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Abstract

57Co-Méssbauer emission spectroscopy (MES) has been used to study the oxidation of cobalt as a deactivation mechanism of
high loading cobalt based Fischer—Tropsch catalysts for the gas-to-liquids process. It was reported previously [Catal. Today 58
(2000) 321; Proceedings of the International Symposium on the Industrial Applications of the Méssbauer Effect, 13—18 August,
2000, Virginia Beach, VA] that oxidation was observed at atmospheric pressure under conditions that were in contradiction with
the bulk cobalt phase thermodynamics. A high-pressure MES cell was designed and constructed, which created the opportunity
to study the oxidation of cobalt based Fischer—Tropsch catalysts under realistic synthesis conditions. The cobalt catalyst prepa-
ration procedure was investigated by mean¥Bé-Mdssbauer absorption spectroscopy, appRiFRg as a probe atom. Initial
results indicate, although not yet conclusive, tH&o-MES catalyst can be prepared from the industrial prepared standard Co
catalyst by an additional simple incipient wetness impregnation procedure. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction into a mixture of gas-oil (80%) and naphtha (20%)
[6]. The gas-oil can be sold at a potential premium as
The Fischer-Tropsch synthesis forms an integral an environmentally friendly diesel [4] and the aromat-
part of the gas-to-liquids (GTL) process, which is cur- ics free naphtha is an excellent cracker feedstock to
rently receiving serious attention as a way of exploit- produce light olefins like ethylene and propylene [4].
ing remote gas fields and/or associated gas at crude oil The Fischer—Tropsch process (i.e. coal based) has
production fields, i.e. gas that is currently being flared commercially been applied for several decades, using
or reinjected. The GTL process consists of three main Precipitated and fused Fe-catalysts. However, the life-
process steps [3-5]. First, natural gas is converted into time of the Fe-catalysts is limited and only low con-
synthesis gas by means of a reforming process, e.g. au-versions per pass seem feasible. To overcome these
tothermal reforming or partial oxidation. The second Problems, supported cobalt has received widespread
step is the Fischer—Tropsch synthesis, i.e. the conver-attention as the preferred catalyst [3-5] in the GTL
sion of the synthesis gas into a waxy syncrude. Finally, Process. High-per-pass synthesis gas conversions can

a hydroprocessing step converts the waxy syncrude be achieved and the water gas shift reaction does not
play a major role in this cobalt based process. The

_— relative high cost of cobalt demands stable catalyst
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periods of continuous operation under realistic synthe- of K4Fe(CN)-3H,O enriched in®>’Fe. Positive ve-
sis conditions. This deactivation is ascribed to sulphur locities corresponded to the absorber moving away
poisoning [7], ammonia and hydrogen cyanide poi- from the source. The velocity was calibrated with
soning [8], surface condensation of hydrocarbons [9], the Md&ssbauer spectrum of sodium nitroprusside,
as well as oxidation [10] of the metallic cobalt. The Nap(Fe(CN}NO)-2H,0, obtained with a®’Co:Rh
oxidation of bulk cobalt metal to cobalt oxides, i.e. source, and the zero of the velocity scale was relative
CoO and CgQyq, is thermodynamically not favoured to the single line position of the #ce(CN)-3H,O
under realistic Fischer—Tropsch synthesis conditions absorber, measured with tA&Co:Rh source.
[11]. The formation of CoAdO,, in the case where The S’Fe-Mdssbauer absorption spectroscopic
Al,O3 is the selected support material, is thermody- (MAS) measurements were also recorded with a con-
namically spontaneous, but it is reported that this does stant acceleration spectrometer in a triangular mode,
not occur at temperatures up o= 773K [12,13]. using a>’Co:Rh source at room temperature. Positive
Literature support does exist in favour of oxidation velocities corresponded to the source moving towards
of cobalt catalysts [10,14,15]. However, the analytical the absorber and the velocities are given relative to
techniques used in these studies were always ex situ.the sodium nitroprusside at room temperature.
As the validity of ex situ studies can be questioned,  The overall spectra were deconvoluted with calcu-
there is still a need for a feasible in situ technique lated sub-spectra that consisted of Lorentzian-shaped
that can determine: (i) the extent of oxidation under lines. In the case of quadrupole doublets, the line
realistic Fischer—Tropsch reaction conditions, and (i) widths and the absorption areas of the constituent
the type of oxide species that may be produced. peaks were constrained equal. The MES measure-
Mossbauer emission spectroscopy (MES) is one ments were carried out in a new developed Mdssbauer
of the few techniques that can be considered for in in situ high-pressure reactor described in more details
situ characterisation studies of supported cobalt basedin Section 3.4, using oxygen purified gases. Mossbauer
Fischer—Tropsch catalysts. In previous studies [1,2], emission spectra were obtained at room temperature
it was shown that MES can be used to study cobalt or at the treatment temperatures.
based Fischer—Tropsch catalysts at atmospheric pres-
sure conditions. 2.2. Co/Al,03 slurry phase Fischer—Tropsch
The present study reports on the cobalt catalyst catalysts
preparation procedure by probing the cobalt withe
and ®’Co, and on the oxidation by means of water A 15gCo/0.025Pt/100gAD; standard catalyst
of industrial cobalt based Fischer—Tropsch catalysts was prepared according to a proprietary recipe [16].
through experiments at atmospheric pressure and lowThe catalyst was prepared by the application of a
water partial pressures, up to real industrial condi- single aqueous slurry phase Co(By@impregnation
tions (P, and Ph,0 up to 5bar each). For these last  step (spiked with a specific amount of ammonium-
MES experiments, a reactor has been designed andplatinum-—nitrate) of pre-shaped spherical alumina,
constructed to perform long-term (deactivation) stud- followed by a calcination step (directly performed af-
ies at pressures up to 20 bar and at temperatures up taer the impregnation/vacuum drying step), carried out
T =773K. at T = 523K. The calcined catalyst was reduced at
T = 653K for 16 h in pure hydrogen, at atmospheric

pressure, using a heating rate of 1 K/min.
2. Experimental

2.1. Mossbauer emission and absorption 3. Results and discussion
spectroscopy
3.1. Catalyst preparation
The %’Co-MES measurements were carried out
using a constant acceleration spectrometer in a tri- The question whether or not oxidation causes deac-
angular mode with a moving single line absorber tivation of cobalt based Fischer—Tropsch catalysts has
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been studied previously [1]. In this previous study, the
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S’Fe, was prepared by slurry phase impregnation and

incipient wetness impregnation method was applied to the Fe was introduced by means of co-impregnation.

prepare the ‘look-alike’ catalyst for the MES experi-

Catalyst B, 30Co/1.5Fe/0.075Pt/1008%, contain-

ments instead of the preferred ‘standard’ slurry phase ing enriched®’Fe, was also prepared by a two-step

impregnation method. Oxidation experiments showed
that the ‘look-alike’ catalyst oxidised slower than the

‘standard’ one, which could be explained by the lower
dispersion of the former as determined from hydrogen
chemisorption results [1].

To overcome this hypothesised difference in
cobalt-crystallite size between the ‘look-alike’ and
‘standard’ catalysts, the possibility to apply the ad-
dition of the radioactive®’Co to the already pre-

slurry phase impregnation, but the Fe was added in
an additional incipient wetness impregnation step.
MAS experiments were performed &t = 300, 77,
and 4.2K, and the results obtained7at= 4.2K are
presented in Fig. 1. The spectra measured at 300
and 77K consist of only a central quadrupole dou-
blet (T 300K, isomer shiftlS) 0.56 mnys,
quadrupole splittingQS) = 0.80 mnys for sample A
and IS= 0.56 mmys, QS = 0.88 mmys for sample

pared ‘standard’ catalyst was investigated. Whenever B). IS is given relative to sodium nitroprusside at

this procedure would turn out to be successful, it

room temperature.

would not be necessary to design and construct a The spectrum obtained for catalyst Blat= 4.2 K

new micro-catalyst preparation unit to simulate a

slurry phase impregnation procedure using radioac-

tive 5’Co. As a first approach it was decided to use
enriched®’Fe as a probe molecule. Two Fe con-
taining cobalt catalysts were prepared. Catalyst A,
30Co0/1.5Fe/0.075Pt/1004D3, containing enriched

still shows a larger contribution of a doublet in the
centre of the spectrum than the spectrum obtained for
catalyst A atT = 4.2K. This may imply that the
Fe-crystallites in catalyst B are smaller than in cata-
lyst A, but it is also possible that the Fe-crystallites in
sample B show a faster superparamagnetic relaxation
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Fig. 1. Méssbauer absorption spectralat= 4.2 K of 3’Fe containing cobalt catalysts prepared by slurry phase impregnation—(a) catalyst
A: 5Fe added by co-impregnation; (b) catalyst®Fe added by sequential impregnation.
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due to a different location of these Fe-crystallites in  In addition to the study of the oxidic precursors of
or on the Co-crystallites. This could be due to a sep- the Fe-containing cobalt catalysts A and B, the M&ss-
aration of the cobalt and iron crystallites in the cata- bauer spectra of samples A and B were measured after
lyst prepared by sequential impregnation (catalyst B), a reduction treatment for 16 h inpt&t 7 = 653 K. The
while in catalyst A (prepared by co-impregnation), the measured spectra at room temperature are presented
cobalt and iron phase were intimately mixed. From the in Fig. 2.

observed quadrupole splittings in the spectra obtained Forreasons of comparison, the spectrum of a sample
at T = 77 and 300K, it can be concluded that the with only Fe supported on alumina (Fej®s, incip-
Fe-ions in both catalysts are not located on the crystal- ient wetness impregnation) after the reduction treat-
lographic sites of Cg04 [17], the phase in which the  ment is also included in Fig. 2. It is clear that the
Co-ions are observed to be located, after the calcina- spectra of the samples A and B are rather similar af-
tion treatments [1]. Furthermore, it can be concluded ter the reduction treatment, but both are completely
that the Fe-ions are not forming $@4 [18], but an different from that of Fe/AlO3. This indicates that

Fe(lll)-oxide phase. the Fe- and Co-atoms might be intimately mixed in
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Fig. 2. Mdssbauer absorption spectraZat= 300 K of >’Fe containing cobalt catalysts prepared by slurry phase impregnation and of an
only Fe containing catalyst Fe/fDs after reduction af’ = 653 K—(a) catalyst A5"Fe added by co-impregnation; (b) catalyst BFe
added by sequential impregnation; (c) Fefd4 by incipient wetness impregnation.
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both samples A and B after reduction. This implies and Fig. 2, one can see that, additional to the magneti-
that the reduction treatment has taken away the dif- cally split spectral component of Fe in the metallic Co
ferences observed between these samples after callattice (Hef = 317/312 kOe, 1S= 0.32/0.35 mny's),
cination, most probably due to the diffusion of the a spectral contribution withHer = 374/369 kOe
Co@-atoms. It thus seems that it might be possible and IS = 0.72/0.72mnys is found. This last con-
to prepare the catalyst f&fCo-MES measurements tribution was not found in the case of the Fe/@k
by just adding®/Co to the industrial prepared stan- catalysts (see Fig. 2), and may be ascribed to the
dard catalyst by a simple incipient wetness impreg- influence of ‘N’ atoms in the metallic lattice [19].
nation step. In the case of the Co-catalyst prepared by in-
Besides this rather promising result, Fig. 2 also dustrial slurry phase impregnation, the presence
shows that in the case of the Co-based catalysts,of residual ‘N’ atoms after calcination, indeed is
rather complex spectra are observed. From Table 1 observed.

Table 1
The MAS and MES fitted parameters of the different catalyst samples, after different tredtments
Sample Temperature IS (mm/s) QS (mm/s) Hyperfine Spectral
(K) field (kOe) contribution (%)
Ex reduction {’Fe: A) 300 0.32 0.00 317 15
0.72 0.00 374 46
1.42 1.56 - 30
0.28 - - 9
Ex reduction {’Fe: B) 300 0.35 0.00 312 15
0.72 0.00 369 40
1.38 1.68 - 37
0.28 - - 8
Ex reduction ¥"Co-MES) 300 —-0.08 0.00 320 70
0.32 0.96 - 17
1.12 1.55 - 13
Ex passivation—1% © (°’Co-MES) 300 —-0.07 0.00 320 37
0.26 0.85 - 54
1.14 1.75 - 9
Ex passivation—air{Co-MES) 300 —0.08 0.00 317 26
0.24 0.82 - 65
1.13 1.78 - 9
Ex re-reduction {'Co-MES) 300 —0.09 0.00 319 71
0.26 1.31 - 15
0.97 1.65 - 14
Ex Hp/H20 =1, 150°C, 1bar f’Co-MES) 423 -0.17 0.00 311 76
0.04 0.96 - 14
0.96 1.55 - 10
Ex Hy/H,0 = 1, 150°C, 5bar §’Co-MES) 423 -0.17 0.00 311 78
0.05 0.96 - 12
0.92 1.73 - 10
Ex Hp/H,0 = 1, 150°C, 10bar §"Co-MES) 423 -0.17 0.00 315 86
—0.01 0.83 - 7
1.00 1.56 - 7

aExperimental uncertainties IS and Q9.03 mm/s, hyperfine field-2 kOe, spectral contributios-5%.
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3.2. Reduction, passivation and re-reduction of catalyst results, it can be concluded that the catalyst
57Co-MES catalyst particles will not change whenever they are passivated
carefully.

Following the above-mentioned postulation, a
5'Co-MES catalyst (i.e. LA-3) was prepared by 3.3. Model oxidation study of 3’Co-MES catalyst
adding radioactiv@€’Co (about 1000 ppm) through an
additional incipient wetness impregnation step to a In a previous study, where oxidation as a deacti-
15C0/0.025Pt/100A0D3 catalyst prepared by a single vation mechanism of cobalt based Fischer—Tropsch
step slurry phase impregnation step as described pre-catalysts was shown [1], it was found that co-feeding
viously [1]. After this incipient wetness impregnation of water during a Fischer—Tropsch slurry phase CSTR

step, the sample was dried Bt= 300K in flowing synthesis run (causing an increase of about 40% in
air and subsequently calcined&t= 523 K. the observed reactor water partial pressure), led to

The calcinec’Co-MES catalyst was reduced in a an enhanced decline of the activity during ca 3 days,
pure H atmospheric pressure environment7at= after which period relative stable operation was again

653K for 16 h. The spectra obtained for the dried and recorded. In addition, the activity did not recover
calcined catalyst samples are similar to those presentedupon the termination of water co-feeding. These ob-
in the previous study [1]. The measured spectrum of servations provided strong arguments in favour of
the reduced catalyst sample is shown in Fig. 3 and the increased catalyst oxidation to be exclusively re-
analysis results are given in Table 1. sponsible for the observed enhancement in catalyst
The degree of reduction of thi¥Co-MES catalyst deactivation.>’Co-MES oxidation experiments, per-
was about 70%, which is in good agreement with the formed at atmospheric pressure at a temperature of
reported range 70-85% for the ‘standard’ cobalt cat- T = 423K, using an Ar/H/H2,O gas mixture with
alyst and the previously investigated ‘look-alike’ cat- Pn,/PH,0 = 1.0, i.e. a ratio similar to that dur-
alysts [1]. The fact that the 1000 ppm ¥iCo can be ing realistic Fischer—Tropsch synthesis, and a water
reduced to a degree of reduction of 70%, indicates that partial pressure of 0.025bar, did not show any ox-
this °’Co is in direct contact with the original cobalt idation of the reduced cobalt catalyst. This result
crystallites, because if th#’Co would have been in  was in agreement with the bulk cobalt thermody-
direct contact with the alumina support, the expec- namics. However, a rapid oxidation of part of the
tation would have been that metal-support interac- metallic cobalt phase was observed after increasing
tion would have lowered the cobalt oxide reducibility. the oxidative nature of the environment by decreas-
This relative high degree of reduction is thus a strong ing the Pn,/PH,0 ratio from 1.0 to 0.3 [1], which
indication that the’Co is present on the cobalt crys- result is in contradiction with bulk phase cobalt ther-
tallites. The reduced catalyst was subsequently pas-modynamics. This oxidation did not proceed until
sivated for 18 h in an Ar-flow containing 1vol.%,0  extinction but levelled off, which might be due to
and subsequently exposed to ambient air for 7 days. selective oxidation of small Co-crystallites, or due
The measured spectra, after these different treatmentsto surface oxidation. Schanke et al. [10] deduced
were performed, are also presented in Fig. 3, while the from model experiments that cobalt oxidises, but that
analysis results are included in Table 1. Finally, this the extent of oxidation depends on tiRy,/PH,0
air-exposed sample was re-reduced in a purdléiv ratio as well as on the absolute water partial pres-
at atmospheric pressureAt= 653K for 18 h and the  sure. The previously report€dCo-MES experiments
spectrum is included in Fig. 3 and the analysis results [1] were insufficient to conclude that oxidation will
are given in Table 1. not occur during realistic Fischer—Tropsch synthe-
It is obvious that the reduced catalyst was only sis when aPy,/PH,o ratio of ca 1.0 is used, and
partly oxidised by the passivation treatment (i.e. the the absolute water partial pressure is between 4.6
degree of reduction decreased from 70 to 37%), and 7.6 bar.
indicating that only an outer shell of the metallic Therefore >’Co-MES experiments were performed
Co-particles was oxidised, and that the inner core of using a H/H>O gas mixture withPy,/PH,0 = 1.0
these particles remained metallic. From the re-reduced up to a total pressure of 10 bar (i.B4,0 up to 5 bar).
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Fig. 3.%"Co-Méssbauer emission spectrafat= 300K of °’Co-MES catalyst after—(a) reduction inpHit 7 = 653 K; (b) passivation in
Ar-flow containing 1vol.% @ at room temperature; (c) exposure to ambient air at room temperature; (d) re-reductigrt H= 653 K.

To be able to perform suctCo-MES measurements

during subsequent treatments in a/HLO gas mix-

on cobalt based catalysts a high-pressure Méssbauetture with P4,/ PH,0 = 1.0 at 1, 5 and 10 bar of total

in situ reactor and additional infrastructure was de-
signed and built. This in situ reactor is described in

Section 3.4.

In Fig. 4, the spectra obtained At= 423K of the
re-reduced’Co-MES catalyst are shown (see Fig. 3)

pressure (i.e. aPn,0 of 0.5, 2.5, and 5bar). From
the spectral analyses, it follows that the amount of

metallic Co increased from 71% after the re-reduction

treatment to about 86% after the treatmentlat=
423K, in a B/H20 gas mixture withPn,/PH,0 =
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Fig. 4. 5’Co-Méssbauer emission spectra Bt= 423K of 5’Co-MES catalyst during a treatment in a/H,O gas mixture with
P,/ PH,0 = 1.0 and: (a) 1bar of total pressure; (b) 5bar of total pressure; (c) 10 bar of total pressure.

1.0 and 1Obar total pressure. It follows that at with Py,/PH,0 =1 and at total pressures of 1, 5 and

T = 423K, the catalyst becomes more reduced dur- 10 bar.

ing the treatment with l{H20 (Ph,/ PH,0 = 1.0) at

10bar, in accordance with Hilmen et al. [15] who did 3.4. High-pressure Mossbauer emission

not observe oxidation under these type of conditions spectroscopy cell

for an unpromoted Co/ADs3 catalyst, whilst oxida-

tion was observed for a Re/CotAD; catalyst. The To be able to study the oxidation behaviour of cobalt

difference was ascribed to: (i) a difference in cobalt based catalysts under realistic Fischer—Tropsch condi-

dispersion or (ii) the influence of the Re on the oxi- tions, MES at high pressure is required. A system has

dation behaviour. been designed and built that consists of a high-pressure
This model oxidation study of th&Co-MES cata- Moéssbauer in situ reactor with some additional infras-

lyst will subsequently be continued with experiments tructure.

at the industrial applied Fischer—Tropsch synthesis Requirements for the high-pressure MES reac-

temperature off = 503K in a H/H,O gas mixture tor on process conditions, safety and Mdssbauer
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Fig. 5. Schematic representation of the high-pressure MES cell.

Fig. 6. Photograph of the high-pressure MES cell.
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spectroscopic aspects, were laid down. The main pro- situ experiments under realistic Fischer—Tropsch syn-

cess conditions decided on, were, (i) temperatures upthesis conditions.

to T = 723K, (ii) pressures up to 20 bar, (i) 10 bar

steam injection, which implies that all tubing must

have a heat tracing (up t6 = 473K), (iv) handling 4. Conclusions

of wax production, (v) continuous Fischer—Tropsch

synthesis test runs up to 2 months, (vi) use of argon, Initial results show that it might be possible that

air, hydrogen, synthesis gas, (vii) gas flow through °’Co-containing catalysts, representative of the Sasol

the catalyst sample, (viii) the reactor should be proprietary cobalt slurry phase Fischer—Tropsch cat-

constructed of stainless steel. To enable 10 bar steamalyst, can be prepared from the industrial ‘standard’

injection, a commercially available system has been Co-catalyst by an additional simple incipient wetness

installed. The steam is produced from demineralised impregnation procedure.

water. To get gas flow through the catalyst bed, the It was also shown that a reduced Co-catalyst is only

catalyst was placed onto a sintered metal filter (pore partly oxidised by a carefully applied passivation treat-

diameter of qum), and gas flows from top to bot- ment and that in this case the catalyst particles will

tom have been effected. The filter thus allows the not change.

produced wax to drain downwards into a collecting A high-pressure MES cell has been developed

compartment. and built, and it has proven to create the opportu-
To fulfil all safety aspects the following provi- nity to perform in situ experiments under realistic

sions were made: (i) the cell had to consist of two Fischer—Tropsch synthesis conditions.

pressure compartments, the inner chamber for the From the first in situ experiments in aHH,0 gas

high-pressure and high-temperature experiments andmixture with Py,/Pu,0 = 1.0 at7 = 423K and at

an outer compartment to trap the radioactr/€o pressures up to 10bar, it followed that the catalyst

in case the inner compartment (e.g. window) would becomes more reduced with increasing total pressure

fail, (i) the volume of the high-pressure compartment at this temperature.

should be as small as possible, (iii) the temperature

of the outside of the cell is exposed to the laboratory

and therefore had to be beloW = 333K, (iv) the References
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