as
cobalt or other Group VIII metals onto a support, by
techniques such as impregnation, the metal being in a
water soluble (e =/ :.cobalt nitrate) or hydrocarbon



rheni um on. t he support before the cobalt is calcined. O th

be sinmutaneously deposited onto the support. In a
met hod for preparing the catalyst, cobalt or cobalt and o

peri pheral or outside |ayer of a particul ate porous inorgan
support by contacting t he support —ardl +npregnating it wt

)

h

suitably a suspension or solution, of a conpound of said neta

t
he| or nore
additional nmetals is deposited as a catalytically active |ayef

BT SHEET

URFEBEYY/
e

oxi d
| I T |
o a;

, or netal s,

whil e the support particles are in a fluidized bed maintained
tenperature ‘above about 50[err]C

soluble (e.g., cobalt carbonyl) form. The catalyst

al a

is

~usually dried to eliminate the solvent, but reduction

(or activation) does not occur during the drying

step

even though a hydrogen containing gas may be used as

the drying agent.

Once having the metal compound impregnated
onto the support, activation by reducing to
elemental or catalytically active form of the metal may
proceed directly from the metal compound, or the metal

. compound may be converted to a more easily reducible
.form, such as the oxide and then reduced to its
elemental or catalytically active form. In either case

" the metal compound must be reducible to its catalyti-
cally active form; the oxide is one form of reducible

metal compound.

SUMMARY OF THE INVENTION

the

_ In accordance with this invention, a highly
active hydrocarbon synthesis catalyst is prepared by
reducing a metal compound, at elevated temperatures and
pressures and in the presence of a hydrogen containing
gas stream, to its catalytically active form and
maintaining the water partial pressure during the

reduction at less than about five atmospheres.

In a

preferred embodiment, the reduction step, which is the
catalyst activation step, is carried out below about
550°C, and preferably in the range of about 250°-425°C.

While water vapor can be introduced into the
reduction step with the hydrogen contéining gas, either
on purpose as steam or as a contaminant, the bulk of
the water vapor comes from the metal compound 'being




k]

- 12 - preferably at a tenperature ranging from50C to abcREP]],QQEMEN’pSHEET
ahd.nnre preferabLy from 70C to about 90[err]C The cat al yt ifcat+y

active surface |layer, ranges in average thickness from 10 m cro\r,\1f ﬁfwt
250 mcrons, preferably from 20 nmicrons co about 200 i crong §

Loading of the cobalt expressed as.tReoweight netallic coballi..per. packed
bul k _

reduced, usually an oxygen containing compound, the
most common compound being the metal oxide form.

In another embodiment of this invention the
variables affecting water partial pressure during the
reducing or activating step have been identified, and
therefore, a determination of the water partial pres-
sure can be made beforehand and a catalyst of high
activity produced. These factors are: weight percent
of the metal compound, hydrogen containing gas £flow
rate and water content thereof, rate of temperature
rise during the reducing/activating step, total pres-
sure and hydrogen partial pressure, and reactor type.

Thus, the activation .procedure is not depen-
dent on the particular support or particular structural
promoter employed, and this invention is applicable to
the use of any support or structural promoter generally
used in the preparation of hydrocarbon synthesis
catalysts. For example, inorganic oxides, particularly
difficultly reducible, inorganic oxides selected from
the metals of Groups III-VI of the Periodic Chart of
the Elements are often used as supports for hydrocarbeon
synthesis cétalysts, and they may be used in the method
of this invention. Additionally, structural promoters
employed in the preparation of catalysts by micelle
technology wherein the structural promoter may be
similar to materials used as supports but act instead
as.providing a structure for the catalytic metal (the
catalytic metal and the material being composited as an

| aggregate rather than the material supporting the
catalytic metal). A detailed descrlptlon of micelles
is provided in the Encyclopedia of Science and Tech-
nology, 6th Ed., McGraw-Hill publisher, New York 1987,
and in Preparation of cCatalysts IV by Ravet et al,




£

vol ume of catalyst ranging fromat Least about 0.04 grans perEEﬁhﬁﬁﬂﬂ%Ehﬂ'SHEEl
centineter preferably fromabout 0.05 g/cc to about 0.25 g/dc | Cd[dIySI

One preferred nermmleétmsmegﬁabm cat al ysts, ei t her powder ed wtﬁEB 1997
gh

particle size up di scl osed in Preparation of&g
Sel ective and Abr I t Thick $hell Catalysts for -
geneously Catal yz i dat i on“Réactions, Amtz, D

and Prescher,
G, Preparation of Catalysts |V, Elsevier, Ansterdan1 The Netirertands,

p. 137-147 (1997). The catalyst after netal deposition, e.g.,

505-507, Delmon, Grange, Jacobs, and Poncelet Eds.,
Elsevier, 1987.

DESCRIPTION OF THE DRAWINGS

Figure 1 is a plot of percent H20 in the exit
gas v. time for two different hydrogen reduction flow
rates at 450°C, 100 psig for Catalyst A.

Figure 2a is a plot of relative catalyst
activity at 200°C v. maximum water partial pressure in
' atmospheres, for reduction in hydrogen with temperature

ramped from ambient to ‘a maximum of 450°C for Catalyst
A, _

Figure 2b is also a plet of relative catalyst
activity at 190°C v. maximum water partial pressure but
concentrates on partial pressures up to 3 atmospheres,
for Catalyst B, reduced in hydrogen with temperatures
ramped from ambient to a maximum of 370-400°C.

Figure 3 is a plot of relative catalyst
activity v. maximum reduction temperature for Catalysts
A and B. XPS signal ratio for Catalyst B v. maximum
reduction temperature is also shown. Water partial
pressure was less than 0.24 atm during these tests.

Figure 4 shows a derivative curve calculated
for thermogravimetric analysis data using a Savitsky-
Golay procedure.

DETAILED DESCRIPTION OF INVENTION

Hydrocarbon S?nthesis catalysts are generally
prepared by depositing a catalytic metal, usually

THIS SHEET HAS BEEN
REPLACED




i nmpregnation dried by heating at a tenperature abovs E@g
30[err]C, prgthaﬁry_BETﬁEEH—gUferr]C and 125[err]C, in the

ni t rogen,
Subsequent to d
form and

gas stream or t

Y

CEMENT SHEET

oxy g&hs SHestdlaoBRRARepMcei T, IN @ gas streamor undef pacuum
[l or netals may be converted toftphe{&FEB 1997
t hen ’wmed with_a éﬁy_glrogen or hydrogen | cpntai ning
e ne “metals may be reduced/activatpd arrectrty

and the oxide formation is elimnated. Preferably, however the

cat al yst

is. activated by reduction fromthe oxide form Conversion ““to

the oxide takeaiR,aedm & lsudic AN OXAUGBoLONt & NGNY aSt BeFPHuIL1y

t enper at ures above .about 150 [err]C, preferably I N

t he range

150- 550[ er r FEAUSHALE  RAHSab| AAOMIRALF 06t dpy | @sually by contact-

ing the support by any of a number of known methods,
with a salt of cobalt. During the contacting step thé

cobalt salt is impregnated onto the support. After
| impregnation, the supported catalyst precursor is dried
to eliminate 'any excess solvent, that is, water by
virtue of using water soluble salts, or hydrocarbon
solvent by virtue of using hydrocarbon soluble com-
pounds. Drying can bé accomplished with mild heating,
up to about 125°C in the presence of flowing gas
containing oxygen or hydrogen, either being optionally
diluted with an inert gas. When the drying gas con-
tains hydrogen, reduction does not occur at normal
drying temperatures and at the worst any rgduction_that
does occur will be insubstantial.

In some instances drying and reducing/
éctivating are accomplished in a single step by simply
raising the temperature when drying is substantially
complete. Nevertheless, at the onset of reduction,
whether one step drying/reducing or two step drying and
reducing is employed the catalyst precursor comprises a
reducible cobalt compound that forms water during
reduction of the precursor with hydrogen. A preferred
reducible cobalt compound is the oxide which is pre-
pared by treating the cobalt salt with an oxygen
containing gas, e.g., air, at temperatures of about
150°C to about 550°C for a pericd sufficient to convert -
all or substantially all of the salt to the oxide.

Since the factors determining water partial
pressure during reducing/activating do not include the
nature of the support, this invention is applicable,
.generally, to any of the known catalyst supports.

TH1S SHEET HAS BEEN
REPLACED



- 13- Reduction/activation of the catalyst

hydr ogen or a hydrogen containing gas stream at tenperaturehkﬁﬁhxl SHﬁEI
250[ err] C, preferably from about 250[err]C to about -550[ err]{C,f and nore

preferably from about 275[err]C to about 425[err]C, for pegrijod 997
fromabout 0.5 to about 24 hours and at pressures : §3F@®g. J

_6-

~

Nevertheless, the support itself should be free of
water or water precursors to the extent that when
heated the support generates essentially no water
vapor. Typical supports include the oxides of metals
of Groups IIIA, IIIB, 1IVB, VB, VIB, VIIIB,

thereof, and mixtures thereof with other metal

mixtures

oxides,
e.g., alkali, alkaline earth metal oxides or rare earth

metal oxides. Preferred 'supports are those of 1lower

 surface area, e.g., less than about 100 m2/gm, prefer-

ably less than about 75 m2/gm. Preferred materials are

the Group IVB metal oxides: zirconia, hafnia, and

' titania as well as lower surface area aluminas, silicas
and silica-aluminas. Particularly preferred are the
Group IVB oxides, specifically titania, or a support
containing at least about 50 wt% titania, more prefer-
ably at least about 80 wt% titania.

When employing titania or a titania contain-
ing support, the rutile:anatase ratio is at least 2:3
as determined by x-ray diffraction (ASTM D 3720-78).
Preferably, the rutile:anatase ratioc is at least about
3:2, more preferably at least about 4:1, an all rutile
titania is most preferred since high rutile content
titania provides a support wherein optional activity to

heavy hydrocarbons, e.q., Cip+, without significant gas
make, can be obtained.

The hydrocarbon synthesis catalyst is acti-
vated by reduction, which is carried out with hydrogen
or a hydrogen containing gas. The gas may be diluted
with an inert such as nitrogen, helium, or argon.
other materials often considered inert such as CO or
CO, are not inert at these conditions and may either be

hydrogenated or result in carbon formation on the
catalyst.




rangi ng from above anbi ent. to about 40 at nospheres.
maxi mum cat al y+e—aett+vity for—any particular cobalt contailn

depends on several _fact Siacea VE have already nentiong¢d t hat -
reduction tenmpergt YAl ot exceed about 550[err]C. Afid]tilch&EBy1997 he

water partial p L [ t he reduction step should phof_exceed about

5.01 bars (5 at referabl ¥ shoul d not exceed jpbout 2.

(2.7 atnospheres). React or vessels should be s

avoi d excessive buildup of water vapor. Thus, fluid beds are generally
preferred where

cat al yst partiCIes?h%q%g§¥é¥§ghceCoﬂiéhnkﬂgsrequékkégﬁif&é“ckg$§ the
found that the final temperature of the reduction has a
significant effect on the ultimate hydrocarbon synthe-
sis activity of the catalyst. 1In a preferred embodi-
‘ment of this invention, substantially complete reduc-
tion is effected at temperatures below about 550°C,
preferably from about 275°C to about 425°C and most
preferably, for maximizing catalytic activity, reduc-

tion is effected at temperatures ranging from 315°C to
. about 2375°C.

Temperature effects appear to be reversible,
whereas water partial pressure effects are ‘apparently:
irreversible. That is, incomplete reduction at rela-
tively low temperatures or over reductions at rela-
tively high temperatures, both of which lead to poor
catalytic activity, can be cured and catalyst activity
restored by, e.g., a 250°C air treat followed by a
satisfactory reduction step. Poor activity due to poor
control of the water partial pressure during reduction
cannot, however, be cured in this manner. The exact
mechanism affecting catalytic activity by virtue of
water partial pressures effects is unknown, neverthe-
less, the effect is clearly recognizable and can be
substantially eliminated by minimizing the water
partial pressure during reduction.

Reduction temperatures  above 550°C are
generally not employed for reducing cobalt compounds
beéause of déleterious effects on catalytic activity.
Additionally, increasing the reduction temperature has
the effect of either causing the cobalt to aggiomerate
or resulting in an-SMSI (strong metal-support inter-
action) effect which causes a support overlayer -to form
over the cobalt. In either case, the effective cobalt

THIS SHEET HAS BEEN
REPLACED




tors with high L/D ratios should be avoi ded. Total pressure
during the reduction/activa- tion step is preferably above :

F 1 A rat=S
(2 atnospheres) and nore preferably above about 5.01 bars (5]a&t é*Bﬁﬁ@H?SHEET
nore pre- ferably above about 8.11 bars (8 atnospheres). Total [pressure IS

usually simlar to the total pressure in a hydrocarbon synth s'S'W3a@§pﬁ§7
l.e., 8.11 - 101.32 bars (8 to 100 at nospgeres), preferably 310J13 - 40.5
bars (10-40 at nospheres). Water partial pressurg canbe
determined by. direct neasurenent with available analytical Hevices, such
as Drager tubes or suitable water analyzers nmanufactured for exanple Dy-
Manuf act ur er SUIEHARhaH8hls significantly reduced znd hydrocarbon

synthesis catalyst activity is deleteriously affected.
On the low end of the temperature scale, the cobalt
compound must be substantially reduced to obtain the

catalytically active form and thereby achieve reason-
able catalytic activity.

Referring to Figure 3, maximum reduction
temperature is plotted against relative catalyst
activity for catalyst B. Maximum activity increases

‘ sharply at reduction temperatures of about 260°C and is
likely due to overcoming the reducing thresholﬁ of the.
cobalt compound. Activity remains high and starts to
decrease at temperatures of about 400°C and more so
above about 425°C. These results were obtained at a
maximum water partial pressure of 0.24 atmospheres and,

therefore, represent maximum relative activity for this
particular catalyst.

The results for catalyst - A are alsc plotted
in Figure 3 and show a decrease in relative catalytic
activity at reduction temperatures above about 370°C.

| Also shown in Figure 3 is the XPS signal from
the catalyst ,surface._' As the reduction temperature
increases above about 370°C for Catalyst B, the cobalt
signal declines relative to the titania signal suggest-
ing either that the cobalt is agglomerating or that a
titania overlayer is beginning to form on the cobalt
crystallites (a typical SMSI phenomenon). Either
mechanism results in reducing the exposed metal surface

area which is the parameter directly responsible for
catalytic activity.
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Equiprent — Corp.,——VArrington, PA. , or by REPLACENﬁAo \yiﬁf

calculation. In calculating water partial pressure,
This Sheet Has Been Replaced
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The second and more important factor in the
reduction step which has a significant effect on the
ultimate activity of the catalyst is the maximum water
partial pressure. Water is formed by the reduction
reaction and can - build up to significant partial
pressures, depending on several factors. In accordance
with this invention, the maximum water partial pressure
is minimized to ensure optimum activity. Figure 2a
shows that water partial pressures during reduction of
Igreater than about 9 atmosphefes cause a low activity,
i.e., the curve becomes either flat or asymptotic at
relative activity levels of about 70. In order to
maintain high catalyst activity levels, water partial -
pressure should not exceed about 5 atmospheres. Stated
another way, water partial pressure levels during

 reduction should be maintained at levels that furnish

" at least about 75% of maximum relative catalyst
activity, preferably at least about 90% of maximum
‘relative activity. 1In this manner, regardless of the
maxinum catalyst activity, which occurs at water
partial pressures below about 1.5 atmospheres, the
maximum water partial pressure that allows a certain
level of catalyst activity can be predetermined.

The catalyst of this invention is useful in
hydrocarbon synthesis reactions, that is, the catalytic
conversion of synthesis gas, hydrogen and carbon

~monoxide, ¢to higher hydrocarbons, preferably C5+-
hydrocarbons.' The hydrocarbon synthesis process is
carried out at temperatures of about '160°C to 325°C,
preferably 190°C to 260°C, pressures of 5 atm to 100
atm (which also covers the activation pressures),
preferably about 10-40 atm and gas hourly space velo-
cities of 100 V/hr/V to 5000 V/hr/V, preferably 300
v/hr/V to 1500 V/hr/V. The stoichiometric ratio of

THIS SHEET HAS BEEN
REPLACED




the factors that affect water parti al pressmﬂleslﬁé’tﬁasBeeﬁRleam‘de
hydr ogen and wat er concentrations in the red

e.g., space velocity; reactor type; rate of q re S
ranp schedul e; netal conpound concentrati on.

water vapor partial pressure can be nmade by nmeans of a nDde
first consideration is the material Ball&nce for water vapor,

given (or predeterm ned) volune elenment of a reactor for a gi ]
predetermned) tinme period is expressed as (nmoles H20 flowing into the

{Powt ng. out FEREPHER | BPUEABP R RO R IR it e SERERES hEcdsPn the vol ume
el enent). about 2.1/1 for the production of higher hydrocarbons.

However, Hy/CO ratios of 1/1 to about 4/1, preferably

about 1.5/1 to about 2.5/1, more preferably about 1.8/1

to 2.2/1 can be employed. These reaction conditions

are well known and particular reaction conditions will

be determined easily by those skilled in the art.

Also; the reaction may occur in any type reactor, e.g.,

fixed bed, fluidized bed, slurry bubble column, etc.

. g., the
i 1at1i3)ﬂ'EBf1997

Erein the

The catalysts employed in the practice of
this invention may be érepared by techniques known in
the art for the preparation of hydrocarbon synthesis
catalysts. The catalyst can, e.g., be prepared by
gellation, or cogellation techniques. Suitably however
the metals can be deposited on a previously pilled,
pelleted, beaded, extruded, or sieved support material
by the impregnation method. ' In preparing catalysts,
the metals are deposited from soclution on the support
in preselected amounts to provide the desired absolute
amounts, and weight ratio of the metal or metals being
deposited.  Suitably, cobalt by itself or with a
promoter are composited with the support by contacting
the support with a solution of a cobalt-containing
compound, or salt, or a promoter-containing compound,
or salt. Optionally, the cobalt and promoter can be
co-impregnated upon the support. The cobalt and
promoter compounds used in the impregnation can be any
organometallic or inorganic compounds which when
reduced in hydrogen form water or which can be con-
verted to the corresponding oxide, which when reduced
in hydrogen forms water., such as a cobalt or promoter,
nitrate, acetate, acetylacetonate, naphthenate, or the
like. The nitrate is preferred for cobalt. The amount
of impregnation solution used should be sufficient to

THIS SHEET HAS BEEN
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The material bal ance expression is easily formul ated and SOIVREPLACEWﬁﬁﬂ‘SHFET
particul ar reaction vessel being used. Thi s i nvent|i g fTocuses—o

the nol es of water produced by reduction in the vol une el enerjt

p
ti me.. For exanple, a hydrocarbon synthesis catal yst precurson g¢o e{ﬁtﬂi‘w"’
cobalt oxide on a rutile titania suppoi;, gives rise to the flollew-n .
ki neti c expres- sions to describe the te at which water is produced I n
gram nol es/ m nute/ cc vol une of reactor: [err]

coﬁpletely immerse the carrier, usually within the
range from about 1 to 20 times of the carrier by
volune, depending on the metal, or metals concentration
in the impregnation solution. The impregnation treat-
ment can be carried out under a wide range of condi-
tions including ambient or elevated temperatures.

Promoter materials, such as rhenium, cerium,
hafnium, and uranium can be included in the catalyst.
Usually, these materials are present in a weight ratio
to cobalt of at least about 0.05:1, preferably at least
about 0.1:1 and may range from about 0.1:1 to-1:1, but
the promoter is usually present in an amount less than-
the cobalt. Rhenium is a particularly preferred
promoter and may- be deposited-onto the support as
perrhenic acid. The amount of cobalt employed is at’
least that which is cataiytically effective, e.g., at
least about 2 wt%. However, cobalt concentrations may
range from about 2-35 wt%, preferably 5-25 wt%.

The cobalt and promoter, e.g., rhenium,. may
be added serially although it is preferred to have the
rhenium on the support before the cobalt is calcined.

Or the metals may be simutaneously deposited onto the
support.

In a preferred method for preparing the

catalyst, cobalt or cobalt and one or more additional
metals is deposited as a catalytically active layer,
upon the peripheral or outside layer of a particulate
porous inorganic oxide support by contacting the
support and impregnating it with a ligquid, suitably a
suspension or solution, of a compound of said metal, or-
metals, while the support particles are in a fluidized
bed maintained at a temperature above about 50°C,
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I n which [err]cat is the catalyst bulk density, gnicc
wei ght fraction cobalt on dried, oxi di zed cat al yst

-12-

preferably at a temperature ranging from about 50°C to
about 100°C, and more preferably from about 70°C to
about 90°C. The catalytically active surface layef,
ranges in average thickness from about 10 microns to
about 250 microns, preferably from about 20 microns 'to
about 200 microns, with <the loading of the ‘cobalt _
expressed as the weight metallic cobalt per packed bulk -
volume of catalyst ranging from at least about 0.04:
grams per cubic centimeter preferably from about. .0.05
g/cc to about 0.25 g/éc catalyst.

One preferred method for preparing catalysts,
either powdered or with particle size up to 3 or 4 mm
is disclosed in Preparation of Highly Selective and
Abrasion-Consistant Thick Shell catalysts for Hetero-
geneously Catalyzed Exothermic Oxidation Reactions,
Arntz, D. and Prescher, G., Preparation of Catalysts

IV, Elsevier, Amsterdam, The Netherlands, p. 137-147
(1987). '

The catalyst, after metal deposition, =2.9.,
impregnatioﬁ, is dried by heating aﬁ_ a temperature
above about 30°C, preferably between 30°C and 125°'C, in
the presence of nitrogen, oxygen, hydrogen, or air, in
a gas stream or under vacuum. Subsequent to drying the
metal or metals may be converted to the oxide form and
then reduced/activated with a hydrogen or hydrogen
containing gas stream or the metal or metals may be
reduced/activated directly and the oxide formation is
eliminated. Preferably, however, the catalyst is.
activated by reduction from the oxide form. Conversion
to the oxide takes place in air or an oxygen containing
stream at temperatures above about 150°C, preferably in

the range 150-550°C, more preferably about: 150 to
300°C. o
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- 15 d(v)1 is the reduction rate of Co[err]Jerr] to C

d(y)2 is the reduction rate of CoOto nmetallic dt cobaleﬁBLACENﬁmHhSHEET

i ndi vi BhisShest B es can be further expressed for the rgdpction of
e i e

vV

Rvdmeanan
"‘-—-“"-—-—..____-—M

Reduction/activation of the catalyst is
effected in hydrogen or a hydrogen containing gas
- stream at temperatures above about 250°C, preferably

from about 250°C to about 550°'C, and more preferably
from about 275°C to about 425°'C, for periods ranging
from about 0.5 to about 24 hours and at pressures

ranging from above ambient to about 40 atmospheres.

Achieving maximum catalytic activity for any
particular cobalt containing catalyst depends on
several factors. We have already mentioned that
reduction temperatures should not exceed about 550°C.
Additionally, the water partial pressure during the
reduction step should not exceed about 5 atmoséheres
and preferably should not exceed about 2.7 a;mospheres.

Reactor vessels should be selected that avoid
_excessive buildup of water vapor. Thus, fluid beds are
generally preferred where the hydrogen containing
reducing gas fluidizes the catalyst particles. Reac-
tors with high L/D ratios should be avoided.

Total pressure during the reduction/activa-
tion step ié preferably above about 2 atmospheres. and
more preferably above about 5 atmospheres, more prefer-
ably above about 8 atmospheres. Total pressure is
usually similar to the total pressure in a hydrocarbon
synthesis reactor, i.e., about 8 tp 100 atmospheres,
preferably about 10-40 atmospheres.

Water partial pressure can be determined by
direct measurement with available analytical devices,
such as Drager tubes or suitable water analyzers
manufactured for example by Manufacturers Engineering
and Equipment Corp., Warrington, PA., or by
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calculation. In calculating water partial pressure,
the factors that affect water partial pressure are:
total pressure; hydrogen and water concentrations ‘in
the reducing gas; total gas rate, e.g., space velocity;
reactor type: rate of temperature increase, e.g., the
ramp schedule; metal compound concentration.

Determination of water vapor partial pressure
can be made by means of a model wherein the first
consideration is the material balance for water vapor,

which for any given (or predetermined) volume element"

of a reactor for a given (or predetermined) time period
is expressed as (moles H20 flowing into the volunme
element) + (moles water produced by reduction) = (moles

water flowing out of the volume element) + (moles water
accumulated in the velume element). |

The material balance expression is easily
formulated and solved for the particular reaction

‘vessel being used.

This invention focuses on the moles of water
produced by reduction in the volume element per unit
time. For example, a hydrocarboﬁ synthesis catalyst
precursor containing cobalt oxide on a rutile titania

support, gives rise to the following kinetic expres-

sions to describe the rate at which water is produced
in gram moles/minute/cc volume of reactor:

(r ) (Co) (4) d(y) . a(y)
e ey ¢ (0029 bt 075 2 )

in which
pcat 1s the catalyst bulk density, gm/cc

Co 1is the weight fréction cobalt on dried,
oxidized catalyst



F(Y[err]) is the effect of extent of reduction on the

reduction rate F(T[err]) is the effect of tenperature on{REP} ACEKEN —
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d(y)1 1is the reduction rate of Co304 to CoO
dt

d(vy)s is the reduction rate of CoO to metallic
dt cobalt

The individual reaction rates can be further
expressed for the reduction of Co304 to CoO:

4y) = (A1) (F(Y¥1)) (F(T1)) (F(Pg2)) (F(Puy0))

0

and F(y;) = v, %%(-v)t0

0.3849

1) 1

F(Ty) = EXP (~(13735/R)(1/T -~ 1/573.1))
F(Py20) =1/1+3.803 (PH,0) (EXP(4968/R) (1/T-1/573.1))
wherein Y3 is the fraction Co304 reduced

t is the reduction time in minutes

A1 is the pre-exponential for reaction (1) for
a 12.15% Co catalyst and equals 0.62

F(Y1) is the effect of extent of reduction on the
. reduction rate

F(T1) is the effect of temperature on the
. reduction rate

T is the absolute témperature in °*K
R is the gas constant, 1.987 .
F(PHz) is the effect of hydrogen partial pressure
on reduction rate and is the hydrogen

partial pressure in atm

F(PH20) is the effect of water partial pressure on
the reduction rate

Now, for the reaction CoO to metallic cobalt
the kinetic expression is

1(Ys) _ :
dt = A2 (F(¥2)) (F(T2)) (F(PH2)) (F(PH20)
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is the fraction of metallic cobalt that has
formed;

Ay is the pre-exponential factor for the
12.15% catalyst and is 0.13

F(Y2) is the effect of the extent of formation of
metallic cobalt on the formation rate
and is (¥2)+7 (¥Y1-¥3)2-9/0.2133

F(T2) is the effect of temperature on the
reduction rate and is

EXP ( (-18355/R) (1/T-1/573.1) )
T and R are as previously described

F(Pg2) is the effect of hydrogen partial pressure
on the reduction rate and is the
hydrogen partial pressure in atm

F(PH20) is the effect of water partial pressure on
the reduction rate and is

1-PH-0/(14.344) (PH P_(1086/T
1+3.803 (PH20) (EXP(4968/R) (1/T-1/573.1))

and t2 is the reduction time in minutes

These rate expressions were developed with
titania supported catalysts using thermogravimetric
analysis techniqﬁes, and similar expressions were
developed for alumina supported catalysts.

The kinetic model for the cobalt activation
was developed from thermogravimetric analysis (TGA)
data in which weights of the catalyst were measured
periodically during reductions carried out at constant
temperature. These weight data were then differentiat- -
ed to obtain the rate of weight loss with time which is
related to the reduction rate. Such isothermal data
were obtained over a range of temperatures and reducing
gas compositions (hydrogen, argon, and water vapor) to
obtain measures of the effects of these variables on
the reduction rate. interpretation of the TGA data to
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develcp the reduction model followed principles
proposed by Brown and Galwey (Brown, Michael E., and
Andrew K. Galwey). "Arrhenius Parameters for Solid-
state Reactions from Isothermal Rate-Time Curves."

Analytical Chemistry, Vol. 61, No. 10, May 15, 1989,
pp. 1136-1139).

In a typical TGa expefiment, approximately
0.1 mg of the titania-supported cobalt catalyst was
charged to the balance pan of a Mettler Mocdel TA-1
balance. Under a flow of 10 1liters/minute of de-
oxygenated argon, the sample was heated to 500°C and
held at this temperature until constant weight was -
‘achieved to remove adsorbed moisture. The temperature
was then lowered to a base temperature of 50°C to
obtain the weight loss by dryihg. Next, the sample was
reheated in argon to the temperature at which the
reduction experimeﬂt was to be conducted. At this
temperature, reducing gas of the desired composition
was introduced and the argon flow stopped.. The reduc-
ing cycle was continued until constant weight was
achieved, after which temperature was again lowered to
the base temperature to determine the exact weight loss
due to reduction that had occurred. <To validate the
. experiment by assuring that no material had been blown
from the balance pan, the weight of the catalyst after

re-oxidation at 500°C was compared with the original
weight of the dried catalyst. )

The weight data from the TGA experiment were °
downloaded to a spreadsheet  program in which the
derivative, or rate, data were calculated using the
numerical techniques developed by Savitzky and Golay
(Savitzky, Abraham and Marcel J. E. Golay. "Smoothing
and Differentiation of Data by Simplified Least Squares




T and R are as previously descrlbed F(PH err]) is the ef
hydrogen partial pressure

on the reduction raf{RE
hydrogen partial pressure in atn1 F(PH err]O is the effgc 'R@@CE EJ: SHEET
partial pressure on the reduction rate and is
1-PH err] O (14. 344) (PH err]) (EXP (1086/T))

1+3. 803(PH[err]C»(EXP(4968/R)(1/T 1/573.38) = and t2 is f du
time in mnutes These rate expressions were developed W t

Procedures." Analytical CHemistry, Vol. 36, No. 8,
July 1964, pp. 1627-1639). The derivative curve

calculated from the TGA data using the Savitzky-Golay
procedure is shown in Figure 4.

The derivative curve in Figure 4 clearly
shows two reduction peaks. The first corresponds to .
the reduction of Co304 to CoO while the second corre-
sponds to the reduction of CoO to metallic cobalt. The
dual peaks suggest that consecutive reactions are
occurring and that +the first reaction is nearly. com-
plete before the second reaction bégins. The valley
between the two peaks occurred after about one-fourth
of the weight loss occurred, which also substantiates
the cencept of sequential reduction reactions. When
reduction c¢onditions of time and temperature were
severe enough, the wveight lost'in the reduction agreed

well with that expected if all of the - Co304 were
reduced to metallic cobalt. '

Using the concepts of Brown and ,Galwéy to
interpret the nature of the reduction kinetics, the
symmetry of each of the curves signals a sigmoid
kinetic model rather than a deceleratory model. For a
sigmoid kinetic model, the effect of the extent of
reduction on the reduction rate can  be represented
mathematically by the following form: ' '

va * (1 - y)b
F(¥Y) = (a/(a+b))2 (b/(at+b))b

The coefficients a and b are chosen to fit the shape of
the reduction curves, and the denominator normalizes
the F(y) expression so that its values range between 0

and 1. The values at the peaks of the derivative
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carried out at constant tenperature. Fage wei ght data were tjhen
differentiat- ed to obtain the rate of weight loss with tine 'S _

related to the reduction rate. Such isothermal data were dhtailed over a
range of tenperatures and reducing gas conpositions (hydrogen, argon, and
wat er vapor ) Cusvest ARnFASNSS e$ @re radartienal t kes&heariddlsl esomr t he

reduction raggantknieeipr e¢hat | et tdfudiFonlat@act@ons and can be
correlated directly with the independent variables of

temperature and reducing gas composition to develop the
reduction model.

To summarize the procedure of developing such
a reduction model, then, the following steps are used:

1) Obtain isothermal reduction rate data by TGA for
the range of temperatures, pressures, and reducing

gas compositions of interest and calculate the
derivative curves

~ 2)- From the shapes of the derivative curves, select
either the sigmoid or the decelaratory model as

being more appropriate, and £it the appropriate
mathematical form to the peaks

3) Correlate the maximum of the derivative curves
with the independent operating variables to obtain
a mathematical relationship for their effects.

4) These factors, combined with the stoichiometry of
the reaction, can then be combined to obtain a
comprehensive model of the reduction process.

The procedures described herein can be used, and
‘modified as may be necessary, to determining water
partial pressure effects for supports other than
titania and reductions where water will be formed
from the compound being reduced.

The following examples serve to illﬁstrate
this invention. '
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Two Co-Re-TiO2 catalysts Wwere prepared by
impregnating an aqueous solution of cobalt nitrate and
perrhenic acid onto titania extrudates. The extrudates
contained about 3.5% alumina binder. Final calcination
to decompose the nitrate salt was done in forced air
ovens at 250°C. Catalyst extrudates were then ground

and sized to 60-150 mesh for the activity tests and -
60-100 mesh for the thermogravimetric (TGA) tests. The.

two catalysts differed in metal locading, as follows:

wt% Co Wt% Re
Catalyst A 6.85 0.64
Catalyst B 12.15 : 1.23

The higher cobalt loadihg was deposited in two
impregnation/calcination steps.

Catalyst tests were made in a small fixed bed
reactor. A 1.2 cc (1.36 g) charge of catalyst was
diluted with 1.2 cc of titania (also 60-150 mesh) and
tested in a reactor with a 0.245 inch ID. The reactor
was heated in an infrared furnace which permitted rapid
changes in temperature. "Reductions were performed with
pure hydrogen metered with a Brboks flow controller.

Gas hourly space velocities refer ¢to the flow rate.

measured at the back-end of the unit with a bubble
tube. Activity'data, shown in Tables 1 and 2, corre-
spond to performance at 18-22 hours on feed at 280 psig
with a 64H2-32C0-4Ne feed composition. Run temperature

was 200°C for Catalyst A and 190°C for Catalyst B. The

rate constant k shown in the tables' is calculated from
the following equation:

k = (GHSV/P) 1ln {1/(1-X))
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fraction CO conversion

Water was added during reduction via a metal saturator '
or a Ruska pump. Levels shown in Tables 1 and 2
correspond to calculated values. Direct measurement by
Drager tube was unsuccessful because of condensation in
the exit line during water addition.

Water concentration in the exit gas during-
reduction was not routinely measured. ' However,
measurements were made in one side-by-side comparison
of the effect of flow rate alone. As shown in Figure
1, quite different concentration vs. time curves were
observed for 750 vs. 15,000 GHSV at 100 psig reduction
pressure. Water was removed much more slowly with the
lower flow rate. The high flow case is 67% more active
than the low flow case (see Table I). Other data in
Tables I and II confirm that reductions at elevated
pressure  and low flow show cohsistently lower activity.
Data also indicate that this activity debit cannot be
eliminated by .air regeneration. ~Water added after
reduction does not appear to be as harmful. Either dry

hydrogen or an air regeneration reverse the effect of
post-reduction water.

Results from Tables I and Ii, taken under
conditions where water buildup was low, are illustrated
graphically in Figure 3. A maximum in activity occurs
after reduction at about 370°C. Higher temperature
reductions are especially poor. XPS results are

included in Figure 3. The ratio of the cobalt metal

i “SHEET HAS BEBN
‘ s REPLACED




~tenperature, reducing gas of the desired conposition was i
the argon flow stopped. The reduc- ing cycle was continued

constant wei ght -Masnachi@igGhepiadher Which tenperature was again 15\!@8319,
to the base tenpera ne the exact weight |oss du 0 reductlon
t hat had occurred. lmm Hﬂthe ‘experinment by assuring e
mat eri al had been bala Pan, the wei ght of % '

after re-oxidation at 500[err]C was conpared with the origina
the dried catalyst.

melght 0
The weight data fromthe TGA experiment

fare, dara aBreneiey OISRt BT ol ElckiRe SR it ]
Th

rical techni ques devel oped by
e negative effect of high

temperature reduction appears reversible. Applicaticn
of a 250°C air treat to a 550°C reduced sample réstores
high activity. This point is noted as the "X" on
Figure 3. XPS data indicate <that the 1low activity
encountered with reductions below about 315°C is due to
incomplete reduction of the cobalt oxide.

Savi t zky andh€olamivity curves.

The kinetics of cobalt reduction on titania
supported catalysts were developed from experiments in
which the rate of weight 1loss during reduction was
measured by thermogravimetric analysis (TGA). Kinetics
for other supports can be determined by similar
analyses. A Mettler Model TA-1 balance and the
omnitherm software data-handling package were used to
make .the kinetic measurements. = The average particle
size for the catalysts was 50 mnicrons, and material
smaller than 44 microns was removed by screening to
minimize the error due to fines being blown from the

sample holder. The range of conditions covered in the
-kinetic study were as follows:

Temperature, °C 275 - 400
Total Pressure, Atm 1.0
Hydrogen Partial Pressure, Atm 0.19 - 1.0
Water Partial Pressure, Atm 0.0 - 0.29
Gas Flow Rate, L/Minute 5.0 - 10.0°
Catalyst Cobalt Content, % 2.5 - 14.0

The reduction of the cobalt oxide to metallic
cobalt was found to occur in two sequential steps. In
the first step, Co304 was reduced to CoC; in the second
step, CoO was reduced to metallic cobalt. For each of
the two steps, the reduction rate was autocatalytic in
nature, i.e., the initial rate was low, then increased
as reduction took place to a maximum value before

THIS SHECT HAS BEEN
REPLACED




(Savitzky, Abraham and Marcel J. E. Col ay. "Snoot hi ng and
Differentiation of Data by Sinplified Least Squares
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falling off again as reduction for that step neared
completion. The reduction rate increased with tempera-
ture, was first order in both hydrogen partial pressure
and in the initial cobalt content of the catalyst, and
was inhibited'by the presence of water vapor. Large
amounts of water vapor could also cause an gquilibrium .
limitation of the second reaction.
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CLAIMS:

1. A method for preparing a cobalt contain-
ing hydrocarbon synthesis catalyst comprising

(a) preparing a catalyst precursor containing a
reducible cobalt compound capable of producing water
when treated with hydrogen at reducing conditions,

(b) substantially reducing the cobalt compound at

elevated pressures and temperatures with a hydrogen
containing gas, and

(¢) maintaining the water partial pressure during
step (b) below about 5 atmospheres.

2. The method of clainm 1:wherein the' total
pressure during step (b) is above about 5 atmospheres.

3. The method of claim 1 wherein the tem-
perature during step (b) is below about 550°C.

4. The method of claim 1 wherein the cobalt
compound is cobalt oxide.

_ 5. The method of claim 1 wherein the rela-
tive activity of the catalyst is at least about 75% of
the maximum attainable catalyst. activity for a
particular catalet composition.

6. The method of claim 1 wherein the cobalt
is supported. .

* [ L L] S *



1) Obtain isothernmal reduction rate data by TGA for F&ﬁ&f&j@ﬁ@ﬁfbﬁﬁﬁﬁf
tenper at ures, pressures, and reduci ng gas conpositiong Ht-etest—army
cal cul ate the derivative curves 2)- Fromthe shapeg ¢f hﬁ?ﬁﬁ 97
derivative curves, select either the signoid or the degel t 37

nodel as belng nor e approprlate and ;It t he appropri gteg

mat hematical formto the peaks corréPale the maxinuth of the
derivative curves with the |ndependent operating vari

a mathematical relationship for their effects.

7. The method of claim 6 wherein the support
is selected from the oxides of Groups IIIA, IIIB, IVB,

VB, VIB, VIIIB, and mixtures thereof.

8. The method of claim 7 wherein the support

surface area is less than 100 m2/g.

9. The method of claim 6 wherein the support

is a Group IVB metal oxide.

10. The method of claim 9 wherein the

support is titania.

WA




4) These factors, conbined with the stoichionetry of ol
can then be combined to obtain a " conprehensive nodel pREEN
process. * The procedures described herein can be usédF~ahc
nodi fied as may be necessary, to determ ning water pant iial
effects for supports other than titania and reductiong w
w il be forned fromthe conpound bei ng reduced.
fol | o ng exanples serve to illustrate o4his invention.

METHOD FOR PREPARING COBALT-CONTAINING
HYDROCARBON SYNTHESIS CATALYST

ABSTRACT

The activity .of "supported cobalt catalysts for
hydrocarbon synthesis is maximized by carfying out the
reduction at conditions that keep both the partial pressure
of water vapor and the maximum reduction temperature below
critical maximum wvalues. For titania supported cobalt
. catalysts, the preferred maximum water partié.l pressure is
one atmosphere and the preferred maximum reduction

temperature is 375°C.



- 20 - Two Co-Re-Ti 2 cat al ysts were prepared by inpregnating
an aqueous solution of cobalt nitrate and. perrhenic acid ontg _titania
extrudates. The extrudates
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cont ai ned about 3. 5% al um na bi nder.
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Catal yst tests were nade in a small fixed bed reactor. A 1.2 GC {1 66._g)
charge of catalyst was diluted with 1.2 cc of titania (al so{p@|
and tested in a reactor with a 0.245 inch ID. The reactor W
infrared furnace which permtted rapid changes in tenperatu
were perfornmed with pure hydrogen nmetered with a Brooks flo
Gas hourly space velocities refer to the flow rate neasured 1l )
of the unit with a bubble tube. Activity3adata, shown in Tablfes 1 and 2
corre- spond to performance at 18-22 hours on feed at 280 psi
64H2- 32CO- 4Ne feed conposition. Run tenperature was 200 C for Catal yst A
and 190[err]C for Catalyst B. The rate constant k shown inthe tables is
calculated fromthe foll ow ng equatlon

(XPS)
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P = pressure in atm= 20 X = fraction CO conver
added during reduction via a netal saturator or a Ruska -[J#
inh Tables 1 and 2 correspond to cal cul ated val ues. Direct

.IKQMM'f N
Easur enen

X7 MAR 999

exit gas duri

during water addition. WAt er -.cg@neentration in

- reduction was not routinely nmeasur ed. However , TSt S

made in one side-by-side conparison of the effect of flo rate al one. As

shown in. Figure 1, quite different concentration vs. tine CUIVES Were
505-507, Delmon, Grange, Jacobs, and Poncelet Eds.,

Elsevier, 1987.

DESCRIPTION OF THE DRAWINGS

Figure 1 is a .plot of percent H30 in the exit
gas v. time for two different hydrogen reduction flow
| raﬁes at 450‘C,' 6.89 bars (100 psig) for Catalyst A.

Figure 22 is a plot of relative catalyst
activity at 200°C v. maximum water partial pressure in
atmospheres, for reduction in hydrogen with temperature

ramped from ambient to a maximum of 450°C for Catalyst
A

Figure Zb is also a plét of relative catalyst
activity at 190°C v. maximum water partial pressure but
concentrates on partial pressures up to 3 atmospheres,
fcr-éatalyst.B, reduced in hydrogen with temperatures
ramped from ambient to a ﬁaximum of 370~-400°C.

Figure 3 is a plot of relative catalyst
activity v. maximum reduction temperature for Catalysts
A and B. XPS signal ratio for catalyst B v. maximum
reduction temperature is also shown. Water partial
pressufe Qas less than 0.24 bars(0.24 atm) during these tests.

Figure 4 shows a derivative curve calculated
for thermogravimetric analysis data using a Savitsky-
Golay procedure. ' ' '

S ON O 0

Hydrocarbon sfnthesis catalysts are generally
prepared by depositing a catalytic metal, usually



observed for 750 vs. 15,000 GHSV at 6.89 bars (100 psig) r (eRELACERE ,JSHEET
pressure. Water was renoved nuch nore slowly with the | owe | ow rate. _The
high flow case is 67% nore active than the low flow case {sée 2TAMAR 1979
QO her data in Tables | and Il confirmthat reductions at ¢l ¢vated pressur
and | ow fl ow show consistently |ower att3vity. Data al so i dicate that

this activity debit cannot be elimnated by air regeneraiion MAL oL

added after reduction does not appear to be as harnful. ‘Either dry :
hydrogen or an air regeneration reverse the effect of post-reduction water.

Resul ts frofi®Rii%es YFHhR | ISRETARNR (FRRPOTEondPr Fons 3nh &k Stsle18ui | dup
was | ow, arerdddgiile) egsbrguaphinstdynio &kgaes Bsud VIpXispiadntardd-i vity

occurs ing the support by any of a2 number <of knewn methads,
with a salt of cabalt. Ouring the cantacting step the
cabalt salt is impregnated gnte the suppart. After
impreqnat;an;,tne supparted catalyst precursor is dried
to elimimate ~ any excess saolvent, that is, water by
virtue of using water soluble salts, or hydrocarben
solvent by ,vi#fue of using hydraocarbon soluble com-
pounds. Drying can be accamplished with mild heating,
up te abouwt 125°C in the presence of flowing gas
containing oxygen cr hydrogen, either being opticnall
diluted{yitn an inert gas. When the drying gas con-
tains hydrogen, reduction daes not cccur at normal
drying temperatures and at the worst any. reducticen that
does occur will be insubstantial.

In some instances drying and  reducing/
activating are accomplished in a single step by simply
raising the temperature when drying is substantially -
complete. Nevertheless, at the cnset of reductioen,
whether one étep drying/reducing or two step drying and
reducing is employed the catalyst precursqer camprises a
reducible c¢obalt compound that forms water during

' reduction of the pfecursor with hydrogen. A preferred
reducible cobalt compound is the oxide which is pre-
‘pared by treating the cobalt salt with an cxygeﬁ
containing gas, e.g., air, at temperatures of Lﬁcﬂi

to 550°C for a period sufficient to convert all or substantially all
of the salt to the oxide.

Since the factors determining water partial
pressure during reducing/activating do not include the
nature of the support, this invention is 2aPPlicable,
generally, to any qf the Kknown catalyst suppqrts,_



“after reduction at about 370[err]C H gher tenperaturge

are_ especially poor. XPs results are included in AR
ratio of the cobalt netal : ' '

intensity to the Ti intensity shows a curve shaped |ike
M - 7 -

| .

In accordance with this invention, we have
found that the final temperature of the reduction has a
significant effect on the ultimate hydrccarbon synthe-
sis activity of the catalyst. In a preferred embadi-
ment of this invention, substantially complete reduc-
tion is egfec':'ted at temperatures below 550°C, preferably

from 275°C to 425°C. and most preferabiy, for maximizing catalytic

activity, reduction is effected at temperatures ranging from 315°C to
375°C.

Temperature effects appear to be reversible,
whereas Qéter partial pressﬁre effects are apparently
irreversible. That is, incomplete reduction at rela-
tively low temperatures or over reductions ‘at rela-
tively high temperatures, both of which lead to poor
catalytic activity, can be cured and catalyst activity
restored by, e.g., a 250°C air treat followed by a
satisfactory reduction step. Poor activity due to poor

- control of the water partial pressure during reduction
cannot, howe%er, be cured in this manner. The exact
mechanism affecting catalytic activity by virtue of
water partial pressures effects is unknown, neverthe-
less, the effect is clearly recognizable and can be
substantially eliminated by minimizing the water

partial pressure during reduction.

Reduction temperatures above 550°C are
generally not employed for reducing cobalt compounds
because of deleterious effects'on catalytic activity.
Additionally, increasing the reduction temperature has
the effect of either causing the cobalt to agglomerate
or resulting in an.SMSI (strong metal-support inter-
action) effect which causes a support overlayer to form
over the cobalt. In either case, the effective cobalt



the activity curves. The negative effect of high te 'ﬁ"%w»i

appears reversible. Application of a 250[err]C air treat |t ni hebgé
reduced sanple restores high activity. This point is X"
on Figure 3. - XPS data indicate that the low activity én¢ountered wthi
reducti ons bel ow about 315[err]C is doe8to i nconpl ete redudtion of the
cobal t oxi de. The kinetics of cobalt reducti oniQButideiigu

supported catal ysts were devel oped from experinments in which the rate of
wei ght | oss duging reduction_was .neasured. b thengng vigearlc agalys S
(TGA) . Ki nettEE2F6r2TBRnaP §&ﬁ8&rﬁ§a ned¥YSpY<2F8PHi 1ar
anal yses. _Qvnthesisrcamhdgst Aachiviyl drelelareriochslPmeifiiecttedof t war e
data-handligg paekegg WBHE Y%k remperature scale, the cobalt
compound must be substantially reduced to obtain the

catalytically active form and thereby achieve reason-
able catalytic activity. . -

Referrzng to Figure 3, maximum reduction
temnerature is . plotted against relative catalyst
activity for catalyst B. Maximum activity increases
sharply at reduction temperatures of about 260°C and is
likely due to overcoming the reducing thresncld ef the
cobalt comnound Activity remains high and starts to
decrease at temperatures of about 400°C and more so
above about 425°C. These results were obtained at a
maximum water partial pressure of 0.24 bars(0.24 atmospheres)

and, therefore, represent maximum relative activity for this parti-
cular catalyst.:

The results for catalyst A are also plotted
in Figure 3 and show a decrease in relative catalytic
activity at reduction temperatures above about 370°C.

_ Also shown in Figure 3 is the XPS signal from
the catalyst surface. As the reduction temperature
increases above about 370°C for Catalyst B, the cobalt
signal declines relative to the titania signal suggest-
ing either that the cobalt is agglomerating or that a
titania overlayer is beginning to form on the cobalt
crystallites (a typical SMSI phenomenon). Either
mechanism results in reducing the exposed metal surface

area which is the parameter directly responsible for
catalytic activity.



o - SHEE -
make the kinetic measurenents. The average particle si ZReEP %EPUA@E@.!E. }ﬁ' g Eﬁﬂ

was 50 mcrons, and material smaller than 44 microns was r ety

screening to mnimze the error due to fines being blown fyo
hol der. The range of conditions covered in the kinetic stu \Aé@égquF

fol |l ows: Tenperature, [err+Q® - 275 -1400

Total Pressure, bar (Atm 1.01(1.0) Hydr bgen Par t- al
Pressure, Atm 0.19 - 1.0 Water Partial Pressuke—Atar— “ﬁ.“O‘,“'
- 0.29 Gas Flow Rate, L/Mnute 5.0 - 10.0

Catal yst Cobalt Conteffie ®econd andsmerds. Qmportant fageerriamiuctien of
the cobalt QdeRdien Rl vhich has-a significant effect on the

ultimate activity of the catalysﬁ is the maximum wataer
partial pressure. Water is formed by the reduction
reaction and can build up ¢o significant partial
pressures,, dépendinq on several factors. In accordance
with this invention, the maximum water partial pressure
is minimized to ensure optimum activity. Figure 2a
shows that water partial pressures during reduction of
greater than about 9.12 bars.(9 atmospheres) cause a low activity,
i.e., the curve becomes either flat or asymptotic at
relative activity levels of about 70. In order to
maintain high catalyst activity levels, water partial -
pressure should not exceed about 5.01 bars (5 atmospheres). Stated

ancther way, water partial pressure levels during

' reduction should be maintained at levels that furnish

" at least about 75% of maximum relative  catalyst
activity, preferably at least about 90% of maximum
relative activity. 1In this manner, regardless of the
maximum catalyst activity, which occurs at  water
partial pressures below about 1.52 bars(l.5 atmospheres), the
maximum water partial pressure that allows a certain
level of catalyst activity can be predetermined.

The catalyst of this invention is useful in
hydrocarbon synthesis reactions, that is, the catalytic
conversion of synthesis gas, hydrogen and carbon
monoxide, to higher hydrocarbons, preferably Cs+
hydrccarbons.. The hydrocarbon synthesis process is
carried out at temperatures of 160°C to 325°C,
preferably 190°C to 260°C, pressures of 5.01 to 101.32 bars,
(5 atm to 100 atm) (which also covers the activation pressures),
preferably 10.13 - 40.53 bars (10-40 atm) amd gas hodr]y space velo-
cities of 100 V/hr/V to 5000 V/hr/V, preferably 300
v/hr/V ta 1500 V/hr/V. The stoichiometric ratio af




netallic cobalt. For each of the two steps, the reduction

autocatalytic in nature, i.e., the initial rate was |ow, it jer2 7 MARYZRd
as reduction took place to a maxi num.vghue before

It e was

cobalt was found to occur in two sequential steps. In ¢ b SHEET
Co[err]derr] was reduced to CoO in the second step, CoO ﬁME%Ep EEE

hydrogen ta carbon monoxide in the synthesis gas is
~about 2.1/1 for the production of higher hydrocarbons.
However, H3/CO ratiocs of 1/1 to about 4/1, preferably
about 1.5/1 to 2.5/1, more preferably about 1.8/1

"to 2.2/1 can be employed. These reaction conditions
are well kgcwﬂ and particular reaction conditions will
be determined easily by those skilled in the art.
Alsé, the reaction may occur'in any type reactor, e.g.,
fixed bed, fluidized bed or slurry bubble column, etc.

The catalysts employed in the practice of
this invention may be prepared by techniques known in
the art for the preparation of hydrocarbon synthesis
catalysts. The catalyst can, e.g., be prepared Dby
gellation, or cogellation techniques. Suitably however
the metals can be depositéd on a previously pilled,
pelleted, beaded, extruded, or sieved support material
by the impregnation method.  In preparing catalysts,

 the métals are deposited from solution on the support
in preselected amounts to provide the desired absolute
amounts, and weight ratio of the metal or metals being
deposited. Suitably, cobalt by itself or with a
promoter are composited with the support by contacting
the support with a solution of a cobalt-containing
compound, or salt, or a promoter-containing compound,
or salt. Opticnally, the cobalt and promoter can be
co-impregnated upon the support. The cobalt and
promoter compounds used in the impregnation can be any
organometallic or inorganic compounds which  when
reduced in hydrogen form water or which can be con-
verted to the corresponding oxide, which when reduced
in hydrogen forms water., such as a cobalt or promoter,
nitrate, acetate, acetylécetonatg, naphthenate, or the
like. The nitrate is preferred for cobalt. The amount
- of impregnation solution used should be sufficient to




- 23 - falling off again as reduction for that step ne?{'
The .reduction rate increased with tenpera- ture, was firs

hydrogen partial pressure and in the initial cobalt content .
catal yst, and was inhibited by the presence of water vapgr. 2?4{,@1999

anounts of water vapor could al so cauwsdlar-equilibriumlimitation of the
second reaction. _  SOR——

e eArrr R Y TE o g ¢ ware % Set s e g e s

ccmpletely immerse the carrier, usually w1tn1n the
range from 1 to 20 times of the carrier by

olume, depending on the metal, or metals concentratian
in the'impregnaticn solution. The impregnation treat-
ment can be carried out under a2 wide range of condi-
tions anludlng ambient or elevated temperatures.

Promoter materials, such as rhenium, cerium,
hafﬁium, and uranium can be included in the catalyst.
Usually, these materials are present in a weight ratio
to cobalt of at least about 0.05:1, preferably at least
about 0.1:1 and may range from 0.1:1 to 1:1, but
the promoter is usually present in an amount less than-
the cobalt. Rhenium is a particularly preferred
promoter dnd may- be deposited onto the sﬁppcrt as
perrhenic acid. The amount of cobalt employed -is at
least that which is cataiytically effective, -e.g., at

least about 2 wt%¥. However, cobalt concentrations may
range from 2-35 wt%, preferably 5-25 wt3. '

The cobalt and promoter, e.g., rhenium, may
be added serially although it is preferred to have the
rhenium on the support before the cobalt is calcined.

Or the metals may be 51mutanecusly deposited onts the
support

In a preferred method for preparing the
catalyst, cobalt or cobalt and one or more additional
metals is deposited as a catalytically active layer,
upon the peripheral or outside layer of a particulate
porous inorganic oxide support by contacting the
support and impregnating it with a liquid, suitably a
suspension or solution, of a compound of said metal, or
metals, while the support particles are in a fluidized
bed maintained at a temperature above about 50°C,



[err]

preferably at a temperature ranging from 50°C to
abgut L00°C, and more preferably fram 70°C to

about 9G°C.  The catalytically active surface layer,
ranges .in average thickness fram 10 microns to

abaut 250 microns, preferably from 20 microns o

about 200, microns, with the loading of the ‘cobalt
expressad“as the weight metallic cobalt per packed bulk
volume of catalyst ranging from at Least about 0.C4

grams per cubic cemtimeter preferably froz abaut ¢.03
g/cc to abgut 0.25 g/cc catalyst.

One preferred methcd for preparing catalysts,
either powdered or with particle size up to 3 or 4 mm
is disclosed in Preparation of Mighly Selective and
Abrasion-Consistant Thick Shell catalysts for Beterc-
geneocusly Catalyzed Exothermic oOxidation Reacticns,

‘Arnt2, D. and Prescher, G., Preparation of Catalysts

IV, Elsevier, Amsterdam, The Netherlands, p. 137-147
(1887) .

The catalyst, after metal depositicn, e.g.,
impregnation, is dried by heating at a temperaturs

above about 30°C, preferably between 30°C and 125°C, in

the presence of nitrogen, oxygen, hydrogen, or air, in
a gas stream or under vacuum. Subsequent zo drying the
metal cr metals may be converted to the oxide form and
then reduced/activated with a hydrocgen or hydrogen
containing gas stream or the netal or metals may be
reduced/activated directly and the oxide farmation is
eliminated. Preferably, however, the catalyst is
activated by reduction from the oxide form. Ccnvérsicn

ta the oxide takes place in air ar an cxygen containing

stream at tamperatures above about 150°C, preferably in

the range 150-530°C, more preferably 1[50 to 300°C.
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Reduction/activation aof the catalyst is
effected in hydragen or a hydrogen containing gas
stream at temperatures above about 250°C, preferably
from about 250°C to about S50°C, and more preferably
fram abaut 275°C ta ahgut 425°C, far periads ranging
from ahcu;, ois to about 24 haurs and at pressures
ranging from above ambient to about 40 atmospheres.

Achieving maximum catalytic activity for any
particular. cobalt containing catalyst depends an
several factors. .We have already mentioned  that

" reduction temperatures should not exceed about 3530°C.
Additionally, the water partiai pressure during the
reduction step should not exceed abcutSiubas(Saﬁnxmaeﬂ
and preferably should not exceed about 2.73 bars (2.7 atmospheres).

Reactor vessels should be selected that avoid
~ excessive buildup of water vapor. Thus, fluid beds are
. generally preferred where the hydrogen containing

reduéing gas fluidizes the catalyst particles. Reac-
tors with high L/D ratios should be avoided.

- Total pressure during the reduction/activa-
tion step is preferably above about 2.03 bars (2 atmospheres)
and more preferably above about 5.01 bars (5 atmospheres), more pre-
ferably above about 8.11 bars (8 atmospheres). Total pressure is
usually simi]ar to the total pressure in a hydrocarbon synthesis
reactor, i.e., 8.11 - 101.32 bars (8 to 100 atmospheres), preferably

10.13 - 40.53 bars (10-40 atmospheres).

Water partial pressure can be determined by
direct measurement with available analytical devices,
such as Drager tubes or suitable water analyzers
manufactured for example by Manufacturers Engineering
and Equipment corp., Warrington, PA., or by



[err]

~27-

where GHSV

val gas flow (€ 1 atm and rcom

temperature) per hour per vol aof
catalyst only

pressure in atm = 20

P
X

fraction CO canversion

Water was added during reduction via a metal saturator
or 2 Ruska pulmp. Levels shown in Tables 1 and 2
cofrespond to calculated values. Direct measurement by

Drager tube was unsuccessful because of condensation in
the exit line during water additien.

"’ Water concentration in the exit gas during
reduction was = not routinely measured. However,
measurenents were made in one side-by-side ccmparison
of the effect of flow rate alone. As shown in Figure
1, quite different concentration vs. time curves were
cbserved for 750 vs. 15,000 GHSV at 6.89 bars (100 psig) reduction
pressurs. Water was removed much more slowly with the
lower flow rate. The high'flow-case is 67% more active
than the low flow case (see Table I). Other data in
Tables I and II confirm that reductions at elevated
pressure and low flow show cohsistently lower activity.
Data also indicate that this activity debit cannot be
eliminated by _air regeneration. Water added after
reduction does not appear to be as harmful. Either dry

hydrogen or an air regeneration reverse the effect of
post-reduction water.

Results from Tables I and Ii, taken under
conditions where water buildup was low, are illustrated

graphically in Figure 3. A maximum in activity occurs

after reduction at about 370°cC. Higher temperature

reductions are especially poor. XPS results are

‘included in Figure 3. The ratio 'of the cobalt metal



CLAI VS: 1. A nethod for preparing a cobalt conﬁgﬁg;_j 1
hydrocarbon synthesis catalyst conprising (a) preparijng= bala.yat“
precursor containing a reducible cobalt conmpound capabl e of pF 3£Z&Qﬁk%@$
when treated with hydrogen at -reducing %Qndltlons ()

reduci ng the cobalt conpound at el evated”pressures and tenperagiujﬁumuiiLiL_
hydr ogen cont ai ni ng gas, and

intensity to the Ti intensity shows a curve shaped like
the activity curves. The negative effect of high
temperature reduction appears reversible. Applicatian
of a 250°C air treat to a §50°C reduced sample restares
high activity. This pciht is noted as the "X on
Figure 3. XPS data indicate . that the low activity
encountered with reductions belgw about 315°C is due tao

incomplete reduction of the cobalt oxide.

The kinetics of cobalt reduction on titania
supportedicatalysts were developed from experiments in
which the rate of weight 1loss during reduction was
measured. by thermogravimetric analysis (TGA). Kinetics
for other supports can be determined by similar

- analyses. A Mettler Model TA-1 balance and the
omnitherm software data-handling package were used to
make.the kinetic measurements. ' The average particle
size for the catalysts was 50 microns, and material
smaller than 44 microns was removed by screening to
minimize the error due to fines being blown from the

sample holder. The range of conditions covered in the
-kinetic study were as follows:

Temperature, °C 275 - 400
- Total Pressure, har (Atm) _1.01 (1.0)
Hydrogen Partial Pressure, Atm 0.19 - 1.0
Water Partial Pressure, Atm 0.0 - 0.29
Gas Flow Rate, L/Minute 5.0 - 10.0°
Catalyst Cobalt Content, % 2.5 - 14.0

The reduction of the cobalt oxide to metallic
cobalt was found to occur in two sequential steps. In
the first step, Co304 was reduced to CoC; in the second
step, Co0 was reduced to metallic cobalt. For each of
the two steps, the reduction rate was autocatalytic in

.~ nature, i.e., the initial rate was low, then increased

as reduction took place to a maximum value before



(c) maintaining the water partial pressure during step (b)ﬂ,'*”‘
2. The nethod of claim 1l wherein t
pressure during step (b) is above about 5 atnospheres.
method of claim 1l wherein the

at npspher es.

about 550[err]C

conpound i s cobalt oxide.

TABLE I

82
137
100

Lla

*Mol%

LN

*C_Rupn pata

% Co
Conv.
73 -
79
80

200

1250
1750
1250

GHSV

st

_Comment

Cat

Tinme,

SV
750
750

G
15000

P,
bar (psig)

89 (100)

6.89 (100)
6.

—

6.89 (100)

6.

50
50

Temp
—C_
4
450

Run
No.

80 . 100

1250

6% HyO

15000
15000

100)
100)

Nt Nt

450
450

4

teny, perature during step (
4. The nmethod of claim1l where

74 . 118

1750

4% Hy0

15000
15000

100)
100)

St o

.89
6.8

450
450

5

{EET

gohe

L
T

67
78
118

67

74
74

1000
1400
1750

23% 10
23% H,0
23% Hp0
5% 03/N3

1
0.25
1

15000
15000
15000
15000
15000
15000
15000
3900
15000
4000
5000

89((100)

6.89°(100)

6.89 (100)

6.

450
450
450
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